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ABSTRACT: Cyanobacteria essentially contribute to the off-flavours of drinking water and freshwater fish. They

are primary nuisance microorganisms and their control in lakes and ponds used for the production of drinking water

and fish farming is expensive. We describe new odour compounds of freshwater cyanobacteria that are fermentation

products and norcarotenoids. These may contribute to the off-flavours frequently observed with cyanobacteria. The fer-

mentation products were represented by 2,3-pentandione, 2,3-hexandione, 2-hydroxy-3-pentanone, 3-hydroxy-2-pentanone,

2-hydroxy-3-hexanone, 3-hydroxy-2-hexanone and 2,3-hexandiol. These compounds are important for odour quality in

microbially-processed dairy food, caused by the metabolism of fungi and heterotrophic bacteria. Their cyanobacterial

synthesis was shown by 13C-labelling, growth kinetics and biotransformation experiments. The labelled mass spectra

of the hydroxyketones showed unequivocally the cyanobacterial rather than bacterial origin of the compounds.

Norcarotenoids of the βββββ-ionone-type (βββββ-ionol, βββββ-ionone-5,6-epoxide, dihydro-βββββ-ionone, dihydro-βββββ-ionol, tetrahydroionone,

4-oxo-βββββ-ionone and 2,4,4-trimethyl-3-(3-oxobutyl)-2-cyclohexen-1-one) were another important group of compounds that

were found in axenic cyanobacterial cultures and a monoxenic culture of Phormidium sp. The results implicate the pres-

ence of further oxygenases in cyanobacteria. Except for tetrahydroionone, the syntheses of the βββββ-ionone derivatives were

established by biotransformation experiments applying the precursor βββββ-ionone. The norcarotenoid 6-methyl-5-hepten-

2-one, which is regarded as a precursor compound of 1,3,3-trimethyl-2,7-dioxabicylo(2,2,1)heptane (TDH), was 13C-labelled,

while TDH did not show any labelling. There is evidence that TDH arises from the analytical procedure and is an

artefact rather than a biogenic compound produced by the cyanobacteria. Copyright © 2005 John Wiley & Sons, Ltd.
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Introduction

Cyanobacteria have been found to be major sources of
off-flavours in drinking water and fish from aquaculture.1

The irregular monoterpene 2-methylisoborneol (2-MIB)
and the irregular sesquiterpene geosmin are primarily
responsible for imparting earthy-musty odours to water
and fish. Consumers can easily detect both compounds in
the pico- to nanomolar concentration range because of
their particularly low odour threshold concentrations.2

Most consumer complaints about drinking water are
caused by these compounds3 and channel catfish that
bioaccumulate these compounds become unacceptable to
consumers, which causes severe economic losses.4,5

Effective managment of surface waters that are sources
of drinking water and are used for aquaculture is neces-
sary to control the development of cyanobacteria. Costly

precautions are necessary to reduce the bloom formation
of planktonic cyanobacteria6 and the formation of
cyanobacteria biofilms in the littoral zone of lakes7 and
exposed canals.8

Many off-flavours other than geosmin and 2-MIB
have been reported to be produced by cyanobacteria.
Lipoxygenase products, such as oct-1-en-3-one and oct-
1-en-3-ol, cause a mushroom-like odour; unsaturated al-
dehydes exhibit a strong, unpleasant rancid odour; and
norcarotenoids, such as β-cyclocitral and β-ionone, give
a more pleasant odour.9 Another group of off-flavour
compounds that can be characterized as catabolites of
amino acids (4-cresol, indol, skatol) has been reported
in natural samples of cyanobacteria,10 but since these
collected samples also contained heterotrophic bacteria,
which organism is actually producing these well known
bacterial fermentation products is still open to question.
Axenic cultures of cyanobacteria and the application of
tracers are both necessary to prove unequivocally the
sources of these compounds.

