MARINE ECOLOGY PROGRESS SERIES
Mar. Ecol. Prog. Ser.

Published July 6

Changes in the fatty acid composition of
Phaeodactylum tricornutum and Dunaliella
tertiolecta during growth and under phosphorus
deficiency
Robert S i r o n ' , , Gerard ~ i u s t i ' ,Brigitte er land^

' Centre d'Oc6anologie d e Marseille, Faculte des Sciences d e Luminy, F-13288 Marseille cedex 09, France
Station Marine d'Endoume, Rue de la Batterie des Lions, F-13007 Marseille, France

ABSTRACT: Total fatty acid content increased with age in batch cultures of Phaeodactylum tr'cornutum. Chromatographic analysis revealed changes in the fatty acid composition of the diatom grown in
natural enriched medium. Particularly noticeable was the storage of palmitic and palmitoleic acids by
the end of the growth period, to the detriment of eicosapentaenoic acid. This study also gives evidence
of the importance of oleic acid as a precursor in the biosynthesis of long-chain polyunsaturated fatty
acids in thls diatom. Phosphorus limitation also led to a significant increase in the total fatty acid cell
content of P. tricornutum and Dunaliella tertiolecta. When P. tricornutum was cultured in phosphorusdeficient medium, the fatty acid composition was similar to that of a senescent batch culture. When
division rate was reduced, oleic acid content of D. tertiolecta increased, confirming this fatty acid as an
intermediate component in the lipid metabolism of this chlorophyte during the division processes.

INTRODUCTION
Although fatty acids represent a small proportion of
the total organic matter synthesized by marine microalgae, they nevertheless remain an important source of
energy for marine trophic chains. Their importance is
also qualitative since some phytoplanktonic fatty acids
are essential to higher trophic levels (Ackman 1967,
Kanazawa et al. 1979). Phytoplanktonic fatty acids
were thus investigated early in taxonomic (Ackman et
al. 1968, Wood 1974),energetic (Lee et al. 1971, Siron &
Giusti 1985) and biogeochemical studies (Schneider et
al. 1970, Saliot & Barbier 1973, Mayzaud et al. 1976).
More recently, the fatty acid composition of microalgae
was shown to be altered by environmental changes and
especially by different nutrient supplies. Since nitrogen
is generally the limiting factor of algal productivity in
the open ocean, most studies focus on nitrogen limitation (Pohl & Zurheide 1979, Tornabene et al. 1983,
Piorreck et al. 1984, Suen et al. 1987).A few studies are
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also concerned with silica deficiency (Shfrin &
Chisholm 1981, Taguchi et al. 1987) or variable total
nutrient supply (Mayzaud unpubl.), but we are not
aware of any study concerning phosphorus limitation.
Yet, phosphorus can be the main limiting factor to algal
production in some coastal areas (Berland et al. 1980,
Myers & Iverson 1981, Kaellqvist 1988). The aim of this
work is to supplement available data concerning the
influence of environmental changes on the biosynthesis of fatty acids, with emphasis on phosphorus
deficiency. Although these preliminary results
obtained in batch cultures cannot b e directly extrapolated to natural conditions, they contribute to ascertaining general patterns in fatty acid biosynthesis of marine
microalgae related to nutrient Limitations.

MATERIALS AND METHODS
Organisms. Phaeodactylum tricornutum Bohlin
(diatom)
and
Dunaliella
tertiolecta
Butcher
(chlorophyte) were obtained from the collection of the
Station Marine d'Endoume, France.
Growth conditions. Experiments were conducted in
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1 1 cotton-stoppered flasks under continuous light
exposure (35 PE m-' S-') provided by banks of natural
white fluorescent tubes (Sylvania Grolux) and at a
temperature of 18 k 1 "C. All flasks of the same
experiment were inoculated from an axenic preculture
in exponential growth phase, acclimated to the same
ambient conditions. Each inoculum was adjusted to an
initial concentration of about 5 X 103 cell ml-l, consistent with cell densities generally found in eutrophic
coastal areas and allowing the investigation of all
growth phases in enriched batch cultures (Siron et al.
1986).
Growth medium. Algae were cultured in natural
enriched medium. Seawater was collected offshore in
the Mediterranean Sea and subsequently filtered
through 0.22 pm membranes before use. Salinity was
reduced to 33 %O and pH adjusted to 7.4 with dilute HCl
solution to provide optimal growth conditions in batch
cultures (Berland 1966). Nutrient supply used in this
work was previously detailed by Antia et al. (1975).The
phosphorus-sufficient medium (PS) was supplemented
with NaH2P04 (6.9 mg 1-l) whlle in phosphorus-deficient medium (PD) no phosphate was added; negligble
quantities (< 0.2 mg PO, 1-l) were introduced from the
inoculation. Experiments were conducted in axenic
conditions by autoclaving test media before inoculation.
Growth measurements. Microscopic cell counts were
done on aliquots of culture suspensions using Nageotte
and Neubauer haemocytometer chambers. In order to
minimize counting errors, a minimum of 300 cells per
sample were counted. Reported values are means of
triplicate counts. Division rate (k) was calculated by the
following formula:

where No and NI = cell densities at times to and tl
respectively.
Lipid analysis. Cells were hanrested by filtration
through pre-extracted and tared fiberglass filters
(Whatman GF/C). Filters were then washed with an
ammonium formate solution isotonic to seawater to
remove excess sea salts, dried overnight at 40 'C and
weighed. Cells were extracted in a Soxhlet apparatus
using a chloroform:methanol (2:l) mixture, refluxing
for 24 h. Solvents were then evaporated under reduced
pressure and the residue was dried under slight nitrogen current. The total lipid extract was saponified by a
s o h u m methoxide (MeONa) solution for 15 min
according to the method of Luddy et al. (1960). Unsaponifiable matter (USM) was dissolved in a small volume of n-hexane and removed from other lipids. After
evaporation of solvent, the USM was dried and
weighed using a Mettler ME 30 microbalance (f10 pg
on total residue). The saponifiable material was
esterified by an excess of anhydrous HC1-methanol
solution, refluxing for 5 min. After hydrolysis, fatty acid
methyl esters (FAME) were recovered by extraction
twice with n-hexane. After solvent-removing and drying, FAME were weighed and the fraction of FAME
relative to total dry weight was calculated. FAME were
then redissolved in n-hexane ( 1 mg ml-l) and an aliquot
of 2 p1 was taken for gas chromatography analysis.
Gas chromatography of FAME. The gas chromatograph was a Girdel series 30 equipped with a flame
ionization detector and using an injector-evaporator
system. Two capillary glass columns coated with different stationary phases were used: (1) A polar phase:

Table 1. Phaeodactylum tncornutum and DunalieLla tertiolecta. Total fatty acid and unsaponifiable matter (USM) contents in cells
cultured under phosphorus-sufficient (PS) and phosphorus-deficient (PD) batch conditions
k
(div, d-')

(X

Cell density
106cell ml-l)

Fatty acids
("10 dry wt)

(pg cell-')

USM
dry wt)

(%

P. tricorn utum

Growth stages.
I (3 d)

D. tertiolecta
PS (7 d)

PD (7 d)

I 'Trace amounts

0.4

0.1
tr.d
tr.
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Carbowax 20 M (L = 25 m; i.d. = 0.3 mm), used under
the following conditions: oven temperature constant at
160 "C; carrier gas: He, 0.5 bar pressure. (2) A nonpolar phase: OV-l (L = 50 m; i.d. = 0.3 mm), used
under the following conditions: oven temperature constant at 220 "C during the first 20 min and then programmed from 220 to 250 "C at 3 C" min until the end
of analysis; carrier gas: He, 1.3 bar pressure. Temperatures of injector and detector were set at 295 and
280 "C respectively.
The chromatograph was connected to a Shimadzu CR2AX recorder-integrator. FAME were determined by
comparison of their retention times on both OV-l and
Carbowax columns with those obtained from commercial vegetable and cod liver oils.

