
MINI-REVIEW

U. Krings á R. G. Berger

Biotechnological production of ¯avours and fragrances

Received: 27 May 1997 / Received revision: 25 September 1997 /Accepted: 28 September 1997

Abstract The biotechnological generation of natural
aroma compounds is rapidly expanding. Aroma chemi-
cals, such as vanillin, benzaldehyde (bitter almond,
cherry) and 4-(R)-decanolide (fruity±fatty) are marketed
on a scale of several thousand tons per year. Their
possible production by single-step biotransformations,
bioconversions and de novo synthesis using microor-
ganisms, plant cells or isolated enzymes is shown. The
perspectives of bioprocesses for the oxifunctionalisation
of lower terpenes by genetically modi®ed organisms and
economic aspects are discussed.

Introduction

Food-processing operations, from premature harvesting
to extended storage and physical treatments, may cause
a loss of aroma (volatile ¯avour) that calls for subse-
quent supplementation. In addition, the steadily in-
creasing market for ¯avours forces suppliers to search
for alternative sources. The conventional routes of
chemical synthesis or isolation from plants are still via-
ble, but the biotechnological generation of aroma com-
pounds is becoming increasingly attractive. Duplicating
plant secondary metabolism in microbial systems (``fer-
mentative processes'') leads to aroma compounds that
are classi®ed as natural by the European and US food
legislation. This label represents a strong marketing
advantage.

History

Since the advent of beer, wine, cheese, soy sauce, and
related fermented products, microbial processes have
traditionally played an integral role in the development

of complex mixtures of food aromas. These very roots of
modern biotechnology have evolved from artisan levels
into major industries. More than 150 years ago, benz-
aldehyde was the ®rst ¯avour compound identi®ed
(Liebig and WoÈ hler 1837). The isolation, identi®cation,
and synthesis of vanillin marked the beginnings of the
modern ¯avour industry (Tiemann and Haarmann 1874;
Reimer and Tiemann 1876). However, the ®rst review of
microbial ¯avours did not appear until 1923 (Omelianski
1923). Starting in the early 1950s the replacement of
classical organic methods of analysis (Birkinshaw and
Morgan 1950) by the emerging gas chromatography
facilitated the separation and structural elucidation of
volatile compounds. Since then, many reviews address-
ing the production of ¯avour and fragrance chemicals by
microorganisms have been published (Armstrong et al.
1993; Berger 1996, 1995a; Bigelis 1992; EÂ tieÂ vant and
Schreier 1995; Feron et al. 1996; Gabelman 1994; Gat-
®eld 1996, 1995b; Hagedorn and Kaphammer 1994;
Janssens et al. 1992; Krings et al. 1995; Maarse and van
der Heij 1994; Takeoka et al. 1995; Tyrrell 1995; Win-
terhalter and Schreier 1993). Earlier research concen-
trated on screening microorganisms and the aroma
compounds generated. Contemporary microbiological
techniques, including genetic engineering, are now in-
creasingly applied to enhance the e�ciency of the bio-
catalyst.

The size of the ¯avour and fragrance industry world-
wide is considerable, estimated at US $9.7 billion in 1994
(Somogyi 1996). Whereas about 6400 natural volatiles
and about 10 000 synthetic fragrance compounds are
known, only a few hundred are regularly used in ¯a-
vours and fragrances, and only around 400 aroma
chemicals are manufactured on a scale greater than 1 ton
per annum. Thousands of tons per year of non-volatile
¯avours, such as sweeteners, acidulants, and savoury
compounds, are produced by means of biotechnology,
while bioprocesses for volatile ¯avours have emerged
only recently (Hagedorn and Kaphammer 1994). Tech-
nical-scale processes are operating for some aliphatic
alkenols and carbonyls, carboxylic and benzoic esters
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including lactones, vanillin, and certain specialities
(Cheetham 1996).

Why novel biotechnology of aromas?

The growing market share of ¯avoured and fragranced
products (convenience food, beverages, cosmetics, de-
tergents) requires novel strategies for aroma chemicals.
Nearly 80% of the ¯avours and fragrances used world-
wide are produced chemically. However, about 70% of
all food ¯avours used in Germany in 1990 were natural
(Abraham et al. 1994b). This trend is attributed to in-
creasing health- and nutrition-conscious lifestyles
(Armstrong and Yamazaki 1986). Thus, the label ``nat-
ural'' is important for the pro®tability of microbiologi-
cally produced ¯avours. The di�erence in price of a
natural compound and its chemically synthesised coun-
terpart can be considerable, for example U.S. $12 kg)1

for synthetic vanillin and about $4000 kg)1 for vanillin
extracted from vanilla pods (Feron et al. 1996).

The biotechnological approach implies additional
advantages. Flavours are bioactive compounds, and the
known e�ects of chirality on odour perception suggest
the use of biocatalysts (Fig. 1). Further advantages as-
sociated with the biotechnological principle are:

Independence from agriculture and possible shortages
caused by local conditions of production (climate, dis-
eases, pesticides, fertilisers, trade restrictions, socio-po-
litical instabilities)
Ability for scaled-up and industrial-scale production
using engineered pathways, up-regulated metabolisms,
and gentle product recovery to create an inexhaustible
source of homogenous, well-de®ned product
Responsible care of natural resources in developing
countries.

Metabolic pathways to target aroma compounds

Essential oils of higher plants, fruit juices, vegetable
extracts, and a very few products of animal origin
(amber, musk, zibet) were, for a long time, the sole

sources of natural ¯avours. Biotechnological options
comprise single-step biotransformations, bioconversions
and de novo synthesis with microorganisms, plant cells
and enzymes. Whole cells should be used for complex
targets or product mixtures, whereas isolated enzymes
are able to carry out single-step processes. Among
microorganisms, the genuine volatile spectrum of fungi,
especially of basidiomycetes, is closest to the fascinating
diversity of plant volatiles. Meanwhile, many of the
fungal volatiles have been identi®ed and are structurally
identical to the character-impact components of higher
plant ¯avours (Table 1).

