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ABSTRACT 

Quantitative cytological and fatty acid composition was 
determined fo r  the diatom Cyclotella meneghiniana 
Kutz. Data from four separate experiments were examined 
to elucidate changes that may occur with respect to daily 
photoperiod. Overall, fatty acid composition is similar to 
that reported for  other diatoms with the exception that the 
C16 fa t t j  acids constitute approximatelj 70% of all fatty 
acids. The major fatty acids are C14:0, 16:1, 16:0, 18: 
0, and 20:5. Fatty acids that are present i n  minor amounts 
are iso-14:0, is0-15:0, 15:0, 17:0, 18:4, 18:2, 18:1, 19: 
0, 20:0, 22:0, and 23:O. 

Cytological composition is similar to that previously re- 
ported with the chloroplast and vacuole being the largest 
compartments within the cell. Changes in  both cjtological 
and fa t t j  acid composition were studied with respect to the 
light / dark cycle. Chloroplast and lipid relative tlolume 
are greatest during the early part o f  the dark period. 
Nuclear relative volume is lowest i n  the dark and increases 
throughout the light period. 

Total unsaturated fatty acids, including the C20:5  fatty 
acid, are lowest in the early part o f the  light period and 
highest in the dark. The sum ofthe CI  6 fatty acids remains 
constant at 70% of total f a t t j  acids in  the cells throughout 
the light J dark cjcle, although percent composition of these 
two fatty acids shijs. 

The data suggest that cyclical changes occur in both 
quantitative morphology and fa t t j  acid composition with 
respect to daily photoperiod. The cells, although not rigidly 
synchronized, most likely divide in the latter part of the 
dark period or in the jrs t  hours of the light period. Lipids 
increase dramatically in the dark. The ecological impli- 
cations o f  lipid storage are discussed in relation to lipo- 
philic toxicants. 

Key index words: Cyclotella; diatoms; fatty acids; light 
cycle; ultrastructure 

In phytoplankton, rapidly growing nutrient-suf- 
ficient cells incorporate most cell carbon into pro- 
tein. However, under a variety of stress conditions, 
particularly those produced by nutrient limitation, 
more cell carbon is incorporated into lipid and car- 
bohydrate storage products (Fogg 1956, Coombs et 
al. 1967b, Darley 1977, Shifrin and Chisholm 1981, 
Varurn and Mykelstad 1984, Ben-Amotz et al. 1985, 
Smith and Geider 1985, Millie 1986, Ganf et al. 

' Accepted: 18 September 1987. 
Address for reprints and correspondence 

1986). Diatoms accumulate lipids or have altered 
fatty acid percent compositions as a function of cul- 
ture age, silicon or  nitrogen deficiency, or exposure 
to heavy metals (Ackman et al. 1964, Werner 1966, 
Coombs et al. 1967a, Opute 1974, Fisher and 
Schwarzenbach 1978, Shifrin and Chisholm 1981, 
Sicko-Goad et al. 1986a, b). 

Accumulation of highly hydrophobic compounds 
appears to be related to lipid content. For example, 
Canton et al. (1 977) found that for hexachlorocy- 
clohexane, Chlamydomonas and Dunaliella had par- 
tition coefficients of 2700 and 1500 respectively, on 
a dry weight basis. However, when these values were 
normalized to lipid content, the partition coeffi- 
cients obtained were 12,000 and 13,000. Thus it 
seems evident that lipid quantities and composition 
may change as a result of environmental and cultural 
perturbations and that lipids may be important in 
terms of uptake, storage, and toxicity of lipophilic 
compounds (Clayton et al. 1977, Boyles 1980, 
Hutchinson et al. 1980). 

During a study of the effects of chlorinated ben- 
zenes on diatom ultrastructure and fatty acid com- 
position, variability in both of these cellular param- 
eters was noted that appeared to be related to the 
light/dark cycle. Since light is known to affect chlo- 
roplast structure (Brown and Richardson 1968, 
Meier and Lichtenthaler 198 1 )  and fatty acid com- 
position (Pohl and Zurheide 1979, Shifrin and Chis- 
holm 198 l), data from control cultures of four sep- 
arate chlorinated benzene exposure experiments 
were pooled and compared to determine normal 
variability in these parameters with reference to the 
daily photoperiod. Results of this comparison are 
presented here. 

