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PHYTOPLANKTON LIPIDS: INTERSPECIFIC DIFFERENCES AND EFFECTS
OF NITRATE, SILICATE AND LIGHT-DARK CYCLES’
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ABSTRACT
7 The lipid content of various phytoplankton species was

measured in response to nitrogen and silicon limitation
and over the cell cycle in synchronized cultures. In a survey
of3O species it wasfound that during log-phase growth,
green algae contained an average of 17.1% total lipids
(% of total dry weight), whereas diatoms contained an
average of 24.5%. Nitrogen deprivation for 4 to 9 days
resulted in 2- to 3-fold increases in the lipid content of
green algae, whereas both increases and decreases were
noted in diatoms, depending on the species. The greatest
lipid content measured in the study was 72% in Monal
lantus salina (strain GSB Sticho) which had been de
prived of nitrogen for 9 days. Nitrate replenishment in a
nitrogen starved culture of Oocystis polymorpha
Groover & Bold showed that the excess cellular lipids do
not rapidly disappear during recovery, until cell division
occurs.

A silicate deprivation experiment with Cyclotella cryp
tica Reimann, Lewin & Guillard (strain 7c) showed an
increase in the total cellular lipidfractionfrom 30 to 42%
of thy weight within 6 h of the onset of silicon limitation,
while the mass of lipid material per cell doubled within 12
h. The total lipid fraction in 0. polymorpha was found
to remain constant over the cell cycle in synchronized cul
tures regardless of the light regime. The data presented
provided thefirst internally consistent study ofphytoplank
ton lipids for a wide range of species and several growth
conditions.

Key index words: phytoplankton lipids; nitrogen limita
tion; silicon limitation; light-dark cycles; Cyclotella;
Oocystis; Monallantus

The production and storage of lipids by phyto
plankton are regulated by environmental factors in
a manner that is not always systematic, and can be
quite species specific. Despite years of research on
the subject, pioneered by Spoehr and Milner (1949),
Iwamoto et al. (1955, 1958), Collyer and Fogg
(1955), Fogg (1956), Klyachko-Gurvich et al. (1967),
and Zhukova et al. (1969), few accurate generaliza
tions have emerged regarding the regulation of this
essential cellular component.

One pattern that has become apparent is the en
hancement of lipid storage during nitrogen defi
cient conditions. This has been demonstrated main
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ly in green algae (Iwamoto et al. 1955, Fogg 1959,
Zhukova et al. 1969), but also in some diatoms
(Opute 1974a, Badour and Gergis 1965) and blue
green algae (deVasconcelos and Fay 1974). Nitro
gen supply has also been noted to influence the rel
ative distribution of fatty acids in several green algae
(PohI 1974). Moreover, lipid storage has been shown
to be influenced by the form of nitrogen supplied
to the cells and by the duration of the N-stress pe
riod (Conover 1975), as well as by the basic culturing
technique (Richardson 1969).

Although certain trends in lipid production may
be identified in individual studies, a search for gen
eralizations that can be extended leads to difficul
ties. The sensitivity of lipid storage to many differ
ent environmental factors, as well as to different
conditions and procedures among laboratories, can
result in discrepancies in reported values. For ex
ample, Spoehr and Milner (1949) and Iwamoto et
al. (1955) reported lipid fractions (total lipid content
as percent of dry weight) of 85% for N-starved Chlo
rella, whereas others (Zhukova et al. 1969) reported
values of only half this under apparently similar
conditions. McCarthy and Patterson (1974) report
ed increased total lipids with potassium deficiency,
whereas Spoehr and Milner (1949) reported the op
posite. Depending on the species or culture condi
tions, increasing light intensity may cause an in
crease (Orcutt and Patterson 1973) or a decrease
(Iwamoto et al. 1955) in total lipids. In isolated stud
ies and in various species, lipid components and/or
synthesis pathways have also been shown to vary
with light and dark periods (Fisher and Schwarzen
bach 1978, Nichols 1965), temperature (Aaronson
1973) and silicon deficiency (Werner 1977a).

In view of the multitude of influences and some
apparent inconsistencies which preclude any simple
generalizations regarding lipid storage by phyto
plankton, and in view of the current interest in phy
toplankton lipids as a potential commercial source
of hydrocarbons (Dubinsky et al. 1979, Shifrin and
Chisholm 1980), a broad based and internally con
sistent study of this phenomenon was undertaken.
The objective was to determine the lipid fraction in
a number of species from the Chlorophyceae and the
Bacillariophyceae growing under various environ
mental conditions. The influence of nitrogen deple
tion on lipid storage was examined in detail because
of the obvious need for N-depleted cells to channel
photosynthetic products into N-poor compounds.
The effect of Si-starvation (for diatoms) was also
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TABLE 1. Ident~flcation and physiological reference values of species investigated.

k° Cell size Cell.N Ash Additional
Species (divd’) (pg) mole x IC” (%) identificationt