In this study we describe the formation of new
fermentation products and report on new flavour active
norcarotenoids of cyanobacteria.
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Materials and Methods

Origin and Cultivation of Cyanobacteria

The origin, cultivation conditions and 13C-labelling of the
axenic cyanobacterial strains Calothrix parietina (PCC
6303), Calothrix sp. (PCC 7507), Plectonema notatum

(PCC 6306) and Plectonema sp. (PCC 7410) have been
described recently.11 The 13C-labelled cultures were
analysed for volatile organic compounds (VOCs) after
growth periods of 2 (PCC 7507), 3 (PCC 6306 and 7410)
and 4 months (PCC 6303). The monoxenic cultures
represented by Phormidium sp., Rivularia sp. and
Tolypothrix distorta were isolated from cyanobacterial
biofilms from Lake Zurich (Switzerland). Unlike the
axenic cultures, Rivularia sp. was cultivated in BG 11
medium with a Na2CO3 concentration of 3.8 µM at 24 °C
and 5 µmol/m/s irradiance from fluorescent tubes.

Analysis of VOC

Closed-loop stripping, thermodesorption and analysis by
gas chromatography–mass spectrometry (GC–MS) (Fison
Instruments, GC 8000 Top, MD 800) were performed
as described.12 For separation and identification of the
VOCs, a chemically bound fused silica capillary column
(DB-1301, 30 m × 0.32 mm i.d., film thickness 0.25 µm;
J&W Scientific, Folsom, USA) was used. The pressure of
the carrier gas helium was 50 kPa and the gas flow of the
split 15 ml/min. The GC temperature programme was
4 min at 0 °C and then 5 °C/min to 250 °C. Electron
impact mass spectra (EI–MS) were recorded in the range
m/z 29–550. For positive chemical ionization (PCI), the
electron beam of the MS was set at 350 eV, the detector
voltage at 400 V, and isobutane was used as the reactant
gas. 2-Hydroxy-3-hexanone and 3-hydroxy-2-hexanone
were separated on a capillary column DB-FFAP (30 m ×
0.32 mm i.d., film thickness 0.25 µm; J&W Scientific,
Folsom, USA) according to Schröder and co-workers.13

Production of Hydroxyhexanones by
Biotransformation

Biotransformation of 2,3-hexandione was used to synthe-
size the corresponding hydroxyhexanones. Standing cul-
tures of Plectonema sp. were supplemented with 0.34 mM
2,3-hexandione. After 4 months the cultures were har-
vested, filtered and the hydroxyketones were extracted
with tert-butylmethyl ether (tBME). The ether phase was
dried with anhydrous Na2SO4 and the solvent removed
with a vacuum rotary evaporator at 25 °C. The residue
was dissolved in tBME, diluted 1:100 in MeOH and
purified on a HPLC system [Shimadzu 10AVP system,
with a photodiode array detector and a reversed-phase

column (C-18 Grom-Sil 120 ODS-4 HE, 4.6 × 250 mm,
5 µm particle size; Stagroma, Germany)]. The flow rate
of the solvent was 1 ml/min. The applied solvent gradi-
ent was a linear increase from 50% to 100% MeOH in
15 min. The hydroxyhexanone fraction was eluted using
a retention time of 5.2–5.7 min.

Biotransformation of 2,3-Pentandione and
βββββ-Ionone

2,3-Pentandione (0.4 mM) was added to a standing culture
of Plectonema sp. The VOC analysis by GC–MS was
performed after 4 months. To determine the hydroxypen-
tanones, the ions m/z 45 and m/z 59 were extracted;
3-hexanone (m/z 57) served as internal standard. For
the biotransformation of β-ionone, a 0.093 mM solution
was used in a standing culture of Phormidium sp. For
analysis of the VOC, 0.5 ml of the culture medium
was analysed by GC–MS. To calculate the increase or
decrease of the compounds in the analysed media, the
fragment ions m/z 177 (β-ionone), m/z 119 (β-ionol),
m/z 43 (dihydro-β-ionone), m/z 57 (dihydro-β-ionol) and
m/z 163 (4-oxo-β-ionone) were extracted and integrated;
2-ethylhexanol (m/z 57) served as internal standard.

