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To analyze the effects of surfactants on the biosynthesis of galactolipid
and the composition of fatty acids, the chloroplast envelope and thylakoid
membrane were cultivated in medium treated with anionic surfactants, such
as linear alkylbenzene sulfonate (0.002%, LAS), a-olefin sulfonate {0.01%,
AOS), and sodium lauryl ether sulfate (0.08%, SLES), respectively. During
the cultivation, the chloroplast envelope and thylakoid membrane were
isolated from the cells collected at the early and middle phase of the
culture and the contents of their fatty acid composition were compared
with the control. When treated with surfactants, the contents of total lipid,
MDGD methylesters, and DGDG methylesters decreased significantly when
compared with the control. It was also confirmed that more unsaturated
fatty acids were involved in the biosynthesis of galactolipid. The fatty acids
utilized in the biosynthesis of MGDG were in the chloroplast envelope and
in the control, and linoleic acid in LAS, linolenic acid and oleic acid in
AOS, and linolenic acid and oleic acid in SLES. The fatty acids in the
biosynthesis of DGDG were linolenic acid and oleic acid in the control,
linolenic acid and stearic acid in LAS, oleic acid and linolenic acid in AOS,
oleic acid and linolenic acid in SLES. In the thylakoid membrane, the major
fatty acids in the biosynthesis of MGDG were linolenic acid and oleic acid
in the control, oleic acid and linolenic acid in LAS, linolenic acid and
linoleic acid in AOS, linolenic acid and palmitoleic acid in SLES. The fatty
acids in the biosynthesis of DGDG were linolenic acid and oleic acid in the
control, oleic acid and linolenic acid in LAS, linolenic acid and linoleic acid
in AOS, palmitoleic acid and oleic acid in SLES.

Synthetic detergent has been used widely since it was
first invented in Germany in 1930. However, it has
some demerits as well; it produces foam, prevents the
treatment of wastewater, and causes skin problems
(Kang, 1983; Kim, 1986). Surfactants themselves cause
BOD loading in the hydrosphere, suppress decom-
position of organic compounds by microbes at a den-
sity of about 50 mg/l, and decrease the cohesion effect
of organic compounds in excessive quantities, and as
a consequence, prevent the treatment of wastewater
{Park, 1978).

Surfactants are released directly into the natural
environment after being used in households, so their
hazard to the environment is becoming a major
environmental concern.

If surfactants are present in the hydrosphere, the
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amount of oxygen that dissolve into water from the air
decreases, the self-decomposition of surfactants by
animals or plants in the river decreases, and con-
sequently, the amount of dissolved oxygen decreases
(Aimeida et al., 1994).

Synthetic detergent dissolves the lipid and suppresses
the phosphorylation of mitochondria and chloroplasts
(Helenius et al., 1975). Outer membrane and plasma
membrane of E. coli are differently sensitive to
surfactants. Triton-X 100 dissolves only the cell mem-
brane under the existence of Mg™ (Cho et al., 1981). It
was reported by Filip et al. (1973) that the outer mem-
brane of E. coli has tolerance against the dissolution
of sodium lauryl sarcosinate, an anionic surfactant.

Linear alkylbenzene sulfonate (LAS), a-olefin sulfonate
(AOS) and sodium lauryl ether sulfate (SLES) are
typical anionic surfactants most widely used as deter-
gents (Moreno et al., 1994). In particular, LAS has
been used since 1965 because it is a biologically soft
type and the linear alkyl group is more easily
decomposed by microbes than previously used AOS.
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However, the material of the phenol family and the
toxicity of this material is poisonous to fish and phyto-
planktons (Kang, 1983; Kim, 1986). Besides, it has
poisonous effects on the water by causing instability in
the lipid bilayer membrane and hydrophobic bond, and
so does not maintain the stability of many globular
proteins (Womack et al., 1983).

The content of lipid per cell in plants accounts for
5-10% of dry weight, most of which exists in the
membrane (Ohlorogge et al., 1995). The functions of
the membrane lipid are enhanced permeability and
fluidity of the membrane and enzyme activity (Moore,
1982; Yoshida and Vemura, 1986). Galactolipid con-
stituting the cell membrane protects the cells from
harmful conditions, such as low pH and hydrolytic
enzyme and also protects the cells against the
bacterial toxin (Alberts et al.,, 1994).

Various types of galactolipid are monogalactosyldia-
cylglyceride (MGDG), digalactosyldiacylglyceride (DGDG),
trigalactosyldiacylglyceride (TGDG), sulphoguinovosyl-
diacylgylceride (SQDG). Galactolipid constituting the
plant cell membrane has high contents of MGDG and
DGDG. Fatty acids composing galactolipid have many
double bonds in their structure and are highly un-
saturated.

In the chloroplast of higher plants, the content of
MGDG is high and there is a great amount of
unsaturated fatty acids (Allen et al., 1971; Joyard et
al., 1980). During their cell growth, the content of
MGDG is higher than that of DGDG. This phenomenon
is because MGDG serves to make more thylakoid
layer (Roughan et al., 1972). If the composition of fatty
acids in the membrane lipid is changed, the mem-
brane formation may be broken (Gounaris et al., 1983).