MATERIALS AND METHODS 

The control data compiled in this paper were taken from four 
separate experiments in which the diatom Cjclotella meneghiniana 
Kutz. (Clone CYOH2) was exposed to chlorinated benzenes. Dur- 
ing the exposure experiments, control cultures were manipulated 
exactly as experimental cultures. The four exposure experiments 
were conducted over a period of 12 months from October 1984 
to September 1985. 

Cells were grown in WC medium (Guillard 1975) on a 16:8 h 
LD cycle to logarithmic phase at 20" C with a light irradiance of 
200 pE.m-Z.s-' as previously described (Sicko-Goad and Lazinsky 
1986). Since experiments originally were designed to assess ef- 
fects of chlorinated benzenes on ultrastructure and fatty acid 
composition, logarithmic phase cells were harvested at the fol- 
lowing times after exposure to the toxicants: 10 min, 1 h,  2 h, 8 
h,  24 h, and 5 days. These sampling times also included control 
cultures with no added toxicant, and these data were pooled to 
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form the data base for the present comparison. Since the start 
of individual experiments did not coincide in all cases, data were 
divided into three time periods with respect to the daily LD cycle. 
Those samples described as “early light” were harvested during 
the first 8 h of light exposure; those described as “late light” 
were harvested during the second 8 h of light exposure; and 
those harvested during the 8 h dark period are referred to as 
“dark” samples. However, since these control data were pooled 
from toxicant exposure experiments and these experiments were 
not designed to assess cyclical changes with photoperiod, dark 
samples were obtained during the first three hours of the dark 
period, and most light samples were obtained during the second 
eight hours of the light period. In all cases, however, samples for 
electron microscopy and fatty acid analysis were withdrawn si- 
multaneously. 

Electron microscopy Samples for electron microscopy were with- 
drawn into 50 mL sterile polypropylene centrifuge tubes. Fixative 
and buffer were added to give final concentrations of 1% para- 
formaldehyde, 1 % glutaraldehyde, and 0.05 M cacodylate buffer 
at pH 7.2 as previously described (Sicko-Goad and Lazinsky 1986). 
Samples were post-fixed in 1% OsO,, dehydrated in a graded 
ethanol-propylene oxide dehydration series and embedded in 
Embed 812. Sections were cut with a diamond knife, collected 
on formvar coated 200 mesh copper grids, and stained with 
aqueous uranyl acetate (Watson 1958). Sections were examined 
and photographed with a JEOL JEM IOOB electron microscope 
operating at 80 kV. 

The morphometric sampling scheme used has been described 
in detail (Sicko-Goad et al. 1977, 1984, 1986a) with precautions 
taken for unbiased sampling of unicells. The only exception to 
the previously described sampling scheme was that 25 photo- 
graphs per individual time period in each of four experiments 
were examined. The point count per individual group of 25 cells 
was ca. 5000, and standard errors were within 10% of the mean. 
The number of individual control cultures analyzed by electron 
microscopy was 18, for a total cell count of 450. The distribution 
of the number of cells examined with respect to the three time 
periods defined is indicated in Table 3. All individual photo- 
graphs within each time period were considered as independent 
estimates of the quantitative ultrastructure and were treated as 
individual replicates for that particular portion of the light/dark 
cycle. 

F a t 9  acid Q ~ J ~ Z S .  Culture medium (125 mL) containing cells 
was withdrawn and filtered through GFC filters. The filter re- 
taining the cells was placed in an aluminum foil wrapped vial 
containing 3.5 mL methanol/water (7:3) and 5% KOH solution. 
The solution was bubbled with nitrogen and boiled in a 60” C 
water bath for 2 h to complete deactivation and saponification. 
The fatty acids were extracted by filtering the above extract and 
removing other organics with 2 mL pentane. The solution was 
acidified with 2 mL 2.3 N HCI and the fatty acids were extracted 
4 times with 1 mL pentane. Pooled fractions were then washed 
with 2 mL saturated NaCl and dried over anhydrous sodium 
sulfate (Schwarzenbach and Fisher 1978). 

T o  esterify the fatty acids to methyl esters, the solvent was 
evaporated by nitrogen and the extract redissolved with 5 mL 
benzene in a vial with a Teflon-lined cap. Boron trifluoride (0.5 
mL) was added and the solution was boiled for 4 min in a 60” C 
water bath. The solution was then washed with 10 mL distilled 
water and the fatty acid methyl esters (FAMEs) were extracted 
with hexane and dried over anhydrous sodium sulfate (Metcalfe 
and Schmitz 1961). The pooled extract was concentrated by a 
nitrogen stream to approximately 10 pL. 