Bot~yoccocus braunii Kutz. — — — — UTEX 572
Chlamydomonas applanata Prings. 2.8 — — 6.8 Cu Tolerant Foster 1977
C. applanta Prings. 3.0 — — 8.0 Cu Intolerant Foster 1977
Chlorella pyrenoidosa Chick 3.9 10.2 60 — UTEX 26
C. pyrenoidosa Chick 2.8 8.0 42 — UTEX 1663 Slant 18 Apr 79
C. pyrenoidosa Chick 2.7 8.0 43 — UTEX 1663 Slant 19 Mar 78
C. pvrenoidosa Chick 3.4 6.0 37 —~ IITFY 1671
C. ellipsoidea Gerneck 2.7 6.9 31 — UTEX 247
C. vulgaris Beijerinck 2.9 9.1 53 — Cu Tolerant Foster 1977
C. vulgaris Beijerinck 3.2 9.9 39 — Cu Intolerant Foster 1977
Monodus subterraneus Peterson 1.1 — — — UTEX 151
Nannochloris sp. 2.6 2.7 16 — Cu Tolerant Isolate, Mill Pond
Naviculapelliculosa (Bréb.) Hilse 1.1 152 — 46.1 UTEX 667
Nitzschiapalea (Kutz.) W. Sm. 3.8 99.6 — 36.6 UTEX 1813
Oocystispolymorpha Groover & Bold 2.9 105.2 — — UTEX 1645
Ourococcus sp. 3.0 9.2 46 10.4 Cu Tolerant Isolate, Mill Pond
Scenedesmus obliquus (Turp.) Kutz. 3.0 34.5 185 — UTEX 1450
Selenastrum gracile Reinsch 1.9 62.2 258 — UTEX B325
Synedra ulna var. chaseana Thomas 1.7 2313.0 4460 56.0 UTEX LB1966
Biddulphia aurita 5TX88 2.3 766 2626 31.2 R. Guillard
B. aurila B-I 1.7 4022 25 281 34.4 R. Guillard
Cyclstella ciyplica 7C 2.6 66.4 284 20.0 R. Guillard
Dunalliella terliolecta Dun 2.3 70.1 210 26.8 K. Guillard
Hyinenomonas carterae Cocco2 1.8 353 807 36.6 I. Pinter, Woods Hole, Jul58
Monallantussalina GSB Sticho 1.5 5.4 30 13.8 J. Ryther, GSB, 1952
M. salina Say 3 1.0 4.2 25 5.2 R. Guillard, GSB, 1965
Skeletanema coslalurn SKEL 2.7 44.3 323 26.2 R. Guillard, Eel Pond, Jul 69
S. costatum FH-l 2.7 23.4 208 14.4 R. Cuillard
Thalassiosira weissflogii Actin 2.7 639.4 2877 45.6 R. Guillard, L.I.S., 1956
T. pseudonanna 3H 3.3 14.2 70 24.9 R. Guillard, FR., 8 Sep 58

° Growth rates are those at which other
UTEX numbers are those from the University of Texas collection (Starr 1978).

parameters were measured.

examined, as were variations in lipid storage in cells
grown on lightJdark cycles.

MATERIALS AND METHODS

Unless otherwise indicated, cells were grown in continuous
light at an intensity of 190 MEin’m2-s~ (cool-white fluorescent
bulbs) in 200 mL batch cultures at 23° C. The cultures were
bubbled with air that had been scrubbed through activated car
bon, 15 M ZnCI2 (to remove ammonia), distilled water, and a
sterile cotton filter. Marine organisms were grown in seawater
collected 1 mile off Nantucket, Massachusetts and enriched with
nutrients to the composition f/2 (Guillard 1975) and freshwater
organisms were grown in WC medium (Guillard 1975). In all
cases the nitrogen source was nitrate.

For the species screening and the nitrogen starvation experi
ments, cultures were first grown in nutrient replete media until
they reached late log-phase (which was I or 2 days before the
cultures reached a light-limited stationary phase). They were
then sampled for the various log-phase measurements and the
remaining cells were centrifuged aseptically and resuspended in
N-free medium. This resulted in a cell number dilution factor of
about two. The N-free cultures were sampled for analyses at 3
or 4 and 7 or 9 days after the transfer.

A continuous culture apparatus (cyclostat) similar to that de
scribed in Chisholm and Costello (1980) was used for the cell
cycle and the nitrogen enrichment experiments. A 1000 mLjack
eted glass vessel (Belco 1968-0 1000) was equipped with two ports
to accommodate feed and exhaust lines. Fresh medium was
pumped (Harvard Apparatus Co.) in continuously at a dilution
rate of I d’ and temperature was maintained at 20° C. Effluent

was forced through a tube at the surface of the culture by positive
pressure resulting from continuous aeration of the culture.

In the nitrogen enrichment experiment, Oocystis polymorpha
Groover & Bold was grown as a continuous culture in N-rich
media with 2 mM Tris buffer, under constant illumination, until
a steady state was achieved. At the onset of the experiment the
continuous feed of complete medium was turned off and nitro
gen in the medium was depleted by a combination of cell growth
and periodic dilution with nitrogen-free medium. Physiological
measurements, including cell nitrogen and nitrate in the growth
medium, were monitored during this time. The culture was
maintained in a nitrogen deficient condition (undetectable nitrate
concentration in the medium) for 5 days at which point a single
addition of nitrate was made to give 750 1sM NO3 in the me
dium. Measurements were then taken over the next 53 h. The
light source was four 20 W cool-white fluorescent bulbs supplying
190 ~aEin-m2r’ at the surface of the culture vessel. In the cell
cycle experiment, hourly composite samples of effluent were col
lected in a refrigerated (0° C) fraction collector (Buchler Instru
ments).

Growth was monitored by either in vivo fluorescence (Turner
Designs 10-005k), optical counts using a Fuchs Rosenthal Cham
ber or, in some cases, by electronic particle counting (Conker
Electronics Model Ze). Freshwater organisms were prepared for
the Coulter Counter by first fixing with 1% formaldehyde fol
lowed by an appropriate dilution in an electrolyte solution (Coul
ter Isoton II). Experimental cultures were always inoculated
from log-phase stock cultures grown under conditions identical
to those used in the experiments long enough to achieve repro
ducible growth rates.

Dry weights were measured by filtering an appropriate volume
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TABLE 2. Changes in cellular coanposition for log-phase and nitrogen-starved phytoplankion.°

a “L” refers to log-phase cultures and “F’ refers to the final day
All values are given as the mean from duplicate flasks. C:N ratios

Species are listed in the same order as in Table 1.

of culture on precombusted (4500 C, 1 h) 24 mm Reeve Angel
984 glass filters using less than 5 cm Hg vacuum. The filters were
dried at 80°C to constant mass (45 to 90 mm). Salts from marine
cultures were removed by washing the cell mass and filters with
0.65 M ammonium formate.