The fatty acids in lipid is determined by genetic
factors, nutrition, temperature, and other external
environmental elements (Uemura et al.,, 1995). It was
reported that the fatty acids composed of galactolipid
give rise to changes in the growth phase (Koiwai et
al., 1982).

The study on the effects of the various environ-
mental elements on the lipid metabolism in the cells
and the degradation of the surfactants by organisms
have been done, but little attention has been given to
the effects of surfactants on the biosynthesis of
galactolipid in plant cells and the composition of fatty
acids in plant cells. This study involved the effects of
surfactants on the biosynthesis of galactolipid, their
composition and contents of fatty acids as compared
with the control.

Materials and Methods

Cultivation of Chlorella ellipsoidea

C. ellipsoidea was cultivated in MAN medium (Tamiya
et al., 1953) treated with LAS (0.002%), AOS (0.01%),
and SLES (0.08%) surfactants, respectively.
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During the cultivation, air containing 5% CO, was
bubbled in at 25°C and the light of 2,000 lux was
constantly illuminated for 7days. The growth of the
cells during cultivation were measured in the packed
cell volume by using a hematocrit.

Separation of chloroplasts

A slightly modified Lyttleton’s method (1962) was used
in separating chloroplasts.

The harvested cells were suspended in 0.5M
phosphate buffer (pH 7.5, containing 0.4 M NaCl) and
mashed. These mashed cells were centrifuged (500 X g,
4 min), and the supernatant centrifuged (1,100xg, 4
min) and again at 1,200xg, 10min. The separated
chloroplasts were verified under the microscope in 0.4
M saline solution.

Separation of chloroplast envelope and thylakoid
membrane

A slightly modified Poincelot's method (1973) was used
to separate the chloroplast envelope and thylakoid
membrane from the separated chloroplasts.

Twice the amount of swelling medium (10 mM
Tricine-NaOH buffer, pH 7.6, containing 4 mM MgCly)
was added to the harvested chloroplasts and after 30
min, shaken for 10 min then centrifuged (1,500 xg, 10
min). The precipitated pellet was taken as thylakoid
membrane and the supernatant was recentrifuged
(1,700 x g, 60 min) and the remaining pellet obtained.
This pellet was resuspended in 0.5 M phosphate buffer
(pH 7.5, containing 0.4 M NaCl and 30% sucrose) and
centrifuged (73,000 x g, 60 min). The yellow layer was
collected from this gradient and centrifuged (47,000 x
g, 60 min).

Extraction of total lipid

A slightly modified Bligh and Dyer's method (1959)
was used to extract total lipid from each membrane
fraction. Chloroform : methanol (1:2, V/V) was added
to the separated membrane. After shaking for 30 min,
the same amount of distilled water was added and
blended. The lipid extracted through the chloroform
layer was filtered through filter paper (Whatmann no. 1).

After chloroform was added to the methanol layer
and mixed, the chloroform layer was filtered through
filter paper and the total lipid was reextracted. The
extracted total lipid was dried in a dry oven at 40-50C
and its content was measured.

Separation and identification of galactolipid

Galactolipid in the extracted total lipid was separated
into MGDG and DGDG by thin layer chromatography
(TLC, Desaga) as described by Turner and Rouse
(1970). TLC glass plates (20x20cm) used in TLC
were coated with a silica gel 0.25 min thick (Merck,
60G), dried at room temperature and activated in an



oven at 110TC for 60 min.

According to Chapmen and Barber (1987), the
following method was used to separate galactolipid
from total lipid. A mixture of chloroform : methanol :
water (65:24: 4, v/v) was used as the first expensive
solvent, and a mixture of chloroform : acetone : methanol
racetic acid:water (100:40:20:20:10, v/v) was
used as the second expensive solvent.

The separated galactolipid was identified to compare
with the standard chemicals (Sigma), and 1-napthol
was used as a developing reagent (Roughan, 1987).

Methyl esterification of fatty acids

To analyze the composition and the quantitative change
of fatty acids composing galactolipid (GC, Varian
3400), MGDG and DGDG were methylated according
to Allen and Good (1971). Four milliters of a trans-
esterification mixture of methanol : sulfuric acid : benzene
(100:5:5, v/v) was added to galactolipid from the
TLC plate. The sample was dried in a dry oven at 70
T for 60 min, cooled and shaken with 5ml of distilled
water. After 2 ml of hexane was added, it was shaken
and the separated hexane layer was taken. The com-
bined hexane layer was dried and the fatty acid
methyl esters contained in each galactolipid were
measured (Chapman and Barber, 1987).

Analysis of fatty acids

The kinds of fatty acids composing galactolipid in each
membrane were analyzed by gas chromatography (GC,
Varian 3300). The identification of each fatty acid was
compared with standard chemicals (Sigma) such as lauric
acid (12:0), myristic acid (14:0), palmitic acid (16:0),
palmitoleie acid (16:1), heptadecanoic acid (17:0),
stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2),
linolenic acid (18:3), arachidic acid (20:0), behenic acid
(22:0), ervcic acid (22:1), and lignoceric acid (24:0).
The detector used was the FIDH2 flame ionization
detector and the column, RT X2330 Megabore. GC
conditions were as follows: column temperature (220
C), injector port temperature (230¢C), detector oven
temperature (250C) and carrier gas (N2, 80 mi/min).