Growth Kinetics of the Hydroxyhexanones

The formation of 2,3-hexandione and hydroxyhexanones
were determined in a standing culture of Plectonema sp.
The cyanobacterium was cultivated in a 2 l Erlenmeyer
flask containing 1 l of cyanobacterial suspension: 50 ml
of the suspension was removed weekly and analysed by
closed-loop stripping and GC–MS.

Reference Compounds

Standard compounds of β-ionol and dihydro-β-ionol
were obtained upon reduction of β-ionone and dihydro-
β-ionone, respectively, with NaBH4 in ethanol. 4-Oxo-β-
ionone was synthesized after the method of Becher and
co-workers,14 and the tetrahydroionones were synthesized
by hydrogenation of β-ionone with hydrogen over
paladium. 1,3,3-Trimethyl-2,7-dioxabicylo(2,2,1)heptane
(TDH) and dihydro-β-ionone were gifts from Givaudan
(Dübendorf, Switzerland). The sources of the other com-
pounds have been described previously.15

Results

The axenic cyanobacteria Plectonema and Calothrix

formed dense biofilms on the bottom of Erlenmeyer
flasks when grown without shaking. The VOC produced
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molecular ions at m/z 117 were obtained. The EI–MS
were identical to those of 2-hydroxy-3-hexanone and 3-
hydroxy-2-hexanone, published recently.13

The time course of 2,3-hexandione, 2-hydroxy-
3-hexanone and 3-hydroxy-2-hexanone formation in a
standing culture of Plectonema sp. is presented in Fig-
ure 3. In freshly inoculated cultures the concentrations
of VOCs were very low, but after an incubation time of
30 days 2,3-hexandione and hydroxyhexanones were
formed. The capacity of Plectonema sp. to biotrans-
form 2,3-diones to the corresponding hydroxyketones
in a mineral medium was used to produce the latter
compounds, which are commercially unavailable. The
hydroxyhexanones obtained by the biotransformation
experiment were identical to the hydroxyhexanones
observed in the untreated cultures. The low volatility of

Figure 1. EI–MS of 2,3-hexandione isolated from an unlabelled (A) and a 13C-labelled (B) culture of Plectonema sp.

by these biofilms were determined by GC–MS and
compared with reference compounds. In the medium of
both Plectonema strains and C. parietina, the fermenta-
tion products 2,3-pentandione, 2,3-hexandione (Figure 1),
2-hydroxy-3-pentanone (Figure 2A), 3-hydroxy-2-
pentanone (Figure 2B), 2-hydroxy-3-hexanone and
3-hydroxy-2-hexanone were found (Table 1). The
2-hydroxy-3-pentanone and 3-hydroxy-2-pentanone were
eluted with retention times of 13.52 min and 13.86 min,
respectively, and their mass spectra were identical to
those reported in the literature.16,17 In contrast to the
hydroxypentanones, the hydroxyhexanones eluted as a
single peak on the capillary column DB-1301. However,
a base peak separation was achieved on a DB-FFAP cap-
illary column.13 Under EI-ionization mode, the molecular
ions were not visible, but under PCI-ionization quasi-

Figure 2. EI–MS of 3-hydroxy-2-pentanone (A, C) and 2-hydroxy-3-pentanone (B, D) isolated from an unlabelled
and 13C-labelled (C, D) culture of Plectonema sp.
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After an incubation time of 4 months, Plectonema sp.
had produced 3-hydroxy-2-pentanone and 2-hydroxy-
3-pentanone. Interestingly, the fermentation product
2-butanone was found, but 2-butanol and 2,3-butandione
were missing (Table 1).

