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Summary
Over the past few years, the increasing demand for natural products in the food industry has encouraged remarkable efforts towards the development of biotechnological
processes for the production of flavour compounds. The present paper reviews the recent
major achievements reported in this field, with a special emphasis on the potential lying in
plant cell, microbial cultures and enzyme technology for the production of a wide range of
flavours. The use of solid-state fermentation as a means to improve economical feasibility
of these processes is also considered.
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Introduction
Flavour is usually the result of the presence, within
complex matrices, of many volatile and nonvolatile components possessing diverse chemical and physicochemical properties. Whereas the nonvolatile compounds contribute mainly to the taste, the volatile ones influence
both taste and aroma. A vast array of compounds may
be responsible for the aroma of the food products, such
as alcohols, aldehydes, esters, dicarbonyls, short to medium-chain free fatty acids, methyl ketones, lactones, phenolic compounds and sulphur compounds (1,2).
Since early times, flavour compounds ranging from
single to complex substances have been extracted from
plant sources. Eventually, after elucidation of their structure, synthetic flavours were produced by chemical synthesis. Nowadays, flavours represent over a quarter of
the world market for food additives and most of the flavouring compounds are produced via chemical synthesis
or by extraction from natural materials. However, recent
market surveys have shown that consumers prefer foodstuff that can be labelled as »natural«. Although flavours may be produced by chemical transformation of

natural substances, the resulting products cannot legally
be labelled as natural. Furthermore, chemical synthesis
often results in environmentally unfriendly production
processes and lacks substrate selectivity, which may cause
the formation of undesirable racemic mixtures, thus reducing process efficiency and increasing downstream
costs. On the other hand, the production of natural flavours by direct extraction from plants is also subject to
various problems. These raw materials often contain low
concentrations of the desired compounds, making the
extraction expensive. Moreover, their use depends on
factors difficult to control such as weather conditions
and plant diseases. The disadvantages of both methods
and the increasing interest in natural products have directed many investigations towards the search for other
strategies to produce natural flavours.
An alternative route for flavour synthesis is based
on microbial biosynthesis or bioconversion (3–6). The most
popular approaches involve the use of microbial cultures or enzyme preparations, although plant cell cultures have also been reported as suitable production
systems (Fig. 1). Microorganisms can synthesize flavours
as secondary metabolites during fermentation on nutri-
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ents such as sugars and aminoacids. This capability may
be used in two different ways:
• in situ flavour generation, as an integral part of food

or beverage production processes (i.e. cheese, yogurt,
beer, wine) which determines the organoleptic characteristics of the final product,
• microbial cultures specifically designed to obtain aro-

ma compounds that can be isolated and used later
as additives in food manufacture. This strategy allows the obtained flavours to be labelled as natural.
In both cases, precursors or intermediates can be added to the culture medium in order to promote the biosynthesis of specific flavours. Also, the information obtained through the investigation of microbial metabolism
in food fermentation processes could be utilized to develop suitable production systems for particular flavour
additives. On the other hand, enzyme technology offers
a very promising option for natural flavour biosynthesis.
A number of enzymes (i.e. lipases, proteases, glucosidases) catalyse the production of aroma-related compounds
from precursor molecules. The use of enzyme-catalysed
reactions has the notable advantage of providing higher
stereoselectivity than chemical routes. Besides, the products thus obtained may possess the legal status of natural substances.
Although a considerable amount of current research
focuses on the production of food flavour and aroma
compounds, at the moment only a few are obtained by
biotechnological routes. The aim of this paper is to review the current state of the art on bioprocesses for the
production of food flavours. The most relevant achievements related to plant cell and microbial flavour production, as well as enzyme-catalysed protocols are described. Finally, new approaches aiming to circumvent
economic restrictions in biotechnological food aroma
production are analysed.

