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Geosmin (GM) and 2-methylisoborneol (MIB) are produced by actinomycetes and
cyanophytes in the aguatic environment (Gerber 1979; Slater and Block 1983;
Persson 1988). These compounds occur in lakes, reservoirs and rivers where GM
is more likely to be produced in the water column while MIB is more likely to be
produced in sediments (Slater and Blok 1983; lzaguirre et a. 1983). They possess
musty, earthy odors at very low thresholds (4 ng/L for GM and 15 ng/L for MIB).
Moreover, these compounds tend to accumulate in fish flesh where they can
significantly alter its taste and odor. They can also markedly reduce the
narcoleptic quality of drinking water (Quatermaine and Anderson 1995). It was
recently proposed that zebra mussels indirectly tend to augment the production of
these substances because of the accumulation of cyanophytes and actinomycetes
in their tissues (Lange and Wittmeyer 1997).

Studies of the toxicological properties of GM and MIB are scarce. Neither
substance induced a mutagenic response in the Salmonella typhimurium (TA98
and TA100 tester strains) assay up to concentrations reaching cytotoxic levels that
are approximately six orders of magnitude greater than the odor threshold
concentrations (Dionigi et a. 1993). In another study with sea urchin embryos, the
estimated 1C, (50 % inhibitory concentration) for GM and MIB were 17 and 69
mg/L respectively (Nakajima et al. 1996), in the same range as the upper
concentrations tested by Dionigi et al. (1993). The present investigation was
intended to explore the possible cytotoxic effects that these compounds might
have on fish hepatocytes. Primary cultures of trout hepatocytes are now well
recognized as relevant model systems in toxicologica research (Baks and Frazier
1990). Effects examined were cell viability, vitellogenin (Vg) synthesis (to detect
estrogen-like properties), DNA strand breaks, cytochrome P4501A1
(biotransformation of polyaromatic hydrocarbons), and oxidative stress
(production of H,0,). Based on observed responses, a preliminary index of
environmental hazard is proposed for these substances.
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MATERIALS AND METHODS

Hepatocytes were collected from 10-15 cm long rainbow trout (Oncorhynchus
mykiss) by the double perfuson method (Klauning et a. 1985). Cells were
distributed in a 48-well microplate at a density of 1 x 10°mL in sterile L-15
medium (at 320 mOsmol/kg H,0) supplemented with 2% fetal bovine serum, 1000
units of penicillin, 10 mg/L of streptomycin and 25 pg/L of amphotericin B. The
cells were exposed to 0.0016, 0.008, 0.04, 0.2 and 1% v/v of geosmin (100 mg/L
from Wako chemicals, USA) and 2-methylisoborneol (10 g/L from
Wako chemicals, USA) or to concentrations of b-estradiol for the positive control
for Vg production (ranging from 0.1 to 10 uM). The wells were sealed with an
auto-adhesive film and the plates were incubated for 48 h at 15°C in a humidified
incubator. The livers from three femae fish were pooled for each experiment.

Cell viahility was determined by the propidium iodide (PlI) exclusion test (Zucker
et al. 1988). Briefly, 50 x 10°cells were mixed with 25 pg/mL of Pl in phosphate
buffered saline (PBS) for 30 min. The cell suspension was then analyzed using a
microplate fluorescence plate reader, with dead cells becoming fluorescent at 600
nm during excitation at 485 nm. The fluorescence value was normalized with cell
density (absorbance at 600 nm).

The intracellular levels of H,0,in hepatocytes were determined using
dichlorofluorescins (Lebel et a. 1992). Briefly, the cells were exposed to 1 uM
dichlorofluorescin in PBS for 30 min and the oxidation of dichlorofluorescin into
fluorescein was monitored by microfluorimetry at 485 nm excitation and 520 nm
emission. The fluorescence value was normalized with cell density (absorbance at
600 nm).

The amount of vitellogenin (Vg) secreted into the extracellular medium was
evaluated by the akali-labile phosphate (ALP) method (Gagné and Blaise 1998;
Pelissero et a. 1993). After the 48 h incubation period, 750 pL of the incubation
medium is mixed with 500 pL of t-butyl methyl ether for 30 min. The ether phase
was then removed and added to 100 pL of 2 M NaOH for 60 min with frequent
mixing. The levels of phosphate released into the aqueous phase were then
determined by a colorometric assay (Stanton 1968).

