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Abstract. Cells of the diatom Cyclotella meneghin-
iana were exposed in a closed system to 0.245 ppm
1,2,4-trichlorobenzene. Response to this chlori-
nated benzene was monitored over a period of 5
days by quantitative ultrastructure and fatty acid
percent composition. Over the time period exam-
ined, 41 significant morphological changes and 12
significant changes in fatty acid composition were
observed. Autophagic-like vacuoles were fre-
quently observed, indicating lysis of cellular con-
stituents. In general, there was an increase in the
C20:5 fatty acid, which may be indicative of photo-
synthetic impairment, since this fatty acid probably
substitutes for linolenic acid in diatoms. The most
significant numbers of changes were observed after
8 hr of exposure to this lipophilic toxicant, and
these changes occurred in membranous organelles.
It is suggested that the daily photoperiodic varia-
tion in lipid content of phytoplankton may be an
important consideration in evaluating effects of li-
pohilic toxicants.

Aromatic compounds account for nearly 50% of the
total synthetic organic chemical production in the
United States. Within the general class of aromatic
compounds, chlorinated benzenes, phenols, and
chlorophenols have some of the highest rates of
production. These compounds are used in the pro-
duction of pesticides, pharmaceuticals, dyes, and
detergents. Input to the ecosystem is primarily
from industrial and municipal water and agricul-
tural runoff, with some additional input of chlori-
nated phenols and benzenes by chlorination treat-
ment processes. Benzene, phenol, and their chlori-
nated derivatives are all on the US EPA priority
pollutant list,

The fate of any toxicant is dependent on the
source of input and physical-chemical properties of
the toxicant as well as the receiving system. Chem-
ical and environmental properties that can affect
the toxicity of compounds include, but are not lim-
ited to the following: water solubility, vapor pres-
sure, rates of volatilization, hydrolysis, photolysis,
sorption-desorption, octanol/water partition coeffi-
cients, boiling and melting points, ambient temper-
ature, moisture and humidity levels, wind velocity,
biodegradation rates, rates of conjugation, and
leaching and/or dispersion characteristics. These
properties have been used in models to predict the
concentrations and residence times of the pollutant
in various components of ecosystems. In aquatic
ecosystems, exposure and accumulation may occur
as passive uptake or sorption, or by active inges-
tion of contaminated food sources or abiotic par-
ticles.

In general, lipophilic compounds such as pen-
tachlorobenzene which have a high octanol/water
partition coefficient and a low water solubility tend
to passively bioconcentrate. Estimates of biocon-
centration factors (BCF) for such compounds have
established a linear relationship between the exper-
imentally determined log K, or log W, and log
BCF (Neely et al. 1974; Lu and Metcalf 1975). Pen-
tachlorobenzene has a higher bioconcentration
factor than the trichlorobenzenes (Geyer et al.
1984; Halfon and Reggiani 1986). However, the
presence of chlorine substituents in benzene dis-
torts the aromatic ring and this distortion plays a
role in the uptake of chlorobenzenes. For example,
Matsuo (1980) found that uptake of hexachloroben-
zene by guppies was less than expected and sug-
gested that this was due to the non-planarity of the
benzene ring.

The toxicity of 1,2,3-trichlorobenzene (TCB) was
greater than 1,2,4-trichlorobenzene in Selanastrum
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(Galassi and Vighi 1981). Williams er al. (1975)
found that the extent of metabolism of chlorinated
benzenes and potential epoxide formation de-
pended on the number of unsubstituted vicinal
carbon atoms. 1,2,3-TCB has 3 free vicinal carbon
positions (at 4,5,6) and 1,2,4-TCB has 2 free vicinal
carbon positions (at 5,6). Thus both compounds
have the possibility of epoxide formation and a high
extent of metabolism. 1,3,5-TCB and penta-
chlorobenzene have no free vicinal carbon posi-
tions and thus cannot form epoxides. The extent of
metabolism of 1,3,5-TCB is low, while it is very low
for pentachlorobenzene. The presence of three free
vicinal carbon atoms in 1,2,3-TCB may explain the
results of Galassi and Vighi (1981).