Results

Growth of C. ellipsoidea cells

The growth of C. ellipsoidea treated with surfactants in
the culture is shown in Fig. 1. The inhibiting effect of
the growth was clear in cells treated with surfactants
in the culture. The inhibiting effect was shown to have
an average of 68.83% in LAS, 67.02% in AOS, and
57.73% in SLES as compared with the control. These
results, show that the inhibiting effect of the growth of
C. ellipsoidea was the strongest in LAS and AOS.

Total lipid content in the chloroplast envelope and
thylakoid membrane
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Fig. 1. Growth of Chlorella ellipsoidea treated with various surfactants.

Chloroplast envelope: The changes in the content of
total lipid in chloroplast envelope is as shown in Fig. 2.
For the control, the content of total lipid increased at a
rate of 141.24% on the 3rd day, 56.92% on the 5th
day, and 53.90% on the 7th day, thus 84.02% on
average.

As shown in Fig. 2, the content of total lipid in LAS
decreased at a rate of 44.69% on the 3rd day,
67.76% on the 5th day, and 69.03% on the 7th day
compared with the control and thus 60.49% on
average. Total lipid in AOS, decreased at a rate of
46.75% on the 3rd day, 67.97% on the 5th day, and
74.26% on the 7th day as compared with the control,
thus 62.99% on average. In SLES, it decreased at a
rate of 90.28% on the 3rd day, 69.81% on the 5th
day, and 54.01% on the 7th day, thus 71.37% on
average. Although there were no great differences
among LAS, AOS, SLES in the declining rate of total
lipid content in the chiloroplast envelope, the decrease
rate was the highest in SLES.

—+—control
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7 —&— alpha—olefin sulfonate

| o

—e—sodium lauryl ether sulfate
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i " 1

S

2 3 4 5 6 7
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Fig. 2. Changes in contents of total lipids in Chiorella ellipsoidea
chloroplast envelope treated with surfactants,
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Fig. 3. Changes in contents of tofal lipids in Chlorella ellipsoidea
thylakoid membrane treated with surfactants.

Thylakoid membrane: The changes in the contents of
total lipid in the thylakoid membrane are shown in Fig.
3. For the control, the content of total lipid increased
at a rate of 44.31% on the 3rd day, 15.09% on the
5th day, and 70.92% on the 7th day, thus 43.44% on
average.

With the control, the content of total lipid in LAS
decreased at a rate of 62.65% on the 3rd day, 69.5%
on the 5th day, and 68.41% on the 7th day, thus
66.85% on average. It decreased at a rate of 59.07%
on the 3rd day, 21.64% on the 5th day, and 40.50%
on the 7th day, thus 40.40% on average for AOS. In
SLES, it decreased at a rate of 42.39% on the 3rd
day, 44.40% on the 5th day, and 49.35% on the 7th
day, thus 45.38% on the average. These results con-
firmed that three surfactants of LAS had the strongest
inhibiting effect on total lipid content in the thylakoid
membrane.

MGDG and DGDG methyl esters

Chloroplast envelope: The changes in the contents of
galactolipid in the chloroplast envelope were as shown
in Fig. 4. The content of MGDG methyl esters and in
the control on average were 26.88% and 9.15% of
total lipid, respectively. As shown in the composition of
galactolipid of the chloroplast envelope, the content of
MGDG was higher than that of DGDG. The content of
MGDG in the control increased at a rate of 14.15% on
the 3rd day, 39.59% on the 5th day, 45.18% on the
7th day, thus 32.97% on the average. The content of
DGDG for the control increased at a rate of 7.21% on
the 3rd day, remarkably 122.10% on the 5th day,
20.79% on the 7th day, thus 50.03% on the average.

The content of MGDG in the chloroplast envelope in
LAS decreased at a rate of 18.52% on the 3rd day,
8.57% on the 5th day, 5.44% on the 7th day, thus
10.84% on the average as compared with the control.
DGDG decreased at a rate of 72.87% on the 3rd day,
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Fig. 4. Changes in contents of monogalactosyl diglyceride (MGDG) and
digalactosyl diglyceride (DGDG) methyl esters of Chiorella ellipsoidea
chloroplast envelopes treated with surfactants.

