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The relationship between logPow and molecular weight of
polycyclic aromatic hydrocarbons and EC50 values
of marine microalgae
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Abstract

The effect of five polycyclic aromatic hydrocarbons (dibenzothiophene,

phenanthrene, naphthalene, fluorene and hydroxybiphenyl) on the growth of eight marine
microalgae (Bacillariophyceae; Skeletonema costatum, Chaetoceros calcitrans, Prasinophyceae;
Tetraselmis tetrathele, Haptophyceae; Isochrysis galbana, Pavlova lutheri, Dinophyceae;
Prorocentrum minimum, Euglenophyceae; Eutreptiella sp. and Chlorophyceae; Dunaliella
tertiolecta) was investigated. D. tertiolecta to all polycyclic aromatic hydrocarbons (PAHs)
was the most tolerant species of the microalgae tested, EC50 values of dibenzothiophene,
phenanthrene and naphthalene on D. tertiolecta were higher than the highest concentrations
tested and therefore could not be determined in this experiment. On the other hand, the most
sensitive microalgae varied with the compounds of PAHs. Eutreptiella sp. to dibenzothiophene,
P. luthert to phenanthrene, fluorene and naphthalene, P. minimum to phenanthrene and C.
calcitrans to hydroxybiphenyl were the most sensitive species. Linear equation between the
octanol/water partition coefficient (logPow) of all PAHs tested and EC50 values (log
(1/EC50)) of all microalgae tested was log(1/EC50) =0.87 < logPow—0.76 (r*=0.75). The
ranges of the upper and lower 95% confidence limits were more than 1.4, the variation of algal
sensitivity was more than twenty-five fold. EC50 values of C. calcitrans and T. tetrathele tested
had a higher correlation to the molecular weight than to the logPow of the PAHs.
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INTRODUCTION

Toxicity tests of petroleum components have
been examined to predict the influence of acci-
dental pollution on aquatic organisms. The
toxicity effects on microalgae, primary produc-
ers in the aquatic food web, have also been re-
ported (PULICH et al., 1974, WINTERS et al.,
1976, Hsiao, 1978, BATE and CROFFORD, 1985,
V ANDERMEULEN and LEE, 1986,V ANDERMEULEN,
1986, MORALES-L0O and GouTx, 1990, EL-D1B et
al., 1997). Several of these studies report that
the toxic concentration for microalgae varied
with the origin of crude oil (WINTERS et al.,
1976, Hs1ao, 1978), because the components of
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aromatic hydrocarbons in crude oil vary with
the source of origin. Therefore, toxicity effects
of individual aromatic hydrocarbons which
along with paraffin and asphalt from the main
components in crude oil, on microalgae should
be examined. Although the toxic effects on
freshwater microalgae (U.S. EPA, 1980,
HERMAN et al., 1990, HERMAN et al., 1991,
SHEEDY et al., 1991), on marine microalgae
(DUNSTAN et al, 1975, Kusk, 1980, 1981a,
1981b) have been investigated, there is little
available data on polycyclic aromatic hydrocar-
bons (PAHs) on marine microalgae.

Recently, predictions of toxicity have led to
the examination of relationships between the
physicochemical properties of chemicals (water
solubility, octanol/water partition coefficient
etc.) and the bioconcentration factor, or be-
tween the physicochemical properties and toxic
effects. Although there are several reports for
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Table 1 Structure, molecular weight and logPOW of aromatic hydrocarbons in this study.

Generic name Structure Molecular weight logPOW Reference of logPOW
Hydroxybiphenyl HO 170.21 3.20 HanscH et al. (1995)
128.18 3.30 HanscH et al. (1995)

Naphthalene
Fluorene 166.22 4.18 HanscH et al. (1995)
Dibenzothiophene 184.26 4.38 HanscH et al. (1995)

S

Phenanthrene Q Q 178.24 4.46 HanscH et al. (1995)

freshwater microalgae (GEYER et al, 1981,
GEYER et al., 1984, CALAMARI et al., 1983, WoNG
et al., 1984, SHIGEOKA et al., 1988, HERMAN et
al., 1991) and several aquatic organisms
(GALASSI et al., 1988, IKEMOTO et al., 1992,
FUKUSHIMA, 1983), there are few reports which
have investigated the relationship between
EC50 (Effective Concentration of 50%) values
in marine microalgae and octanol/water parti-
tion coefficient (Pow) of PAHs, particularly,
reports which investigate multiple species of
marine microalgae under the same test condi-
tions are limited.