Plant Cell Cultures
Plant cell cultures appear as a viable method to produce a wide range of flavours and aromas characteristic
of their plant origin (Table 1, 7–16). This approach is based
on the unique biochemical and genetic capacity, and the
totipotency of plant cells (17–19). Every cell of a plant
culture contains the genetic information necessary to
produce numerous chemical components that constitute
natural flavour. Feeding intermediates of the biosynthetic pathway can enhance the production of flavour metabolites by precursor biotransformation. Some authors
(20,21) summarised the advantages of plant cell culture
technology over conventional agricultural production,
pointing out the following aspects:
Table 1. Flavours from plant cell cultures
Products

Plant species

References

2,3-butanedione,
(E,Z)-2,6-nonadienal and
(E,Z)-2,6-nonadien-1-ol

Agastache rugosa

(7)

Apple aroma
Cinnamic acid
Caryophyllen

Malus silvestris
Nicotiana tabacum
Lindera strychnifolia

(8)

Basmati flavour

Oryza sativa

(9)

Cocoa flavour

Theobromo cacao

Flavanol

Polygonum hydropiper

(11)

Garlic

Allium sativum

(12)

Monoterpenes

Perilla frutescens

(13)

Onion

Allium cepa

(14)

Triterpenoid

Glycyrrhiza glabra
glandulifera

(15)

Vanillin

Vanilla planifolia

(16)

(10)
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• it is independent of geographical and seasonal vari-

•

•
•

•
•

ations, political interference and other environmental factors. It also offers a defined production system, which ensures a continuous product supply, as
well as uniform quality and yield,
it is possible to produce novel compounds that are
not normally found in parent plants, either directly
or through stereo- and regiospecific biotransformations of cheap precursors,
high-productivity species can be selected,
costs can be decreased and productivity increased by
automatization of cell growth control and regulation
of metabolic processes,
efficient downstream recovery,
rapid production.

Nevertheless, some problems need to be solved before plant cell cultures are extensively used for plant
metabolite production. The technology for large scale
suspension cultures should be further developed, since
it differs from that commonly employed for microbial
systems. Sensitivity to shear stress, relatively long growth
cycles, low yields, progressive loss of biosynthetic activity and rare product secretion are some of the features of
plant cell cultures that need special attention. However,
some strategies have been developed to stimulate biosynthetic activities of cultured plant cells by optimization of culture conditions, selection of high-producing
strains, precursor feeding and elicitation. Also, cell immobilisation techniques could help to prolong viability
periods, maintain high cell density in the bioreactors
and reduce shear stress, amongst other advantages. Besides, regulation of plant secondary metabolism at the
biochemical and genetic levels could lead to improved
production systems (21,22).
As for specific efforts related to flavour production
by plant cell cultures, several researchers have investigated the synthesis of vanillin, a much sought-after flavour compound (23). Plant cell cultures of Vanilla planifolia have been initiated from various plant cells and
tissues (24), and the convenience of using elicitors to induce vanillic acid synthesis assessed (25). Also, feeding
of the precursor ferulic acid resulted in increase in vanillin accumulation (26,27). Furthermore, the production
of vanillin from ferulic acid with vanilla aerial roots on
charcoal as a product reservoir has been described (28).
Capsicum frutescens root cultures have also been used for
the bioconversion of ferulic acid to vanillin (29).
Some other works involve the production of monoterpenes (i.e. limonene, linalool, etc.) in callus tissues and
cell suspensions of Perilla frutescens (13), and basmati
rice volatile flavour components in callus cultures of
Oryza sativa (9). In some cases, the flavour profiles obtained in plant cell cultures differ from those encountered in the parent plants. Such was the case in suspension cultures of Agastache rugosa Kuntze (Korean mint),
which had a marked cucumber/wine-like aroma, and
produced some interesting flavour-related alcohols (i.e.
2-phenylethanol) (7). This alteration of the original flavour profiles can be deliberately induced by the addition of precursors, as demonstrated in root cultures of
Allium cepa L. (onion) (14).
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Microbial Cultures
Microorganisms have historically played an integral
role in the elaboration of the flavour components of many different foods. Products such as wine, vinegar, beer,
fermented vegetables, milk, soya and meat have been
preserved, modified and flavoured by means of microbial strains. As previously indicated, microbial cultures
can be used to produce flavour compounds, either specifically for application as food additives or in situ as a
part of food fermentation processes.
Aroma compounds can be classified in families based
on their chemical structures, physicochemical or sensorial properties (Table 2). Alternative classifications could
be established as a function of the chemical family of the
precursor used for their production by bioconversion.
Detailed information on the production of some commonly used food aroma compounds by microorganisms
is presented below.