For quantification of the FAMEs, samples were analyzed on a 
Varian 3700 GC with a DB 5 ,  (narrow bore, 1 pm film), 30 m 
fused silica column, equipped with a FID detector and a HP 
3900A integrator. The GC/FID program consisted of the fol- 
lowing conditions: Split mode (58: l) ,  Injector temperature = 250” 
C, Detector temperature = 290” C. The column temperature 

program was hold 4 min at 225” C, 4” C/min rate, and 280” C 
hold 20 min. Separation and relative retention times were estab- 
lished with a standard FAME solution consisting of 120, 13:0, 
14:0, 15:0, 16:1, 16:0, 17:0, 18:3, 18:2, 18:1, 18:0, 19:0, 20:3, 
20:2,20:1,20:0,21:0,22:1,22:0,23:0,24:l,and24:0fattyacids. 

T o  verify fatty acids by gas chromatography/mass spectrom- 
etry (GC/MS), one of the triplicate samples from all time and 
experimental controls was pooled and concentrated. The con- 
centrated sample (pooled from 24 individual replicates) and the 
standard FAME solution were analyzed on a Finnigan 4000 CC/ 
MS system with an Incos data acquisition system and the same 
DB 5 column used in the GC/FID. The split mode was 5.4:1, 
with essentially the same temperature program as described above. 
The  FAMEs were identified by use of NBS library, with the 
exception of the 18:4 and 20:5 fatty acids which were not present 
in the library. These FAMEs were identified by visual examina- 
tion, and interpretation of the mass spectrum was based on the 
fragmentation pattern of the FAMEs. 

T o  determine fatty acid percent composition, duplicate samples 
from 24 individual sampling times were examined. The distri- 
bution of the number of individual replicates within the estab- 
lished time periods discussed in this paper are indicated in Tables 
1 and 2. 

Cell zwluvtp estimates. Cell volume estimates were determined by 
light microscopic measurements of epoxy mounts of fixed cells. 
Measurements of length and diameter were made of 25 cells for 
each treatment. Consequently, n = 100 for early light period 
cells, n = 300 for late light period samples and n = 50 for dark 
period cells. Volumes were determined by assumption of a regular 
geometric shape by the relationship V = 7rd2h/4. 

RESULTS 

Fattj acids. Typical fatty acid percent composition 
for all control cells is presented in Table 1. For 
Cylotella meneghiniana, C 16 fatty acids predominate, 
accounting for approximately 70% of all fatty acids 
in the cells. Although even numbered carbon fatty 
acids predominate, we also found four odd num- 
bered carbon saturated fatty acids (15:0, 17:0, 19: 
0, and 23:0), with the C15 fatty acid predominant 
in the odd numbered chain lengths. The odd num- 
bered carbon fatty acids constitute only approxi- 
mately 2-3% of all fatty acids. 

Changes were found in fatty acid composition 
when compared on the basis of time of sampling in 
the light/dark cycle (Table 2). Total unsaturated 
fatty acids were lowest in the early part of the light 
period and highest when sampled in the dark (Fig. 
1). Conversely, saturated fatty acids predominated 
in the early light period. The  sum of the C16 fatty 
acids remained constant throughout the entire LD 
cycle (ca. 70%). 

Quantitative ultrastructure. The typical morpho- 
metric portrait of C. meneghiniana is presented in 
Table 3. The sum of vacuole, lipid, and polyphos- 
phate relative volume is approximately 27%, which 
can be assumed to be the total vacuolar volume since 
lipid and polyphosphates are located in the vacuole. 
Likewise, chloroplast volume is the sum of chloro- 
plast Vv (relative volume) and chloroplast lipid Vv, 
and averages ca. 23.5%. Autophagic-like vacuoles 
are rare in control cells, comprising less than 0.5% 
of the total cell volume. The  ranges of all other 
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TABLE 1. 
dard errors of all Cyclotella meneghiniana control cells. * 

