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Abstract. Exposures of four diatoms, Cyclotella meneghini- 
ana, Melosira italica, Melosira varians, and Synedra filiformis 
to 0.3 ppm 1,2,3-trichlorobenzene were initiated at the 8th and 
l l th  hours of the light period on a 16:8 h L/D cycle at 20°C. 
Cell counts, lipid content, and lipid class composition were 
monitored for 10 days. Melosira italica demonstrated the most 
long-term effects. Cell counts and chlorophyll a were greatly 
reduced on the 10th day when exposure was initiated in the 1 lth 
hour of the light period in S. filiformis and in the 8th hour of the 
light period in M. varians. The data demonstrate that more 
immediate effects occur when exposures are initiated during 
periods of high polar lipid content or when polar lipids are 
being synthesized. Long-term effects are observed when expo- 
sure initiation occurs during periods of high neutral lipid con- 
tent and higher total extractable lipid. The results suggest that 
the response of diatoms to low levels of chlorinated benzenes is 
related to normal variation in diel lipid composition. These 
results are repeatable, they vary with species, and exposures 
initiated at different times of the day may produce quite differ- 
ent results. 

Diatoms appear to be particularly good food sources for 
many animals since they often have a high lipid content and 
high concentrations of eicosapentaenoic acid (Sicko-Goad 
et al. 1988; Volkman et al. 1989; Ahlgren et al. 1990). It is for 
this reason that we have continued toxicity studies with dia- 
toms. 

Our earlier studies (Sicko-Goad et al. 1989a-1989d; Sicko- 
Goad and Andresen 1993) demonstrated that exposures of dia- 
toms to chlorinated benzenes for up to 5 days resulted in some 
detrimental changes in the cultures. However, it was not possi- 
ble to predict from these studies whether or not the populations 
would recover from exposures. Some evidence of recovery was 
suggested. Therefore, we designed exposure experiments in 
which four diatom taxa were exposed to 1,2,3-trichlorobenzene 
for l0 days, with exposures initiated at 2 different times of 
days. The results of these experiments are presented here. 

Materials  and Methods  

Although lipophilic compounds such as organochlorines have 
been demonstrated to affect phytoplankton populations ad- 
versely (e.g., Galassi and Vighi 1981; Mahanty et al. 1983; 
Geyer et al. 1985; Wong et al. 1984; Halfon and Reggiani 
1986), lower and/or chronic exposure of natural assemblages to 
a wide variety of toxicants often leads to increased phytoplank- 
ton abundance (North et al. 1964; Federle et al. 1979; Vargo 
et al. 1982). This is not to suggest that organic toxicants do not 
affect phytoplankton growth and survival. What has often been 
demonstrated is that chlorophyll synthesis (Conner and Ma- 
hanty 1979) and photosynthesis are reduced in these natural 
assemblages, often in combination with reduced predation rates 
(Vargo et al. 1982). What often occurs in impacted areas is the 
replacement of oligotrophic and mesotrophic algae with less 
desirable species of algae. In many areas of concern in the 
Laurentian Great Lakes phytoplankton standing stocks are 
high, but consist of blue-green and green algae, organisms 
which are low in food quality and inhibit zooplankton grazing 
(Arnold 1971; Richmond and Dodson 1983). 

Most materials and methods have been described in the preceding 
paper (Sicko-Goad and Andresen 1993). For this experiment, how- 
ever, two additional diatoms, Melosira italica (Ehrenb.) Kfitz., and 
Synedra filiformis Grun. in C1. & Grun., were used as experimental 
organisms. Culture conditions were identical to those previously de- 
scribed. The experiments were conducted in May and June, 1990 and 
consisted of an exposure of all four diatom taxa (individually) to 0.3 
ppm 1,2,3-trichlombenzene at 20°C. Several parameters were changed 
between this experiment and the preceding paper. First, no methanol 
was used as a carrier. Second, although the 16:8 h L/D cycle was 
maintained, the on-off timing was changed so that the lights came on 
three hours later in the day. Exposures were initiated at 2 pm and 5 pm 
in the afternoon, corresponding to the 8th and 1 lth hours of the light 
period. These changes were made in an attempt to ascertain if the 
periodicities observed in lipid composition were a function of entrain- 
ment with the light cycle, or if they were intrinsic with time of day. All 
samples were taken at the time of day the exposure was initiated (i.e., 
the 8th or 1 lth hour of the light period) and cultures were sampled on 
days 0, l, 3, 5, 7 and 10. 