Total lipids were extracted using a micro-Soxhlet apparatus
and high purity, glass distilled (Burdick and Jackson Laborato
ries, Inc.) chloroform:methanol (2:1) as the solvent mixture. Cells
on the filter from the dry weight measurement were placed in a
solvent-washed extraction thimble (Whatman 10 x 50 mm, single
thickness) in the Soxhlet apparatus which was allowed to reflux
for 2—4 h as determined appropriate for a given species (Shifrin
1980). The samples (solvent plus extract) were then centrifuged
for 10 mm at 750 x g and 5 to 10 sequential 0.1 mL aliquots of
the supernatant were evaporated in tared, 12 mm aluminum
weighing pans on a 100° C hotplate. Samples evaporated in des
sicated air rather than on the hotplate yielded the same results.
The dry residue was weighed (Cahn Model 25 Electrobalance)
and correction was made for a blank obtained by running the
same overall procedure is’ith a clean thimble containing no cell
mass. Blank values ranged from 5 to 10% of the experimental
data and the recovery efficiency of the entire procedure (using
a known addition of safflower oil as a somewhat representative
analogue) was greater than 96%.

The residue from the extraction procedure normalized to total
dry weight was defined as the “lipid fraction;” i.e. that proportion
of the total cell mass extractable with chloroform : methanol
(2:1). We recognize that this crude extract could contain some

under nitrogen starvation (either day
are based on mass values.

fraction of water soluble components (e.g. certain carbohy
drates), but preliminary measurements of water washed extracts,
isolated chromatographic analyses of fatty acid composition
(compared with the “total lipids”), in addition to evidence from
other systems (Folch et al. 1957), indicated that such contami
nants were minimal.

Nitrate (plus nitrite) and silicate were analyzed by the methods
of Strickland and Parsons (1972) modified for smaller sample
volumes. Particulate nitrogen and carbon were measured on a
Perkin Elmer Model 240 CHN analyzer.

Marine phytoplankton were obtained from R. R. L. Guillard,
Woods Hole Oceanographic Institute. Most freshwater species
were obtained from the University of Texas at Austin and are
identified in Table 1 by their catalogue (UTEX) number (Starr
(1978). Nannochloris sp. and Ourococcus sp. were isolated several
days after copper treatment of Mill Pond in Woburn, Massachu
setts (McKnight 1979). The two Chlorella vulgaris clones and the
two Chlasnydornonas applanata clones were isolated near a copper
mine at the River Hayle in Cornwall, Great Britain (Foster 1977).
Additional identification and properties of the species studied
are given in Table I.

RESULTS AND DISCUSSION

Species screening and N-deficiency. Values for total
cellular lipids (as percent of total dry weight) in all
the species examined in log-phase growth ranged
from a minimum of 12.5% in Chiorella vulgaris to

% cell nitrogen % Cell carbon C: N % Lipids 10° cellamlr’ Mau cell (pg)

Species L Ratio F L Ratio F L Ratio F L Ratio F L Ratio P L Ratio r

Freshwater
Chtasnydornonas applanota 7.5 0.3 2.2 52.9 1.0 51.8 7.1 3.3 23.4 18.2 1.8 32.8 — — — — — —

C. applanata 6.2 0.3 2.1 55.1 0.9 50.1 9.1 2.7 24.3 16.0 1.8 28.8 — — — — — —

Chlorella pyrenoidosa 8.3 0.3 2.3 43.6 1.3 56.2 5.3 4.5 23.8 13.4 2.2 29.2 1.4 8.4 11.8 II 0.3 3.0
C. pyrenoidosa 7.6 0.6 4.2 47.3 1.1 50.5 6.3 1.9 11.9 14.4 2.5 35.8 2.4 2.5 6.1 8.0 0.8 6.4
C. $,yiuiioidoia 7.1 0.4 3.1 47.5 1.1 53.7 5.9 3.2 19.2 10.4 1.9 30.6 3.6 2.1 7.7 0.1 0.8 6.3
C. pyrenoidosa 8.6 0.7 5.8 45.6 1.1 50.3 5.3 2.2 11.9 16.0 2.2 35.5 5.6 2.1 12.0 5.1 1.2 6.0
C. ellipsoidea 6.2 0.3 2.0 44.3 1.1 49.8 7.2 3.5 24.9 13.5 2.0 27.2 4.2 3.5 14.8 7.3 0.4 2.7
C. vulgaris 8.2 0.2 1.9 44.6 1.3 58.0 5.5 5.7 31.3 12.5 3.2 40.6 3.8 4.6 17.3 6.5 0.8 5.0
C. vulgaris 5.5 0.3 1.5 45.6 1.2 54.1 8.3 4.3 35.7 13.0 2.2 28.8 3.7 2.4 8.8 10 1.4 14
Nannochloris sp. 8.3 0.2 1.8 47.0 1.2 58.4 6.3 3.2 20.1 20.2 2.4 47.8 8.3 2.6 21.2 2.8 0.8 2.1
Naviculapellicutosa — — 0.8 — — 35.6 — — 44.5 — — 44.8 0.002 560.0 1.12 15 1.2 18
Nilzschiapatea — — 1.4 — — 36.3 — — 25.8 22.2 1.8 39.5 0.04 8.8 0.35 112 0.7 83
Monodu.s subterraneous — — 1.8 — — 53.2 — — 29.6 — — 12.6 — — 0.04 — — —

Oocystispolymorpha 8.6 0.1 1.2 45.6 1.2 55.0 5.4 8.2 44.2 12.6 2.8 34.7 9.4 6.0 2.4 110 0.7 74
Ourococcus sp. 7.0 0.4 2.5 48.2 1.2 57.7 6.9 3.3 23.1 27.0 1.8 49.5 3.8 4.1 15.5 9.2 0.7 6.6
Scenedesmus obliquns 7.5 0.4 3.0 47.9 1.2 56.0 5.8 5.3 30.6 19.0 2.2 41.2 2.5 4.6 11.5 40 0.6 25
Selanaslrwn racik 5.8 0.4 2.6 44.8 1.2 54.6 9.5 2.2 21.0 20.8 1.3 27.8 0.08 22.5 1.8 62 0.3 16
Synedra ulna 2.7 0.9 2.4 30.3 1.0 30.2 11.2 1.1 12.6 23.0 0.9 21.5 0.003 2.7 0.008 2313 2.0 4746