Fatty aczd ident$cation and  percent composition with stan- 

Fatty acid Structure M.W. X Composition 

14:O C15H3002 242 11.20 (0.25) 
IS0  13:O Ci5H3oOZ 242 0.06 (0.02) 
IS014:O CiGH3202 256 0.32 (0.04) 
15:O CIGH,,O, 256 1.61 (0.08) 
16:l (As) Cl7Hx202 268 47.23 (1.30) 
16:O Cl7H340, 270 25.10 (1.00) 
17:O C,,H,,O, 284 0.13 (0.04) 
18:4 (As,  9, 12, 15) CIgH,oOZ 290 0.75 (0.06) 
18:2 (As, 12) C,,H,,O, 294 0.42 (0.09) 
18: 1 (As) C19H360, 296 1.34 (0.15) 
18:O CIgH3802 298 4.90 (0.53) 
19:o CZoH4oOZ 3 I2 0.19 (0.19) 
20:5 (As, 8, 1 1 ,  14, 17) C21H3t02 316 6.25 (0.34) 
20:o C21H4202 326 0.07 (0.06) 
22:o C23H4602 354 0.04 (0.04) 
23:O C2,H,,02 368 0.37 (0.10) 

a Overall composition was determined by averaging 48 repli- 
cates which were taken from four different experiments. Samples 
were averaged without respect to any time period. 

categories are similar to earlier reported values 
(Sicko-Goad and Lazinsky 1986). 

As with the fatty acids, definite changes in ultra- 
structure can be correlated with the LD cycle (Table 
3). The  chloroplast volume (chloroplast V, and chlo- 
roplast lipid V,) increases throughout the light pe- 
riod and reaches its maximum in the dark. This 
increase is not due to changes in the chloroplast lipid 
since this decreases in the late part of the light period 
and in the dark (Fig. 6). 

Lipid volume increases dramatically during the 
latter part of the light period and in the dark (Fig. 
7). Again, as in the summary of all control cells 
(Table 3), total vacuole volume (vacuole V,, lipid 
V,, and polyphosphate V,) remains constant at ap- 
proximately 2’7-28%. Consequently, apparent 
changes are a direct result of changes in lipid vol- 
ume. Nucleus relative volume is lowest in the dark 
and increases with time during the light period. All 
other cellular volume categories remain relatively 
constant throughout the LD cycle. 

Micrographs of both dark and light period cells 
(Figs. 2-5) reveal that although individual sections 
may be found that exhibit some of the quantitative 
properties presented in Table 3, no single photo- 
graph can readily represent the population ana- 
lyzed. 

DISCUSSION 

Data presented here suggest that a moderate de- 
gree of division synchrony exists in control cultures 
of Cyclotella meneghiniana. This is especially signifi- 
cant when one considers that the data were pooled 
from four different experiments conducted over a 
period of 12 months under similar environmental 
conditions of light intensity and quality, photope- 
riod, temperature, and nutrient conditions. Al- 
though a moderate degree of division synchrony has 
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FIG. 1 .  Change in percent composition of total saturated and 
unsaturated fatty acids with respect to sampling period in the 
light/dark cycle. 

been associated with silicon-starvation (Lewin et al. 
1966, Coombs et al. 1967b) and by short periods of 
high light intensity (Chisholm et al. 1980, Chisholm 
and Costello 1980), the cell cycle in diatoms was not 
believed to be entrained by or phased to the LD 
cycle as it is in most other phytoplankton taxonomic 
groups (Chisholm et al. 1980). 

Cytological observations that lead us to believe 
that on the whole, Cylotella divides during the latter 
half of the dark period are the following: (1) cells 
are physically largest during the dark (the dark sam- 
ples in these experiments were taken during the first 
three hours of the 8 h dark period), (2) nucleus, 
chloroplasts, and mitochondria increase in volume 
during the latter part of the light period, and (3) 
the numbers of chloroplasts and mitochondria also 

TABLE 2. 
i ight ldark cycle. Nuinbers in parentheses are standard errors. 