85.11% on the 5th day, 65.34% on the 7th day, thus
74.44% on average. These results showed that the
biosynthesis of galactolipid in LAS has a much stronger
inhibiting effect on DGDG than on MGDG. In AQS, the
content of MGDG decreased at a rate of 35.98% on
the 3rd day, 64.90% on the 5th day, 74.59% on the
7th day, thus 58.49% on average. Also that of DGDG
decreased at a rate of 47.50% on the 3rd day,
42.73% on the 5th day, 57.24% on the 7th day, thus
49.19% on average. In AOS, the content of MGDG
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Fig. 5. Changes in contents of MGDG and DGDG methyl esters in
Chlorella ellipsoidea thylakoid membrane treated with surfactants.



and DGDG increased until the 5th day and then
decreased to some extent at the last stage of
cultivation. It was also shown that there was no great
differences in rate decreases between MGDG and
DGDG. In SLES, the content of MGDG decreased at
a rate of 84.21% on the 3rd day, 54.33% on the 5th
day, 50.71% on the 7th day, thus 63.08% on average.
That of DGDG decreased at a rate of 47.50% on the
3rd day, 79.54% on the 5th day, 27.46% on the 7th
day, thus 51.50% on average.

Thylakoid membrane: The changes in the contents of
the two kinds of galactolipid in the thylakoid mem-
brane by surfactants is shown in Fig.5. For the
control, the content of MGDG was 25.55% and that of
DGDG was 5.45%. The content change of MGDG
methyl esters in total lipid increased at a rate of
7.96% on the 3rd day, remarkably 506.21% on the 5th
day, 40.88% on the 7th day, thus 184.93% on average.
The content of DGDG increased rate of 61.46% on
average.

In LAS, the content of MGDG increased predomin-
antly during cultivation, showing no great inhibitional
effect by surfactants as compared with the control.
The level of MGDG decreased at a rate of 4.49% on
the 3rd day, 78.63% on the 5th day, 11.10% on the
7th day, thus 31.49% on average. |t was decreased to
some extent on the 5th day and increased remarkably
on the 7th day. The content of DGDG decreased at a
rate of 71.95% on the 3rd day, 77.25% on the 5th
day, 51.02% on the 7th day, thus 66.74% on average.
Therefore, it was shown that LAS had a stronger
inhibiting effect on DGDG than on MGDG during the
biosynthesis of galactolipid in the thylakoid membrane.
In AOS, the content of MGDG increased constantly
during the cultivation, increasing at a rate of 71.03%
on the 3rd day, 86.16% on the 5th day, 61.17% on
the 7th day, thus 72.79% on average. The content of
DGDG increased until the 5th day and decreased
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predominantly on the 7th day, decreased at a rate of
4499% on the 3rd day, 34.49% on the 5th day,
86.17% on the 7th day, thus 55.22% on average. In
SLES, the content of MGDG decreased at a rate of
10.13% on the 3rd day, 60.23% on the 5th day,
42.62% on the 7th day, thus 37.66% on average.
DGDG content decreased at a rate of 42.24% on the
3rd day, 51.34% on the 5th day, remarkably 82.24%
on the 7th day, thus 58.64% on average. From these
results it was confirmed that LAS and SLES had a
great effect on DGDG, while AOS on MGDG.

Fatty acid

The changes in the composition of fatty acids in the
formation of galactolipid, such as MGDG and DGDG
were analyzed during the cultivation of C. ellipsoidea in
the presence of surfactants. The fatty acids analyzed
were lauric acid, myristic acid, palmitic acid, palmitoleic
acid, heptadecanoic acid, stearic acid, oleic acid,
linoleic acid, linolenic acid, arachidic acid, behenic
acid, erucic acid, and lignoceric acid.

Chloroplast envelope: The changes in the composition
of fatty acids in the biosynthesis of MGDG in the
chloroplast envelope is shown in Table1. For the
control, oleic acid (14.45%), and linolenic acid (12.83%)
were shown at the beginning of the culture, oleic acid
(15.48%), linolenic acid (16.09%) on the 3rd day,
palmitoleic acid (15.00%), linolenic acid (15.30%) on
the 7th day. From these results, it was observed that
palmitoleic acid, oleic acid, and linolenic acid were in
the biosynthesis of MGDG in the control.

Myristic acid (7.62%) and linolenic acid (35.09%)
were utilized on the 3rd day, linoleic acid (10.23%)
and linolenic acid (15.15%) on the 5th day, stearic
acid (8.53%), and linolenic acid (38.25%) on the 7th
day.

Table 1. Changes in fatty acid methyl esters contents expressed as a percentage (%) of MGDG in Chlollera ellipsoidea chloroplast envelope

treated with various surfactants during cultivation

Duration of culture (days)