Another possible explanation for different reac-
tivities among the trichlorobenzene isomers could
be explained by the nucleophilic substitution reac-
tion in which the chlorine substituent is replaced by
a hydroxyl group. If there is an adjacent chlorine
present, a second hydroxyl group is added, forming
a diol with subsequent breakage of the carbon-
carbon bond. Gibson (1976) demonstrated such nu-
cleophilic substitution in bacteria. However, the
occurrence of epoxidation and/or nucleophilic sub-
stitution is dependent upon environmental condi-
tions. Based on this information, the predicted
chemical toxicity would be as follows: 1,2,3-TBC >
1,2,4-TCB > 1,3,5-TCB > Pentachlorobenzene.

Since there is sufficient reason to believe that a
correlation exists between the uptake of chlori-
nated hydrocarbons by organisms and their lipid
content, and since it has been demonstrated that
exposure to hydrophobic compounds may result in
changes in fatty acid composition, studies were un-
dertaken to determine the effect of selected chlori-
nated benzenes on diatom fatty acid composition
and cell structure and to determine if, under similar
controlled environmental conditions, observed sen-
sitivity paralleled that predicted by environmental
chemistry. Due to the immense data set generated
by these experiments, the data for each chlorinated
benzene exposure experiment are being reported
separately in the following series of papers. This
report presents results of the 1,2,4-trichloroben-
zene exposure.

Materials and Methods

Algal Cultures

Cyclotella meneghiniana (Bacillariophyceae) clone CYOH was
obtained from Dr. S. S. Kilham of the Department of Biological
Sciences at the University of Michigan. The culture was grown
in WC medium (Guillard 1975) and placed on a rotary shaker

L. Sicko-Goad et al.

table in a growth chamber set at 20°C on a 16/8 hr light/dark
cycle at 100 wEin - m=2 - sec~!, The cells were subcultured
weekly to larger volume flasks to increase cell density for the
experiment. For experimental purposes, exponentially growing
cells were evenly subdivided between two four-L extracted and
acid washed glass stoppered flasks. Cell densities for the three
experiments were 50,000 + 10% cells/ml, with the smallest
number of cells present in the 1,2,3-TCB exposure experiment.
Cells from both exposed and unexposed treatments were with-
drawn by a dry air pumping apparatus. For all three trichloro-
benzene experiments, 0.245 ppm of the isomer in distilled,
deionized water with no added carrier was added to the experi-
mental flasks. This concentration is well below maximum water
solubility. To assess the effect of the chlorinated benzene on pa-
rameters studied, cells were harvested at the following times
after exposure to the toxicants: 10 min, 1 hr, 8 hr, 24 hr, and 5§
days. These sampling times also included sampling of the control
cultures with no toxicants added. Consequently, control flasks
also served as culture manipulation flasks since both exposed
and unexposed cultures were handled in an identical manner.

Fatty Acid Analysis

For fatty acid analysis, 125 ml of culture medium containing
cells was withdrawn and filtered through GFC filters. The filter
retaining 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 hr to complete deactivation and saponification.
The digested mixture was filtered and other organics extracted
with 2 ml pentane. The aqueous solution was acidified with 2 ml
2.3 N HCI and fatty acids were extracted 4 times with 1 ml pen-
tane. Pooled fractions were washed with 2 ml saturated NaCl
and dried over anhydrous sodium sulfate (Schwarzenbach and
Fisher 1978).

To esterify the fatty acids to methyl esters, the solvent was
evaporated with 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 and washed with 10 ml distilled water. 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 gas chromatograph (GC) with a DB5 (30 m, narrow
bore, 1 um film), fused silica column, equipped with a flame
ionization detector (FID) and an HP 3900A integrator. The GC/
FID program consisted of the following conditions: Split mode
(58:1), injector temperature = 250°C, detector temperature =
290°C.