Varzatzon i n  fa t ty  acid percent coinpositzon with respect to 

Early Late 
Fatty acid light period light period Dark period 

14:O 

15:O 

16:l 

16:O 

18:4 

18:l 

18:O 

20:5 

All others 

Sample size 

11.16 11.29 10.52 
(0.40) (0.32) (0.76) 
1.60 1.58 1 .so 

(0.05) (0.10) (0.42) 
38.51 49.12 47.73 
(2.34) (1.44) (3.91) 
32.09 23.86 22.75 
(1.69) ( 1 . 1 1 )  (2.31) 
0.43 0.80 1.01 

(0.09) (0.07) (0.10) 
1.56 1.34 0.93 

(0.34) (0.18) (0.54) 
6.16 4.62 4.93 

(1.14) (0.62) (2.36) 
5.05 6.17 9.34 

(0.45) (0.40) (0.46) 
3.45 1.23 1 .oo 

(1.19) (0.20) (0.63) 
n = 8  n = 36 n = 4  
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TABLE 3. Morphometric summary ofal l  control data and changes in 
values wath respect to lighl Jdark cjcle. Numbers reported are N ,  = 
number per zlolume”; V, = relative ‘Vumbers an parentheses 
a re standard errors. 

Early Late Dark All 
~~ 

Chloroplast V, 

Chloroplast lipid Vv 

Mitochondria V, 

Av-like V,‘ 

Lipid V, 

Vacuole V,, 

Other Vv 

Nucleus V,, 

Frustule V, 

Polyphosphate V, 

Fibrous Vacuole Vv 

Chloroplast N, 

Chloroplast lipid N ,  

Mitochondria N, 

Polyphosphate N, 

Sample size 

21.49 22.10 
(0.69) (0.65) 
1.09 0.78 

(0.09) (0.05) 
3.54 3.94 

(0.23) (0.18) 
0.57 0.34 

(0.20) (0.06) 
3.05 5.96 

(0.45) (0.45) 
23.05 19.05 
(1.13) (0.56) 
17.62 17.37 
(0.58) (0.37) 
14.87 16.56 
(0.89) (0.66) 
12.06 11.55 
(0.30) (0.23) 
1.67 1.45 

(0.24) (0.12) 
0.98 0.90 

(0.12) (0.14) 
0.131 0.162 

(0.007) (0.008) 
18.14 27.37 
(2.1 1) (8.22) 
0.071 0.101 

(0.005) (0.006) 
0.883 0.587 

(0.139) (0.070) 
n = 300 n = 100 

28.15 
(1.62) 
0.81 

3.50 
(0.31) 
0.17 

(0.07) 
9.97 

(2.01) 
17.13 
(1.71) 
15.56 
(0.83) 
10.64 
(1.63) 
11.94 
(0.41) 
1.63 

(0.31) 
0.50 

(0.25) 
0.137 

(0.01 1) 
15.64 
(2.71) 
0.096 

0.680 
(0.153) 
n = 50 

(0.10) 

(0.0 1 1) 

22.64 
(0.50) 
0.86 

(0.04) 
3.80 

(0.13) 
0.37 

(0.06) 
5.76 

(0.40) 
19.73 
(0.50) 
17.22 
(0.29) 
15.53 
(0.52) 
11.71 
(0.17) 
1.52 

0.87 

0. I52 
(0.006) 
24.02 
(5.51) 
0.094 

(0.004) 
0.654 

(0.058) 
n = 450 

(0.10) 

(0.10) 

Average cell volume 253 2 277 f 297 t 274 2 
6 p m 3  4 p m 3  10 pm3 3 pms 

* Nv = no. per pm3. 
V,, = relative volume is comparable to percent composition 

and is expressed as a percentage of the total cell volume. Absolute 
volume can be determined by multiplying relative volume times 
the average cell volume. 

Av = autophagic-like vacuole. 

increase during the late light period and are at their 
lowest numbers during the early light period. Gaffal 
et al. (1982) found that absolute nuclear volume 
increases during the period of interphase growth up 
to the initial stages of mitosis. 

While these data suggest that the population of 
cells, on the whole, divides at night, it also demon- 
strates that the cells are not rigidly synchronized to 
the light/dark cycle, in agreement with Chisholm 
and Costello (1 980). Non-synchronous cell cycle tim- 
ing can be advantageous where diatom populations 
are subjected to widely varying environmental pa- 
rameters and can be a survival strategy (Chisholm 
198 1, Cosper 1982, Sicko-Goad 1986, Sicko-Goad 
et al. 1986b). 