De novo synthesis

Whole cells catabolise carbohydrates, fats and proteins,
and further convert the breakdown products to more
complex ¯avour molecules, a property that is tradi-
tionally used during the production of fermented foods
with their amazing number of aroma chemicals (Engels
and Visser 1994; Imhof and Bosset 1994; Jeon 1994;
Hamada et al. 1991; Maarse 1991; Pinches 1994).
Common starter cultures produce primary metabolites
in considerable amounts, but only traces of more com-
plex aroma chemicals. For example, very e�cient lactic
acid producers contribute to dairy ¯avours. Small
amounts of chemically quite di�erent volatile ¯avours,
such as short-chain alcohols, aldehydes, ketones, methyl
ketones and acids as well as pyrazines, lactones and
thiols are formed concurrently (Cogan 1995; Imhof and
Bosset 1994). Rapid and continuous lactic acid forma-
tion should now be taken for granted, and more atten-
tion should be paid to starter cultures with enhanced
¯avour potential. However, an immediate improvement
is often prevented by a lack of metabolic knowledge.

Biotransformation/bioconversion

Inexpensive, readily available and renewable natural
precursors, such as fatty or amino acids, can be con-
verted to more highly valued ¯avours. Biocatalysis

O

Nootkatone

(4R,5S,7R)-(+) : Odour threshold 0.6-1.0 ppm

(4S,5R,7S)-(-) : Odour threshold 400-800 ppm

O

O

4-Decanolide

(R)-(+) : Odour threshold 1.5 ppb

(S)-(-) : Odour threshold 5.6 ppb

Fig. 1 Odour threshold dif-
ferences of enantiomers
(Bernreuther et al. 1997)
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competes best with chemical catalysis in the following
types of reactions:

Introduction of chirality
Functionalisation of chemically inert carbons
Selective modi®cations of one functional group in
multifunctional molecules
Resolution of racemates.

Monoterpenes

Monoterpenes, widely distributed in nature (more than
400 structures), constitute suitable precursor substrates.
Soil bacteria and ®lamentous fungi transform acyclic,
monocyclic, and bicyclic monoterpenoids. Reviews of

isoprenoid biosynthesis, de novo generation and op-
portunities for microbial biotransformation were pub-
lished recently (Breheret et al. 1997; McCaskill and
Croteau 1996; Seitz 1994; Van der Werf et al. 1996).
Most of the monoterpene biotransformation studies
described so far have been of more academic than
practical value, and no monoterpene biotransformation
process has been commercialised yet. Major problems
encountered are:

Chemically instability of both precursor (monoterpene)
and product (terpenoid)
Low water solubility of the monoterpene precursors
High volatility of both precursor and product
High cytotoxicity of both precursor and product
Low transformation rate.

Table 1 Aroma compounds with impact character generated by microorganisms

Character impact compound Species (selection) References

Fungi
Vanillin Pycnoporous cinnabarinus Falconnier et al. 1994
Benzaldehyde Ischnoderma benzoinum Fabre et al. 1996
4-Methoxybenzaldehyde Ischnoderma benzoinum Fabre et al. 1996
Methyl anthranilate Pycnoporous cinnabarinus Falconnier et al. 1994

Trametes sp. Page et al. 1989
4-(4-Hydroxyphenyl)-2-butanone Nidula niveo-tomentosa Ayer and Singer 1980
Methyl salicylate Phellinus sp. Welsh 1994; Manley 1994
Methyl benzoate, ethyl benzoate Polyporus tuberaster, Phellinus sp. Kawabe and Morita 1993
2-Phenylethanol Ascoidea hylecoeti Berger 1995a
Oakmoss volatiles Polyporus sp. Abraham et al. 1994a
Lenthionin Lentinus edodes Yasumoto et al. 1974
1-Octen-3-ol, 1-octen-3-one Lentinus edodes, Grifola frondosa,

Pleurotus pulmonarius
Amstrong and Brown 1994;
Assaf et al. 1995

Citronellol Mycena pura Krings et al. 1995
Linalool Wol®poria cocos Krings et al. 1995
Coumarins Pleurotus euosmus Berger 1995a
Methyl ketones Aspergillus niger, Penicillium sp.,

Aureobasidium pullulans
Hagedorn and Kaphammer 1994;
Armstrong and Brown 1994

Pyrazines Aspergillus sp. Seitz 1994
Lactones See Fig. 3
Long-chain fatty acids esters Rhizopus arrhizus Armstrong and Brown 1994
Jasmonates Botryodipoldia theobromae,

Gibberella fujikurio
Miersch et al. 1993; Broadbent et al. 1968

Sulphur-containing volatiles Marasmius alliaceus Rapior et al. 1997

Yeast
Furaneol Zygosaccharomyces rouxii Hecquet et al. 1996
Lactones See Fig. 3
Macrolytic lactones Torulopsis bombicola Je�coat and Willis 1988
Phenylethanol and esters Kluyveromyces sp. Welsh 1994
Citronellol, geraniol, linalool Kluyveromyces lactis Welsh 1994

Bacteria
Diacetyl Lactobacillus lactis Cheetham 1996
Short-chain fatty acids Acetobacter aceti,

Gluconobacter oxydans,
Propionibacterium sp.,
Clostridium sp., Fusarium sp.

