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B@technology,ofw hlch recombinant DNA technology
M an important sub-discipline, has a long tradition in

the production of food and flavors. Around 3500 BC,
humans first started to use microbes for the production of
wine, beer, bread and many other foods that became an
indispensable part of the daily diet. 1In the beginning, such
fermentations were carried out on a rather empirical level.
Not until the discoveries of hmis Pasteur in the 19th
century was the scientific basis laid. Isolation and con-
trolled cultivation of microbes became possible, and about
20 years ago these techniques also found application in the
production of various flavor chemicals.z

In the early 1970s, recombinant DNA technology
emerged and soon started to become a significant part of
today’s biotechnology Immediate impacts of this new tech-
nology were observed in pharmaceutical research. The
first genetically engineered product, human insulin pro-
duced by bacteria, entered the market in 1982. Since then,
more than 33 new drugs produced with recombinant DNA
technology have been registered worldwide. In addition,
284 biotech drugs were in development in 1996, represent-
ing a three-fold increase since 1989.3

A similar change has been initiated in the food industy
by the introduction of the FLAVRSAVR tomato in 1994 as
the first genetically engineered whole food. Today, recom-
binant DNA technology has definitely found its way into
the food industry, underscoredbymore tban3,600trmsgetic
field trials carried out by 1995. So far, 18 genetically
engineered agricultural products have been approved for
commercializaticm.4 These include plants—such as corn,
cotton, soybeans and potatoes—with improved pathogen/
pest resistance, herbicide tolerance and food qualitys

The safety of genetically modified organisms has been
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assessed by the EC and the FDA.fi Nevertheless, the
public’s acceptance of products from transgenic plants is
still rather low. This is especially the case in Western
Europe, where major concerns are expressed in Germany
and Austria. On the other hand, little consumer reaction to
genetically engineered food products has been observed in
the USA. However, a recent European study showed that,
as a potential food risk, genetic engineering was ranked
similar to artificial food coloring but safer than food irradia-
tion or pesticide residues.l

The application of recombinant DNA technology in
the flavor and fragrance industries is less advanced than
in the pharmaceutical and food industries. Nevertheless,
the first products involving recombinant DNA technol-

Ogy in One way Or anOther have been commercialized.
Today, recombinant DNA technology has also become an
important part of the research activities of flavor and
fragrance companies. This article suggests several areas
of the flavor and fragrance industry that will be increas-
ingly influenced by the use of recombinant DNA technol-

C%Yinclu~ng the follOwing

. Production of aroma chemicals, such as cis-3-
hexenol, via newly discovered pathways

● Hetemlogous production of tasty peptides, such as a
beefy meaty peptide, using recombinant yeast
strains

● Improved flavor and fragrance profiles through the
genetic engineering of plants

. Remowd of off-flavors, such as those sometimes
associated with cheese flavors, via debittering
proteases

. Enzymatic formation of flavor aldehydes

s Screening systems based on expressed olfactory and
taste receptors
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Natural Aroma Chemicals

Nature is a rich source of aroma chemicals; several
thousand have been identified and chemically synthesized
in the past, With the on-going trend toward natural flavors,
aroma chemicals were increasingly required to be of natu-
ral origin, Separation techniques such as extraction and
distillation of natural materials are successfully used in our
industry When these can not be used economically, enz.y
matic or microbial conversions are used instead.

Today, fermentative processes are employed to produce
many aroma chemicals, including various afiphatic and
aromatic acids (such as2-methyl butyric acid andphenyl-
acetic acid), different esters (such as ethyl 2-methylbutyrate
andmethyl anthranilate) andlactones (such as y-and &
decdactones),

For the production of high impact chemicals (such as &
damascenone, methional or y-nonalactone), none of the
above-mentioned techniques has been reasonably applied
so far. These chemicals aregenerally found invery small
quantities in plant materials, making their recovery an

e~ensive endeavOr. NO micrObial Or en~atic conver-
sions are etident, so other approaches are needed.
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Figure 1. Blosynthetlc pathway of cis+hexenoi in
piants. Three enzymes are Involved In the
production of cis-3-hexenol starting from Ilnolenlc
acid. Various plant materials serve as souraes for
these enzymes allowing a conversion of the acid to
cls-S-hexenol atlndustrlal scale. Beoause the
hydroperoxlde Iyaee is the rate-iimttlng faster in
euch a reconstituted production eyetem, the gene
coding for thie enzyme wes heterologously
expressed in yeast cells to yield a highly active
Iyase material.