Phormidium sp. isolated from a cyanobacterial biofilm
in the littoral zone of Lake Zurich was a particularly rich
source of norcarotenoids. Strains of Plectonema and
C. parietina produced a variety of β-ionone derivatives
(Table 1), as did Phormidium sp. Reference and synthe-
sized compounds were used for confirmation of the struc-
tures. A typical gas chromatogram, which was obtained
from a culture of Phormidium sp., is presented in Figure 4.
Dihydro-β-ionol, tetrahydroionone and 4-oxo-β-ionone
were detected by their mass spectra and were confirmed
with reference compounds. In contrast to the compound
obtained by chemical synthesis, only one stereochemical
form of tetrahydroionone was found in the cultures.
2,4,4-Trimethyl-3-(3-oxobutyl)-2-cyclohexen-1-one was
tentatively identified by its similarity to EI–MS data pub-
lished by Pasqual and co-workers.18

Phormidium sp. was used as a biocatalyst to transform
β-ionone into different norcarotenoids (Figure 5). During
growth, the β-ionone concentrations in the culture steadily
decreased, while the concentrations of dihydro-β-ionone

Table 1. Fermentation products and norcarotenoids of filamentous cyanobacteria

VOC M Rt PCC PCC PCC PCC Phormidium T. Rivularia
(min) 6303 7507 6306 7410 sp. distorta sp.

Acetate pathway
2-Butanone 72 6.27 − − − + − − −
2-Pentanone 86 8.72 − − + + − × −
2-Pentanol 88 9.88 − − + + − × −
2,3-Pentandione 100 9.24 + − + + − − −
3-Hydroxy-2-pentanone 102 13.52 + − + + − − −
2-Hydroxy-3-pentanone 102 13.86 + − + + − − −
2,3-Hexandione 114 11.90 + − + + − − −
3-Hydroxy-2-hexanone 116 16.34 + − + + − − −
2-Hydroxy-3-hexanone 116 16.34 + − + + − − −
2,3-Hexandiol 118 20.17 ×

Isoprenoid pathway
6-Methyl-5-hepten-2-one 126 18.69 + + + × × ×
6-Methyl-5-hepten-2-ol 128 19.26 + + + − − −
2,6,6-Trimethylcyclohexanone 140 19.77 + − + + − − ×
TDH 142 15.41 0 0 0 0 × −
β-Cyclocitral 152 26.45 + − + + − − ×
β-Cyclogeraniol 154 26.12 − − + + − − −
2-Hydroxy-2,6,6-trimethylcyclo-hexan-1-one 156 23.31 + − + + × − ×
Dihydroactinidiolide 180 36.69 + − + + × × ×
β-Ionone 192 33.97 + − + + × × ×
Dihydro-β-ionone 194 32.61 + − + + × − ×
Dihydro-β-ionol 196 32.76 − − × × × − −
Tetrahydroionone 196 32.52 − − − − × − −
β-Ionone-5,6-epoxide 208 34.36 + + + + × × ×
4-Oxo-β-ionone 206 39.69 − − × × × − −
2,4,4-Trimethyl-3-(3-oxobutyl)-2-cyclohexen-1-one 208 40.10 − − − − × − −

The axenic cultures (Calothrix, PCC 6303, PCC 7507; and Plectonema, PCC 7410, PCC 6306) were 13C-labelled. VOCs showing 13C-labelling are indicated
by (+) and no labelling by (0). For monoxenic cultures of Phormidium sp., Rivularia sp. and T. distorta and unlabelled axenic cultures, VOCs are indicated
by an (×). If VOCs were not detected, this is indicated by (−). M, molecular mass; Rt, retention time on a DB-1301 capillary column.