-'

RESULTS

Changes in lipid content with growth
Growth-related changes in lipid content were
studied in Phaeodactylum tricornutum culture and are
reported in Table 1. Growth stages considered in this
study correspond to the exponential growth phase
(Stage I), the late-exponential phase (Stage 11), the
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beginning (Stage 111) and the very end (Stage IV) of the
stationary phase.
As the culture grew, a significant quantitative
increase in total fatty acids occurred, especially when
the stationary phase was reached. By the end of the
stationary phase (Stage IV), cells of Phaeodactylum
tricornutum contained about 3 times as much fatty
acids as during the exponential growth phase (Stage I;
Table 1). Unsaponifiable material, which essentially
contains sterols, hydrocarbons, terpenic alcohols and
perhaps some pigments (Paoletti et al. 1976), decreased
very rapidly as the culture grew older (Table 1).
In relative terms, the fatty acid composition of
Phaeodactylurn h-cornutum during exponential growth
phase (Stages I and 11) was quite similar to that
reported by Moreno et al. (1979).In particular, the fatty
acid pattern was characterized by a large fraction of
palrnitic, palmitoleic and eicosapentaenoic acids (Table
2). Both palmitic and palmitoleic acids showed a substantial increase during growth and represented about
three-quarters of total fatty acids by the end of the
stationary phase. Conversely, other fatty acids rapidly
decreased with culture age (e.g. stearic and behenic
acids) whereas no significant change was observed in
the relative proportion of mynstic acid (Table 2). In the
case of eicosapentaenoic acid and other polyunsatu-

Table 2. Phaeodactylum tricornutum. Fatty acid composition (% of total) at different growth stages in enriched batch system and
under phosphorus-sufficient (PS) and phosphorus-deficient (PD) condition
Fatty acid
identity

C12:O (lauric)
C14:O (myristic)
C16:O (palmihc)
C16: 1 (palmitoleic)
C16:2
C16:3
C18:O (stearic)
C18:l (oleic)
C18:2 (linoleic)
C 18:3 (linolenic)
C18:4
C18:n
C20:5 (eicosapentaenoic)
C22:O (behenic)
C22:6
Total fatty acids identified
Unsaturation ratios:
C16:1/C16:0
C16 unsat./C16:0
C18 unsat./C18:0
Total unsat./total sat.
a

I
(3 d)

Growth stages
I1
111
(5 d)
(12 d)

0.4
5.8
23.0
24.2
5.8
1.0
3.8
1.4
1.2
tr.a
0.7
0.8
10.0
0.7
0.3
79.2

1.0
5.3
15.5
24.1
11.7
1.8
0.4
0.6
1.O
0.3
0.4
2.2
21.3
0.1
0.9
86.6

1.1
5.7
18.7
32.7
12 2
0.9
1.3
0.7
0.6
0.3
0.4
2.1
14.3
0.3
0.3
91.6

1.8
6.3
3 1.5
43.0
4.5
0.4
0.4
21
0.5
tr.
1.3
tr.
4.0
tr.
tr.
96.2

1.1
6.8
12.0
22.4
9.2
5.3
0.4
0.5
1.7
0.5
3.9
0.3
26.8
0.3
1.1
92.3

0.4
5.6
32.5
40.4
1.1
0.4
0.8
0.6
1.1
3.4
0.5
3.7
6.9
0.3
0.3
98.0

1.05
1.35
1.10
1.35

1.55
2.42
11.25
2.88

1.75
2.45
3.15
2.38

1.36
1.52
10.25
1.40

1.86
3.07
17.25
3.48

1.24
1.29
11.62
1.47

Trace amounts ((0.1 OO/ of total)
Number of double bonds (n 3) was not determined

IV
(17 d)

Phosphorus supply
PS
PD
(7 d)
(7 d)
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rated fatty acids (PUFA), it is interesting to note that
they reached their maximal abundance during exponential growth phase. This significantly increased lipid
unsaturation and a maximal degree of unsaturation
was reached by the end of the exponential phase.
Although C18 fatty acids represented a small proportion of the total, they also contributed to increase
the unsaturation degree of total lipids, as suggested by
the C18 unsaturated/C18:0 ratio (Table 2).