Sharpell and Stemann 1979

Methyl ketones Pseudomonas oleovorans Armstrong and Brown 1994
Geosmin Streptomyces citreus Pollak and Berger 1996
Pyrazines Bacillus sp., Penicillium sp.,

Pseudomonas sp.
Manley 1994

2-Acetyl-1-pyrroline Bacillus cereus Romanczyk et al. 1995
Nootkatone Soil bacteria Latrasse et al. 1985

Enterobacteriaceae Janssens et al. 1992
Borneol, isoborneol Pseudomonas pseudomallei Janssens et al. 1992
b-Ionone Xanthine oxidase Bosser and Belin 1994
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Higher terpenes/terpenoids

The cytotoxicity of the terpene precursor was a minor
problem in some higher terpenoid biotransformations,
and transformation rates and product yields increased
accordingly. For example, patchouli alcohol was regio-
selectively hydroxylated by a soil isolate to 10-hy-
droxypatchoulol with a product yield of less than
1.2 g l)1 in a 5-l fermentation. 10-Hydroxypatchoulol
was then converted chemically to norpatchoulenol, the
impact component of patchouli essential oil (Suhara
et al. 1981). The bioconversion of b-ionone by several
fungi yielded tobacco ¯avourings, and sclareolide and
ambrox were generated with Cryptococcus for perfumery
applications using sclareol as the precursor (Cheetham
1993; Farbood et al. 1990a). The latter examples dem-
onstrate the usefulness of biotransformations in the ®eld
of perfumery and tobacco ¯avourings (Cheetham 1996;
Berger 1995a; Seitz 1994; Kieslich et al. 1985).

Vanillin

Vanillin, the most universally appreciated aroma chem-
ical, occurs in the bean of Vanilla planifolia at a level of
about 2% by weight. At present, only 0.2% of the world
¯avour market (20 t year)1 out of 12 000 t year)1 world-
wide) are extracted from the botanical source, whereas
the remainder is of synthetic origin (Berger 1995a).
Limited supply and the high price of the phytochemical
stimulated research for a biotechnological substitution
(Audras and More 1996; Cooper 1987; Gross et al. 1991;
Sahai and Knuth 1985; Labuda et al. 1994, 1992; Lesage-
Meessen et al. 1996; Rabenhorst 1991). Neither de novo
routes in plant cell cultures of Vanilla nor those in bac-
teria or fungi a�ord anything like acceptable yields. The

precursor approach holds more promise. Several starting
materials appear to be suitable including lignin, eugenol,
ferulic acid, curcumin and benzoe siam resin (Benz and
Muheim 1996). Turnover rates of less than 30% and
production levels below 1 g l)1 have been reported.
Again the toxicity of both the precursor and the product,
as well as product degradation in the course of fermen-
tation, prevented a better yield.

Benzaldehyde

In quantity, benzaldehyde is the second most important
¯avour molecule after vanillin. Natural benzaldehyde is
usually liberated from amygdalin, a cyanogenic glyco-
side present in fruit kernels, and is used as a key ingre-
dient in cherry and other natural fruit ¯avours. The
concurrent generation of equimolar amounts of hydro-
cyanic acid causes major safety problems. The microbial
degradation of natural phenylalanine o�ers an alterna-
tive. This process is aided by a plentiful cheap supply of
natural L-phenylalanine, which has become available as
an intermediate of the synthesis of the high-intensity
sweetener, aspartame (Cheetham 1996).

Research on the microbial metabolism of L-phenyl-
alanine to avoid side-reactions would increase the bio-
conversion e�ciency. The metabolic pathways of
submerged cultured Ischnoderma benzoinum, a basidio-
mycete, were elucidate using ring-labelled deutero-
L-phenylalanine (Krings et al. 1996). In this study
phenylalanine was almost completely converted to the
¯avour compounds benzaldehyde and 3-phenylpropanol
(¯owery, rose-like) following two di�erent degradation
pathways (Fig. 2). The oxidative degradation pathway
to benzaldehyde was also found in bacteria and subse-
quently patented (Geusz and Anderson 1991).

COOH

NH2

COOH COOH CHOCOOH

CHO

O

CH OH2 COOH COOH COOHOHO
CHO

CO2

CO2

CH OH2

1 2

OH

D4/5

Fig. 2 Degradation pathway of
L-phenylalanine by I. benzoinum
derived from the identi®cation
of labelled degradation products
(modi®ed from Krings
et al. 1996)
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Pathways to 4-decanolide

Lactones are ubiquitous volatile ¯avours. The impor-
tance of aliphatic 4- and 5-alkanolides as food ¯avours is
based on their characteristic sensory properties (Gat®eld
1996). 4-Decanolide is an impact component in a num-
ber of fruits, such as strawberries, peaches and apricots,
and also in milk products and some fermented foods. It
is produced in plants in minute amounts and therefore
one of the prime research targets (Fig. 3). After a bio-
process was established in the early 1980s, the price for
natural 4-decanolide decreased from U.S. $20 000 kg)1

to $1200 kg)1 (Feron et al. 1996). Generally, microbial
lactones are produced by the b-oxidation of hydroxy
fatty acids. The position and stereochemical orientation
of the hydroxy group in the natural precursor determine
which particular lactone will be produced. This type of
process can typically result in product concentrations of
above 5 g l)1 (Cheetham 1993; Meyer 1993; Nozaki and
Yamaguchi 1994).