Marine
Biddulphaaurita 8.8 0.3 2.3 39.3 0.6 23.7 4.5 2.3 10.3 19.1 0.9 17.2 0.02 2.0 0.04 4022 0.7 2657
B. aurila 4.8 0.5 2.5 31.6 1.2 39.0 6.6 2.4 15.6 32.6 0.4 12.2 0.04 1.5 0.06 766 2.4 1832
Cyclotella cryptica 6.0 0.4 2.1 31.7 1.2 39.1 5.3 3.5 18.6 23.0, 1.6 36.8 0.4 3.0 1.2 66 0.8 56
Dunaliella tertiolecla 4.2 0.3 1.4 26.7 1.1 29.2 7.2 2.9 20.8 21.2 0.8 18.0 0.6 3.0 1.8 70 1.1 74
Hynzenornonas carteroe 3.2 0.4 1.2 40.9 0.9 36.1 8.6 3.5 30.1 20.0 0.7 14.3 0.3 2.0 0.6 353 1.1 382
Monaltantussalina 4.3 0.6 2.6 48.2 1.1 51.9 6.8 2.4 16.2 40.8 1.8 72.2 3.7 2.8 10.5 5.4 1.7 9.0
M. saUna 8.4 0.5 4.5 59.6 0.9 51.0 7.1 1.6 11.2 46.0 0.9 42.3 7.9 1.1 8.5 4.2 1.8 7.6
Sketetonerna costaturn 10.2 0.6 5.8 41.4 0.7 29.4 4.0 1.3 5.2 23.8 1.3 30.3 0.9 0.9 0.8 44 1.4 60
S. costaturn 12.5 — — 46.2 0.7 33.8 3.7 — — 23.2 0.9 20.4 1.0 0.7 0.7 23 2.3 52
Thalassiosira weissfiogii 6.3 0.3 1.8 43.0 1.2 51.6 13.6 2.1 28.6 22.2 1.1 24.0 0.07 4.0 0.28 640 1.0 640
T. pseudonana 2.9 0.4 1.1 17.6 2.0 35.4 5.9 5.4 32.2 24.3 1.1 26.4 1.9 2.0 3.8 18 0.7 12

7 or 9). “Ratio” refers to F/L.
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FIG. la—f. Cells, fluorescence, dry weight, cell-N and lipids
during nitrogen starvation for Chiorella pyrenoidosa UTEX No.
1671: dashed and solid lines represent duplicate cultures. Data
for cell numbers and fluorescence between days minus 1 and 0
indicate log-phase growth in complete medium prior to transfer
to N-free medium (arrows at day 0).

46% in Monallantus saliva (Table 2). Significant dif
ferences were noted between green algae and dia
toms. The average lipid content on a total dry
weight basis for 17 green algae species in log-phase
was 17.1 ± 4.4% (±1 SD) compared to 24.5 ± 4.7%
for 11 diatom species. On an ash-free dry weight
basis, this difference was magnified with green algae
and diatoms having average lipid fractions of 18.8%
and 36%, respectively.

During log-phase growth, cell nitrogen averaged
6.2 ± 2% (± 1 SD) of dry weight for 24 species (Ta
ble 2). Several low values of about 2.8% were mea
sured for log-phase cells but we suspect inadequate
ly low sample mass or non-optimal growth as
responsible for these values. Cellular carbon aver
aged 40.9 ± 10% of dry weight in log-phase consid
ering the green algae and diatoms together (24
species) and 47.1 ± 3.3% for the green algae alone.
The ratio of carbon to nitrogen mass, C:N, was
7.1 ± 2.1 for 24 species in log-phase (Table 2). This
result agrees with other C:N ratios measured in phy
toplankton from upwelling zones (Slawyk et al.
1978) as well as in nitrogen-rich laboratory cultures
(Caperon and Meyer 1972, Conover 1975).

When cells from log-phase were transferred to
N-free conditions, an enrichment of percent cell
carbon by a factor of 1.1 to 1.3 over log-phase values
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FIG. 2a—c. Nitrogen starvation and lipid fractions in two
species of green algae: a) Time series, Oocystis polymorpha. Deter
minations of nitrate and particulate nitrogen in the medium were
made daily to verify the onset and progress of nitrogen deficien
cy. Squares represent measurements taken from duplicate flasks
during a separate experiment at 23° C. b) Effect of extended
nitrogen starvation on the lipid fraction of Chiamydomonas ap
piania. Cells were grown in 200 mL batch Cultures at 23° C. Data
shown are the mean and range of duplicate flasks. c) Lipid frac
tions and cellular nitrogen for 0. polymorpha (circles and solid
line) and C. applallata (triangles and dashed lines).

was noted in most species after 7 or 9 days (Table
2). By the end of the starvation period, cell nitrogen
generally decreased by a factor of 2 or 3 which
agrees well with the magnitude of increase in cell
number, implying a simple reduction of the N-quota
by cell division. During the nitrogen deficient con
dition, C:N ratios increased by up to a factor of 8
and resulted in an average of 24.3 ± 8.9 for 28
species after 7 to 9 days in N-free medium. This
reflected an average cellular nitrogen fraction of
2.4 ± 1.3 percent of dry weight. The highest C:N
ratio measured was 44.5 in Nitzschia palea during
the nitrogen starvation, which is consistent with val
ues reported for N-limitation. Chemostat studies
(e.g. Shuter 1978) have shown increased C:N ratios
ranging from 20 to 50 with nitrogen limitation.