Fatty acid (%) 0 3 5 7

cont’ cont LAS? A0S’  SLES® cont LAS AOS  SLES cont LAS AOS  SLES
Lauric - - 2.46 0.37 0.32 - 3.41 0.33 0.59 - - - 0.58
Myristic 3.72 0.76 7.62 1.79 0.98 2.15 7.83 218 1.31 1.67 5.03 1.63 1.27
Palmitic 457 5.29 6.11 6.10 247 3.53 5.18 421 2.88 8.26 6.04 3.99 2.83
Palmitoleic 12.45 1410 - 1.64 1.89 20.66 327 13.37 2.18 15.00 - 1764 1.40
Heptadecanoic 7.72 7.63 - 6.69 5.51 6.72 3.14 6.61 5.64 6.23 - 6.76 5.55
Stearic 376 3.91 7.24 7.56 4.60 451 6.28 514  30.73 420 8.53 6.77 4.07
Oleic 14.45 15.48 - 17.41 11.44 16.02 3.1 12.11 12.32 14.42 - 1415 13.08
Linoleic 3.69 2.37 7.03 1042 8.24 2.03 9.23 6.05 8.41 5.75 7.58 6.98 7.05
Linolenic 12.82 16.09 3500 2112 1236 393 1515 1169 1221 1503 3825 1720 1359
Arachidic 1.71 0.58 464 7.59 3.09 224 5.98 4.41 4.38 1.36 357 4.06 351
Behenic 3.49 3.99 3.27 3.04 - 417 5.12 0.50 1.85 263 2.45 1.66 1.75
Erucic 4.31 4.93 - 5.37 6.84 3.50 4.30 3.16 3.19 2.19 5.04 0.46
Lignoceric 254 2.23 1.64 0.53 2.47 1.76 3.74 0.24 1.89 1.09 1.76 1.42 0.43
Unknown 24.77 2264 2463 1034 3979 2878 2426 2955 39.42 2190 2175 3295 4443
Total 100.00 100.00 100.00 100.00 100.00  100.00 100.00 100.00 100.00  100.00 100.00 100.00 100.00

'control, %linear alkylbenzene sulfonate, *a-olefin sutfonate, “sodium lauryl ether sulfate.
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Table 2. Changes in fatty acid methyl ester content expressed as a percentage (%) of DGDG in Chiorella ellipsoidea chloroplast envelope treated
with various surfactants during cultivation

Duration of culture (days)

Fatty acid (%) 0 5

cont’ cont LAS®  AOS®  SLES' cont LAS AOS  SLES cont LAS AOS  SLES
Lauric - 3.97 - 2.09 - - - 2.19 - - 0.51 0.38
Myristic 1.66 - 5.10 07 8.65 6.32 1.84 0.72 0.59 - 3.11 0.85 1.09
Palmitic 5.19 2.94 2.7 3.15 2.93 2.23 4.11 3.37 2.89 2.05 5.52 2.60 2.85
Palmitoleic 7.27 15.72 - 0.79 - 12.99 - 1947 0.75 6.72 - 1854 2.20
Heptadecanoic 6.68 7.12 - 6.78 7.58 8.02 - 8.34 7.69 512 - 6.18 5.65
Stearic 5.13 2.65 5.59 475 378 363 8.01 4.25 452 163  10.34 5.11 5.42
Oleic 12,15 20.28 - 1546 1373 14.71 - 1804 1591 15.87 - 17.93 1356
Linoleic 11.81 3.92 4.09 8.99 6.94 5.07 7.93 513 7.59 1668 11.73 7.96 6.73
Linolenic 16.16 1754 4255 1884 11.49 1635 4077 1323 13.98 2089 3049 17.65 1502
Arachidic - 1.28 3.33 403 2.58 177 472 2.37 374 - 5.88 3.75 5.05
Behenic 5.61 459 1.41 1.65 0.54 0.38 3.34 0.47 - 6.21 3.03 0.26 222
Erucic 9.00 457 - 237 3.56 3.26 - 1.53 3.63 8.98 - 1.63 1.42
Lignoceric 5.49 225 261 1.42 0.61 1.60 2.75 2.73 0.47 412 2.45 2.30 2.43
Unknown 14.27 1705 2864 3107 29.62 2367 2653 2979 36.05 11,73 2745 1373 3598
Total 100.00  100.00 100.00 100.00 100.00  100.00 100.00 100.00 100.00  100.00 100.00 100.00 100.00

‘control, linear alkylbenzene sulfonate, *a-olefin sulfonate, *sodium lauryl ether sulfate.

Oleic acid (17.41%) and linolenic acid (21.12%)
were used on the 3rd day, palmitoleic acid (13.37%),
oleic acid (12.11%) on the 5th day, palmitoleic acid
(17.64%), and linolenic acid (17.20%) on the 7th day.
In SLES, oleic acid (12.44%) and linolenic acid (13.36%)
were utilized on the 7th day. The results for AOS were
somewhat similar to those of the control.

Oleic acid (12.44%, 12.32%, 13.08%) and linolenic
acid (13.36%, 12.21%, 13.51%) were utilized on the
3rd, 5th, and 7th day.

The changes in the composition of fatty acids in the
biosynthesis of DGDG in the chloroplast envelope are
as shown in Table2. Stearic acid (5.59%, 8.01%),
linolenic acid (42.55%, 40.77%) were used on the 3rd
and 5th day, respectively. On the 7th day, linoleic acid
(11.73%) and linolenic acid (30.49%) were utilized. In
contrast to the control, the saturated fatty acid, stearic
acid, was utilized in the biosynthesis of galactolipid in
the LAS and AOS treatment groups. Oleic acid
(15.46%) and linolenic acid (18.84%) were utilized on
the 3rd day, and on the 5th and 7rh day, palmitoleic

acid (19.47%, 18.54%) and oleic acid (18.04%, 17.93%)
were used, respectively. Oleic acid and linolenic acid
were for the biosynthesis of galactolipid in the culture.
Thylakoid membrane: The changes in the composition
of fatty acids in the biosynthesis of MGDG in the
thylakoid membrane were as shown in Table 3.