The column temperature program consisted of 4 min at 225°C,
4°C/min rate to 280°C with a 20-minute hold. Separation and rel-
ative retention times were established with a standard FAME
solution consisting of C12:0, C13:0, C14:0, C15:0, Cl16:1, Cl16:0,
Ci17:0, C18:3, C18:2, C18:1, C18:0, C19:0, C20:3, C20:2, C20:1,
C20:0, C21:0, C22:1, C22:0, C23:0, C24:1, and C24:0 fatty acids.

To verify the fatty acids by gas chromatography/mass spec-
trometry, one of the triplicate samples from each experimental
and control sample was pooled and concentrated. The concen-
trated sample (pooled from 24 individual replicates) and the
standard FAME solution were analyzed on a Finnigan 4000
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Table 1. Relative volumes (% composition) and numbers per volume of cellular components of Cyclotella menighiniana control cells
and cells exposed to 0.245 ppm 1,2,4 trichlorobenzene. Values reported are the mean (1 S.E.) of a sample size of 25

Experimental Treatment

10min 10 min 1 hr 1 hr 8 hr 8 hr 24 hr 24 hr 5 day 5 day
Cell Component Control Exposed Control Exposed Control Exposed Control Exposed Control Exposed
Chloroplast V, 26.3 27.2 25.1 25.3 24.8 21.1 21.6 24.6 23.4 27.5
Q.7 2.0) 1.5 (1.7) (1.9) 2.0) (L.5) 1.7 (1.5) 2.4
Chloroplast lipid V, 0.9 1.0 0.7 0.6 0.9 0.9 0.5 0.1 0.8 1.0
0.2) 0.1 0.1) ©.1) 0.2) (0.2) ©.2) 0.2) 0.2) 0.2)
Mitochondria V, 4.2 3.8 3.9 5.0 3.4 4.4 4.6 4.2 4.4 6.8
0.6) 0.6) 0.4) 0.9) 0.5) 0.8) 0.6) 0.3) 0.8) 0.8)
Autophagic-like 0.5 0.5 0.5 0.3 0.1 0.6 0.2 0.9 0.5 1.3
vacuole V, 0.2) 0.3) 0.1 0.2) 0.1) 0.2) 0. 0.4) 0.2) 0.4)
Lipid V, 4.1 6.4 6.8 5.9 10.7 13.6 10.3 7.7 8.8 7.0
©.1) (1.7) (1.6) (1.5) 3.3) (1.9 (1.6) (1.8) (1.9) (1.3)
Vacuole V, 16.0 12.7 19.9 i2.9 19.6 22.4 14.8 15.5 13.8 18.1
(1.5) (1.1 .7n (1.6) (2.6) (1.8) [¢N)) (1.5) (1.0 1.7
Other 19.3 17.6 13.9 15.8 16.1 15.4 19.1 17.1 18.1 17.9
(1.2) (1.8) (1.0) (1.0 (1.0) (1.0 (L.3) (1.3) (1.2) (1.3)
Nucleus V, 18.4 17.2 15.7 17.0 9.6 7.7 15.9 14.8 16.0 9.8
Q2.7 (2.0) 2.3) (1.9) 2.3) (1.9) 2.7 2.4) 2.3) Q.7
Frustule V, 9.1 10.4 10.8 9.6 11.7 11.7 93 11.7 9.2 8.5
0.6) 0.5) (0.6) 0.5 0.6) (1.2) (0.6) 0.7) 0.8) 0.7)
Polyphosphate V, 0.8 1.3 0.6 1.9 2.2 0.9 22 1.6 2.0 1.7
0.2) 0.4) 0.1) 0.5) 0.5) 0.4 0.5) (0.4) 0.4) (0.3)
Fibrous vacuole V, 0.3 1.9 2.0 5.7 0.8 1.2 1.6 1.0 3.0 0.4
0.3) (0.6) ©.7) (1.2) 0.5) 0.6) 0.7 ©0.4) .y 0.2)
Chloroplast Ny, 0.19 0.13 0.21 0.14 0.12 0.11 0.17 0.12 0.17 0.16
(/pm? cell) 0.0 0.01) (0.03) (0.02) (0.02) 0.04) 0.03) (0.02) (0.04) 0.02)
Chloroplast lipid Ny 26.17 18.90 25.21 21.29 21.49 32.65 47.37 23.53 69.63 50.24
(/um? chloroplast)  (6.00) (4.00) (5.1n (4.60) (2.40) (1.33) (3.50) (5.30) (4.6) (1.34)
Mitochondria Ny 0.08 0.05 0.11 0.10 0.07 0.08 0.15 0.07 0.08 0.08
(/pm?3 cell) (0.02) 0.02) (0.02) 0.02) 0.02) 0.02) (0.02) (0.01) 0.01) 0.02)
Polyphosphate Ny 0.34 0.52 1.19 0.49 0.76 0.92 0.49 0.39 0.65 1.11
(/pm? cell) 0.13) (0.23) (0.40) 0.15) 0.22) (0.45) (0.29) 0.16) 0.20) (0.45)
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GC/MS system, using the same DB5 column used in the GC/FID
system and an Incos data acquisition system. The split mode
was 5.4:1 with essentially the same temperature program as de-
scribed above. The FAMEs were identified by use of the NBS/
EPA library with the exception of the C18:4 and C20:5 fatty
acids which were not present in the library. These FAMEs were
identified by visual examination and interpretation of the mass
spectrum based on the fragmentation pattern of the FAMEs.