Data presented here are in agreement with those 
presented by Atkinson et al. (1974) for synchronized 

FIGS. 2, 3.  Electron micrographs of cells sampled during the 
dark. Note large chloroplasts (C) with pyrenoid (P) and lipid 
droplets (cl). Mitochondria (M) and lipid (L) a re  also present. 

cultures of Chlorella fusca var. vacuolata. For exam- 
ple, Atkinson et al. (1974) reported that starch re- 
serves are depleted during the process of cytokinesis 
which occurs during the dark. They also reported 
that the first starch to disappear was that around 
the pyrenoid and that consumption began during 
the last few hours of photosynthesis. Puiseux-Dao 
( 1  98 1) reported an increase in chloroplast storage 
droplets (both numbers and size) at the beginning 
of the light period. Similarly, in Cyclotella both vac- 
uolar and chloroplast lipid reserves are highest dur- 
ing the early part of the dark period and lowest in 
the early light period. Thus it appears that storage 
products accumulate in the light and are utilized in 
the dark period to sustain cytokinesis and respira- 
tion in the absence of photosynthesis. The first stor- 
age products to be utilized in Cyclotella are those in 
the chloroplast although the amount of storage ma- 
terial in the chloroplast is insignificant on a volume 
basis. 

The  increase in chloroplast volume during the 
late light period and early in the dark period is most 
probably a result of two processes occurring simul- 
taneously: (1) organelle and/or cell division and (2) 
light reduction. Growth of chloroplasts during the 
cell cycle was documented by Atkinson et al. (1974) 
who found the largest relative volumes (an increase 
of ca. 20%) of chloroplast prior to division. How- 
ever, the cell division process may not entirely ac- 
count for the increase in chloroplast volume (ca. 
30%) that occurs in Cyclotella in the dark, assuming 
that division most often occurs during the latter part 
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FIGS. 4, 5. Electron micrographs of cells sampled during the 
early light period. FIG. 4. Section through the central portion of 
the cell showing the chloroplast (C) with pyrenoid (P) and lipid 
droplets (cl), Nucleus (N), mitochondria (M), and Golgi (G) ves- 
icles. FIG. 5. Grazing section through the vacuolar region showing 
the distribution of small polyphosphate bodies (pp) in the vacuole 
arid fibrous vacuoles (FV) in the cytoplasm adjacent to the Golgi. 

of the dark period. Brown and Richardson (1968) 
found that in a variety of algae, volumes of both 
cells and chloroplasts decreased with increasing light 
intensity and in most cases, pigment content varied 
directly with chloroplast size. Messer and Ben-Shaul 
(1 972) demonstrated that in Peridinium, cell size and 
chlorophyll content increased during early growth 
and decreased with culture age. Aged chloroplasts 
were narrower and had fewer thylakoids. Holmes 
(1966) demonstrated that, in four marine diatoms, 
nutrient deficiencies resulted in both a cessation of 
chlorophyll a synthesis and a concomitant decrease 
in the number of chloroplasts resulting from chlo- 
roplast division failure rather than degeneration. 

Chloroplasts exposed to light are characterized by 
more dense thylakoid stacking and higher chloro- 
phyll contents (Tageeva et al. 197 1, Puiseux-Dao 
198 1). Since pigment synthesis is largely confined 
to the light period Uorgensen 1966, Eppley and 
Coatsworth 1966, Eppley et al. 1967, Cosper 1982), 
it seems reasonable to assume that during the dark 
period pigment content is lower, resulting in less 
efficient thylakoid packing and an overall increase 
in chloroplast volume. However, the increase in 
chloroplast volume that is evident during the latter 
part of the light cycle is probably a result of enlarge- 
ment before division. 

The  fatty acid composition of CyclotelEa rneneghi- 
niana is similar to reports of fatty acid composition 
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FIG. 6. Change in relative volume (percent of total cell vol- 
ume) in chloroplast and chloroplast lipid with respect to the light 
period sampled. 

for other diatoms (Kates and Volcani 1966, DeMort 
et al. 1972, Orcutt and Patterson 1975, Fisher and 
Schwarzenbach 1978, Ben-Amotz et al. 1985, Nich- 
ols et al. 1986, Smith et al. 1986). In addition to the 
major fatty acids, we found two branched fatty acids 
(iso-l3:O and iso-14:O) consistently present but in 
very low quantities. DeMort et al. (1972) reported 
the presence of a branched C14 fatty acid in Chlarnj- 
dornonas and a branched C 15 fatty acid in seven dif- 
ferent algae, including three diatoms. The presence 
of palmitoleic and palmitic acids as dominants is not 
suprising. However, in Cylotella these t w o  fatty acids 
consistently comprise approximately 70% of all fatty 
acids. 