Fatty acids composing MGDG of the thylakoid mem-
brane were oleic acid (13.94%, 14.03%), and linolenic
acid (18.26%, 18.45%) in the beginning and on the
3rd day in the control. On the other hand, palmitic
acid (15.46%) and oleic acid (12.05%) were utilized
on the 5th day, palmitoleic acid (16.50%) and oleic
acid (11.90%) on the 7th day.

Oleic acid and linolenic acid were utilized in the
cultivation. Linoleic acid (14.73%) and linclenic acid
(23.37%) on the 3rd day, stearic acid (9.74%) and
linolenic acid (21.33%) on the 5th day, linoleic acid
(13.37%) and linolenic acid (20.41%) on the 7th day.
In SLES, oleic acid (10.36%, 12.81%) and linolenic
acid (13.49%) were utilized on the 3rd and 5th day.
On the 7th day, palmitoleic acid (13.81%) and linolenic

Table 3. Changes in fatty acid methyl ester content expressed as a percentage (%) of MGDG in Chiorelia ellipsoidea thylakoid membrane treated

with various surfactants during cultivation

Duration of culture (days)

Fatty acid (%) 0 3 5 7

cont cont LAS AOS SLES cont LAS AOS SLES cont LAS AOS SLES
Lauric - - - 0.52 0.52 - - 0.53 - 2.06 - 0.72 0.38
Myristic 0.38 0.76 1.79 8.65 1.05 1.98 1.96 7.05 0.45 1.79 0.74 1.76 11.94
Palmitic 3.33 7.16 5.00 6.57 2.49 15.46 4.43 1.93 2.56 7.99 3.15 3.42 3.16
Palmitoleic 5.09 10.26 3.35 1.65 10.60 10.31 1.73 2.90 12.80 16.50 0.66 3.15 13.81
Heptadecanoic 6.89 6.80 6.72 - 5.74 6.80 7.04 1.21 6.92 8.20 6.76 5.05 6.16
Stearic 2.04 1.12 6.37 8.49 3.52 3.06 5.77 9.74 393 3.43 4.39 9.22 3.18
Oleic 13.94 14.03 15.92 2.19 10.76 12.05 12.91 3.37 12.81 11.90 12.72 2.92 12.80
Linoleic 4.7 1.62 8.06 14.73 511 4.05 8.56 8.61 6.20 3.38 6.74 13.37 6.43
Linolenic 18.26 18.45 7.62  23.37 13.49 12.02 13.24 2123 1281 10.32 1402 2041 14.71
Arachidic 2.36 - 7.71 - 311 1.44 5.94 1.55 3.08 1.93 4.18 1.59 3.21
Behenic 6.01 5.24 2.15 2.06 1.58 245 2.90 3.53 0.70 2.58 1.59 3.07 0.78
Erucic 9.09 6.21 2.79 8.68 3.28 3.39 3.63 8.17 1.69 2.94 2.46 6.87 252
Lignoceric 4.59 3.33 0.83 1.23 1.30 1.61 1.62 3.29 0.81 2.38 0.42 2.57 1.59
Unknown 22.86 2497 27.69 1487 3745 2538 2527 2232 3524 2406 4217 3510 19.33
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Table 4. Changes in fatty acid methyl ester content expressed as a percentage (%) of DGDG in Chiorella ellipsoidea thylakoid membrane treated

with various surfactants during cultivation

Duration of culture (days)

Fatty acid (%) 0 3 5 7

cont' cont LAS?  AOS®  SLES® cont LAS AOS  SLES cont LAS AOS  SLES
Lauric - 0.43 212 0.13 - 2.80 - - 0.48 -
Myristic - 0.57 1.49 5.43 0.85 - 0.71 5.31 0.87 - 0.73 1.14 1.34
Palmitic 2.19 1.23 4.87 497 2.91 6.19 4.49 1,18 3.34 2.71 3.28 3.69 5.68
Palmitoleic 452 5.07 2.60 9.95 12.69 1812 12,02 141 16.02 476 0.61 070 10.93
Heptadecanoic 6.77 9.27 6.73 9.12 5.63 7.22 6.72 6.09 8.94 5.20 6.14 7.25 7.53
Stearic 1.87 1.45 5.83 7.24 433 6.16 4.27 6.93 3.82 4.47 4.47 9.98 438
Oleic 12.56 1119 14.97 303 13.79 26.56  13.60 253 15.18 11.81  12.98 326 10.73
Linoleic 412 13.52 9.03 1075 8.85 3.82 546 11.46 5.49 11.38 696 14.14 8.12
Linolenic 19.91 1879 1168 18.86 0.75 1517 1284 2150 13.64 1817 1524 2217 1131
Arachidic - - 6.71 415 429 - 2.92 - 450 1.81 5.10
Behenic 7.88 6.73 1.86 267 2.25 093 19.06 - 6.99 1.82 317 1.37
Erucic 15.40 9.03 2.32 367 1.58 1.52 5.29 2.59 13.65 2.84 7.47 2.34
Lignoceric 8.49 4.22 0.87 2.06 3.84 - 0.70 1.06 2.34 7.58 1.05 2.88 217
Unknown 16.29 1893 3061 2013 3825 16.76 3845 1448  24.94 1318 39.33 1567 29.00
Total 100.00  100.00 100.00 100.00 100.00  100.00 100.00 100.00 100.00  100.00 100.00 100.00 100.00

‘control, linear alkylbenzene sulfonate, a-olefin sulfonate, *sodium laury! ether sulfate.

acid (14.71%) were used. Compared with the control,
these results showed a slight difference in the com-
position and the content of fatty acids.