Effect of phosphorus limitation on lipid content
In this design of batch culture experiments, a slgnificant influence of phosphorus-limitation can only be
observed after 3 d growth in deficient medium (Siron
unpubl.) because of phosphate internal pools. Phosphorus-limited cells were harvested after 7 d growth
when cultures reached the end of the exponential
phase. Quantitatively, the phosphorus-deficient (PD)
culture of Phaeodactylum tricornutum contained, by
the end of the exponential growth phase, more fatty
acids than the phosphorus-sufficient (PS) culture. No
similar trend was found for the chlorophyte DunalieLIa
tertiolecta when considering fatty acid proportion in
dry weight (Table 1). However, a significant increase in
the fatty acid content per cell was observed for both the
diatom and the chlorophyte in PD conditions.
Chromatographic analysis clearly revealed that the
PD diatom culture rapidly showed a fatty acid pattern
Table 3. Dunaliella tertiolecta. Fatty acid composition ('10 of
total) when cultured in enriched batch system after 7 d growth
under phosphorus-sufficient (PS) and phosphorus-dificient
(PD) conditions
Fatty acid identity

C12:O
C14:O
C16 0
C16:l
C16:2
C16:3
C16:4
C18.0
C18:l
C18:2
C18:3
C1814
Total fatty acids identified

Unsaturation ralos:
C 16 unsat./C16:0
C18:4+C18:3+C18:2/C18:1
C18 unsat./C18.0
Total unsat./total sat.

Phosphorus supply
PS
PD
0.3
0.2
20.5
2.2
1.2
3.5
9.2
0.8
0.4
7.4
38.5
8.8
93.0

0.3
0.6
22 3
0.5
4.9
1.2
12.4
10
12.1
6.6
27.5
4.0
93.6

0.78
136.75
68.87
3.26

0.85
3 15
50.20
2.86

(Table 2) quite similar to that of a senescent culture.
Indeed, proportions of fatty acids were comparable to
those found by the end of the stationary phase in the
enriched batch system (Stage IV, Table 2) although cell
division continued at a slow rate (k = 0.53 div. d-l). This
altered pattern was characterized by the predominance
of palmitoleic acid and, to a smaller extent, of palmitic
acid which strongly contributed to decreasing the unsaturation of total lipids (Table 2). In the case of the
chlorophyte, a chfference in the fatty acid composition
was also noted between cells grown in PS and PD media.
This d~fferencewas accounted for principally by the
relative increase of oleic acid to the detriment of
linolenic acid which nevertheless remained the major
fatty acid of Dunaliella tertiolecta (Table 3). Consequently, in relative unsaturation terms, the decline of
polyunsaturated fatty acids was balanced by the relative
accumulation of mono-unsaturated (oleic) acid. Finally,
it is interesting to note that total lipid unsaturation of this
microalga was only slightly affected by phosphorus
Limitation (compare unsaturation ratios in Table 3).