The OECD guidelines (OECD, 1984), one of
the manuals for standard methods of toxicity

tests, recommends that test species of
microalgae are freshwater  microalgae;
Selenastrum  capricornutum,  Scenedesmus

subspicatus and Chlorella vulgaris. However,
test species of marine microalgae, that are nec-
essary to toxicity estimation of chemicals in
the marine environment were not selected.
Therefore, it is important for establish meth-
ods to select suitable species for algal sensitiv-
ity testing.

The purpose of this study is to determine the
EC50 values of PAHs on eight species of marine
microalgae. Moreover, we compared the

sensitivity among test microalgae, or the toxic-
ity among test chemicals. The relationship be-
tween EC50 values of microalgae and
physicochemical  properties  (logPow  or
logM.W.) of PAHs are investigated.

MATERIALS AND METHODS
Test organisms

Eight species of marine microalgae were used
in the experiments as test organisms.
Bacillariophyceae; Skeletonema costatum (NIES
—324) was obtained from The Microbial Culture
Collection, National Institute for Environ-
mental Studies (NIES-Collection), Ministry of
the Environment Japan. Prasinophyceae;
Tetraselmis tetrathele, Haptophyceae; Pavlova
luthert were obtained from Marine Ecology Re-
search  Institute, Japan. Haptophyceae;
Isochrysis galbana, Dinophyceae; Prorocentrum
minimum, and Euglenophyceae; FEutreptiella
sp. were obtained from JANUS Co., Japan.
Chlorophyceae, Dunaliella tertiolecta and
Bacillariophyceae, Chaetoceros calcitrans were
obtained from Kitasato University, Japan.

Test chemicals
The PAHs used in the experiments were
dibenzothiophene (CsH,CsH,S), phenanthrene
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Table 2. Estimated EC50 values with slope, y inter- (C.Hy) naphthalene (CiHy),fluorene (CsH,CH,

cept and r* of linear regression. CsHy) and hydroxybiphenyl (CsH;CsH,OH). All

esti- y PAHs tested were purchased from Wako

2 . .

mated Slope inter- S r q Chemicals, Japan. The chemical structure, mo-

EC50 cept ~AUAe lecular weight (M.W.) and logPow of the

. . PAHs tested are shown in Table 1. Relationship
Dibenzothiophene

S costatum 020 1982  139.0 0.99 between logPow and logM.W. of naphthalepe,

C. calcitrans 0.14 639 103.6 0.98 fluorene and phenanthrene showed strong lin-

T. tetrathele 0.14 482 911 097 ear relationships (logM.W.=0.12 X logPow +

I. galbana 0.14 533 954 0.89 1.7, r*=0.99), while the correlations of all

b, l”?h?” 012 60.7 1054 0.98 PAHs contain hydroxybiphenyl and dibenzo-

P. minimum 0.16 2706  267.5 100 thiophene (logM.W.=0.0067 X logPow+2.0, r’

E 1 . . 1 147. .
utreptiella sp 00678 7j ng =0.43) were weaker than of naphthalene,