Diacetyl
Diacetyl is mainly related to butter flavour, and
therefore extensively used in the imitation of butter and
other dairy flavours, as well as whenever butter notes
are desirable in food or beverages. This compound is
produced by lactic acid bacteria and other microorganisms in several foods (e.g. Lactococcus lactis, Lactobacillus
sp., Streptococcus thermophilus, Leuconostoc mesenteroides).
The production of dairy flavour compounds, such as butyric acid, lactic acid and diacetyl in mixed cultures of
lactic acid bacteria growing in starch-based media, has
been reported (30). The studies done by Ibragimova et
al. (31) showed that milk cultures of Streptococcus lactis,
S. cremoris and S. diacetilactis produced high amounts of
2,3-butanedione and acetaldehyde in 24 h at 30 °C. Cultures with the best aroma contained 2–5 parts acetaldehyde to 1 part 2,3-butanedione.
A number of researchers have investigated the behaviour and/or metabolism of food processing microorganisms, and the enzymes involved in the production of
diacetyl and related compounds. The formation of diacetyl by lactic acid bacteria through acetoin dehydrogenase-catalysed dehydrogenation of acetoin has been
investigated in the dough products (32). Bassit et al. (33)
studied the effect of temperature on diacetyl and acetoin
production by a particular strain of Lactococcus lactis,
with special reference to lactic dehydrogenase, acetolactate synthase, NADH oxidase and diacetyl reductase,
the main enzymes involved in pyruvate metabolism.
Medina de Figueroa et al. (34) investigated the effect of
citrate in the repression of diacetyl/acetoin reductase,
resulting in the accumulation of diacetyl and acetoin in
batch cultures of Lactobacillus rhamnosus.
Genetic manipulation of the gene encoding enzymes
involved in diacetyl metabolism, such as diacetyl-acetoin reductase from Lactococcus lactis, has been attempted
to increase the diacetyl production capacity of lactic acid
bacteria (35). Also, Carroll et al. (36) cloned and expressed in E. coli acetolactate synthase, a key enzyme for
the production of the diacetyl precursor acetolactate,
with the final objective of increasing diacetyl production
in lactococcal strains.
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Table 2. Classification of food aroma compounds based on their chemical structure
Alcohols