The third change in experimental design was the addition of cell 
counts for all samples. Since the diatoms were growing rapidly and the 
experiment was 10 days in duration, changes in cell counts were 
expected. Concurrent with dry weight analyses, smaller volumes of 
culture medium (9mL) were withdrawn and placed in a tube containing 
paraformaldehyde and glutaraldehyde at final concentrations of 1% in 
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0.05M sodium cacodylate buffer at pH 7.2. Cell counts were per- 
formed with either a hemocytometer or plankton counting chamber, 
depending on cell size. The counts used for determining percent 
change in this parameter were averages of four replicates. 

Results 

Cyclotella meneghiniana 

Percent change in lipid class composition of C. meneghiniana 
occurring in exposed cultures (compared with controls) for four 
parameters, cell count, chlororphyll a, chlorophyll a/neutral 
lipid ratio, and the neutral/polar lipid ratio are presented in 
Figure 1. At the time both exposures were initiated, (t = 0), 
chlorophyll/neutral lipid ratios were relatively high and the 
neutral to polar lipid ratios were low. On day 1, exposure to this 
isomer resulted in a reduction in chlorophyll in the 1 lth hour 
exposure and an increase in the neutral/polar lipid ratio. In- 
creases in chlorophyll and the chlorophyll a/neutral lipid ratio 
were observed starting on day 3 and no further reductions were 
observed. Although cell counts were slightly diminished with 
exposure, by the 10th day, counts were virtually identical with 
control cultures. After the initial increase in neutral lipids, 
exposed cultures demonstrated a consistent decline in the 
neutral/polar lipid ratio, which appeared to result from in- 
creases in all polar lipid classes uniformly. 

Melosira italica 

The overall neutral/polar lipid ratios of M. italica were the 
lowest of the four diatoms. Values in the 8th hour of the light 
cycle are consistently lower than in the 1 lth hour. In general, 
M. italica appears to be more sensitive to this isomer than C. 
meneghiniana (Figure 2). Cell counts in cultures exposed in the 
8th hour of the light cycle were reduced approximately 20% 
whereas those exposed in the 1 lth hour of the light period were 
reduced by ca. 50%. With the exception of chlorophyll mea- 
surements on days 1 and 10 in the 1 lth hour exposure (which 
demonstrated high standard errors), a general pattern of de- 
creased chlorophyll a, decreased chlorophyll a/neutral lipid 
ratio, and increased neutral/polar lipid ratio was observed in 
both exposures. However, it appears that effects in lipid class 
composition were more pronounced in the 8th hour exposure 
whereas cell counts effects were more pronounced in the 11 th 
hour exposure. 

Melosira varians 

In general, neutral/polar lipid ratios ofM. varians were consis- 
tent in the 8th and 1 lth hours of the light cycle in control 
cultures and these ratios declined with growth. Figure 3 demon- 
strates that cell counts were rather erratic for this taxon. How- 
ever, reductions were observed in cell counts by day 10. Chlo- 
rophyll a as well as the chlorophyll a/neutral lipid ratios were 
consistently reduced in both exposures. The greatest effect 
observed was the long term increase in the neutral/polar lipid 
ratio in the 8tb hour exposure. 
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Fig. 1. Change in selected parameters and ratios in Cyclotella 
meneghiniana as a function of hour of exposure and time: A cell count; 
B chlorophyll a; C chlorophyll a/neutral lipid ratio; D neutral/polar 
lipid ratio 