Electron Microscopy

Samples for electron microscopy were withdrawn into 50-ml
sterile polypropylene centrifuge tubes. Fixative and buffer were
added to give final concentrations of 1% paraformaldehyde, 1%
glutaraldehyde, and 0.05M cacodylate buffer at pH 7.2 as pre-
viously described (Sicko-Goad and Lazinsky 1986). Samples
were post-fixed in 1% 0sQ,, dehydrated in a graded ethanol-pro-
pylene oxide 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 100B electron microscope operating at 80kV. The morpho-
metric sampling scheme used has been described in detail
(Sicko-Goad et al. 1977, 1984, 1986) with precautions taken for
unbiased sampling of unicells. The only exception to the pre-
viously described sampling scheme was that 25 photographs per
individual treatment were examined. However, the point count
per individual sample was ca 5,000, and standard errors were
within 10% of the mean.

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.
Volumes were determined by assumption of a regular geometric
shape by the relationship V = d2h/4.

Results
Cytological Changes

Summaries of the percent composition (relative
volume) of each measured cellular compartment at
all sampling times are presented graphically in
Figure 1 and in tabular form (Table 1). Figure 1
demonstrates that the most prominent cellular
changes that occur on exposure to 1,2,4-trichloro-
benzene are an increase in lipid volume and a de-
crease in nuclear volume at 8 hr of exposure. Al-
though this sample was withdrawn in the dark and
previous data (Sicko-Goad et al. 1988) suggest that
these changes are associated with daily photoper-
iodic effects, it is apparent that exposure to this
chlorinated benzene enhances the dark period ef-
fect. During the first hour of exposure, polyphos-
phate increases. Vacuole relative volume increases
at 8 hours of exposure and remains elevated over
control cells. Autophagic-like vacuole also in-
creases at 8 hrs of exposure and remains elevated
in exposed cells. There is a significant increase in
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mitochondrial relative volume at 1 hr, 24 hr, and 5
days of exposure, generally accompanied by a re-
duction in numbers per volume. The most pro-
nounced changes in relative volumes of mem-
branous organelles (chloroplast, mitochondria, and
vacuole) occur at 5 days (Figure 2). The largest in-
creases in fibrous vacuole and lipid are observed
during the first 8 hr of exposure. Reductions in
these compartments are observed in later sampling
periods (Table 1).

When data are regrouped into four major cellular
compartments (Nucleus, Frustule, Vacuole, and
Cytoplasm) with regrouping as follows (Vacuole =
empty vacuole + lipid + polyphosphate, and cyto-
plasm = chloroplast, plastogiobuli, mitochondria,
autophagic-like vacuole, other, and fibrous vac-
uole), the increase in vacuole volume due to lipid
increase and the corresponding decrease in nuclear
volume at 8 hours are more obvious (Figure 3).