Aldehydes

Esters

Fatty acids

Ketones

1,2-butanediol

acetaldehyde

methyl acetate

acetate

acetophenone

2-butanol

decanal

ethyl acetate

butyrate

acetone

2-3-butanediol

heptanal

ethyl butyrate

caproate

2,3-butanedione

ethanol

(Z)-4-heptenal

ethyl hexanoate

decanoate

2,3-pentandione

2-ethylbutanol

hexanal

ethyl isobutanoate

isobutyrate

2-butanone

2-ethylhexanol

2-hexenal

ethyl octanoate

2-methylbutyric acid

3-hydroxy-2-butanone

2-heptanol

isohexanal

ethyl butanoate

3-methylbutyric acid

2-heptanone

hexanol

2-methylbutanal

isobutyl butanoate

octanoate

2-hexanone

isobutanol

3-methylbutanal

2-methyl-1-butyl acetate

phenylacetate

3-methyl-2-butanone

2-methylbutanol

2-methylpropanal

3-methyl-1-butyl acetate

propionate

4-methyl-2-pentanone

3-methylbutanol

nonanal

3-octyl acetate

valerate

2-nonanone

2-methylpropanol

(E,E)-2,4-nonadienal

pentyl acetate

Lactones

2-octanone

2-nonanol

(Z)-2-nonenal

phenethyl acetate

d-decalactone

1-octen-3-one

(Z)-1,5-octadien-3-ol

(E)-2-nonenal

ethyl butyrate

g-decalactone

2-pentanone

2-octanol

octanal

propyl butyrate

g-butyrolactone

3-pentanone

1-octen-3-ol

butanal

2-hidroxyethyl

d-dodecalactone

2-tridecanone

1-pentanol

pentanal

propionate

d-octalactone

2-undecanone

(Z)-6-dodecen-d-lactone

phenylethanol

propanal

2-methyl-2-ethyl-3-

2-phenylethanol

propenal

-hydroxyhexyl propionate

1-nonanol

thiophen-2-aldehyde

ethyl 2-methylbutanoate
ethyl 3-methylbutanoate

Aromatic compounds

Pyrazines

vanillin

2,3-diethyl-5-methylpyrazine

benzaldehyde

2-ethyl-3,5-dimethylpyrazine

b-phenethyl alcohol

2-methoxy-3-isopropylpyrazine

trimethylbenzene

In some cases, diacetyl can contribute to off-flavours
(i.e. beer production) and strategies should be designed
to avoid their formation. Kronlof and Linko (37) proposed the use of genetically modified brewer’s yeast encoding a-acetolactate decarboxylase in immobilised yeast
bioreactors for the main fermentation of beer, promoting
the direct conversion of a-acetolactate to acetoin without
the formation of diacetyl. Also, Sandine et al. (38) assayed
the addition of a crude diacetyl reductase from Aerobacter aerogenes as a means to remove diacetyl and 2,3-pentadione from beer by conversion to flavourless acetoin.

Lactones

tery and coconut-like flavour notes provided by these
compounds are generally considered as desirable in dairy products. However, the presence of lactones may contribute to the stale flavour of heated milk, although to a
lesser extent than ketones. The compound 6-pentyl-2-pyrone provides a coconut aroma, highly desired by
flavourists. It was found by Collin and Halim (42) to be
the major volatile constituent in cultures of the fungus
Trichoderma viride. Other fungi such as Tyromyces sambuceus and Cladosporium suaveolens efficiently generate the
coconut-flavoured lactones g-decalactone and d-dodecalactone from ricinoleic acid and linoleic acid, respectively
(43,44).

Lactones are cyclic esters of primarily g- and d-hydroxy acids, and they are ubiquitously found in food,
contributing to taste and flavour nuances such as fruity,
coconut-like, buttery, creamy, sweet or nutty. The possibility of producing a lactone using a biotechnological
route was discovered in the 1960s by the group of Okui
(39,40) during the investigation of hydroxyacid catabolism by several organisms. Dimick et al. (41) stated in
their review that raw milk does not contain free lactones, which only appear after heating. The milky, but-

Yeasts such as Candida tropicalis or Yarrowia lipolytica
degraded ricinoleic acid to C16, C14 and C12 acids and,
interestingly, accumulated d-decalactone, which exhibits
fruity and oily notes important in the formulation of
peach, apricot or strawberry aromas. However, the yields
of this biotransformation are commonly poor, and they
rarely reach concentrations over 4 to 5 g/L in the fermentation broth (45). Wache et al. (46) investigated the
enzymes involved in g-decalactone production by Yarrowia lipolytica, and encountered the reasons for low yields.
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Esters
Esters are commonly used flavouring agents, very
appreciated for the fruity aromas they provide. They are
employed in fruit-flavoured products (i.e. beverages, candies, jellies, and jams), baked goods, wines, and dairy
products (i.e. cultured butter, sour cream, yogurt, and
cheese). Acetate esters, such as ethyl acetate, hexyl acetate, isoamyl acetate and 2-phenylethyl acetate are recognised as important flavour compounds in wine and
other grape-derived alcoholic beverages. Rojas et al. (47)
studied several so-called non-Saccharomyces wine yeasts
as the producers of acetate ester. Among them, the yeasts
Hanseniaspora guilliermondii and Pichia anomala were found
to be potent 2-phenylethyl acetate and isoamyl acetate
producers, respectively.
In cheese production, ethyl or methyl esters of short-chain fatty acids generally bring about fruity flavours,
while thioesters derived from thiols are associated with
cabbage or sulphur aromas (48). The capacity of lactic
acid bacteria to synthesize both ethyl esters and thioesters has been reported. The role of a unique esterase
from Lactococcus lactis in the formation of these aroma
compounds has been investigated, and ascertained as at
least partially responsible for the esterification reactions
leading to the production of aroma ester compounds.
This was undertaken by using an esterase negative mutant of L. lactis (49).