Isolated enzymes

Upward of 3000 enzymes have been described in the
literature, but there are probably a few hundred only
that are commercially available, and only 20 are avail-
able in amounts suitable for use in commercial processes
(Armstrong and Brown 1994). Lipases, esterases, pro-
teases, nucleases and various glycosidases aid ¯avour-
extraction processes, and directly hydrolyse ¯avour
molecules from larger progenitors. A good example of
reversed lipolysis is the esteri®cation reaction in non-
aqueous systems using lipases (Gat®eld 1992; Gillies
et al. 1987; Langrand et al. 1990). These cofactor-inde-

pendent enzymes have shown potential for use in stereo-
and regiospeci®c hydrolyses and transesteri®cations to
yield optically pure aliphatic and aromatic esters and
lactones (Armstrong and Brown 1994; Gat®eld 1996).
Lipoxygenases are essential components of the oxylipin
pathway, converting unsaturated fatty acids, among
others, into ¯avours, such as (Z)-3-hexenol and (E)-2-
hexenal (Hatanaka 1993; Hsieh 1994; Nishiba et al.
1995; Whitehead et al. 1995). Soy lipoxygenase oxidises
unsaturated fatty acids to the corresponding hydroper-
oxides, which can then be reduced to hydroxy fatty ac-
ids; subsequent microbial chain-shortening converts the
latter into lactones (Cardillo et al. 1991).

Perspectives of biotechnological processes
for aroma compounds

A current research project of the European Community
(BIO4-CT950049) applies genetic engineering to trans-
form monoterpene hydrocarbons to oxifunctionalised
products with stronger odour/bioactivity. A Pseudo-
monas putida wild strain was chosen as a host for the
introduction of genes encoding terpene-converting en-
zymes (Van der Werf et al. 1996).

Another envisaged use of genetic modi®cation is the
removal of diacetyl (buttery o�-¯avour) from beer.
Supplementing yeast with the gene encoding a-aceto-
lactate decarboxylase would eliminate the formation of
the immediate precursor of diacetyl, and the time-con-
suming post-fermentation (``lagering'') would no longer
be required (Gabelman 1994). A similar ``single-gene''
approach aims to supplement wine yeast with the ma-
lolactic enzyme. This would decrease the acidity of the
wine and could contribute to an improvement in the

12-Hydroxy-(Z)-9-octadecanoic

De novo

4-Decanolide

Triacylglycerols
Free fatty acids

Hydroxy fatty acids

acid (Lesquerolic acid)

Cheese2-Decen-4-olide
3-decen-4-olide

Sporobolomyces odorus (1)
Rhodotorula glutins (2)
Aspergillus oryzae (3)
Geotrichum klebahnii (3)
Yarrowia lipolytica (3)
Saccharomyces sp. (4)
Zygosaccharomyces sp. (4)
Torulaspora sp. (4)
Saccharomycopsis lipolytica (5)
Phoma TK-2103 (6)
Cladosporium suaveolens (27)
Pichia etchellsii (7)
Aspergilllus niger (7)
Fusarium sp. (8)
Sporidiobolus sp. (8)
Candida sp. (9)

Mucor sp. (21)
Mortierella sp. (19)
Pityrosporium sp. (22,23)

Yeast lipase, Lactobacillus brevis

Cladosporium suaveolens (27)
Fusarium sp. (8)
Sporidiobolus sp. (8)

Saccharomyces cerevisae (20)
acid / ester (Ricinoleic acid)

Saccharomyces cerevisae (24,25) Penicillium sp. (26)

Phlebia radiata (10)
Polyporus durus (11)
Bjerkandera adusta (12)
Ceratocystis moniliformis (13)
Fusarium pore (14)
Sporobolomyces odorus (15,16,17)
Sporidiobolous salmonicor (18)

Tyromyces sambuceus (28)

14-Hydroxy-(Z)-11-eicosanoic

Pseudomonas sp. (29)

Castor oil

Fig. 3 Metabolic pathways to 4-
decanolide. References: 1 Lee
and Chou 1994, 2 Cheetham
et al. 1988, 3 Farbood and Willis
1985, 4 Boog et al. 1990,
5 Farbood and Willis 1983,
6 Nozaki and Yamaguchi 1994,
7 Cardillo et al. 1990, 8 Spinnler
et al. 1994, 9 Farbood et al.
1990b, 10 Gross et al. 1989,
11 Berger et al. 1986, 12 Kapfer
et al. 1989, 13 Lanza et al. 1976,
14 Sarris and Latrasse 1985,
15 Manlay 1994, 16 Ha�ner and
Tressl 1996, 17 Tahara et al.
1973, 18 Gervais and Battut
1989, 19 Han and Han 1995,
20 Hosoi and Ookawa 1995,
21 Page and Eilerman 1989,
22Labows et al. 1983, 23Labows
et al. 1985, 24 Gat®eld 1996,
25 Gat®eld 1995a, 26 Cheetham
1996, 27 Cardillo et al. 1991,
28 Freeman 1995, 29 Feron et al.
1996
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composition of the volatile fraction (Berger 1995b). The
transfer of a highly stereoselective lipase from a non-
characterised microorganism through gene transfer to a
suitable food-grade host organism is another application
(Riisgaard 1990). There are technical limitations if entire
metabolic pathways for the production of aroma com-
pounds are to be transferred (Cheetham 1996).

As for every bioprocess, the screening of suitable
microorganisms, the adjustment of a full set of chemical
and physical parameters, the design of the reactor, and a
reliable on-line monitoring must be considered, and
there are additional speci®c points if the target molecule
is a volatile ¯avour:

Precursor screening: time and mode of feeding.
In situ product recovery: protection of product, shift of
metabolic equilibria, prevention of feedback inhibition
or even cytotoxic product concentrations.
Continuous fermentation: product generation may co-
incide with growth; many volatile metabolites are not
secondary in terms of a preferred accumulation in the
stationary phase.