Cytochrome P4501A1 activity was measured by following deethylation of 7-
ethoxyresorufin (Hahn et al. 1995) with some modifications. Briefly, 1 x 10°cells
were added to 10 uM of 7-ethoxyresorufin in PBS containing 0.015% triton X-
100 for 30 min at 22°C. Afterwards, fluorescence was measured at 590 nm during
excitation at 540 nm. Fluorescence intensity was corrected for blank values
(t = 0 min) and cell density as measured at 600 nm. Standards of 7-
hydroxyresorutin were used to calculate the amount of product formed over time.
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DNA strand breaks were determined according to the akaline precipitation assay
(Olive 1988) with some modifications. Briefly, 1 x 10°cells were mixed with 2 %
sodium dodecyl sulphate containing 10 mM EDTA, 10 mM Tris and 50 mM
NaOH for 1 min. Afterwards, one volume of KC1 0.12 M was added and
incubation proceeded at 60°C for 10 min. The protein bound genomic DNA was
precipitated at 4°C for 30 min followed by centrifugation at 8 000 x g for 5 min.
DNA strand breaks remaining in the supernatant were assayed using hoescht dye
(Bester et al. 1994) with saimon sperm DNA as the standard.

Cells obtained from the same preparation were exposed to the test samples in four
replicates (n=4). The cell effects data were subjected to an analysis of variance
where critical differences between exposed and unexposed groups were
determined with Dunnett’s ttest. The lowest observable effect concentration
(LOEC) in % v/v and the no observable effect concentration (NOEC) in % viv
were then determined. A toxicity threshold (TT) was calculated as follows. TT =
[NOEC x LOEC]”. Significance was set at p<0.05.

RESULTS AND DISCUSSION

When rainbow trout hepatocytes were exposed to concentrations of GM and MIB
for 48 h a 15°C a reduction in cell viability was only observed with MIB (Table
1). However, both chemicas incur DNA damage at 0.45 mg/L and 10 mg/L of
GM and of MIB, respectively. It thus appears that these odorous compounds can
produce DNA strand breaks in fish cells which could lead to harmful mutations
(e.g., cancers). In contrast with our results, these compounds had not proven to be
mutagenic with the Salmonella typhimurium histidine-independence assay
(Dionigi et a. 1993). Exposure to GM and MIB aso increased ALP levels in the
culture medium suggesting that they possess estrogenic-like properties. Normally,
Vg production takes place in the liver of female fish and is under the estrogen
receptor control, but male fish nevertheless have a functional Vg gene which can
be responsive to estrogens (Pelissero et al. 1993, Gillesby and Zacharewski 1998 ;
Monosson et a. 1994). Hence, GM and MIB-mediated production of Vg, an
energy-rich protein, could reduce energy levels in fish tissues. Exposure to MIB
increased EROD activity in hepatocytes. This enzyme system is usualy induced
by coplanar aromatic hydrocarbons (Monosson et a. 1994) and MIB (an aiphatic
acohol) should not induce cytochrome P4501A1. A possible explanation may be
that MIB induces another cytochrome P450 isoform that may display some degree
of reactivity towards 7-ethoxyresorufin. It appears that MIB can modulate the
phase 1 biotransformation pathway of coplanar aromatic hydrocarbons and, as
such, could potentially influence the detoxication (or activation) process of this
class of substances under conditions of co-exposure. No significant effects were
observed on the relative levels of H,0O,in hepatocytes, suggesting that these
compounds do not influence the oxidative metabolism of hepatocytes. Toxic
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thresholds found with the hepatocyte test were one order of magnitude lower than
those found affecting the development of sea urchin embryos (Nakajima et al.
1996) and cytotoxicity to Salmonella typhimurium (Dionigi et al. 1993). However,
in dl cases, the effective concentration to produce an effect far exceeded those
found in aguatic environments with severe muddy off-flavor problems.

Table 1. Effects of Geosmin (GM) and 2-methylisoborneol (MIB) exposure on
rainbow trout hepatocytes.