In general, nitrogen starvation doubled or tripled
the total cellular lipid fraction in green algae so that
after 4 to 9 days of starvation, total lipid fractions
of 30 to 50% were commonly measured (Table 2).
The largest total lipid fraction measured under this
condition was for M. saliva, which contained 72%
lipids after 9 days.
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TABLE 3. Changes in thy weight and lipid mass per culture volume from log-phase to nitrogen-starved culture.”

weight immediately thereafter (column

The response of several physiological parameters
to growth in nitrogen-free medium is shown in Fig.
1 for Chiorella pyrenoidosa chick (corresponding data
for over 30 other species are presented in Shifrin
1980). In general, after transfer to N-free medium,
cells continued to. divide for several days (Fig. Ia).
Fluorescence patterns varied considerably accord
ing to species. In the case shown (Fig. ib), fluores
cence varied in a bimodal fashion, but in many other
species it increased for several days and then de
creased steadily.

In about half of the species surveyed, the average
mass per cell decreased slightly (Table 2), but in all
cases, the total dry weight per volume of culture
increased as in Fig. Ic. This dry weight increase var
ied according to species, the lowest factor being 1.2
(N-starved: log phase) for S. costatum and the high
est factor being 6.8 for N. palea (Table 3). This re
flected continued cell growth over the N-stress pe
riod. The cellular nitrogen decrease (Fig. id)
reflected cell division in a nitrogen deficient envi
ronment. The total lipid content increases (Fig. le)
combined with the dry weight increases resulted in
a 5-fold increase in the mass of lipid per volume of
culture in this species and a range of 1.5-fold (T.
pseudonana) to 13.4-fold (0. polymorpha) increases for
the assemblage (Table 3). In 11 of 28 species Lhe

mass of new lipids synthesized per volume of culture
during N-stress was greater than the total biomass
present at the onset of the stress period. In the ex
treme cases (N. palea, 0. polymorpha, Ourococcus sp.,
M. sauna) 9 days of nitrogen starvation produced
new lipid mass that was 2 to 3 times the original
total biomass. This indicates a continuation of de
novo synthesis during N-stress. As has been suggested
(Fogg 1959), increases in lipid content during nitro
gen deficiency might be due in part to a decrease in
other cellular components such as proteins (Healey
1979). However, for at least the 11 species in our
study, lipid mass in excess of the original biomass
was produced, thus there is no doubt about the ac
tive role of lipid synthesis during nitrogen stress.
Similarly, Fogg (1965) and Opute (1974b) both ob
served that new carbon fixed during nitrogen stress
was preferentially assimilated (50 to 70% of the
total) into cellular lipids.

A more thorough time course of the change in
lipid fraction in cells as they become N-deficient was
examined for two species (Fig. 2a, b). In Oocystis
polymorpha (Fig. 2a) the lipid fraction increased
gradually and more or less linearly to a maximum
during the first 5 days in N-free media. The daily
measurements, which showed an increase in the lip
ids from 16.5 to 30% (of dry weight) over 6 days,

Total dry weight (mg/LI Lipid per culture (mg/L)

Speciet L M F It, R, L M F R,

Chla;nydomonas applanata 73.0 182.9 282 2.5 3.9 13.3 40.4 92.8 3.0 7.0
C. applanata 143.8 230.4 309.2 1.6 2.2 23.0 38.9 89.0 1.7 3.9
Chlorellapyrenoidosa 16.5 41.6 36.2 2.5 2.2 2.2 13.9 10.5 6.3 4.8
C. pyrenoidosa 28.6 40.4 48.1 1.4 1.7 4.7 12.7 14.7 2.7 3.1
C. pyrenoidosa 19.0 34.6 43.3 1.8 2.3 2.7 — 15.5 — 5.7
C. pyrenoidosa 33.4 52.3 61.8 1.6 1.8 5.3 20.1 21.9 3.8 4.1
C. ellipsoidea 29.1 64.0 47.8 2.2 1.6 3.9 12.3 13.0 3.2 3.3
C. vulgaris 34.0 91.0 86.6 2.7 2.6 4.2 28.7 35.2 6.8 8.4
C. vulgaris 36.7 135.3 164.0 3.7 4.5 4.8 23.8 47.2 5.0 9.8
Monodussubterraneous — 2.8 13.2 — — — — 1.7 — —

Nannochloris sp. 22.0 44.7 46.2 2.0 2.1 4.6 20.6 22.1 4.5 4.8
Naviculapelliculosa 5.3 26.0 40.2 4.9 7.6 — 5.0 18.0 — —

Nitzschiapalea 4.3 22.8 29.2 5.3 6.8 0.9 6.8 11.6 7.6 12.9
Oocystispolymorpha 37.4 152.5 178.5 4.1 4.8 4.8 45.9 64.2 10.2 13.4
Ourococcus sp. 34.5 96.8 110.4 2.8 3.2 9.3 39.6 54.6 4.2 5.9
Scenedesmus obliquus 99.0 231.1 289.6 2.3 2.9 18.8 75.1 118.9 4.0 6.3
Selenastrum racile 4.9 24.2 27.0 4.9 5.5 1.0 6.2 7.5 6.2 7.5
Synedra ulna 7.1 21.8 23.7 3.1 3.3 1.6 3.6 5.1 2.2 3.2
Biddulphia aurita 35.2 96.0 126.2 2.7 3.6 6.7 22.5 21.6 3.4 3.2
B. aurita 29.1 108.1 118.2 3.7 4.1 10.2 14.0 14.4 1.4 1.4
Cyclotella cmyptica 26.5 99.8 67.7 3.8 2.6 6.1 29.1 24.9 4.8 4.1
Dunaliella tertiolecta 45.3 133.2 129.1 2.9 2.8 9.6 16.9 23.2 1.8 2.5
Hymenomonas carterae 82.6 202.8 211.8 2.5 2.6 16.5 22.7 30.3 1.4 1.8
Monallantussalina 31.7 106.6 102.2 3.4 3.2 12.9 55.6 64.3 4.3 5.0
M. salina 34.8 64.2 64.4 1.8 1.8 16.0 38.4 27.2 2.4 1.7
Sheletonema costotum 38.7 84.5 . 47.9 2.2 1.2 10.4 18.8 18.1 1.8 1.7
S. costa/urn 29.7 38.4 36.6 1.3 1.2 . 5.4 9.8 10.7 1.8 2.0
Thalassiosira weLssflogii 44.6 182.1 169.4 4.1 3.8 9.9 31.5 40.7 3.2 4.1
T. pseudonana 34.2 59.8 47.3 1.8 1.4 8.3 13.7 12.5 1.6 1.5

and measured for lipids and“Log-phase cells were transferred to nitrogen-free media dry
“U’), 3 or 4 days after transfer (column “M”), and 7 or 9 days after transfer (column “F”). The ratios, K, and R2, refer to the change
in these parameters from log-phase to the midpoint (K, = M/L) and the final point (K, = F/L), respectively.