Cost considerations

Although many microbial processes have been described
to yield attractive ¯avours, the number of industrial
applications is limited. Even if patent protection has
been obtained and a product appears on the market, it
may be impossible to assess whether ``bio-¯avour'' or a
conventional distillate or extract is o�ered. Feeding of
Ischnoderma benzoinum with L-phenylalanine, for ex-
ample, yielded concentrations of benzaldehyde above
300 mg l)1. In situ recovery increased the yield to 1 g
benzaldehyde l)1 (Krings 1994). Techniques used were:

1. Stripping of the benzaldehyde from the bioprocess
medium by an inert gas (Berger et al. 1990)
2. Adsorptive recovery from the medium using macro-
porous resins (Krings 1994)
3. Removal of benzaldehyde via pervaporation (Sou-
chon et al. 1995)

While more ``natural'' benzaldehyde is sold than is
distilled from plants, it is unclear whether the Ischnod-
erma process operates on an industrial scale. Retroaldol
cleavage of abundant cinnamaldehyde opens a
``grey-zone chemistry'' route to so-called natural benz-
aldehyde. Methods of chiral analysis and isotope-dis-
tribution analysis of ¯avours have reached a high
standard and are now applied by specialised laboratories
to prove authenticity (Mosandl 1995).

The scienti®cally unfounded opinion of the average
consumer that natural chemicals are somehow healthier
than synthetics is re¯ected by food laws that discrimi-
nate between natural and synthetic (nature-identical)
¯avours. Natural ¯avour chemicals often command a
premium price, but this appears to be over-compensated
by the marketing bene®ts (Gat®eld 1996).

The price of a microbial ¯avour should range be-
tween U.S. $200 and $2000 kg)1 to be competitive
(Janssens et al. 1992). The major factors in production
costs are, in order of decreasing importance, raw mate-
rials, man power and energy (Delest 1995). The forces
that will have a growing impact on the biotechnological
production of aroma chemicals not only include tech-
nical aspects, but also market developments, regulatory
considerations, economics and, more recently, an in-
creasing care for the environment in chemical processing
(Armstrong and Brown 1994). A break-even analysis has
been developed for the microbial production of a hypo-
thetical ¯avour or fragrance with potential sales of either
1000 kg, 10 000 kg or 100 000 kg/year. A production
level of 1 g l)1 was assumed and annual depreciation was
estimated using a 5-year amortisation period and no
discount rate. If this is taken into account, the break-even
price for a hypothetical ¯avour decreases from $1240
(1000 kg year)1) to over $300 (10 000 kg year)1) to
$202 kg)1, if 100 000 kg year)1 were sold (Welsh 1994).

References

Abraham B, Berger RG, Schulz H (1994a) Oakmoss impact vola-
tiles generated by a basidiomycete of the genus Polyporus. Flav
Fragr J 9: 265±268

Abraham B, Krings U, Berger RG (1994b) Biotechnologische
Produktion von Aromasto�en durch Basidiomyceten (StaÈ n-
derpilze). GIT Fachz Lab 38: 370±375

Armstrong DW, Brown LA (1994) Aliphatic, aromatic, and lac-
tone compounds, In: Gabelman A (ed) Bioprocess production
of ¯avor, fragrance, and color ingredients. Wiley, New York

Armstrong DW, Yamazaki H (1986) Natural ¯avours production:
a biotechnological approach. Trends Biotechnol 4: 264±268

Armstrong DW, Brown LA, Porter S, Rutten R (1993) Biotech-
nological derivation of aromatic ¯avour compounds and pre-
cursors. In: Schreier P, Winterhalter P (eds) Progress in ¯avour
precursor studies. Allured, Carol Stream, Ill, pp 425±438

Assaf S, Hadar Y, Dosoretz CG (1995) Biosynthesis of 13-hydro-
peroxylinoleate, 10-oxo-8-decenoic acid, and 1-octen-3-ol from
linoleic acid by a mycelial-pellet homogenata of Pleurotus pul-
monarius. J Agric Food Chem 43: 2173±2178

Audras B, More J (1996) Method for producing vanillin using the
bioconversion of benzene precursors. WO 9634971 A1

Ayer WA, Singer P (1980) Phenolic metabolites of the bird's nest
fungus Nidula niveo-tomentosa, Phytochemistry 19: 2717±2721

Benz I, Muheim A (1996) Biotechnological production of vanillin.
In: Taylor AJ, Mottram DS (eds) Flavour science ± recent de-
velopments. The Royal Society of Chemistry, Cambridge,
pp 111±117

Berger RG (ed) (1996) Biotechnology of aroma compounds.
Springer, Berlin Heidelberg New York

Berger RG (1995a) Aroma Biotechnology. Springer, Berlin Hei-
delberg New York

Berger RG (1995b) Application of genetic methods to the genera-
tion of volatile ¯avors. In: Hui HY, Katchatourians G (eds)
Food biotechnology. VCH, Weinheim pp 281±295

Berger RG, NeuhaÈ user K, Drawert F (1986) Biosynthesis of ¯avor
compounds by microorganisms. 6. Odorous constituents of
Polyporus durus (Basidiomycetes). Z Naturforsch 41: 963±970

Berger RG, Drawert F, Schlebusch JP (1990) Fermentation tech-
nologies for ¯avor producing cell cultures. In: Spieû WEL,
Schubert M (eds) Engineering and food, vol 3. Proceedings of
the International Congress. Elsevier, London New York,
pp 455±467

6



Bernreuther A, Epperlein U, Koppenhoefer B (1997) Enantiomers:
why they are important and how to resolve them. In: Marsili R
(ed) Techniques for analyzing food aroma. Dekker, New York,
pp 143±207

Bigelis R (1992) Flavor metabolites and enzymes from ®lamentous
fungi. Food Technol 46: 151±161

Birkinshaw JH, Morgan EN (1950) Biochemistry of the wood-
rotting fungi. Biochem J 47: 55

Boog ALGM, Van Grinsven AM, Peters ALJ, Roos R, Wieg AJ
(1990) Manufacture of gamma-lactones with food-compatible
yeasts. EP 371568 A1 900606