D. tertiolecta >0.49 —
fluorene and phenanthrene.
Phenanthrene
S. costatum 0.15 60.6 99.7 0.93 Culture conditions
C. calcitrans 0.34 153.7 1228 1.00 Each alga was cultured in a 300 ml of Erlen-
T. tetrathele 0.20 1563 138.7 1.00 meyer flask containing 200 ml of f/2 medium
1. galbana 0.14 624 103.5 0.97 .
P Jutheri 009 631 1150 0.97 (GUILLARD and RYTHER, 1962) in stock culture.
P. minimum 009 1054 157.9 0.99 In toxicity tests, glass test tubes (25X 200mm,
Eutreptiella sp. 0.13 107.1  144.7 1.00 64 ml) containing 30 ml of f/2 medium were
D. tertiolecta >0.46 - - - used to directly measure in vivo fluorescence
Nawhthal using a fluorescence meter (Turner designs 10—
a alene :
SI.)costatum 183 1968 18 1.00 00510%). All grgwth media were autoclaved at
C calcitrans 373 1144 154 0.97 121°C for 20 minutes. The algae were cultured
T tetrathele 5.39 974.3 -150.7 0.97 at a temperature of ZOiloC, under hght inten-
I. galbana 0.84 102.5 57.8 1.00 sity of 3500 to 4500 lux (38.9 to 50.0 xmol m *
P. lutheri 0.66 1204 719  0.96 s ") and a 14:10 light: dark cycle for the stock
P. minimum 163 3305 202  0.79 cultures and toxicity tests.
Eutreptiella sp. 1.14  173.5 45.9 0.98
D. tertiolecta >13.8 - - — Toxicity tests
Fluorene Firstly, the test concentrations of each PAH
S. costatum 0.17 645  100.2 0.99 were adjusted. The maximum concentration of
C. calcitrans 0.34  79.7 87.3 0.98 each PAH was prepared by adding a specific
T. tetrathele 0.67 815  64.0 1.00 volume to the filtered sterile f/2 medium, shak-
1. galbana 011 507 992 0.9 ing in a 1000ml beaker for about 24 hours un-
I€ let:fr;lum 8(2)2 1332 1(1)22 882 der dal:‘k cor}ditions and filtering using sterile
Eutreptiella sp. 093 1090 1199 0.99 glass fiber filters (Whatman GF/F). Each test
D. tertiolecta 1.07 404 488 098 concentration was prepared by diluting the
maximum concentration medium with filtered
Hydroxybiphenyl sterile f/2 medium.
S. costatum L1 1195 445 0.99 Secondly, test tubes containing 30ml of the
C. calcitrans 0.59 1089 747  1.00 growth medium into which the PAHs were
T. tetrathele 0.85 160.3 61.5 1.00 . . .
I galbana 154 875 336 0.92 mixed at appropriate Conceptratlons, and 0.6@1
P. lutheri 0.73  66.7 593 057 of the algal stock solution at exponential
P. minimum 1.06 179.1 481 0.90 growth phase were inoculated into the growth
Eutreptiella sp. 1.27  61.0 43.6 0.94 media. The experiments were carried out in
D. tertiolecta 3.61 508 2.7 0.94 triplicate. The growth of the algae was moni-
(unit of EC50s: mg/1) tored daily by in vivo fluorescence using a fluo-

rescence meter (Turner designs 10-005R),
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which has been shown to have a strong relation
to the Chl a concentration (LORENZEN, 1966,
STRICKLAND, 1968) and cell numbers
(YamagucHr, 1994), and has been used as a
measurement of microalgal biomass (LEWIS,
1995). The test period was 4 days.

Thirdly, after each chemical in test medium
was extracted using n-hexane (Ministry of the
Environment, 1998), chemical concentrations
were measured by using gas chromatography
(Shimadzu GC-14B) coupled with flame-
ionization detecter (FID) (Standard methods,
1998).

Data analysis

EC50 values were calculated using modified
methods of the OECD guidelines (OECD 1984),
as outlined below.

The area under the growth curve of individ-
ual test vessels was calculated using the follow-
ing equation.

A = (N,—N,)/2X t,+(N,+N,—2N,)/
2X (ty—t,)+..+(N,_,+N,—2N,)/

2>< (tnitnfl)

where;

A= area under the growth curve,
v=1n vivo fluorescence intensity at  (relative
units),

Ni=in vivo fluorescence intensity at ¢ (relative
units),

Nn=in vivo fluorescence at ¢, (relative units),

1= time of first measurement after beginning
of test,

t,=time of nth measurement after beginning of
test.

Then, the percent inhibition of the growth
area of the mean value for individual test
concentration to the mean value for controls in
each experiments was calculated using the fol-
lowing equation.

Ian=(Ac—AD /Acx100.

Where;

la=percent inhibition of the growth area for
an individual test vessel.

At=mean area of each test concentration,

Ac=mean area of the controls in each experi-
ment.

The Ia value was plotted against each test
concentration on a semi- logarithmic scale. The
growth inhibition rates were calculated by lin-
ear regression analysis. EC50 is the concentra-
tion showing a Ia=50%.