Species are listed in the order shown in Table 1 to facilitate clone identification.
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LIPID FRACTIONS in PHYTOPLANKTON in LOG PHASE S NITROGEN STARVATION
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FIG. 3. Phytoplankton lipid fractions during log-phase growth and nitrogen starvation: cells were grown in complete medium
followed by transfer to nitrogen-free medium. The top of each white bar represents the lipid fraction during log-phase growth, the top
of the cross-hatched bars represent either 3 or 4 days after transfer to nitrogen-free medium, and the stippled bars represent 7 or 9
days after transfer. Numbers in parentheses are growth rates (divisions d—’) measured during the log-phase portion of the experiment.
Symbols (“+“ or “—“) after a species name indicate a known relative tolerance or sensitivity, respectively, to copper in the growth
medium.

agreed quite well with a previous, less frequently
sampled experiment also shown in Fig. 2a. In nitro
gen starved Chiamydomonas applanata, linear in
creases in the lipid fraction continued for 17 days
(Fig. 2b) suggesting that in species able to tolerate
prolonged periods of N-depletion, higher lipid frac
tions might be realized. The inverse relationship
between cell nitrogen and lipid fractions for these
two species was quite similar (Fig. 2c). Nitrogen frac
tions (% of dry weight) ranged from 1.7 to 8.2% for
0. polymorpha and 1.8 to 7.5% for C. applanala. Al
though cell N and lipid fraction appear to be relat
ed, this should not be interpreted as implying direct
causality. -

The general trends for the marine diatoms stud
ied under N-stress were quite different than those
observed for the green-algae. During the time pe
riod studied, their lipid content usually increased
only slightly (e.g. Skeletonema costatum SKEL) or ac

tually decreased (e.g. Thalassiosira weis4flogii Actin)
under N-starvation (Table 2). Conover (1975) found
similar results for lipid carbon in nitrogen starved
T. weissfiogii when the preconditioning nitrogen
supply was nitrate. However, when nitrogen star
vation followed growth in ammonia, lipid increases
were noted after about 7 days. The relatively rapid
and large lipid increases in Cyclotella cryptica, Nitzsch
ia palea and possibly Navicula pelliculosa under ni
trogen stress were the most dramatic responses in
the diatom group and more closely resembled the
response by green algae. Opute (1974b) and Badour
and Gergis (1965) also found rapid lipid increases
in N. palea under these conditions.

In overview, the general trend observed in our
survey was that lipid storage increased in green al
gae under nitrogen-stress while this effect was less
clearly defined in marine diatoms (Fig. 3). This is
shown better by clustering the data for the two taxo

GREENS DIATOMS
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Ftc. 4. Comparison of the response of the lipid fraction to
nitrogen starvation for diatoms and green algae. Shaded envel
opes contain the data from the two classes of phytoplankton. At
a given day, each data point represents a different species. The
response is represented as the relative change for each species
compared to its log-phase lipid fraction as given in Table 1. The
t-test values represent the significant differences between the
mean responses of the two classes at the 95 to 99 percent confi
dence level. The anon~alous points for the green algae represent
Dunaliella tertiokaa, which was excluded from the cluster enve
lope (but not from the statistical calculation) because low log-
phase measurements of cellular carbon (26%) and nitrogen
(4.2%) suggested that it entered the nutrient starvation period in
an already stressed condition.

nomic classes according to lipid fraction changes
between log-phase and nitrogen-stress (Fig. 4). The
mean response of lipid fractions over the 7 to 9 days
of stress for each class is significantly different at
the 99% confidence level. Werner (1977b) pointed
out that diatoms under nitrogen-stress commonly
store carbohydrates initially and shift to lipid stor
age only after extended periods of stress. Thus, it
is possible that enhanced lipid fractions could have
resulted with more prolonged incubation times. The
one coccolithophore examined in this study (Hymen
omonas carterac) showed a decreasing lipid fraction
under nitrogen stress, similar to some of the dia
toms.

It should be noted that the groups of species clus
tered in Fig. 4 could also have been distinguished
as marine vs. freshwater instead of diatom vs. green
algae with similar results. Unfortunately, such a
grouping would be biased since most of the diatoms
were marine species and all but three of the green
algae were members of the freshwater goups. Al-

though there is no totally justifiable reason for clus
tering the data either by class or by environment,
Werner (1977b), Opute (1974a), and Kates and Vol
cani (1966), all have suggested that there should be
no distinguishable difference between marine and
freshwater algae in terms of lipids.

Lipid fractions as high as 85%, as reported earlier
for Chiorella pyrenoidosa (Spoehr and Miler 1949)
and C. ellipsoidea (Iwamoto et al. 1955) were not
found in any species. 1 he maximum observed un
der the conditions of the N-stress experiments per
formed here was 72% for M. sauna after 9 days, and
none of the Chiorella clones under N-stress con
tained more than 40% lipids. It is not clear whether
these values would have increased under longer pe
riods of nitrogen starvation but they certainly did
not reach the levels reported previously which were
measured after only 4 days of N-stressed culture
(Iwamoto et al. 1955).