There is no significant change in chloroplast
numbers with exposure to the 1,2,4-isomer, al-
though there is a trend of slight reduction with ex-
posure (Figure 4). In general, polyphosphate bodies
increase somewhat in exposed cells while mito-
chondrial numbers remain relatively constant.
There is also a general increase in numbers of lipid
droplets with culture age; the largest numbers are
found in the oldest cells. However, exposure to the
1,2,4~ isomer consistently reduces the number of
plastoglobuli.

To further discriminate changes occurring in mor-
phological composition with exposure, deviations
(either increases or decreases) from the control
cells were determined for all components for indi-
vidual sampling periods. Significant changes re-
ported below are changes which are 20% or greater
for individual components when compared with
control cultures of the same time period. This
number was chosen since the standard errors of the
mean were generally considerably less than 10% for
larger, more conservative categories, and we felt
that a conservative estimate of significance at the
95% level would be associated with component
changes of this magnitude or greater. Summaries of
significant changes (Table 1) are as follows:

10 minutes—Increases in lipid, polyphosphate,
and fibrous vacuole; decrease in central vacuole.
1 hour—Increases in mitochondria, polyphos-
phate, and fibrous vacuole; decrease in central
vacuole and autophagic-like vacuolar inclusions.
8 hour—Increases in mitochondria, autophagic-
like vacuole, lipid, and fibrous vacuole; de-
creases in polyphosphate and nucleus.

24 hour—Increases in autophagic-like vacuole
and frustule; decreases in lipid, chloroplast lipid,
polyphosphate, and fibrous vacuole.



Fig. 2. Control and experimental cells of Cyclotella meneghiniana. Key to labelling: Autophagic-like Vacuole (AV), Chloroplast (C),
Plastoglobuli (cl), Fibrous Vacuole (FV), Frustule (F), Golgi (G), Lipid (L), Mitochondria (M), Nucleus (N), Polyphosphate (pp),
Vacuole (V). Marker bars = 1 pm. A Five day control cell showing typical cytoplasmic arrangement in diatoms with portions of nucleus
and chloroplasts present. B Five day exposed cell showing a larger proportion of vacuole and increased membranous aggregates and
vesiculation. Mitochondria are enlarged. C Five day exposed cell showing enlarged mitochondria with some vesiculation. Membranous
aggregates (AV) and fibrous vacuoles (FV) are also obvious
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5 day—Increases in chloroplast lipid, mitochon-
dria, autophagic-like vacuole, and central vac-
vole; decreases in nucleus, lipid, and fibrous vac-
uole.

Fatty Acid Composition
C16 fatty acids predominate in C. meneghiniana

(Figure 5). With exposure to 1,2,4-trichloroben-
zene, there appears to be a long-term decline in the

C16:0 fatty acid accompanied by an overall in-
crease in the C16:1 fatty acid. Minor fatty acids in-
crease with age; however, they are present in
higher concentrations in control cells. Changes in
other fatty acids were monitored in a fashion sim-
ilar to that used for the morphological components.
That is, percent change as an increase or decrease
compared with controls was plotted for individual
fatty acids against sample time. Summaries of
changes that were greater than 20% as previously
described are as follows:
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10 minutes—Increases in C135:0, C18:0; De-
crease in C20:5 (Figure 6a).

1 hour—Increases in C18:1 and C20:5 (Figure
6b).

8 hour—Decrease in C16:0 (Figure 6c).

24 hour—Decreases in C16:0; Increases in C18:0
and C20:5 (Figure 7a).

5 day—Increases in C16:0, C18:1, and C18:0
{Figure 7b).

A total of 41 significant changes in morphological
components (relative volumes and numbers per
volume) and 12 significant changes in fatty acid
percent composition were observed in the five sam-
pling periods. The number of significant changes
increased with exposure time.