Bosser A, Belin JM (1994) Synthesis of b-ionone in an aldehyde/
xanthine oxidase/b-carotene system involving free radical for-
mation. Biotechnol Prog 10: 129±133

Breheret S, Talou T, Rapior S, BessieÁ re J-M (1997) Monoterpernes
in the aromas of fresh wild mushrooms (Basidiomycetes).
J Agric Food Chem 45: 831±836

Broadbent D, Hemming HG, Turner WB (1968) Preparation of
jasmonic acid. Br 1286266

Cardillo R, Fuganti C, Sacerdote G, Barbeni M, Cabella P,
Squarcia F (1990) Process for the microbiological production of
gamma-(R)-decanolide and gamma-(R)-octanolide lactones. EP
356291 A1 900228

Cardillo R, Fuganti C, Barbeni M, Cabella P, Guarda PA, Gianna
A (1991) Process for the microbiological production of gamma-
and delta-lactones. EP 412880 A2 910213

Cheetham PSJ (1993) The use of biotransformations for the pro-
duction of ¯avours and fragrances. Trends Biotechnol 35: 478±
488

Cheetham PSJ (1996) Combining the technical push and the
business pull for natural ¯avours. In: Berger RG (ed) Biotech-
nology of aroma compounds. Springer, Berlin Heidelberg, pp
3±49

Cheetham PSJ, Maume KA, De Rooij JFM (1988) Microbial
manufacture of gamma decalactone from ricinolic acid. EP
258993 A2 880309

Cogan TM (1995) Flavour production by dairy starter cultures.
J Appl Bacteriol [Symp Suppl] 79: 49S-64S

Cooper B (1987) Method and microorganisms for the preparation
of coniferyl aldehyde. DE 3604874 A1 870820

Delest P (1995) Natural ¯avours: biotech limited...or unlimited. In:
EÂ tieÂ vant P, Schreier P (eds) Bio¯avour 95. INRA (Institut
National de la Recherche Agronomique) Paris, pp 13±19

Engels WJM, Visser S (1994) Isolation and comparative charac-
terization of components that contribute to the ¯avour of dif-
ferent types of cheese. Neth Milk Dairy J 48: 127±140

EÂ tieÂ vant P, Schreier P (1995) Bio¯avour 95. INRA (Institut Na-
tional de la Recherche Agronomique) Paris

Fabre CE, Blanc PJ, Goma G (1996) Production of benzaldehyde
by several strains of Ischnoderma benzoinum. Sci Aliment 16:
61±68

Falconnier B, Lapierre C, Lesage-Meessen L, Yonnet G, Brunerie
P, Colonna-Ceccaldi B, Corrieu G, Asther M (1994) Vanillin as
a product of ferulic acid biotransformation by the white-rot
fungus Pycnoporus cinnabarinus I-937: identi®cation of meta-
bolic pathways. J Biotechnol 37: 123±132

Farbood MI, Willis BJ (1983) Gamma decalactone. WO 8301072
A1 830331

Farbood MI, Willis BJ (1985) Optically active gamma-hydroxy
decanoic acid preparation by cultivating microorganism to
hydrolyse castor oil and subjecting to b-oxidation, US 4560656
A 851224

Farbood MI, Morris JA, Downey AE (1990a) Sclareolide manu-
facture with Cryptococcus for perfumery. US4970163 A
901113

Farbood MI, Morris JA, Sprecker MA, Bienkowski LJ, Miller KP,
Vock MH, Hagedorn ML (1990b) Process for preparing com-
positions containing unsatured lactones and organoleptic uses
of the lactones. EP 354000 A2 900207

Feron G, Bonnarme P, Durand A (1996) Prospects for the mi-
crobial production of food ¯avours. Trends Food Sci Technol
7: 285±293

Freeman A (1995) Bioreactor for the production of products with
immobilized bio®lm, US 5403742 A 950404

Gabelman A (1994) Bioprocess production of ¯avor, fragrance,
and color ingredients. Wiley, New York

Gat®eld IL (1992) Bioreactors for industrial production of ¯a-
vours: use of enzymes. In: Patterson RLS, Charlwood BV,
Williams AA (eds) Bioformation of ¯avours. The Royal Society
of Chemistry, Cambridge, pp 171±185

Gat®eld IL (1995a) Production of gamma-decalactone. DE
4401388 A1 950720

Gat®eld IL (1995b) Enzymatic and microbial generation of ¯avors.
Perf Flavor 20: 5±14

Gat®eld IL (1996) Enzymatic and microbial generation of ¯avours.
World Ingred 40: 31±35

Gervais P, Battut G (1989) In¯uence of water potential on gamma-
decalactone production by the yeast Sporidiobolus salmonicolor.
Appl Environ Microbiol 55: 2939±2943

Geusz SD, Anderson DM (1991) Bacteria that metabolize phe-
nylacetate through mandelate. US 4999292 A 910312

Gillies B, Yamazaki H, Armstrong DW (1987) Production of ¯avor
esters by immobilized lipase. Biotechnol Lett 9: 709

Gross B, Gallois A, Spinnler H-E, Langlois D (1989) Volatile
compounds produced by the ligniolytic fungus Phlebia radiata
Fr (Basidiomycetes) and in¯uence of the strain speci®ty on the
odorous pro®le. J Biotechnol 10: 303±308

Gross B, Asther M, Corrieu G, Brunerie P (1991) Production de
vanilline par bioconversion de precurseurs benzeniques. EP
0453 368 A1

Ha�ner T, Tressl R (1996) Biosynthesis of (R)-gamma-decanolac-
tone in the yeast Sporobolomyces odorus. J Agric Food Chem
44: 1218±1223