After calculating the EC50 values, the mean
rank of the toxicity of PAH and the algal sensi-
tivity and PAHs toxicity were determined by
using the statistical method; Friedman test us-
ing SPSS 10.0J for Windows, SPSS Inc.. 95%
confidence limits of the linear relationship be-
tween logPow of PAHs and log(1/EC50) of all
microalgae except for D. tertiolecta were calcu-
lated using methods of KawaBaTa (1995) and
SNEDECOR (1963).

RESULTS
Algal sensitivity

The EC50 values of PAHs on marine micro-
algae are shown in Table 2. The most sensitive
species of microalgae varied with the com-
pounds of PAHs. Eutreptiella sp. was most
sensitivite to dibenzothiophene. P. lutheri was
most sensitive to phenanthrene, naphthalene
and fluorene. P. minimum and P. lutheri were of
equally the most sensitive to phenanthrene. C.
calcitrans was the most sensitive to hydroxy-
biphenyl. On the other hand, D. tertiolecta had
the lowest sensitivity to all PAHs of all the
microalgae. EC50 values of dibenzothiophene,
phenanthrene and naphthalene for D. tertiolecta
were not measured, because the inhibition val-
ues on the maximum concentrations used in the
toxicity testing were less than 50%, and were
approximately 30%, 10%, and 40%, respec-
tively. The EC50 value of fluorene for D.
tertiolecta was approximately six times as high
as P. lutheri. The EC50 value of hydroxy-
biphenyl for D. fertiolecta was approximately
thirteen times as high as C. calcitrans.

The mean rank calculated using the Fried-
man nonparametric test was P. lutheri
< Eutreptiella sp. <I. galbana <P. minimum < C.
calcitrans<S. costatum<T. tetrathele (The
value of the chi-square statistic i1s 12.906, with
a significant of 0.045).
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Toxicity of PAHs

In this study, EC50 values for dibenzothio-
phene were between 0.06 and >0.49ppm. EC50
values for phenanthrene were between 0.09 and
>0.46ppm. Those for naphthalene were between
0.66 and >13.8ppm, and for fluorene between
0.08 and 1.07ppm and for hydroxybiphenyl be-
tween 0.59 and 3.6ppm. The mean rank calcu-
lated by the Friedman test was dibenzothio-
phene< fluorene< phenanthrene< hydroxy-
biphenyl< naphthalene (The value of the chi-
square statistic is 22.540, with a significant of
0.000).

Relationship between the EC50 values (mM/1)
and the physical properties of PAHS

The square of the regression coefficients be-
tween logPow of naphthalene, fluorene and
phenanthrene gave a strong linear relationship
with the molecular weight, and the log
(1/EC50) values of S. costatum, T. tetrathele, P.
lutheri, I. galbana, P. minimum, Eutreptiella sp.
and C. calcitrans were 0.97, 0.99, 0.92, 0.91, 0.99,
0.99 and 0.96, respectively. All values for indi-
vidual microalga except for D. tertiolecta , were
more than 0.91 (data not shown in figure). The
square of the regression coefficient of all
microalgae except for D. tertiolecta was ap-
proximately 0.78 (log(1/EC50) =1.05 X log
Pow-1.56). The square of regression coeffi-
cients between log Pow of all PAHs and log
(1/EC50) ranged from 0.57 to 0.95 (Fig. 1). In
test microalgae, the square of the regression
coefficients of S. costatum, I. galbana, P. mini—
mum, P. lutheri and Eutreptiella sp. were more
than 091, while for C. calcitrans and T.
tetrathele were less than 0.61. The square of the
regression coefficients between the molecular
weight of all PAHs and logEC50, except for D.
tertiolecta ranged from 0.35 to 0.93 (Fig. 2).
The square of the regression coefficients of S.
costatum, I. galbana, P. minimum, P. lutheri and
Eutreptiella sp. were less than 0.65, while for C.
calcitrans and T. tetrathela approximated 0.93.
The linear equation between all PAHs and
microalgae tested, except for D. tertiolecta , was
log(1/EC50) =0.87 X logPow-0.76 (r*=0.75).
The upper and lower ranges of the 95% confi-
dence limits of the linear equation were more
than 1.4.