One other species, Botryococcus braunii, was ex
amined (Fig. 3) but does not appear in Table 2 be
cause it was not subjected to the usual experimental
protocol. This species, known for its extremely slow
growth rate (0.02 d’, Belcher 19~58) and high lipid
content (Hillen and Warren 1976) had a lipid frac
tion of 70% (Fig. 3) under “log-phase” growth (it
had a two month growing period prior to the mea
surement) -

In the initial stages of these screening experi
ments it was noted that species which tended to have
the highest lipid fractions (e.g. Nannochloris sp. and
Ourococcus sp., Fig. 3) were known to be copper tol
erant (McKnight 1979). In an attempt to extend this
observation further, a group of 5 species, each hav
ing a demonstrated copper tolerant and intolerant
clone (Guillard, personal communication, Foster
1977) was examined. This group included Monal
lantus saUna, Skeletonema costatum, Bidduiphia aurita,
Chiorella vulgaris and Chlamydomonas applanata. The
clones were screened for lipids during log-phase
and nitrogen stress (see paired clones denoted with

or “—“ in Fig. 3) according to the protocol
described above. For all paired clones except Bid
duiphia aurita, the copper tolerant strain had a
higher lipid fraction under N-stress. The most sig
nificant example of this was C. vulgaris in which the
tolerant clone had nearly twice the lipids of the in
tolerant clone. These observations, as well as related
experiments which suggest that toxic levels of cop
per inhibit storage (Shifrin and Chisholm 1980), in
vite (but perhaps do not justify) speculation regard
ing the interaction between lipids and copper
tolerance.

Recovery from nitrogen starvation. From previous
studies the general response of N-starved phyto
plankton cultures to nitrogen enrichment can be
characterized. Respiration has been noted to in
crease significantly over the initial several hours af
ter nutrient (NO3- or N114j addition (Syrett 1956,
Healey 1979). Falkowski and Stone (1975) suggested
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that during recovery carbon fixation competes for
metabolic energy with nitrogen uptake which can be
greatly enhanced in starved cells (McCarthy and
Goldman 1979). Retarded total carbon increases
have been measured to correspond to a decrease in
the carbohydrate fraction with a coincident increase
in protein (Healey 1979) while lipids have been re
ported to increase slightly (Syrett 1956).

In this study a culture of 0. polymorpha, which had
become severely N-deficient, was replenished with
NO3— to examine the effects of release from nu
trient limitation on lipid storage (Fig. Sb, also see
Materials and Methods). Following the nitrate spike,
cell nitrogen began to increase immediately reflect
ing an uptake rate of 0.38 rig-at N~ mg C~- h-’ (0.53
pg N-celh1-h-’) over the first 24 h (Fig. 5b). This
amounted to a specific uptake rate (V) of 3 d’
which was likely to be near the maximum value for
V (Vmax) considering that the cells had a near zero
growth rate due to NOj- deprivation and had ni
trogen quotas of 20% of N-replete cells. This value
was 3.3 times that of the average specific uptake rate

FIG. 6a, b. Effect of silicate starvation on lipid fractions in
Cyclotella cryptica. a) Time course of the depletion of silicate in
the medium and population growth. b) Lipid fraction (solid cir
cles) and lipid mass per cell (open circles) after the onset of sili
cate starvation.

for cells growing prior to nitrogen starvation in
N-rich medium at an average specific growth rate
of 0.9 d’. Other species (T. pseudonana, strain 3H)
have shown a 7-fold increase in the maximum spe
cific uptake rates for severely N-limited cells com
pared to cells growing in N-rich (NH4j medium
(McCarthy and Goldman 1979).

While nitrogen was being taken up rapidly, cell
numbers remained constant and the average mass
per cell increased by 20% (Fig. 5a). During the same
period the lipid mass per cell as well as the lipid
fraction increased (Fig. 5c) as has been observed by
Syrett (1956). The increase (Fig. 5c), however, just
borders on statistical significance. At the 24 h point
of the experiment, the lipid fraction (Fig. 5c) was at
the same level as it was right before the N-spike.
Between 24 and 48 h cell nitrogen began to decrease
(Fig. Sb) as the average mass per cell decreased and
cell numbers increased (Fig. 5a). Lipid fraction and
lipid mass per cell also decreased over this interval
(Fig. 5c) but never reached the low levels character
istic of log-phase cells (see —144 h, Fig. 4c). Since
cell N also did not increase to the pre-spike level,
the cells apparently became N-limited again towards
the end of the experiment and thus the lipid frac
tions remained slightly elevated.

During the first burst of cell division after enrich
ment, cell numbers increased 4-fold while the lipid
content per cell decreased by a factor of 3.3 and
lipid per culture volume increased by 1.3-fold. Until
that time, there had been no decrease, but rather a
slight increase in lipid content suggesting that dur
ing recovery, cellular lipids were diminished by cell
division rather than-by metabolic oxidation. Thus,
it is possible that lipids stored during nitrogen stress
may not be mobilized as an energy source during

12 18
HOURS

FIG. 5a—c. Effect of recovery of 0. polymorpha from nitrogen
starvation on cell mass (a), cell nitrogen (b) and lipids (c). Nitrate
in the medium was allowed to be depleted in a culture and then
NO3— was reintroduced (0 h) at a concentration of 750 pg-at
N03- L’. For reference, data are also shown for log-phase cells
(—144 h) and for 4-day-old nitrogen-starved cells (—24 h). The
error bar shown in (c) is the average coefficient of variation of
mean lipid fraction determinations from 15 sets of 3 replicates
for this species.