Synedra filiformis 

Unlike the other three diatoms, S. filiformis demonstrated no 
short-term (i.e., 1 day) effect with exposure at either time 
(Figure 4). However, at the time exposures were initiated, the 
neutral/polar lipid ratio was lower at the 1 lth hour of the light 
period. Cell counts were largely unaffected until the 10th day 
when an approximately 80% reduction occurred in the l l th 
hour exposure. Chlorophyll a and chlorophyll a/neutral lipid 
ratios increased in the 1 lth hour exposure between days 3 
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Table 1. Total extractable lipid (TEL) of cultures at onset of exposure. 
Values reported are percent of dry weight -+ (standard error) 

Organism 8th h 1 lth h 

Cyelotella meneghiniana 5.4 (0.6) 5.7 (1.5) 
Melosira italica 5.3 (0.8) 5.1 (I.0) 
Melosira varians 9.4 (1.4) 6.9 (0.7) 
Synedrafiliformis 6.1 (1.0) 8.0 (I .3) 

and 7. However, this ratio is reduced in both exposures by the 
10th day. Although chlorophyll a appeared to be reduced with 
exposure to the chlorinated benzene, the neutral/polar lipid 
ratio decreased (Figure 4), largely as a result of increases 
in both AMPL and PL at 10 days. The magnitude of reduction 
was most similar to the data presented for C. meneghiniana 
(Figure I). 

Total Extractable Lipid (TEL) at the Time of Exposure 

TEL as a percent of dry weight for cultures at the onset of 
exposure are presented in Table 1. Values reported are consid- 
erably lower than those presented in our previous paper. How- 
ever, trends are similar for C. meneghiniana and M. varians. 
For CycloteUa, TEL appears to be constant, although perhaps 
slightly lower in the 8th hour of the light period. Significant 
increases in TEL are observed in the 8th hour of light in M. 
varians and in the 1 lth hour of light in S.filiformis. 

Discussion 

Our previous short-term experiments with Cyclotella (Sicko- 
Goad et al. 1989a-1989d; Sicko-Goad and Andresen 1993) and 
M. varians (Sicko-Goad and Andresen 1993) indicated that M. 
varians was more sensitive to exposure to 1,3,5-trichloroben- 
zene. The data presented here suggest both species of Melosira 
are more sensitive to 1,2,3-trichlorobenzene than Cyclotella. 
Furthermore, in the experiment conducted longer than 5 days, 
no reductions in cell count are observed in Cyclotella, and 
chlorophyll a content is actually higher in ceils exposed to this 
isomer. In contrast, both M. varians and M. imlica are sensitive 
to long-term exposure to this isomer. Reductions in cell counts 
as well as reductions in the chlorophyll a/neutral lipid ratio are 
observed. The neutral/polar lipid ratio increases in both spe- 
cies, with a more pronounced time effect when the exposure is 
initiated in the 8th hour of the light period. 

Synedra filiformis is largely unaffected by the isomer from 
the lipid perspective. Cell counts vary little with exposure and 
the neutral/polar lipid ratio actually declines. However, a de- 
cline in cell count is observed at 10 days, when exposure is 
initiated in the 1 lth hour of the light period. 

The short-term effects (i.e. 1-3 day) observed with both 
1,3,5,- and 1,2,3-trichlorobenzene are similar and appear to be 
related to the low triacylglycerol content and high polar lipid 
content in both the 8th and 1 lth hour exposures in Cyclotella. 
Of the two Melosira species, M. italica experienced more over- 
all effects than M. varians. Of the four organisms studied, M. 
italica had the lowest neutral/polar lipid ratios, suggesting that 
toxicity effects are much more pronounced in rapidly growing 
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Fig. 2. Change in selected parameters and ratios in Melosira italica as 
a function of hour of exposure and time: A cell count; B chlorophyll a; 
C chlorophyll a/neutral lipid ratio; D neutral/polar lipid ratio 

cells, which is consistent with our previous observations. 
Where small declines were observed in cell numbers ( l l t h  
hour), the neutral/polar lipid ratio was lower when the exposure 
was initiated. 