In nature, these aroma chemicals are formed by specific
yet sometimes unknown pathways, However, recently, some
have been elucidated, asistbe case for furaneolandy-
nonalactone,~g With the help of recombinant DNA tech-
nology, the corresponding genetic information from the
original source can be isolated and subsequently trans-
ferred into a suitable host strain. This allows efficient
microbial production of natural aroma chemicals, We have

applied this technique in the production of cis-3.hexenol,
also referred to as leaf alcohol,l”

Natural cis-3-hexenol and its esters are in high demand
because they are widely used in various fruit flavors. Tradi-
tionally, cis-3-hexenolis isolatedfmm mint terpene frac.
tions. Intheplant, cis-3-hexenol is formed from finolenic
acid viahydmperoxide andcis-3-hexenal,

Peppermint oil fractions can not satisfy the global need
fornatural cis-3-hexenol, so an enzymatic route starting
from Iinolenic acid was established (Figure 1). t[ The fatty
acid iscmidizedt othehydmperoxide, using, for example,
soya flour containing lipoxygenase, Theconversion of the
hydroperoxide to cis-3-hexend is achieved by using a fruit
source, such as guava, that was found to contain high
activities of thehydroperoxide lyase, Finafly, reduction to
the leaf alcohol is performed by yeast celfs,

Although it is independent of peppermint oil fractions,
this enzymatic transformation has a significant drawback:
the rather large amount of fruit that has to be processed,
The lyase was shown to be the rate-limiting factor in the
enzymatic conversion of Iinolenic acid to cis-3-hexencd. We
purified tbe Iinolenic-acid-hydropemxide-lyase from ba-
nana plants, aflmving the determination of four indepen-
dent, internal amino acid sequences. Degenerate
oligonucleotides and resulting polyrnerase chain reaction
(PCR)-fragments helped to isolate the structural gene for
the lyase from a banana complementary DNA (cDNA)
library.12 Interestingly, the DNA sequence shared 44%
identity with the sequence of allene oxide synthase, Tbe
latter enzyme is important in the biosynthesis of methyl-
jasmonate, another key flavor impact chemical.

The heterologous expression of the lyase gene helped to
overcome the drawbacks of the enzymatic production
mute, supplying highly active lyase material As can be seen
in Figure 2, higher amounts of cis-3-hexenol have been
produced in the presence of the recombinant yeast cells as
compared to the route using homogenized bananas

To unify all three enzymes involved in the formation of
cis-3-hexenol in yeast, we afso cloned and coexpressed the
Iipoxygenase gene. This generated an even more efficient

sptem to produce cis-3-hexenol.
In addition, it should be pointed out that the literature

includes reports that the degradation of fatty acids involves
other lipoxygenases and lyases with different specifici-
ties. 13Heterologous expression of such genes would aflow
the production of other important flavor chemicals, such as
l-octene-3-ol or 2,6-nonadienaf.

Finally, applications based on our cloning of the lyase
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a

Figure 2. GC analysis of the reaction mixturas In
which the hydroperoxide of Iinolenlc acid was
Incubatad with a) homogenized banana material and
reducing yeast cells, and b) with recombinant yeast
expressing the Iyase gene and additional raducing
yeast celle. The recombinant yeast proceee yielded
higher amounts of cis-3-hexenol with no formation
of trans-2-hexenal as a side product.

Y.* cdl
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Figure 3. Recombinant DNA techmlogy used to

produce the beefy meaty peptide (BMP) In yeast
cells. Yeast cells were transformed with an
engineered yeast secretion vector. Upon induction,
these cells started the synthesis of a fusion protein
consisting of the desired pepfide (In our case BMP)
and the yeast u-factor. The desired pepfide was
then cleaved during the secretion process and
could be easily recovered from the culture fluid in a
semi-purified form.

gene are not limited to microbial svstems. The eerie also extracts. lRThis approach can be seen as a further improve-
ment of yeast strains that previously have been engineered
to contain high content of 5’-nucleotides, inosine-mono.
phosphate (IMP) and guanosine-menophosphate (GMP).

“

could be transferred into plant bests, resulting in an in.
creased formation of cis-3-hexenoVcis-3 -bexenal upon
maceration of the plant.

Ultimately, recombinant DNA technology could be used
to enhance and to alter the flavor profile of fruits and plants
by overexpressing key metabolic enzymes, As examples, one
can imagine strawberries high in furaneol or especially green-
smelling applesinwhichtbe lyasegene wouldbe overqnessed.

Taaty Peptidea

Tasty peptides, resulting from protease digestion of
food proteins, have been found in various food products,
such as meat, cheese, fish and yogurts. 1415Their organo-
Ieptic character and amino acid sequence can be deter-
mined after purification.

In order to improve or to boost flavors, specific tasty
peptides have thus far been synthesized either chemically
or enzymatically. However, neither strate~ is feasible for
a large-scale and commercial production of tasty peptides
due to high production costs. ‘fiWe have therefore investi-
gated the heterologous production of peptides using re-
combinant yeast strains.