Pyrazines
Pyrazines are heterocyclic, nitrogen-containing compounds which possess a nutty and roasted flavour. They
are normally formed during conventional cooking/roasting of food through the Maillard reaction (50). Nowadays, the use of cooking processes that do not favour
pyrazine formation (i.e. microwave cooking) has caused
the need to supply natural pyrazines with a roasty flavour as food additives. A few microorganisms are also
able to synthesize pyrazines. For instance, bacteria such
as Corynebacterium glutamicum produce important quantities of tetramethylpyrazine from amino acids (51).

Terpenes
Terpenes are widespread in nature, mainly in plants
as constituents of essential oils. They are composed of
isoprene units, and can be cyclic, open-chained, saturated, unsaturated, oxidized, etc. The biotransformation of
these compounds is potentially of considerable interest
for application in the food flavour industry. Among the
terpenes, linalool, nerol, geraniol and citronellol are the
most flavour-active due to their low sensory threshold.
Most of the terpenes obtained in microbial cultures
are produced by fungi that belong to the ascomycetes
and basidiomycetes species. Schindeler and Bruns (52)
have demonstrated that terpene yields in Ceratocystis variospora cultures could be improved when toxic end
products were removed using ion exchange resins. The
fungus Ceratocystis moniliformis produces several aroma
products such as ethyl acetate, propyl acetate, isobutyl
acetate, isoamyl acetate, citronellol and geraniol. In order to avoid the inhibitory effects detected in these cultures, it is necessary to decrease product concentrations
in the bioreactor. Bluemke and Schrader (53) developed
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an integrated bioprocess to enhance the production of
natural flavours by C. moniliformis. The total yield of aroma compounds produced in the integrated bioprocess,
with in situ product removal using pervaporation, is
higher than in conventional batch cultivation. In addition, permeates obtained from pervaporation consist of
highly enriched mixtures of flavours and fragrances. On
the other hand, microbial transformation of terpenes has
received considerable attention. Many microorganisms are
able to break down terpenes or to carry out specific conversions, creating products with an added value. Dhavlikar and Albroscheit (54) demonstrated that the inexpensive sesquiterpene valencene can be converted by
some bacteria to the important aroma compound nootkatone.
Recently, significant research effort has focused on
the enzymes related to terpene biosynthesis. The nucleic
acid sequence of a monoterpene synthase from sweet basil, a key enzyme for the production of geraniol, has been
determined in order to allow the production of recombinant geraniol synthase (55). Also, a geraniol synthase from
the evergreen camphor tree Cinnamomum tenuipilum was
cloned and expressed in E. coli (56). Functional genomics
has also been applied to identify the genes for monoterpene synthases from Vitis vinifera grapes in order to
characterize the enzymes by expression in E. coli and
subsequent analysis (57).