Fisher and Schwarzenbach (1 978) demonstrated 
that C 16:O and C 16: 1 fatty acids in Thalasszosira pseu- 
donana were stored in triglycerides and were par- 
tially or completely oxidized when cells were in the 
dark for prolonged periods of time and needed en- 
ergy for metabolism. Similarly, Otsuka and Mori- 
mura (1 966) found that Chlorella ellipsoidea oxidized 
large amounts of non-polar fatty acids when the cells 
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needed energy (i.e. in the dark or during cell divi- 
sion). It would appear from our data that the in- 
crease in lipid volume as darkness approaches par- 
allels the increase in C16:l and C20:5 fatty acids, 
and that the levels of these two fatty acids decline 
in the early light period. 

Previous reports of alterations in fatty acid com- 
position with respect to culture conditions agree re- 
markably with our data. For example, Kates and 
Volcani (1 966) suggested that the requirement for 
photosynthesis in diatoms is for a certain degree of 
unsaturation, which is possibly supplied by the C20:5 
fatty acid. This fatty acid in Cyclotella increases late 
in the light period, reaches its maximum in the dark, 
and is at its lowest levels in the early part of the light 
period. In Cyclotella, as in many diatoms, (DeMort 
et al. 1972), linolenic acid is absent. However, all 
unsaturated fatty acids are lowest early in the light 
cycle, presumably when photosynthesis is at its max- 
imum rate, and highest in the dark. 

Under stress conditions such as nutrient limitation 
or high light intensity, algae accumulate lipids (Shaw 
1966, DeMort et al. 1972, Shifrin and Chisholm 
198 1). Similarly, rejuvenating resting cells of the 
diatom Melosira granulata produce large quantities 
of lipids during the active photosynthetic stage and 
utilize these storage products prior to cell division 
(Sicko-Goad 1986, Sicko-Goad et al. 1986b). Schlenk 
et a]. (1960) and Milner (1948) found that as lipid 
content increased in Chlorella due to nutrient stress- 
es, the degree of unsaturation of fatty acids de- 
creased significantly. This trend is not apparent in 
the organism we studied, which was nutrient suffi- 
cient. Shifrin and Chisholm (1 98 1) demonstrated 
that changes in total lipids over a daily cycle are 
associated directly with cell growth and reproduc- 
tion. It is most probable that polyunsaturated acids 
are replenished in the dark for resumption of pho- 
tosynthesis upon exposure to light. Studies by Pohl 
and Zurheide (1 979) and Tornabene (1 98 1) indicate 
that in Chlorella and Euglena an increase in total 
lipids corresponds with formation of polyunsatu- 
rated fatty acids. 

The data presented here indicate that cyclical 
changes occur in both quantitative morphology and 
fatty acid composition with respect to the daily pho- 
toperiod. The  most dramatic changes include in- 
creases in chloroplast and lipid volumes and in- 
creases in the C16:l and C20:5 fatty acids in the 
dark. Because the changes are so dramatic, it seems 
apparent that precautions should be taken to sepa- 
rate cell-cycle linked changes from changes that re- 
sult from stress factors such as environmental per- 
turbations. Studies related to cell cycle changes may 
aid in elucidating metabolic changes and/or accom- 
modations that occur as a result of toxicant expo- 
sure. For example, lipophilic compounds may be 
stored more when phytoplankton are in the dark or 
nutrient stressed. Consequently, release of the tox- 
icant would be linked to resumption of active growth 
or cell division. We have shown synergistic relation- 

ships between polyphosphate and heavy metal ac- 
cumulation (Sicko-Goad and Lazinsky 1986) where 
metals are sequestered in polyphosphate and are 
made available to the metabolic pool only upon 
phosphate limitation or starvation. Similarly, envi- 
ronmental conditions may produce physiological re- 
sponses that make phytoplankton more susceptible 
to partitioning of lipophilic compounds. In both 
cases, sequestering of toxicants in storage products 
may result in toxicant stress to phytoplankton when 
cells are spatially and temporally removed from the 
toxicant source and are growing under different en- 
vironmental parameters. Understanding the normal 
metabolic processes of phytoplankton will lead to a 
better understanding of the mode of action of tox- 
icants. 
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