Effects * GM MIB
TT (mg/L)y TT (mg/L)
Viability nd’ 45
DNA damage 0.45 10
EROD activity nd 45
0.45 54

Vg
(Alkali-labile phosphate)

Hydroxyradical levels nd nd

1. Rainbow trout hepatocytes were exposed to concentrations of GM or MIB for 48 h at 15°C.

2. TT is the toxicity threshold at which a positive effect is observed. TT = (NOEC x LOEC) “where LOEC
is the lowest observable effect concentration and NOEC is the no observable effect concentration.

3. nd : no effect detected at the highest concentration tested, i.e., 1 mg/L for GM and 100 mg/L for MIB.

In view of further results shown in Table 2, we can offer some idea of the relative
hazard posed by GM and MIB. Based on octanol/water partition coefficients, we
can derive bioconcentration factors for GM and MIB in fish (Neely et a. 1974). In
addition, if we extrapolate the concentration of GM and MIB in fish tissues, the
relative hazard index range for GM and MIB is 0.006-0.03 and 8 x 107~ 3 x 107,
respectively. Since these values are < 1, the likelihood of harm toward fish by
these substances would be very low. Although preliminary hazard assessment of
these substances suggests that GM and MIB are relatively harmless following
acute exposure, the long term health risk on fish populations remains to be
evaluated. For example, MIB was found to alter electrocardiograms of trouts at
lower concentrations found in the river (Kawamura et al. 1995). Moreover,
diverse types of interactions (e.g., chronic exposures with other contaminants
throughout the life cycle of organisms and biomagnification) are likely to occur in
an aguatic ecosystem. For example, consumers of zebra mussels could be more
exposed to these substances since these bivalves ingest microorganisms which
produce GM and MIB (Lange and Wittmeyer 1997). Finaly, it is not at all
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improbable that the sublethal effects observed could eventualy lead to long term
(chronic) conseguences at the individua level. Clearly, further investigations will
be required to address these concerns.

Table 2. Preliminary hazard assessment.

Geosmin 2-Methylisoborneol
Octanol /water 3.7 3.1
partition coefficient’
(log K..)
Bioconcentration factor 2.13 1.80
Reported levels in the 20-100 ng/L 25-150 ng/L
St. Lawrence River and the
Grest Lakes
Hazard index’ 0.006-0.03 8 x 107- 3 x 10*

1 .From Pirbazari et a. 1992.

2. From Ridal et al. 1999; Vogel et a. 1997; Palmentier et al. 1998; Brownlee et al. 1984.

3. The index is defined as the derived-concentration in tissues / mean effective concentration of the
compound. A ratio > 1 is considered as potentially harmful. For GM an effective concentration of 0.45 mg/L

was used from the DNA damage and Vg tests (Table 1). For MIB an effective concentration of 32 mg/L was
used which is the average of the TT for DNA damage and V C tests from Table 1.

Acknowledgments. The authors acknowledge research support from the St
Lawrence River Ingtitute Foundation and the Centre Saint-Laurent, Environment
Canada.

REFERENCES

Baks SM, Frazier M (1990) Isolated fish hepatocytes - model systems for
toxicology research. Aquat Toxicol 16: 229-256.

Bester M J, Potgieter H C, Vermaak W J H (1994) Cholate and pH reduce
interference by SDS in the determination of DNA with Hoescht. Anal
Biochem 223: 299-305.

Brownlee BG, Painter DS, Boone RJ (1984) Identification of taste and odour
compounds from western Lake Ontario. Water Poll Res J Canada
19: 111-118.

Dionigi CP, Lawlor TE, Mc Farland JE, Jonhsen PB (1993) Evaluation of
geosmin and 2-methylisobomeol on the histidine dependence of TA98 and
TA100 Salmonella typhimurium tester strains. Wat Res 27: 1615-1618.

178



Gagneé F, Blaise C. (1998) Estrogenic properties of municipal and industrial
wastewaters evaluated by a rapid and sensitive chemoluminescent in situ
hybridization assay (CISH) in rainbow trout hepatocytes. Aquat Toxicol
44: 83-91.

Gerber, NN (1979) Volatile substances from actinomycetes: their role in the
odour pollution of water. Crit Rev Microbiol 7: 91-214.

Gillesby BE, Zacharewski TR (1998) Exoestrogens: mechanisms of action and
strategies for identification and assessment. Environ Toxicol Chem 17:
3-14.