Alcohols
In alcoholic fermentations, apart from ethanol, yeast
produces long-chain and complex alcohols. These compounds and their derived esters have interesting organoleptic properties. Some authors have proposed strategies
for promoting this kind of flavour compounds during
alcoholic beverage production. Mallouchos et al. (58) utilized Saccharomyces cerevisiae immobilised on delignified
cellulosic material and gluten pellets. The former produced higher amounts of esters, whereas the latter gave
higher amounts of alcohols. Kana et al. (59) evaluated
yeast immobilisation on g-alumina and kissiris, and found
in the former case an increase in the concentration of
amyl alcohols, total volatiles, and ethyl acetate, which
led to a fine aroma.
One of the most relevant aroma-related alcohols is
2-phenylethanol, which possesses a rose-like smell. It is
still predominantly synthesized by petrochemical routes
from toluene, benzene, styrene, or methylphenylacetate
(60), while the natural 2-phenylethanol is mainly extracted from rose petals through a high-cost process (61).
Different yeast strains such as Hansenula anomala, Kluyveromyces marxianus or Saccharomyces cerevisiae have shown
a high potential for industrial production of aroma compounds, such as 2-phenylethanol, which is derived from
2-phenylalanine by bioconversion (61,62). Stark et al. (62,
63) reported that the presence of ethanol and 2-phenylethanol in the medium resulted in a synergistic inhibition, which reduced the tolerance of Saccharomyces cerevisiae to 2-phenylethanol and thus its final concentration.
As a result, the feed rate had to be reduced in fed-batch
cultures to avoid ethanol production. Thus, a maximal
2-phenylethanol concentration of 2.35 g/L could be attained in batch cultures, whereas 3.8 g/L were obtained
in a fed-batch culture with the limitation of ethanol pro-
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duction (62). To enhance the productivity of the bioconversion of 2-phenylalanine by Saccharomyces cerevisiae, a
novel in situ product recovery strategy was proposed by
Serp et al. (64). An organic solvent (dibutyl sebacate)
was entrapped within a polyethylene matrix, in order to
form a highly absorbent, chemically and mechanically
stable composite resin. The use of this technique increased twofold the volumetric productivity of 2-phenylethanol and significantly facilitated downstream processing. Fabre et al. (65) screened 21 yeast strains for
2-phenylethanol production. Amongst the different 2-phenylethanol producers, Kluyveromyces marxianus was outstanding, which makes this strain a promising candidate
to be applied in an industrial process. Moreover, K. marxianus has several advantages such as (66):
• it shows optimal production characteristics (65),
• 2-phenylethanol production depends on the medium
and temperature used (67),
• K. marxianus is Crabtree-negative, which is an advantage for scale production processes, because the
production of toxic by-products (i.e. ethanol) under
aerobic conditions can be avoided (68).

Vanillin
Vanillin (4-hydroxy-3-methoxybenzaldehyde) is a universally appreciated flavour chemical that occurs in Vanilla planifolia beans. It is widely used in foods, beverages, perfumes, pharmaceuticals, and in various medical
industries (69).
Chemically synthesized vanillin accounts nowadays
for more than 99 % of the total market share (70), but
there is an increasing demand for natural vanillin. Direct extraction from vanilla beans is expensive and limited by plant supply, which makes this compound a promising target for biotechnological flavour production.
Vanillin is an intermediate in the microbial degradation
of several substrates, such as ferulic acid, phenolic stilbenes, lignin, eugenol and isoeugenol. The conversion of
natural eugenol and isoeugenol from essential oils into
vanillin has been investigated using microbial and enzymatic biotransformations (71–75). Strains including Pseudomonas putida, Aspergillus niger, Corynebacterium glutamicum, Corynebacterium sp., Arthrobacter globiformis and Serratia
marcescens (69) can also convert eugenol or isoeugenol to
vanillin.
A two-step bioconversion process using filamentous
fungi was developed by Lesage-Meessen et al. (76,77) to
transform ferulic acid into vanillin. First, Aspergillus niger transformed ferulic acid to vanillic acid, and then
vanillic acid was reduced to vanillin by Pycnoporus cinnabarinus. Bonnin et al. (78) showed that the yield of vanillin may be significantly increased by adding cellobiose to P. cinnabarinus culture medium, due to the decrease
in oxidative decarboxylation of vanillic acid.
The importance of ferulic acid as precursor of vanillin has brought about a number of efforts in the investigation of its production. Feruloyl esterase has been
identified as the key enzyme in the biosynthesis of ferulic acid, and some researchers have studied the production of this enzyme in microbial cultures of several
fungi grown on different pretreated cereal brans, such as
wheat, maize, rice bran and sugar cane bagasse (79). The

metabolism of ferulic acid in some microorganisms has
also been investigated (80,81).