Several model peptides were chosen, among them an
octapeptide known as beefy meaty peptide (BMP), This
peptide was found in meat and was su~ested to enhance the
taste of beef gravy’7 Figure 3 shows the recombinant DNA
technology approacb usedtoproduce the BMPin yeast cells.
Linking the genetic information of the octapeptide to the
yeast mating pheromone a-factor in a suitable expression
vector allowed the secretion of the desired peptide into the
culture medium. From the culture filtrate, the peptide can be
easily recovered and used in a semi-purified form

Alternatively, intracellular accumulation of the peptide
offers the possibility to generate specially flavored yeast
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Improved Flavor and Fragrance Profilaa

Plants are a majorpwt of ourdailydiet. Due to their smell
and taste, they are established sources for raw materials used
in the flavor and fragrance industqy More than 3,000 differ-
ent essential oils have been analyzed and many of them are
used in the creation of fine fragrances or serve as starting
materials for the isolation and modification of chemicals, lg

As an illustration, 36,000 metric tons of d-limonene are
extracted annually from citrus oils,zo Other commercially
used examples include l.carvone, geraniol and menthol, the
latter with an annual safes volume of about US$2 billion.

In contrast to the classical breeding and selection pro-
grams, plants can nowadays be more efficiently improved
by means of recombinant DNA technolo~. For example,
huge efforts are presently undertaken to increase the
content and quality of fatty acids in oil crop plants ,Z1
Genetically engineered grapeseed underwent the second

most field triafs after potato, and in 1995 an engineered
canola crop with high Iaurate was commercialized.2223

Commercial examples of genetically engineered plants
used in the flavor and fragrance industry are not yet known,
but the example of a transgenic Pelargonium plant, com-
monly referred to as lemon geranium, can illustrate the
potential of recombinant DNA technology24 In this ex-
ample, the titer of geraniol was increased four-fold and that

of citronellol by 13-fold in the tmnsgenic plant as com-
pared to the wild type.

To optimally design such higher yielding plant species
requires an improved understanding of metabolic pathways
and the post-hawest biochemical reactions. DNA sequenc-
ing programs elucidating total plant genomes are expected
to simplify the cloning of important gene sequences,

Naw Enzymes

The majority of industrial enzymes are used today in
food preparations and in fabric care products, These mar-
kets each represent annual safes of roughly US$160 mil-
Iion?s Therefore, development of new enzymes is targeted
mostly at these two segments.

These enzymes also find limited applications in tbe
flavor and fragrance industry Examples include proteases
for the generation of food protein bydrolysates and Iipases
for the production of natural esters .zfi.2TIn the past, mmy
enzymes involved in the generation of flavors or flavor
precursors have been characterized. R is swell-known fact
that during postmortem aging, various hydrolyzing en-
zymes are released within meat, This results in the forma-
tion of flavor precursors that are characteristic of the
particular type of meat. ‘MThe “se of such enzymes in the

flavor industry is limited, since they are not avtilable at a
reasonable cost, For the time being it does not appear that
enzyme manufacturers will produce them due to the rather
smafl market. The advent of recombinant DNA technol-

Ogy,hOwever, has now greatly facilitated their large-scale
production, rendering it feasible for flavor companies as
well.2YWith the availability of such enzymes, more authen-
tic meat, cheese and other flavor mixtures could be generated.

Dehittering proteasew An initial development in this
direction can be seen in the area of enzyme-modified
cheese. Treating milk proteins with commercially available
proteases often results in bitter products. Though the
occurrence of the bitter peptides has been extensively

L.tin. Add M“.

KetoAM F1avcwAJ.?ahqde

Figure 4. Enzymatic formation of flavor aldehydes
such as methional or phenylaceteldehyde from the
corresponding amino acid. The genes coding for
LAO and MAO have been f unctlonally expresead In
microbial hosts allowing the formation of flavor
aldehydes when fed with the required precursor.
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studied, screening of various commercially available pro-
teases and mixtures thereof was needed to prepare pleas-
ant, non-bitter flavors. Because cheese flavors are the
product of microbial activities, extracelhdar enzymes from
various starter cultures have been characterized. Interest-
ingly, some of them were shown to have debittering actiti-
ties.20Tbat such proteases remove off-flavorsis of great
interest to flavor industries that have started to clone and
express the corresponding genes ,31 This opens new av-
enues to making, for example, cheese flavors that are more
characteristic and intensive,

Flaoor aldehydesfim &ses: In recent yearn, new
classes of enzymes, such as oxidases (peroxidases and
polyphenohmidases),have beenintmduced forfoodanddeter-
gent applications. Oxidases are also important for the produc-
fionofmany different flavors As anexample, themidative
degradation of amino acids yields various flavor aldehydes.