DISCUSSION
Algal sensitivity

In this experiment, D. fertiolecta was most
tolerant to the PAHs of the microalgae tested
and therefore as a test species D. fertiolecta
should not be use. On the other hand, the most
sensitive microalgae varied with the com-
pounds of PAHs, although P. lutheri was the
most sensitive species to all the PAHs tested
(from the results of Friedman test). From
these results, it can be conducted that sensitiv-
ity testing should be carried out on several spe-
cies of microalgae. In similar results regarding
algal toxicity, D. tertiolecta was more tolerant
to PCBs and DDT than diatoms (MOSSER et al.,
1972, MENZEL et al., 1970), more tolerant to
benzene, toluene and xylene than S. costatum
(DUNSTAN et al., 1975), and was the most toler-
ant to five organic solvents in nine marine
microalgae tested (Y. OKUMURA, personal com-
munication). VANDERMEULEN (1986) reported
that the sensitivity of P. lutheri to naphthalene
was higher than other microalgae. However,
algal sensitivities to oils varied with the type of
oils (PULICH et al., 1974, WINTERS et al., 1976).
Contrary to our results, there is a report that
D. tertiolecta is the more sensitive to crude oil
than S. costatum and P. minimum (MORALES-
Loo and GouTx, 1990). One factor by which
algal sensitivity varies with components of oil
is the variation of oil type, or the components
of chemicals in the oil, such as the ratio be-
tween the aromatic, paraffinic and asphaltic
fractions, or the volatile fractions. PULICH et al.
(1974) reported that the volatile fractions of
oils have variable effects on microalgae. BATE
et al., (1985) reported that the different oil
treatments have different effects on several
microalgae. In this study, the slopes of the lin-
ear regressions between the EC50 values and
the logPow of naphthalene, fluorene and
phenanthrene, show strong linear relationships
to all microalgae except for D. tertiolecta , and
ranging from 0.88 to 1.20, with the intercepts
of the linear regression ranging from —0.67 to —
2.60. The slopes and the intercepts of the linear
regressions varied with the algal species. Some
of the linear regressions intersected. So, it is
possible that the sensitivity of each microalgae
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All microalgae*1 I galbana

log(1/EC50) (mM)}

log(1/EC50) (mM)
N w
\

i
1 } y = 0.87x - 0.76

1 - y=091x - 0.81
R' =075 R? = 0.95
0 : 0 \ )
3 35 4 45
logPow 3 3.5 logPow 4 45
4 S. costatum 4, P. lutheri
= = ®
o N (=)
82 =% 82
w y = 0.88x - 0.83 W y = 0.85x - 0.33
% ! - R® = 091 B! R* =093
K] o
0 0 B .
. 4 4. 3 35 4 4
3 35 logPow > lopgPow 5
C. calcitrans P. minimum
4 r 4
S s
?E/ | ’. = /
=)
82 82 %%
N . y = 0.73x - 0.36 y y = 0.93x - 0.99
%1 R? =057 % ! R’ = 0.93
o o
0 L i 0 3 4
3 35 logPow 4 45 logPow
4 T. tetrathele 4 Eutreptiella sp.
s = -
E3 T : £3 /
=y PS [ s |
3 2 / 8 |
g &  y=084x-090 g y= 0é99x -1.14
\_g/" 1 r R? = 0.61 :g, 1 R°=0.91
0 — —— 0
3 35 4 45 3 35 4 45
logPow logPow

Fig. 1. The linear regression equation relationship between logPow of the five PAHs and log (1/EC50) of the
microalgae tested. *1 is the linear equation and upper and lower 95% confidence limits of all microalgae ex-
cept for D. tertiolecta .
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Fig. 2. The linear regression equation relationship between logM.W. of the five PAHs and log (1/EC50) of the
microalgae tested. *1 is the linear equation of all microalgae except for D. tertiolecta.
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Table 3 The relationship between logPow and EC50
habitat . . corre:
chemicals of test linear regression latlop tgst unit reference
algac equation cpeffl— periods
clent r
polycyclic aromatic hydrocar- marine log (1/EC50)
bons =0.87XlogPow-0.76 0.75 96-h mM/1 This study

clorobenzenes freshwater log (1/EC50)
=0.92X1logPow-1.4 0.97 96-h  mM/1 CALAMARI et al. 1983

clorobenzenes freshwater log (1/EC50)
=0.99 X1logPow-1.8 0.997 3-h  mM/1 CALAMARI et al. 1983

clorobenzenes freshwater log (1/EC50)