The changes in the composition of fatty acids in the
biosynthesis of DGDG in the thylakoid membrane are
shown in Table 4.

For the control, linolenic acid (19.91%) and erucic
acid (15.00%) were utilized at the beginning of the
culture, and linoleic acid (13.52%) and linolenic acid
(18.79%) on the 3rd day, palmitoleic acid (18.12%)
and oleic acid (26.56%) on the 5th day, linclenic acid
(18.17%) and erucic acid (13.65%) on the 7th day.
These results indicated that oleic acid, linolenic acid
and erucic acid were mostly important in the bio-
synthesis of DGDG in the thylakoid membrane.

Oleic acid (14.97%, 13.60%, 12.98%) and linolenic
acid (11.68%, 12.84%, 15.24%) were used on the 3rd,
5th and 7th day. Linoleic acid (10.75%) and linolenic
acid (18.86%) were utilized on the 3rd day, linolenic
acid (21.50%) and behenic acid (19.06%) on the 5th
day, linoleic acid (14.14%) and linclenic acid (22.17%)
on the 7th day. In SLES, palmitoleic acid (12.69%,
16.02%) and oleic acid (13.79%, 15.18%) were used
on the 3rd day. On the 7th day, palmitoleic acid
(10.93%) and linolenic acid (11.31%) were used.

These results indicate that food preservatives and
surfactants caused the changes in the composition of
fatty acids in the plasma membrane, the chloroplast
envelope, and the thylakoid membrane of C. ellipsoidea.

Discussion

If surfactants exist in the hydrosphere, oxygen in the
air cannot dissolve into water, the decomposition of
surfactants by marine and fresh water animals and
plants will be affected causing decreases in BOD
levels (Almeida et al., 1994). Surfactants are divided
into cationic, anionic, and nonionic surfactants, among
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which anionic surfactants are most used as detergent
for domestic use. Cationic and anionic surfactants
cause the inhibition of the bacterial growth, destroy the
cell membrane of microbes, and result in the denatura-
tion of enzyme proteins (Song, 1996). For these
reasons, they are also used as disinfectants. LAS,
AOS, and SLES are the most widely used anionic
surfactants and they make the unstable double layer
of lipid and hydrophobic bond in the lipid membrane.

This study clearly showed that the growth of C.
ellipsoidea treated with surfactants in the culture was
inhibited. This might be because LAS, AOS, and
SLES affected cell formation and metabolism by
dissolving the lipid membrane or destroying the cell
membrane, denaturating enzyme protein, and inhibiting
phosphorylation of mitochondria and chloroplasts.

The content of total lipid in the chloroplast envelope
and thylakoid membrane treated with surfactants
showed more than a 50% decrease on average com-
pared with that of the control. This result may be
because surfactants inhibited the metabolism and
enzyme activation necessary for the synthesis of lipid,
thus preventing normal lipid metabolism. Lipid is
synthesized from keto acid which is generated by
deamination of protein and from acetyl CoA which is
formed by decomposition of carbohydrates. It was
thought that this normal metabolic process was inhibited
because surfactants might have changed the composi-
tion of the lipid in cell membrane, affected permeability,
and inhibited the activation of enzyme necessary for
lipid metabolism.

According to the synthetic site of DAG or PA, which
is the basic skeleton of galactolipid, it is divided into
eukaryotic galactolipid which contains C-18 fatty acids
at the first position of the glycerol backbone and
prokaryotic galactolipid which contains C-16 fatty acids
at the the second position of the glycerol backbone.
The biosynthesis of eukaryotic galactolipid is as
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follows. In ER, ER-acyltransferase converts into PA,
and then PA induces DAG. DAG which has been
formed in this way forms PC, PE, and PG. They form
MGDG and DGDG by ER desaturase and at the same
time, the reaction of desaturation occurs from oleic
acid to linoleic acid. In this reaction the cytochrome b5
reductase system in ER which needs NADH as the
electron donor ultimately participates. The biosynthesis
of prokaryotic galactolipid occurs at the inner membrane
of chloroplasts. PA is converted into DAG by PA-phos-
phatase and DAG synthesizes MGDG and DGDG.
The reaction of desaturation from oleic acid into
linolenic acid via linoleic acid and from palmitic acid
into hexadecatrienoic acid occur by chloroplast
desaturase.