Hagedorn S, Kaphammer B (1994) Microbial biocatalysis in the
generation of ¯avor and fragrance chemicals. Annu Rev Mi-
crobiol 48: 773±800

Hamada T, Sugishita M, Fukushuma Y, Fukase T, Motai H (1991)
Continuous production of soy sauce by a bioreactor system.
Proc Biochem 26: 39±45

Han O, Han SR (1995) Production of C10 and/or C12 gamma-
lactones from the corresponding C10 and/or C12 carboxylic
acids by microbial biotransformation in the presence of mineral
oil. US 5457036 A 951010

Hatanaka A (1993) The biogeneration of green odour by green
leaves. Phytochemistry 34: 1201±1218

Hecquet L, Sancelme M, Bolte J, Demuynck C (1996) Biosynthesis
of 4-hydroxy-2,5-dimethyl-3(2H)-furanone by Zygosaccharo-
myces rouxii. J Agric Food Chem 44: 1357±1360

Hosoi K, Ookawa T (1995) Gamma-decalactone and gamma
decalactone-containing liquid preparation microbial manufac-
ture. JP 07327689 A2 951219 Heisei

Hsieh RJP (1994) Contribution of lipoxygenase pathway to food
¯avors. Lipids in food ¯avors. ACS Monogr 558: 30±48

Imhof R, Bosset JO (1994) Relationships between micro-organisms
and formation of aroma compounds in fermented dairy prod-
ucts. Z Lebensm Unters Forsch 198: 267±276

Janssens L, De Pooter HL, Schamp NM, Vandamme EJ (1992)
Production of ¯avours by microorganisms. Proc Biochem 27:
195±215

Je�coat R, Willis BJ (1988) A manufacturing process for hexade-
canolide. Dev Food Sci 18: 743

Jeon IJ (1994) Flavor chemistry of dairy lipids: review of free fatty
acids. Lipids in food ¯avors, ACS Monogr 558: 196±207

Kapfer GF, Berger RG, Drawert F (1989) Production of 4-de-
canolid by semi-continuous fermentation of Tyromyces sam-
buceus. Biotechnol Lett 11: 561±566

Kawabe T, Morita H (1993) Volatile components in culture ¯uid of
Polyporus tuberaster. J Agric Food Chem 41: 637±640

Kieslich K, Abraham W-R, Washausen P (1985) Microbial trans-
formations of terpenoids,.In: Berger RG, Nitz S, Schreier P
(eds) Topics in ¯avor research. Eichborn, Marzling Hangen-
ham, pp 405±427

Krings U (1994) Verfahren zur kontinuierlichen Gewinnung von
Aromasto�en aus dem Kulturmedium von Bioreaktoren durch

7



kontinuierliche Festphasenextraktion. Dissertation, UniversitaÈ t
Hannover

Krings U, Abraham B, Berger RG (1995) Plant impact volatiles
from higher fungi ± a biotechnological perspective. Perf Flavor
20: 79±86

Krings U, Hinz M, Berger RG (1996) Degradation of [2H]phe-
nylalanine by the basidiomycete Ischnoderma benzoinum.
J Biotechnol 51: 123±129

Labows JN, Webster G, McGinley KJ (1983) Production of gam-
ma-decalactone rich ¯avor additives by Pityrosporium species
cultured on lipid rich substrates. US 4396715

Labows JN, Webster G, McGinley KJ (1985) Production of gam-
ma-lactone rich ¯avor additives by Pityrosporium species cul-
tured on lipid rich substrates. US 4542097

Labuda IM, Goers SK, Keon KA (1992) Bioconversion process for
the production of vanillin. US 5128253

Labuda IM, Goers SK, Keon, KA (1994) Bioconversion for the
production of vanillin. US 5279950 A 940118

Langrand GR, Rondot N, Triantaphylides C, Baratti J (1990)
Short chain ¯avour esters synthesis by microbial lipases. Bio-
technol Lett 12: 581

Lanza E, Ko KH, Palmer JK (1976) Aroma production by cultures
of Ceratocystis moniliformis. J Agric Food Chem 24: 1247

Latrasse A, Degorce-Dumas JR, Leveau JY (1985) Production
d'aroÃ mes par les microorganisms. Sci Aliment 5: 1±26

Lee SL, Chou CC (1994) Growth and production of gamma-
decalactone and cis-6-dodecen-4-olide by Sporobolomyces
odorus in the presence of fatty acids and oils. J Ferment Bioeng
78: 114±116

Lesage-Meessen L, Delattre M, Haon M, Asther M (1996) Ob-
taining vanillic acid and vanillin by bioconversion by an asso-
ciation of ®lamentous microorganisms. WO 9608576 A1

Liebig J, WoÈ hler F (1837) Ueber die Bildung des BittermandeloÈ ls
Annalen Pharm (Justus Liebig Emanuel Merck) 22: 1

Maarse H (1991) Introduction. In: Maarse H (ed) Volatile com-
pounds in foods and beverages. Dekker, New York Basel Hong
Kong, pp 1±39

Maarse H, Van der Heij DG (1994) Trends in ¯avour research.
Elsevier, Amsterdam London New York

Manley CH (1994) The development and regulation of ¯avor,
fragrance, and color ingredients produced by biotechnology. In:
Gabelman A (ed) Bioprocess production of ¯avor, fragrance
and color ingredients. Wiley, New York, pp 19±39

McCaskill D, Croteau R (1996) Prospects for the bioengineering of
isoprenoid biosynthesis. In: Berger RG (ed) Biotechnology of
aroma compounds. Springer, Berlin Heidelberg New York

Meyer J (1993) Improved yields in the fermentation of gamma-
lactones. DE 4126997 A1 930218

Miersch O, GuÈ nther T, Fritsche W, Sembdner G (1993) Jasmonates
from di�erent fungal species. Nat Prod Lett 2: 293±299