Hahn ME, Woodward BL, Stegeman JJ, Kennedy S (1995) Rapid assessment of
induced cytochrome P4501A (CYP1A) protein and catalytic activity in
fish hepatoma cells grown in multi-well plates. Response to TCDD,
TCDF, and two planar PCBs. Environ Toxicol Chem 15: 582-591.

lzaguirre G, Hwang C., Krasner SW, McGuire MJ (1983) Production of
2-methylisobomeol by two benthic cyanophyta. Wat Sci Tech 15:
211-220.

Kawamura G, Anraku K, Hisatomi Y, Matsuoka T, Motohiro T (1995). Chemical
perception and behavioral response of freshwater fish to 2-
methylisobomeol. Wat Sci Tech 31: 159-164.

Klauning JE, Ruth RJ, Goldblatt PJ (1985) Trout hepatocyte culture: isolation and
primary culture In Vitro Cell Dev Biol 21: 221-228.

Lange CL, Wittmeyer SA (1997) The contribution of zebra mussel (Dreissena
spp.) feces and pseudofeces production taste and odor episodes in the
Niagara River and Lake Erie. In : Zebra mussels and aguatic nuisance
species, F.M. D’lItri editor, Ann Arbor Press, Chelsea MI: 225-243.

Lebel CP, Ischiropoulos H, Bondy S C (1992) Evaluation of the probe 2,7'-
dichlorofluorescin as an indicator of reactive oxygen species formation and
oxidative stress Chem Res Toxicol 5: 227-231.

Monosson E, Fleming WJ, Sullivan CV (1994) Effects of the planar PCB 3,3',4,4'-
tetrachlorobiphenyl (TCB) on ovarian development, plasma levels of sex
steroid hormones and vitellogenin, and progeny surviva in the white perch
(Morone americana). Aquat Toxicol 29: 1-19.

Neely WB, Branson DR, Blau GE (1974) Partition coefficient to measure
bioconcentration potential of organic chemicals in fish. Environ Sci
Technol 8: 1113-1115.

Nakajima M, Ogura T, Kusama Y, lwabuchi N, Imawaka T, Araki A, Sasaki T,
Hirose E, Sunairi M.(1996) Inhibitory effects of odor substances, geosmin
and 2-methylisobomeol, on early development of sea urchins. Wat Res 30:
2508-2511.

Olive PL (1988) DNA precipitation assay: a rapid and simple method for
detecting DNA damage in mammalian cells. Environ Mol Mutagen 11:
487-495.

179



Palmentier FP, Taguchi VY, Jenkins WD, Wang DT, Ngo KP, Robinson D (1998)
The determination of geosmin and 2-methylisobomeol in water using
isotope dilution high resolution mass spectrometry. Wat Res 32: 287-294.

Pelissero C, Fiouriot G, Foucher JL, Bennetau B, Dunogues J, Le Gac F, Sumpter
JP (1993) Vitellogenin synthesis in cultured hepatocytes: an in vitro test
for the estrogenic potency of chemicals. J Steroid Biochem Molec Biol 44:
263-272.

Persson, PE (1988) Odour-us algal cultures in culture collections. Wat Sci Tech
20: 211-213.

Pirbazari M, Borrow HS, Craig S, Ravindran V, McGuire MJ (1992) Physical and
chemical characterization of five earthy-musty-smelling compounds. Wat

Sci Tech 25: 81-88.

Quatermaine LK, Anderson BC (1995) Taste and odours in Kingston's drinking
water: assessment of the problem and potentia solutions. Report to the
public utilities Commission of the City of Kingston, 52 pp.

Ridal JJ, Brownlee B, Lean DRS (1999) Occurrence of the odour compounds,
2-methylisobomeol and geosmin in eastern Lake Ontario and the upper St
Lawrence River. J Great Lakes Res 25: 198-204.

Slater GP, Blok VC (1983) Volatile compounds of the cyanophyceae - A review.
Wat Sci Tech 15: 229-240.

Stanton MG (1968) Caorimetric determination of inorganic phosphate in the
presence of biological material and adenosine triphosphate. Anal Biochem
22: 27-34.

Voge J, Royal E, Snoeyink V (1997) Zebra mussels linked to taste, odour
problems. Opflow (American Water Works Association) 23 : 1-5

Zucker RM, Elstein K H, Easterling RE, Massaro E J (1988) Flow cytometric
analysis of the cellular toxicity of tributyltin. Toxicol Lett 43: 201-208.

180