Discussion

Previous work (Sicko-Goad et al. 1988) has demon-
strated that cultures of Cyclotella meneghiniana
exhibit a moderate degree of division synchrony in
that cells divide during the latter half of the light/
dark cycle. Changes that occur in the daily photo-
period in both cytological and fatty acid composi-
tion are advantageous to sustain cell division and
metabolism in the absence of light and consequent
loss of the production of energy-rich compounds
during photosynthesis. For example, Atkinson et
al. (1974) reported that starch reserves of Chlorella
fusca var. vacuolata are depleted during cyto-
kinesis which occurs in this organism in the dark.
These authors also noted that the first starch to dis-
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Fig. 5. Change in fatty acid percent
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composition with treatment. Minor
fatty acids (less than 1%) represented
by the category others include
C13(12methyl):0, C14(12methyl):0,
C17:0, C18:4, C18:2, C19:0, C20:0,
C22:0, C23:0

appear was that located adjacent to the pyrenoid
and consumption began during the last few hours of
photosynthesis before the onset of dark. Similarly,
Puiseux-Dao (1981) noted an increase in chloroplast
lipid droplets at the beginning of the light period.
More recently, Wada et al. (1987) demonstrated the
diurnal appearance of fatty particles in Hefero-
sigma akashiwo, a dominant red tide raphidophy-
cean biflagellate, with degradation of these par-
ticles occuring in the dark just prior to cell division.
In Cyclotella, both vacuolar and chloroplast lipid
reserves are highest during the early part of the
dark period and lowest in the early light period. In
terms of assessing the effect of lipophilic toxicants
on organisms having such cyclical changes in lipid
content, the timing of measurement of response be-
comes critical when one is attempting to evaluate
subtle, nonlethal doses.

The fact that one of our samples was withdrawn
during the dark period of the daily photoperiod was
serendipitous. Yet without that sample (8 hr of ex-
posure), we would have no way of demonstrating
either the increase in lipid volume that occurred in
the dark period, or the changes in fatty acid percent
composition that are indicative of photosynthesis.
For example, Kates and Volcani (1966) suggested
that the requirement for photosynthesis is for a cer-
tain degree of unsaturation, and in diatoms, the
most likely candidate, since diatoms generally lack
linolenic acid (DeMort et al. 1972), is the C20:5
fatty acid. In Cyclotella (Sicko-Goad et al. 1988),
this fatty acid increases late in the late light period,
reaches its maximum in the dark, and is at its
lowest levels in the early part of the light period,
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exposure

when photosynthesis is generally at its maximum
rate.

These data (Sicko-Goad et al. 1988) suggested
that cell cycle events may either mitigate or amplify
effects of lipophilic toxicants, and data presented
here would tend to support this theory. For ex-
ample, we defined earlier a 20% change (as either
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an increase or decrease compared to control cul-
tures) as being a significant change in percent com-
position of morphological components or fatty
acids. Using these criteria, upon exposure to 1,2,4-
trichlorobenzene we found 41 significant morpho-
logical changes during the five sampling periods ex-
amined. Similarly, we found 12 significant alter-
ations in fatty acid composition. The number of
significant changes increased dramatically after the
8 hr sampling period when the cells were in the
dark and had maximum lipid volume. The greatest
relative volume changes in membranous organelles
occurred during the 24 hr and 5 day sampling pe-
riods. The changes that occurred early in the sam-
pling scheme were primarily changes in storage
products. The increase in storage product accumu-
lation due to nutrient stress or toxicant exposure
has been reported many times (Fogg 1956; Sicko-
Goad and Stoermer 1979; Shifrin and Chisholm
1981; Varum and Mykelstad 1984; Smith and
Geider 1985; Millie 1986; Sicko-Goad and Lazinsky
1986; Sicko-Goad et al. 1986). Consequently, this
short-term effect was not unexpected.
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These changes suggest that lipid-rich cells are
less vulnerable to the effects of lipophilic toxicants,
and reexposure to more favorable growth condi-
tion, when lipid reserves are metabolized, may
result in mobilization of these toxicants. Lipid
reserves may thus explain the delayed and/or long-
term effects of lipophilic toxicants on phyto-
plankton populations. Although the relationship
between lipid content and persistent lipophilic toxi-
cants has been recognized for animals (Goerke er
al. 1979; Goerke 1984; Geyer et al. 1985), little re-
search has been reported examining this relation-
ship for aquatic microorganisms.
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