Mosandl A (1995) Enantioselective capillary gas chromatography
and stable isotope ratio mass spectrometry in the authentic-
ity control of ¯avors and essential oils. Food Rev Int 11: 597±
664

Nishiba Y, Furuta S, Hajiha M, Igita K, Suda I (1995) Hexanal
accumulation and DETBA value in homogenate of soybean
seeds lacking two or three lipoxygenase isozymes. J Agric Food
Chem 43: 738±741

Nozaki M, Yamaguchi T (1994) Microbial manufacture of gamma-
decalactone. JP 06133789 A2 940517 Heisei

Omelianski VL (1923) Aroma ± producing microorganisms. Bac-
teriology 8: 393

Page GV, Eilerman RG (1989) Process for the preparation of
gamma- and delta-lactones. WO 8912104 A1 891214

Page GV, Scire B, Farbood MI (1989) Preparation of natural
methyl anthranilate with fungi. WO 8900203 A1 890112

Pinches M (1994) Cheese ± developing the ¯avour. Dairy Ind Int
59: 37

Pollak FC, Berger RG (1996) Geosmin and related volatiles in
bioreactor-cultured Streptomyces citreus CBS 109, 60. Appl
Environ Microbiol 62: 1295±1299

Rabenhorst J (1991) Verfahren zur Herstellung von natuÈ rlichem
Vanillin. EP0405197 A1

Rapior S, Breheret S, Talou T, BessieÁ re J-M (1997) Volatile ¯avor
constituents of fresh Marasmius alliaceus (Garlic Marasmius).
J Agric Food Chem 45: 820±825

Reimer F, Tiemann (1876) Ueber die Einwirkung von
Tetrachlorkohlensto� auf Phenol in alkalischer LoÈ sung. Ber
Dtsch Chem Ges Berlin 9: 1285

Riisgaard S (1990) The enzyme industry and modern biotechnol-
ogy. Genet Eng Biotechnol 10: 11

Romanczyk LJ, McClelland CA, Post LS, Aitken WM (1995)
Formation of 2-acetyl-1-pyrroline by several Bacillus cereus
strains isolated from cocoa fermentation boxes. J Agric Food
Chem 43: 469±475

Sahai O, Knuth M (1985) Commercializing plant tissue culture
processes: economics, problems and prospects. Biotechnol Prog
1: 1±10

Sarris J, Latrasse A (1985) Production of odoriferous gamma lac-
tones by Fusarium poae. Agric Biol Chem 49: 3227±30

Seitz EW (1994) Fermentation production of pyrazines and terpe-
noids for ¯avors and fragrances. In: Gabelman A (ed) Bio-
process production of ¯avor, fragrance, and color ingredients.
Wiley, New York, pp 95±134

Sharpell F, Stemann C (1979) Development of fermentation media
for the production of butyric acid. In: Moo-Young M (ed)
Advances in biotechnology vol II. Pergamon, Toronto, pp 71±
77

Somogyi LP (1996) The ¯avour and fragrance industry: serving a
global market. Chem Ind 4: 170±173

Souchon I, Lamer T, Spinnler HE, Voilley A (1995) Pervaporation:
an e�cient process for benzaldehyde recovery in fermentation
broth. In: EÂ tieÂ vant P, Schreier P (eds) Bio¯avour 95. INRA
(Institut National de la Recherche Agronomique) Paris, pp
409±414

Spinnler H-E, Dufosse L, Souchon I, Latrasse A, Pi�aut-Ju�ard C,
Voilley A, Delest P (1994) Production of gamma-decalactone
by bioconversion. FR 2705971 A1 941209

Suhara Y, Itoh S, Ogawa S, Yokose K, Sawada T, Sano T, Ni-
momiya R, Maruyama HB (1981) Regio-selective 10-hydrox-
ylation of patchoulol, a sesquiterpene, by Pithomyces species.
Appl Environ Microbiol 42: 187±191

Tahara S, Fujiwara K, Mizutani J (1973) Neutral constituents of
volatiles in cultured broth of Sporobolomyces odorus. Agric Biol
Chem 37: 2855

Takeoka GR, Teranishi R, Williams PJ, Kobayashi A (1995)
Biotechnology for improved foods and ¯avors. ACS Sym Ser
637

Tiemann F, Haarmann W (1874) Ueber das Coniferin und seine
Umwandlung in das aromatische Princip der Vanille. Ber Dtsch
Chem Ges 7: 608

Tyrrell M (1995) Advances in natural ¯avors and materials. Perf
Flavor 20: 13±21

Welsh FW (1994) Overview of bioprocess ¯avor and fragrance
production. In: Gabelman A (ed) Bioprocess production of
¯avor, fragrance, and color ingredients. Wiley, New York,
pp 1±16

Van der Werf MJ, De Bont JAM, Leak, DJ (1996) Opportunities in
microbial biotransformation of monoterpenes. In: Berger RG
(ed) Biotechnology of aroma compounds. Springer, Berlin
Heidelberg New York

Whitehead IM, Muller BL, Dean C (1995) Industrial use of soy-
bean lipoxygenase for the production of natural green note
¯avor compounds. Cereal Foods World 40: 193

Winterhalter P, Schreier P (1993) Biotechnology: challenge for the
¯avour industry. In: Acree TE, Teranishi R (eds) Flavour sci-
ence. Am Chem Soc, Washington DC, pp 225±257

Yasumoto K, Iwami K, Mitsuda H (1974) Enzymatic formation of
Shi-Ta-ke aroma from non-volatile precursor(s) ± lenthionine
from lentinic acid. In: Proceedings of the 9th International
Scienti®c Congress on the Cultivation of Edible Fungi, Tokyo.
pp 371±383

8