Figure 3. Formation of 2,3-hexandione (m/z 71),
2-hydroxy-3-hexanone (m/z 45) and 3-hydroxy-2-
hexanone (m/z 73) in a standing culture of Plectonema
sp.

the diols did not allow the separation of 2,3-hexandiol by
closed-loop stripping, but this compound was found in
the tBME extract of the medium of the biotransformed
culture. A similar biotransformation experiment demon-
strated the formation of both ketols from 2,3-pentandione.
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Figure 4. Gas chromatogram of VOCs isolated from a culture of Phormidium sp. (1, tetrahydroionone; 2, dihydro-
β-ionone; 3, dihydro-β-ionol; 4, E-geranylacetone; 5, β-ionone; 6, β-ionone-5,6-epoxide)

Figure 5. Kinetics of β-ionone and its biotransforma-
tion products in a culture of Phormidium sp.

TDH was present in varying amounts in the standing
culture of Plectonema sp., while the concentrations of 6-
methyl-5-hepten-2-one and 6-methyl-5-hepten-2-ol (data
not shown) increased. This was in contrast to the results
observed in the biotransformation experiment with the
Phormidium sp. cultures. Neither TDH nor 6-methyl-5-
hepten-2-one accumulated. In addition, the corresponding
alcohol, 6-methyl-5-hepten-2-ol, was not present. In the
13C-labelling experiment of the Calothrix sp. culture,
6-methyl-5-hepten-2-one was not labelled. This indicates
that this compound may not necessarily be of biogenic
origin but could also be introduced from unknown
anthropogenic sources (Table 1).

Discussion

In this study we focused on the VOC analysis of differ-
ent strains of filamentous cyanobacteria forming biofilms
in the littoral zone of freshwater lakes. We describe for
the first time fermentation products, e.g. hydroxyketones,
and a number of norcarotenoids as new compounds in
cyanobacteria. Hydroxyketones have been reported pre-
viously in the metabolism of bacteria and fungi. Using
labelled axenic cultures of cyanobacteria, we proved
unequivocally that these photoautotrophic microorganisms
are producers of hydroxyketones. Heterotrophic micro-
organisms, which are frequently regarded as potential
sources of such fermentation products, are ruled out by
these experiments. This is ecologically important because
of the occurrence of heterotrophic microorganisms in
natural cyanobacterial biofilms. Further, we demonstrated
the capacity of cyanobacteria to synthesize hydroxy-
ketones in the light. We assume their formation is an
analogue reaction (α-acetolactic acid to acetoin), as
described for lactic acid bacteria.19 In our investigations
the cyanobacteria released hydroxyketones with a chain

and β-ionone-5,6-epoxide increased. β-Ionol, dihydro-β-
ionol, 4-oxo-β-ionone and 2,4,4-trimethyl-3-(3-oxobutyl)-
2-cyclohexen-1-one were present, but did not accumulate
to higher concentrations.

The gas chromatograms obtained from the analysed
cyanobacterial cultures indicated that, in addition to
cyanobacterial VOCs, compounds that were typical con-
taminants and artefacts were present. To demonstrate the
biogenic origin of the compounds, 13C-labelling experi-
ments were performed. Cyanobacteria take up hydrogen
carbonate (H13CO3

−) by photosynthesis, incorporate the
13C into their metabolites and release 13C-labelled VOCs.
Except for the natural 13C-ratio, compounds of anthro-
pogenic sources should be free of any labelling. Strongly
13C-labelled VOCs (Table 1), such as the 2,3-diketones
(Figure 1), the hydroxyketones (Figure 2) and the
norcarotenoids (Figure 6), were obtained but TDH exhib-
ited no labelling (Figure 6).
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Recently, the ecological role of hydroxyketones
as infochemicals has been established. Sakai and co-
workers27 described for the first time 2-(S)-hydroxy-
3-octanone and 2-(S)-3-(R)-octandiol as components
of the sexual pheromone of the grape borer (family
Cerambycidae). 3-(R)-Hydroxy-2-hexanone was dis-
covered as a male sexual pheromone in the old house
borer, Hylotrupes bajulus,13,28 and the longhorn beetle,
Anaglyptus subfasciatus.29 Further components of the
sexual pheromones of these beetles were 2,3-hexandione
and 2-(S)-3-(R)-hexandiol.12,27 Since insect larvae popu-
late the cyanobacterial biofilms in high densities under
natural conditions, these compounds may be responsible
for the observed attractions of mosquitos to cyano-
bacterial biofilms.30