It has been proven by a number of experiments that
the composition of fatty acids changes according to
environmental changes. As for the composition of total
lipid involved in plant cells, unsaturated fatty acids
also increase as the light is high (Hawke et al., 1974)
and the content of linoleic acid at low temperature
decreases (Sato and Murata, 1981; Chapman et al,
1983). In Nicotiana tabacum when its leaves are
located on the higher site, the content of linolenic acid
increases and other fatty acids decrease and linoleic
acid increases, especially in its flowers and seeds
(Matsuzake et al., 1983). The composition of phos-
pholipid varies according to environmental elements.

The predominant fatty acids utilized in the biosynthesis
of phospholipid in Chiorella treated with glucose in the
culture were palmitic acid, stearic acid, linoleic acid,
and linolenic acid, and also in sucrose treatment were
palmitic acid, oleic acid, linoleic acid, linoleic acid
(Kark and Lee, 1990). Therefore, it could be concluded
that the composition and the content of fatty acids are
sensitive to and highly affected by the environmental
changes of the cell.

It was observed in this study that if the environmental
conditions are changed, the contents of total lipid,
MGDG, and DGDG and the composition of fatty acids
in galactolipid are changed. Fatty acids involved in the
biosynthesis of MGDG in the chloroplast envelope are
as follows: linolenic acid and oleic acid in the control,
linolenic acid and linoleic acid in LAS, linolenic acid
and oleic acid in AOS, and linolenic acid and oleic
acid in SLES. Fatty acids which were used in the
biosynthesis of DGDG in the chloroplast envelope are
as follows: linolenic acid and oleic acid in the control,
and AOS linolenic acid and stearic acid in LAS, oleic
acid and linolenic acid in AOS, oleic acid and linclenic
acid in SLES. Fatty acids which were used in the
biosynthesis of MGDG in the thylakoid membrane are
as follows: linolenic acid and oleic acid in the control,
oleic acid and linolenic acid in LAS, linolenic acid and
linoleic acid in AOS, linolenic acid and palmitoleic acid
in SLES. Fatty acids which were used in the biosyn-
thesis of DGDG in the thylakoid membrane are as
follows: linolenic acid in the control, oleic acid and
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linolenic acid in LAS, linolenic acid and linoleic acid in
AQOS, palmitoleic acid and oleic acid in SLES. There-
fore, it was shown that fatty acids became shorter and
the degree of desaturation became weaker according
to the environmental changes.

Fatty acids composing the galactolipid of Dunaliella
salina are characterized by a high degree of desatur-
ation because the structure of those fatty acids
contains many double bonds (Joyard and Douce,
1977). This corresponds to the results of the present
study that fatty acids composing the chloroplast
envelope and the thylakoid membrane are mostly
unsaturated fatty acids. In addition, galactolipid in the
chloroplast envelope is made up of MGDG and DGDG
constituted of highly unsaturated fatty acids (mostly
linolenic acid) (Williams, 1976). For the galactolipid in
the thylakoid membrane, MGDG and DGDG contain
highly unsaturated fatty acids (Quartacci et al., 1995).
In the case of C. vulgaris MGDG, while it contains
mostly fatty acids in the light, it contains about 20% of
18:3 fatty acid in the dark (Gurr and James, 1980).
This corresponds to the results of the present study
that when the composition of galactolipid in the
thylakoid membrane of Chlorella was analyzed, the
content of linolenic acid was high in MGDG and
DGDG for the control and MGDG in LAS, AOS and
SLES, and DGDG in LAS and AOS.

The composition of MGDG in the thylakoid membrane
treated with surfactants was similar to that of control,
but the composition of DGDG treated with surfactants
showed weaker degrees of desaturation compared to
that of the control, for LAS and SLES used 18:1 fatty
acid (oleic acid). As shown above, during the growth
of C. ellipsoidea, unsaturated fatty acids were mostly
used in the biosynthesis of galactolipid in the chioro-
plast envelope and thylakoid membrane. This result
corresponds to the results of other researchers’. The
chain of fatty acids treated with surfactants became
shorter and the degree of desaturation became
weaker as compared with the control. The difference
in the composition of fatty acids composing galactolipid
has an effect on the function of each membrane
(Ohlorogge and Browse, 1995).

In this experiment, unsaturated fatty acids were not
changed into saturated acids as obviously as the
above cases, but it was shown that the degree of
desaturation became weaker compared to that of the
control. In short, the change in the compaosition of fatty
acids treated with surfactants resulted in a weaker
degree of desaturation and shorter chains as com-
pared with that of the control. In the biosynthesis of
galactolipid in celis treated with surfactants, unsaturated
fatty acids were mostly used, similar to the result of
the control. But if treated with surfactants, shorter fatty
acid chain were mostly used and the degree of
desaturation became weaker as compared with the
control. Therefore, it could lead to the conclusion that
due to the change in the composition of galactolipid



involved in the biomembrane, the changes of the per-
meability of the membrane and the type of the
substance to transport into the cells were given rise to
and its contents were decreased, which consequently
affects metabolism. The difference in growth could be
enough evidence to support this conclusion.
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