L-amino acid oxidase (LAO) delaminates various amino
acids, resulting in the formation of the corresponding keto
acids. After decarboxylation, these ketoacids yield flavor
aldehydes (Figure 4). We recently cloned the LAO gene
from the filamentous fungus Neuro$pora crassa and
overexpressed it homologously in the parent host.:~z

Alternately, flavor aldehydes can also be produced by
decarbo+tion of amino acids and deamim.tion by a
monoamine oxidase. We purified a novel monoamine oti-
dase (MAO) from Aspergdlus n$+r and cloned the stmc-
t“ral gene,33 This flavin-adenine dinucleotide (FAD)-

Vol. 23, Jan.aw/Febr.arY 1998

containing enzyme oxidizes various amines, such as
phenethylamine and methylthiopropylamine, to the corre-

sponding aldebydes The gene coding fOr MAO W~ heter-
ologously eqmessed in Escher&a colt. Incubating the
above-mentioned amines with protein extracts of such
induced E. coli cells resulted in the formation of methional
andphenylacetaldehyde. The broad substrate specificity
makes this enzyme attractive for the generation of various
other flavor aldehydes.

Molecular Olfaction and Taste

02~action: Recombinant DNA technolo~ can be ex-
pected to have a rather large impact in the field of molecular
olfaction and taste. The first putative olfactory receptors
were cloned in 1991.34 Since then, the understanding of
olfactoqweceptors and their signal transduction mechanisms
has been drastically increased. It became widely accepted
that olfactory receptors belong to the G-protein coupled
seven transmembrane receptor family that represents 60% of
the targets for all drugs sold today~ A possible interaction of
odorants with a heterologously e~ressed mammalian recep-
tor has been suggested in the case of LiliaP and LyTal~ ‘]fi

Such Iigand-receptor models form a broad and scien-
tific basis for the pharmaceutical industry to find new drugs
targeting diseases such wAIDS, cancer orathritis. Re-
search in the field of molecular olfaction and taste has

‘titial isatrade nameof@.a.dan-Roure, Geneva, Switzerland
‘Lyral isatrade name of IFF, New York, New York
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benefited from the techniques and know-how developed
for tbe discove~ and screening of pharmaceutical drugs,
Structure-odor relationship studies, for example, have been
widely applied in the search for novel fragrance molecules,
but the present lack of a three-dimensional structure of an
olfactory receptor has hampered the efforts to model and
study the odorant-receptor interactions? 7,38Thus, many
recent efforts have been directed toward functional ex-
pression of olfactory receptors.

A specific receptor can be expressed at the surface of a
cell (Figure 5). These receptors are linked via ordinary
signal transduction mechanisms to a reporter gene that
signals receptor binding of a potential odorant. Such en~-
neered screening systems are widely used in the pharma-
ceutical indust~ to test Iow-moleculm-weight drugs.

Taste: In contrast to olfaction, much less is known about
taste receptors. Nevertheless, asimplified screening sys-
tern for bitter and sweet compounds has been established.

Ruiz-Atila et al isolated receptors from the bovine
tongue papillae, added recombinant G-protein gustducin
or transducing and incubated this reconstituted tongue
receptor system in the presence of guanosine-5’-O-
thiotriphosphate (GTP-Y-S) and potential tastants.3YT~sin
digestion followed by Western blot analysis indicated if
interaction occurred between tastmt and receptor. So far,

Figure 5. Recombinant yeast cells expressing
olfactory receptors at the cell surface. These yeast
cells can be used to screen a mixtura of odorants.
Upon specific odorant binding the intracellular

Si9nal transduction cascada ia activated,
stimulating a repofter gana. The resulting enzyme
activity correlates to the blndlng strangth of the
odorant and can be easily monttored.

this system is applicable to tissues isolated from bovine but
not human tongues. However, it allows forthemolecukir
screening ofpotential tastants. More interestingly, it also
allows for the molecular screening of taste enhancing or
blocking agents.

In summay, screening systems based on Wstato~aml
olfacto~ receptors are feasible andwilf certainly become part
of future investigations in flavor and fm.gmnce industries.

Outlook

The flavor and fragrance industry is now at the point
where the pharmaceutical industry was 20 years ago with
resuect to recombinant DNA technolow. At that time., “.

recombinant DNA technology entered pharmaceutical
research without much notice. However, the benefit of this
technolo~ was clearly seen with the rather sudden emer-
gence of the first products, and it bas since developed to
become an essential part of the research and production of
new drugs.

It can be foreseen that the flavor and fragrance industry
will go through a similar phase until the commercial ben-
efit of recombinant DNA technology is clearly recognized.
It alreadyis evident that recombinant DNAtechnologywill
become an important tool fortbe discovery and production
ofcheaper andnovel flavor and fragmnce chemicals. Fur-
thermore, the technology is essential to ultimately advance
our understanding of olfaction and twte. This will lead to
the discove~ of novel odor- and taste-modifying cwm-
pounds, changing the way flavor and fragrance composi-
tions will be formulated in the future,
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