Benzaldehyde
It is the second most important molecule after vanillin for its use in cherry and other natural fruit flavours.
The world consumption of benzaldehyde amounts to
approximately 7000 tonnes per year (82). Natural benzaldehyde is generally extracted from fruit kernels such
as apricots, leading to the undesirable formation of the
toxic hydrocyanic acid. Nowadays, the fermentation of
natural substrates is an alternative route to the production of benzaldehyde without harmful by-products. However, benzaldehyde is toxic towards microbial metabolism and its accumulation in the culture medium may
strongly inhibit cell growth (83). For this reason, only a
few microorganisms have been reported as benzaldehyde producers. Amongst them, the bacterium Pseudomonas putida (84–86) and the white rot fungi Trametes
suaveolens, Polyporus tuberaster, Bjerkandera adusta and
Phanerochaete chrysosporium (87–90) are mentioned as
biocatalysts in the biosynthesis of benzaldehyde from
phenylalanine. Park and Jung (91) proposed the use of
calcium alginate-encapsulated whole-cell enzymes from
P. putida for the production of benzaldehyde from benzoylformate. This allowed the accumulation of benzaldehyde in the capsule core, minimising its subsequent
transformation to benzyl alcohol by the action of alcohol
dehydrogenase, and thus providing continuous production of benzaldehyde until reactant exhaustion.

Methyl ketone
The methyl ketones, 2-heptanone, 2-nonanone, and
2-undecanone, are the largest contributors to stale flavour in UHT milk (92). Moio et al. (93) similarly report
that 2-heptanone and 2-nonanone are the most powerful
odorants in UHT milk. These methyl ketones are aromas
employed in a wide range of flavouring applications, especially those related to blue cheese and fruit flavours
(94). There is not much information on microbial production of these compounds, although Janssens et al. (3)
mention in their review the methyl ketone-producing
ability of Agaricus bisporus, Aspergillus niger, Penicillium
roqueforti and Trichoderma viride TS.

Enzyme-Catalysed Reactions
Chemical synthesis of food aromas is nowadays under question, due to drawbacks such as poor reaction
selectivity leading to undesirable side reactions, low
yields, pollution, high manufacturing costs, and impossibility of labelling the resulting products as natural. Besides, many compounds used for flavouring exist as optical isomers with different flavour characteristics, and
resolution of racemic mixtures is usually difficult to
achieve chemically. On the other hand, the use of enzyme-catalysed reactions circumvents many of these problems, due to the substrate specificity, regio- and enantioselectivity of these biocatalysts, which can be utilized
at mild reaction conditions. By choosing the suitable enzymes, enantiomerically pure flavour compounds can be
obtained in one step, thus increasing process efficiency
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and lowering downstream costs. Moreover, flavours obtained through biocatalysis can be considered as natural
products.
A number of enzymes may directly produce flavour
molecules by hydrolysis of larger progenitors. Also, recent developments on biocatalysis in unconventional
media have made possible the utilisation of hydrolytic
enzymes to specifically catalyse the synthesis of a number of valuable compounds (95). This strategy can be applied for the production of food aromas, as is the case of
ester synthesis by lipases in low water-content media.
The most commonly used enzyme applications related
to the production of aroma compounds are described
below in some detail.