Norcarotenoids are another important group of odour
compounds released by cyanobacteria. They are degrada-
tion products of carotenes and carotenoids, and carotene
oxyenases are responsible for their formation. Cyano-
bacteria have been shown to be a rich source of these
norcarotenoids.11 The oxygenase reaction was first
described in the cyanobacterium Microcystis. The enzyme
catalysed the cleavage reaction of β-carotene to β-
cyclocitral and crocetindial.31 The present study extends
the spectrum of norcarotenoids that cyanobacteria
can synthesize. We particularly observed derivatives
of β-ionone by combinations of different oxygenation

Figure 6. EI–MS of 6-methyl-5-hepten-2-one (A1, B1) and TDH (A2, B2). EI–MS of A1 and A2 are isolated from the
same unlabelled and B1 and B2 from the 13C-labelled culture of Plectonema sp.

length of five and six carbon atoms in their growth
medium, but interestingly, acetoin was not found.
Hydroxyketones have been analysed in the flavours of
fermented food, particularly, in wine,20 beer,21 yoghurt,22

etc. and contribute essentially to the odour quality of
dairy food. For example, hydroxypentanones smell
similar to butter, caramel and hay, while hydroxyhexan-
ones exhibit earthy, mushroom- and hay-like odour
qualities.23

In dairy products, hydroxyketones are accompanied
by their corresponding 2,3-diketones, which contribute to
the flavour. In the cyanobacterial cultures investigated,
we also found these compounds but there was no accu-
mulation of the 2,3-diketones. This can be explained by
the results of the biotransformation experiment, which
showed an efficient reduction of 2,3-diketones to the
corresponding hydroxyketones in the presence of light.
In fungi and microorganisms this process is catalysed
by alcohol dehydrogenase24 and/or diacetyl reductase.25

Alcohol dehydrogenase is thought to exist in cyanobac-
teria.26 A further reduction to 2,3-hexandiol was also
found in the biotransformation experiments. However,
the reduction can not be catalysed by either of the two
enzymes mentioned above. A glycerol dehydrogenase
was found to be responsible for such a transformation
in Saccharomyces cerevisiae24 and, therefore, a similar
enzyme may exist in cyanobacteria.
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reactions. Recently, the existence of β-ionone oxygenase
was shown in higher plants also.32 Our results demon-
strate the biological synthesis of norcarotenoids, in con-
trast to their abiotic formation induced by heat and
light.33 In general, ionones exhibit pleasant odours and
they are found in many flowers, such as Osmanthus

fragrans and species of Rosa and Viola.34 Therefore, they
are important and widely used in industrial produc-
tion. However, their ecological role has not been well
established.

We studied the origin of the 6-methyl-5-hepten-2-
one and TDH in more detail. Both norcarotenoids are
derived from oxygenation reactions of straight-chain
carotenes. 6-Methyl-5-hepten-2-one was first described as
a metabolite in fungi, but was subsequently detected in
nearly every VOC analysis of plant matter. In addition,
it was also found in the pheromones of insects. TDH
was first described as a mandibular gland constituent in
ants.35 Subsequently it was described as a constituent
of the Granny Smith apple aroma, and 6-methyl-5-
hepten-2-one was proposed as a potential precursor.36

Since TDH was never 13C-labelled in our labelling
experiments while 6-methyl-5-hepten-2-one was labelled,
we regard this compound as an artefact of the analytical
procedure, rather than as a biogenic compound. The
occurrence of organic compounds with biogenic struc-
tures in biological matter does not demonstrate a biogenic
origin per se.