382 NEIL S. SHIFRIN AND SALLIE W. CHISHOLM

FIG. 7a—c. Variations in cells, dry weight and lipid fraction
over a light-dark cycle followed by continuous light. Continuous
culture of 0. polymorpha was grown at 200 C at a dilution rate of
1.0 d’. Culture medium contained Tris buffer (2 mM) at pH 8.1.
Dashed lines represent the cell washout rate due to dilution in
the absence of cell rowth. Shaded area represents the dark pe
riod. Cross-hatched area represents the pseudo-dark period (i.e.
the time when the lights normally would have been off). a) Cell
counts and average cell volume (ACV) Discontinuities were due
to amplitude setting changes in the Coulter Counter. b) Dry
weight and lipid fraction. Error bar for the lipid fraction is the
representative coefficient of variation as described in Fig. ö. c)
Lipid mass per cell and total mass per cell.

the initial recovery period. At a time of high meta
bolic activity during cell repair, the most energy ef
ficient route for a cell might be to draw on already
reduced and stored compounds (i.e. excess lipids)
for the restoration of other reduced compounds
rather than for energy.

Silicate starvation. To study the response to stress
induced by deprivation of a nutrient not directly
involved with the formation of major metabolic
products, Si-deprivation in diatoms was examined.
Cyclotella cryptica was grown in batch culture in f/2
medium with 80 ~tM Si. Sixty-four hours after in
oculation, the silicate supply was depleted from the
medium (Fig. 6a). The total lipid fraction was then
monitored over the next 36 h.

After 6 h of Si-starvation the lipid fraction in C.
cryptica increased 1.4-times over the late log-phase
value of 30% of dry weight (Fig. 6b). Similar rapid
increases in lipid stores have also been observed by
Werner (1977a) in the same species. In this exper
iment (Fig. 6) cell division stopped soon after the
onset of Si-starvation, and within one generation
time (ca. 12 h) the mass of lipid per cell doubled.
This increase was partly due to an increase in the
lipid fraction (from 30 to 40% of dry weight) and
partly due to an increase in the mass per cell (from
234 to 349 pg). Thus, by the end of the 12 h period,

the amount of lipid per cell was equal to that which
would have been found in two daughter cells. It is
possible that silicate limitation synchronized the
population by halting frustule deposition (and thus
division) while allowing other processes in the divi
sion cycle to be completed through the next gen
eration period causing an apparent enhancement of
lipid storage.

Synchrony and light-dark cycles. Previous studies of
periodicity in cellular lipid characteristics have fo
cused mainly on changes in fatty acids over light-
dark cycles (Fisher and Schartzenbach 1978, Otsuka
and Morimura 1966) or secondary effects such as
variations in heats of combustion (Cons and Mur
1979) and buoyancy (Anderson and Sweeney 1977).
Also, Sundberg and Nilshammar-Holmvall (1975)
reported qualitative observations of diel variations
of lipid droplets in Scenedesmus obtusiusculus Chod.

The results from the silicate starvation experi
ments reported here prompted the general hypoth
esis that when population growth is stopped abrupt
ly by nutrient depletion, all the cells might be
arrested at a lipid-rich stage of the cell cycle. The
increased total lipid fractions thus observed could
be a reflection of cell synchrony rather than the
stressful condition per se. To test this hypothesis,
cultures of 0. polymorpha were synchronized on
light-dark cycles and lipid fractions were measured
over the 24 h period. To separate the effects of the
light-dark cycle from those of the cell cycles, the
same measurements were done on cells released into
continuous light (division synchrony persisted for
one cycle).

In this experiment 0. polymorpha, grown in a cy
clostat system on 12:12 h LD (see Materials and
Methods), divided mainly during the last 6 h of the
dark period in the light-dark cycle. This pattern
persisted 24 h later under continuous light (Fig. 7a).
On the average, relative cell numbers, corrected for
a dilution rate of 1 d’, increased by a factor of 2.4
during the predawn division period. Optical exam
ination during this period showed the presence of
cells releasing 2, 4 or 8 autospores.

In the light-dark cycle, the average cell volume,
mass per cell and dry weight, showed a distinctive
phased pattern (Figs. 7a, b, c). Dry weight per unit
culture volume showed an almost sinusoidal varia
tion over the light-dark cycle, decreasing as soon as
the lights went off and increasing during the pho
toperiod. The lipid mass per cell showed a signifi
cant cycle under both constant light and the light-
dark cycle, which closely paralleled the pattern for
the total mass per cell (Fig. 7c). As in silicate starved
C. cryptica, lipid increases corresponded to the lipid
mass to be expected in the next generation of cells.
The total lipid fraction per cell, however, remained
essentially stable and independent of cell division
over the entire light-dark cycle and during the fol
lowing period of continuous light. This is important
to consider because it suggests that in healthy phy

HOURS
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toplankton the oniy quantitative changes in total lip
ids over a daily cycle are those associated directly
with cell growth and reproduction, thus enhanced
lipid fractions in populations under stress are prob
ably not attributable to cell synchrony as hypothe
sized above.

It is important to reemphasize the distinction be
tween the lipid cell quota (mass per cell) and the
relative proportion of cellular lipids (lipid fraction)
because the lack of distinction can cause problems
in interpretation. Anderson and Sweeney (1977),
for example, reported data that suggests an inverse
correlation between buoyancy and cellular lipids in
synchronized cultures of Ditylum brightwellii, but the
lipid cell quota (mass per cell), rather than the lipid
fraction, was used as a measure of cellular lipids.
The latter might be expected to have a more direct
effect on buoyancy.

We can conclude from this survey that species
differ in their lipid content and in their production
of lipids in response to nitrogen stress. Generally,
however, the proportion of a cell that is lipid varies
relatively little between species in a given class in
nutrient replete phytoplankton, and is on the order
of 20%. Although we did measure a lipid fraction
of 72% for one species under N-depleted condi
tions, fractions generally observed in N-starved cells
were in the range of 30—50%. This is significantly
lower than the 80% range previously reported for
Chiorella, and from which many generalizations re
garding lipid production by algae have been
launched.

Given the variability observed between species
and growth conditions, it is clear why attempts at
generalizations from collected published works have
been difficult. It is hoped that this work pro
vides enough data to serve as a solid basis for future
studies which should focus on changes in lipid com
position as a function of environmental conditions
as well as on engineering applications of oil pro
duction by mass cultures of algae (Shifrin 1980).
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