Longer term reductions in cell counts were observed in M. 
varians when exposed in the 8th hour of the light cycle and in S. 
filiformis when exposed in the 1 lth hour of the light period. 
Since TEL was higher in these cultures at the time of exposure, 
we consider this further evidence that increased lipid content at 
the time of exposure may lead to longer term effects. 
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Fig. 3. Change in selected parameters and ratios in Melosira vurians 

as a function of hour of exposure and time: A cell count; B chlorophyll 
a; C chlorophyll u/neutral lipid ratio; D neutral/polar lipid ratio 

During the course of the experiments some macroscopic 
changes were observed in two taxa. For M. varians cultures, 
the normal growth condition is for filaments to form loosely 
adherent, hairlike clumps. In exposed flasks the hair-like 
masses began to break up or decrease in size by day 3, and by 
day 5, no clumps were observed. This effect was most pro- 
nounced in the eighth hour exposure. Mucilage secretion, 
which facilitates clumping, apparently had been affected by the 
toxicant. Synedrafiliforrnis is normally planktonic. However in 
culture it adopts the growth habit of loosely attaching itself to a 
substrate by means of a mucilage pad, as a bushy, stellate 
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Fig. 4. Change in selected parameters and ratios in Synedrafiliformis 

as a function of hour of exposure and time: A cell count; B chlorophyll 
a; C chlorophyll a/neutral lipid ratio; D neutral/polar lipid ratio 

colony in the manner of other members of the genus. Control 
cultures demonstrated this habit. Both exposed cultures did not 
exhibit the attaching growth habit but rather became single- 
celled. Thus in two unrelated taxa mucilage secretion was af- 
fected suggesting other metabolic systems are disrupted by 
exposure to chlorinated benzenes. 

It has been suggested that sensitivity of algae to toxicants 
varies with season of the year, nutrient conditions, and physio- 
logical state of the cell (Hannan and Patouillet 1972; Conter 
et al. 1987; Neumann et al. 1987; Winner and Owen 1991). 
Our results further suggest that even under conditions of rapid 
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growth, diel variations in physiological parameters are suffi- 
cient to result in different effects when a lipophilic toxicant is 
introduced at different times of the day. This is not surprising in 
view of the increasing reports on the variety of the physiologi- 
cal parameters which undergo diel fluctuations (Sournia 1974; 
Varnum et al. 1986; Villareal and Carpenter 1990; Sundberg 
and Nilshammer-Holmvall 1975; Harding et al. 1983; Erga and 
Skjolda 1990; Pettersson and Sahlsten 1990; Granata 1991; 
Sukenik and Carmeli 1990). 

The diatoms utilized in this study were chosen to represent a 
variety of environmental trophic conditions. Melosira varians 
and C. meneghiniana have worldwide distributions and may be 
characterized as taxa of eutrophic waters (Hustedt 1938-1939; 
Stoermer and Ladewski 1976). Melosira italica and S. fili- 
formis may be classified as oligotrophic to mesotrophic species 
(Stoermer and Ladewski 1976). The responses observed here 
do not appear to be correlated with observed distribution pat- 
terns in nature. That is, the cleaner water forms were not 
necessarily more susceptible to toxicant exposure. The most 
obvious correlations were with lipid content and composition. 

In summary, it appears that lipid content and composition 
play an important role in predicting both short and long-term 
effects of lipophilic toxicants. Exposures initiated during peri- 
ods of high polar lipid content, or when polar lipids are increas- 
ing usually result in immediate effects. Exposures commencing 
during periods of high neutral lipid content, high TEL content, 
or periods when neutral lipids are increasing most often result 
in delayed effects. Lipid content and composition vary through 
a diel cycle. Consequently, exposures initiated at different 
times of the day may produce quite different results. 
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