=1.000<1logPow—2.676 0.968 4-h mM/l  WoNG et al. 1984

chlorophenols freshwater log (1/EC50)
=0.887x1logPow—1.545 0.98 96-h  mM/l SHIGEOKA et al. 1988

chlorophenols freshwater log (1/EC50)
=0.543 XlogPow-0.909 0.845  96-h mM/] SHIGEOKA et al. 1988

volatite aromatic hydrocarbons freshwater log (1/EC50)
=0.94 X1logPow-3.59 0.99 12-h  mg/1 HERMAN et al. 1991

aromatic hydrocarbons freshwater log (1/EC50)
=0.91XlogPow—4.45 0.9471 72-h mM/l GaLAssSI et al. 1988

alcohols, benzenes freshwater log (1/EC50)
=0.935x1logPow-3.341 0.964  120-h mM/1 IKEMOTO et al. 1992

was reversed by logPow of test PAHs. For ex-
ample, it may be that one microalgae is more
sensitive to PAHs of low logPow than the other
microalgae, which is less sensitive to PAHs of
high logPow than the other microalgae, or that
one microalgae is less sensitive to PAHs of low
logPow than the other microalgae, is more sen-
sitive to PAHs of high logPow than the other
microalgae. Dibenzothiophene and hydroxy-
biphenyl for which the ratio of logM.W. to
logPow was higher than values of naphthalene,
fluorene and phenanthrene for some of the
microalgae (C. calcitrans and T. letrathele) and
tended to have a higher toxicity than the other
PAHs. The regression coefficients between
logM.W. and log (1/EC50) values of these
microalgae tended to be higher than of the
other microalgae, and the regression coeffi-
cients between logPow and log (1/EC50) values
of the microalgae. So, it may be that PAHs are
the ratio of logM.W. to logPow are higher, var-
ied with algal sensitivity.

Regarding strains of test microalgae, FISHER
etal. (1973) and MURPHY et al. (1980) reported
that algal sensitivity, even if within the same
species of microalgae, varied with environ-
mental factors. It may be that the strain

influences the algal sensitivity.

SHEEDY ef al. (1991) reported that the 14day-
EC50 value of naphthalene on the freshwater
algae, Selenastrum capricornutum was 25ppm.
US-EPA (1980) reported that the 48hour-EC50
value of naphthalene on Chlorella vulgaris was
33ppm. In our study, EC50 values of naphtha-
lene were between 0.66 to >13.8ppm. The sensi-
tivity of marine microalgae to naphthalene
tended to be higher than the freshwater
microalgae.

Comparison of linear regression equations be—
tween logPow and EC50

Several reports regarding the linear regres-
sion equation between logPow of chemicals and
EC50 values of microalgae have been published
(Table 3). The slope of the linear equations
ranged from 0.54 to 1.00, the intercept ranged
from —4.45 to —0.91. In this study, the slope and
intercept of all PAHs tested were 0.87 and —
0.76, respectively. The slope and intercept of the
linear regression equation to naphthalene,
fluorene and phenanthrene were 1.05 and —1.56,
respectively. Our equations are approximately
in agreement with the equations of given in the
references in the Table 3. The ranges of the
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upper and lower 95% confidence limits of the
linear regression equations were more than 1.4,
the variation of algal sensitivity was more than
twenty-five fold. Although the species of test
chemicals and the range of logPow of chemicals
were limited, the upper 95% confidence limit of
our equation was highest and in the linear re-
gression equations of given in the references in
the Table 3, the upper 95% confidence limit of
our equation was the most sensitive compared
to other values in the literature.

From our equation, for example it is clear
that the toxicity of phenanthrene, for which
the logPow is 4.46, is higher in toxicity than
naphthalene, which has a logPow of 3.3, while
the water solubility of phenanthrene is lower
than naphthalene. So, we conclude that the
PAHs such as hydroxybiphenyl and dibenzo-
thiophene for which the ratio of molecular
weight to Pow is high, have a higher toxicity
than naphthalene, fluorene and phenanthrene.
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