DISCUSSION
The increase with age in total fatty acids of
Phaeodactylum tricornutum is in the same range as
that reported for other diatoms (Collier 1970, Fisher &
Schwarzenbach 1978, Taguchi et al. 1987). It is probably related to lipid storage in cells when photosynthesis assimilation is carried out while cell division is
blocked because of a nutritional deficiency. Under the
growth conditions used in this batch culture experiment (initial N/P ratio = 10 in the enriched medium;
Antia et al. 1975), nitrogen deficiency usually occurred
by the end of growth. Small proportions of unsaponifiable lipids found in P. tricornutum are in agreement
with data reported by Orcutt & Patterson (1975) where
sterols represented only 0.24 % of the dry weight of this
species. The high increase in C16 fatty acids in P.
tricornutum when the batch culture grows older, also
observed by Fisher & Schwarzenbach (1978) for
another diatom, Thalassiosira pseudonana, supports
the idea that both palmitic and palmitoleic acids could
actually represent an energy storage linked to extra
production when the cell division is altered. Piorreck &
Pohl (1984), who carried out a similar study on 2
chlorophytes, did not note maximal abundance of
PUFA during the exponential growth phase, but rather
a constant decrease in most of PUFA during the growth
course and consequently, a marked decrease of lipid
unsaturation in old cells, as was found in the present
study. Biosynthesis of PUFA takes place mainly during
the phase of intense cellular activity and confirms their
active part in the photosynthetic processes of P. tricor-
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nutum. Although C18 fatty acids are minor con~ponents
in diatom lipids (Ackman et al. 1968, Collier 1970),they
seem to play a key role in the lipid metabolism of P.
tricornutum. Indeed, stearic and oleic acids could be
the precursors of long chain PUFA since a decrease in
their relative proportions was concurrent with the
synthesis of PUFA during the exponential phase. Our
results confirm the important role played by oleic acid
as an intermediate component in the lipid metabolism
of this diatom (Moreno et al. 1979). Therefore, in
further lipid studies concerning this species, emphasis
must be placed on these minor fatty acids because they
are responsible for the increase in unsaturation degree
of lipids during the exponential growth. They could
also balance lipid unsaturation when lipid metabolism
and subsequent fatty acid composition are altered by
nutrient stress.
The accumulation of lipids by microalgae under nutritional stress has often been reported (Opute 1974,
Shifrin & Chisholm 1981, Tornabene et al. 1983, Suen
et al. 1987). However, with particular attention to
chlorophytes, it must be noted that Ben-Amotz et al.
(1985) found no lipid accumulation in nitrogendeficient cultures of Dunaliella salina, consistent with
our results. According to Parrish & Wangersky (1987) the only available data concerning the lipid response of
Phaeodactylum tricornutum to a nutritional (nitrogen)
stress - the lipid metabolism of this species seems
sensitive to the growth conditions (batch or continuous
systems). Thus, nutrient deficiency might not be the
only factor influencing lipid storage. Inasmuch as light
can also influence the fatty acid composition of microalgae (Orcutt & Patterson 1974), it is possible that
changes in lipid composition related to the age of
cultures could be partly attributed to a significant
decline in light intensity when high cell densities are
reached in batch cultures. Although the different lipid
classes were not studied here, the storage of palmitic
and palmitoleic acids when the diatom is cultured
under PD conditions can be related to the accumulation
of triglycerids to the detriment of phospholipids (Parrish & Wangersky 1987).Indeed, under nutrient limitation, since nitrogen - as well as phosphorus - participates in the elaboration of phospholipids, lipid
synthesis would be oriented towards the storage of
relatively saturated triglycerids and neutral lipids (Tornabene et al. 1983, Piorreck et al. 1984, Suen et al.
1987),as was observed in this study. Phosphorus limitation leads to a significant decrease in PUFA altering the
global unsaturation of microalgal lipids. In particular,
biosynthesis of eicosapentaenoic acid is rapidly
reduced by phosphorus deficiency. This essential fatty
acid is one of the most important in marine lipids and its
relative proportion varies about from 5 to 20 % in
commercial fish oils (Ackman 1982).
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Changes in the fatty acid composition of Dunaliella
tertiolecta do not seem to be directly linked to a premature ageing of the PD culture. Indeed, in a similar study
conducted on this species, Ackman et al. (1968)
observed a reversed trend in the fatty acid pattern in
aged cultures. The accumulation of oleic acid parallel
to the reduction of cell division observed in PD medium
seems to confirm the key function played by this fatty
acid (Piorreck et al. 1984, Ben-Amotz et al. 1985) in the
microalgal processes of cell division. Since the desaturation of oleic acid requires oxygen and essentially
takes place inside chloroplasts, accumulation observed
here might be the consequence of an alteration of
photosynthetic assimilation processes in D. tertiolecta.
The fact that total Lipid unsaturation is very slightly
affected, despite an alteration of fatty acid distribution,
gives evidence that this rnicroalga is able to maintain
an unsaturation level of Lipids during nutritional deficiency. The quality of lipids accumulated under phosphorus limitation is however altered with regard to the
lower proportion of the essential Linolenic acid and
other PUFA. No similar unsaturation balance was
observed for the diatom revealing a drastic deterioration of the lipid quality. Such differences in the lipid
response could have direct ecological implications in
the alteration of the specific composition of microalgal
communities submitted to local phosphorus limitation,
and thus also in higher trophic levels with regard to the
available phytoplanktonic pool of essential fatty acids.
Particular attention is required when comparing lipid
results from microalgae grown in batch cultures, for
while culture conditions are generally well defined and
controlled, culture age is not always specified and this
could have a considerable influence on the lipid composition of microalgae as clearly demonstrated in this
study. Finally, it is important to point out that the lipid
accumulation of some microalgae cultured under nutrient stresses could be used as a means of obtaining
vegetable oil for industrial applications (Shifrin &
Chisholm 1980). For both the diatom and the
chlorophyte that were considered here, results display
decreases in lipid unsaturation and in the mean of fatty
acid carbon chains simultaneously with increases in the
fatty acid content. Consequently, when considering
such bioenergetic prospects, perfect control of the
potential energy contained in vegetable oils thus
formed should not be expected.
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