Odour problems in drinking water frequently occur
in episodes which, in most cases when biogenic sources
are involved, coincide with the mass development of
cyanobacteria in the water body from which the raw
water is taken. In many cases sensory and chemical
analyses have demonstrated a close connection between
consumer complaints and the occurrence of geosmin.37

Other odour compounds with different odour qualities
have also been described and were applied to an odour
wheel to facillitate the description of odours observed
in water.38 While derivatives and isomers of geosmin and
2-MIB have not been reported to date, these other odour
compounds occur in complex mixtures representing
different homologues, isomers and enantiomers. The large
number of compounds observed in the chromatograms do
not allow a particular compound to be traced readily as
the source of the odour quality observed.

The same is valid for freshwater fish, which can take
up excreted cyanobacterial odour compounds from the
water or incorporate them as biomass-bound odour com-
pounds through bioaccumulation. The basic investigation
by Yurkowski and Tabachek39 demonstrated the import-
ance of cyanobacteria for the musty-earthy odour of
freshwater fish.40 In aquaculture particularly, where high
densities of phytoplankton are observed, off-flavours
have been reported to taint channel catfish,4 trout41

and Nile tilapia.42 Frequently, geosmin and 2-MIB were
determined to be the causative agents, but other, as yet

unknown compounds were also obviously present in the
fish flesh.

The odour compounds of cyanobacteria described for
the first time in this investigation can behave in a simi-
lar way to geosmin and can enter the bioaccumulation
pathway. There are reports that fish become tainted under
various environmental conditions, but the reponsible com-
pounds have yet to be determined. The new odour com-
pounds of this investigation should be included in such a
search for the causative agents.

Acknowledgements—We thank Dr M. Gautschi, Givaudan Dubendorf
Ltd, Dübendorf, Switzerland, for the standard compound of 1,3,3-
trimethyl-2,7-dioxabicyclo(2,2,1)heptane (TDH); Dr R. Rippka (Institute
Pasteur, Paris, France) for the cultures of the axenic cyanobacteria; Dr
F. Schanz for the determination of the benthic cyanobacteria of Lake
Zurich; and Dr B. Handley for the English correction of the manuscript.
We acknowledge E. Loher for technical assistance and synthesis of the
β-ionone derivatives. This work was in part supported by the National
Science Foundation, Bern, Switzerland.

References

1. Wnorowski AU. Water SA (South Africa). 1992; 18: 203–214.
2. Persson PE. Water Res. 1980; 14: 1113–1118.
3. McGuire MJ. Water Sci. Technol. 1995; 31: 1–8.
4. Johnsen PB, Dionigi CP. J. Appl. Aquacult. 2003; 8: 141–161.
5. King JM, Dew T. Off-Flavors in Aquaculture. ACS Symp Ser.

2003; 848: 31–43.
6. Smith VH, Sieber-Denlinger J, de Noyelles F et al. Lake Reserv.

Manag. 2002; 18: 319–323.
7. Izaguirre G, Hwang CJ, Krasner SW, McGuire MJ. Appl. Environ.

Microbiol. 1982; 43: 708–714.
8. Izaguirre G, Taylor WD. Water Sci. Technol. 1995; 31: 41–48.
9. Jüttner F. In The Cyanobacteria, Volatile organic substances,

Fay P, Van Baalen C (eds). Elsevier Science: Amsterdam, 1987;
453–469.

10. Tsuchiya Y, Shudo K, Okamoto T. Eisei Kagaku. 1979; 25: 216–
220.

11. Höckelmann C, Jüttner F. Water Sci. Technol. 2004; 49(9): 47–54.
12. Jüttner F. In Methods in Enzymology. Quantitative Trace Analysis

of Volatile Organic Compounds, Packer L, Glazer AN (eds).
Academic Press: San Diego, 1988; 167: 609–616.

13. Schröder F, Fettköther R, Noldt U et al. Liebigs Ann. Chem. 1994;
12: 1211–1218.

14. Becher E, Albrecht R, Bernhard K et al. Helv. Chim. Acta 1981;
64: 2419–2435.

15. Jüttner F, Höflacher B, Wurster K. J. Phycol. 1986; 22: 169–175.
16. Tressel R, Bahri D, Holzer M, Kossa T. J. Agric. Food Chem.

1977; 25: 459–463.
17. Graddon A, Morrison J, Smith J. J. Agric. Food Chem. 1979; 27:

832–837.
18. Pasqual A, Bischofberger N, Frei B, Jeger O. Helv. Chim. Acta

1988; 71: 374–388.
19. Ramos A, Neves AR, Santos H. Antonie Van Leeuwenhoek 2002;

82: 249–261.
20. De Revel G, Bertrand A. In Dicarbonyl compounds and their

reduction products in wine. Identification of wine aldehydes.
Trends in Flavor Research: Proceedings of the 7th Weurman

Flavor Research Symposium, Maarse H, Van der Heij G (eds).
Elsevier Science: Amsterdam, 1993; 353–361.

21. Landaud S, Lieben P, Picque D. J. Inst. Brew. 1998; 104: 93–99.
22. Ott A, Germond JE, Baumgartner M, Chaintreau A. J. Agric.

Food Chem. 1999; 47(6): 2379–2385.
23. Neuser F, Zorn H, Berger RG. J. Agric. Food Chem. 2000; 48:

6191–6195.
24. Besse P, Bolte J, Fauve A, Veschambre H. Bioorg. Chem. 1993;

21: 342–353.
25. Heidlas J, Tressl R. Eur. J. Biochem. 1990; 188: 165–174.



394 C HÖCKELMANN AND F. JÜTTNER

Copyright © 2005 John Wiley & Sons, Ltd. Flavour Fragr. J. 2005; 20: 387–394

26. Jüttner F, Hans R. Appl. Microbiol. Biotechnol. 1986; 25: 52–54.
27. Sakai T, Nakagawa Y, Takahashi J, Iwabuchi K, Ishii K. Chem.

Lett. 1984; 84: 263–264.
28. Fettköther R, Dettner K, Schröder F et al. Experientia 1995; 51:

270–277.
29. Leal WS, Shi XW, Nakamuta K, Ono M, Meinwald J. Proc. Natl

Acad. Sci. USA 1995; 92: 1038–1042.
30. Rejmankova E, Higashi RM, Roberts DR, Lege M, Andre RG.

Aquat Ecol. 2000; 34: 413–420.
31. Jüttner F, Höflacher B. Arch. Microbiol. 1985; 141: 337–343.
32. Fleischmann P, Watanabe N, Winterhalter P. Phytochemistry

2003; 63: 131–137.
33. Kawakami M, Kobayashi A. In Carotenoid-derived aroma

compounds in tea. Carotenoid-derived Aroma Compounds,
Winterhalter P, Rouseff RL (eds). American Chemical Society:
Washington, DC, 2002; 145–159.

34. Kaiser R. In Carotenoid-derived aroma compounds in flower
scents. Carotenoid-derived Aroma Compounds, Winterhalte P,
Rouseff RL (eds). The American Chemical Society: Washington,
DC, 2002; 160–182.

35. Cavill GWK, Robertson PL, Brophy JJ et al. Insect Biochem.
1984; 14: 505–513.

36. Stanley G, Algie JE, Brophy JJ. Chem. Ind. 1986; 16: 556–556.
37. Bruchet A. Water Sci. Technol. 1999; 40: 15–21.
38. Suffet IH, Khiari D, Bruchet A. Water Sci. Technol. 1999; 40:

1–13.
39. Yurkowski M, Tabachek JAL. Can. J. Fish Aquat. Sci. 1980; 37:

1449–1450.
40. Persson PE. Finn. Fish Res. 1981; 4: 1–13.
41. Robertson RF, Lawton LA. ACS Symp. Ser. 2003; 848: 55–68.
42. Yamprayoon J, Noomhorm A. ACS Symp. Ser. 2003; 848:

235–245.