Lipolytic enzymes
One of the most promising applications of enzyme
technology in the food aroma field is the use of reversed
lipolysis in low water-content systems (95) in order to
carry out esterification or transesterification reactions for
the production of esters from inexpensive raw materials
(i.e. fatty acids and alcohols). A number of lipases have
been tested for their ability to promote ester synthesis in
low-water content media, such as those from Candida
cylindracea, Pseudomonas fluorescens, Mucor miehei, Aspergillus sp., Rhizopus arrhizus and Candida rugosa, amongst
others. The influence of variables such as reagent or enzyme characteristics and concentrations, temperature, water content or solvent properties have been thoroughly
studied in many cases. Also, the improvement of enzyme substrate specificity and the use of new solvents
are under investigation.
Lipases are usually highly specific, which makes esterification between carboxylic acids and alcohols dependent on alcohol and/or acid chain length. Kumar et
al. (96) studied the esterification of fatty acids of different chain lengths with isoamyl alcohol with three different commercial lipases. Candida antarctica lipase fraction
B showed substrate specificity involving both acids (short-chain fatty acids having linear and branched chain structures, as well as unsaturated fatty acids), and alcohols
(n-butyl, isopentyl, 2-phenylethyl and geraniol) when
the synthesis of esters in n-hexane was considered (97).
The conversion rate for isoamyl acetate, propionate, butyrate and octanoate synthesis with crude hog pancreas
lipase under solvent-free conditions and in supercritical
carbon dioxide increased with increasing carbon chain
length for even-carbon acids, and higher yields were
found for isoamyl propionate (98). Macedo et al. (99)
found that the size of the aliphatic chain from the acyl
donor was important for conversion rate, when production of citronellyl esters by direct esterification and transesterification catalysed by a novel microbial lipase from
a locally isolated Rhizopus sp. strain was assessed.
As indicated above, enantiomeric selectivity of the
enzymes can be an important feature for the synthesis of
food aromas. For instance, only the (S)-form of 2-methylbutanoic acid methyl ester (main flavour component
of apple or strawberry) has the characteristic fruit flavour. Kwon et al. (100) investigated the ability of a number of lipases to catalyse enantiomeric selective synthesis of (S)-2-methylbutanoic acid methyl ester, and found
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good results for lipases from Rhizomucor miehei, Aspergillus niger and Aspergillus javanicus. The reaction conditions
(i.e. temperature and lyophilizing pH) were optimized
in isooctane, and the kinetic parameters determined.
Also, Candida rugosa lipase was selected to catalyse the
esterification of L-menthol with long-chain unsaturated
fatty acids in a solvent-free system in order to moderate
its strong flavour. The enzyme acted strongly on L-menthol and very weakly on D-menthol (101). On the other
hand, some lipases show only moderate enantioselectivity, as is the case of Candida antarctica lipase fraction B
towards chiral short-chain carboxylic acids (97).
Kinetics of lipase-catalysed esterification and transesterification reactions has been investigated in detail by
some authors. The synthesis of geranyl acetate by transesterification catalysed by immobilised Mucor miehei lipase
in supercritical carbon dioxide and n-hexane appeared
to follow a ping pong bi bi model with inhibition by excess of geraniol (102,103). A ping pong bi bi model with
competitive substrate inhibition and dead-end inhibition
by acetic acid was also reported for geranyl acetate formation by Candida cylindracea lipase-catalysed esterification in organic solvent (104,105).
Ester synthesis reactions are carried out in low-water content media. The most commonly used systems
are organic solvents such as n-hexane (97,99,102,103,106–
110), n-heptane (111), cyclohexane (112) or isooctane (100,
105). The choice of solvent has been found to be significant, and a relationship was suggested between solvent
polarity, expressed in terms of log P, and reaction conversion. Highly hydrophobic solvents are preferred because they do not penetrate the water layer surrounding
the enzyme surface, which favours maintenance of its
active stereoconfiguration (104,111). However, although
high reaction yields can be obtained in the presence of
organic solvents, mass transfer limitations often result in
relatively low reaction rates.
An important aspect to consider when esterification
reactions are carried out in organic solvents is the fact
that water is produced during the reaction and its accumulation could cause a progressive decrease in yields.
Although small amounts of water are required to maintain the active conformation of the enzymes, low water
activities are necessary to promote ester synthesis reactions. Some strategies have been proposed to remove excess water from the reaction media, such as the application of salt hydrates (113), circulation of the reaction
mixture through a packed column filled with water-adsorbing materials (114), pervaporation (115), sparging of
dry inert gas (116) or continuous water removal by hetero-azeotropic distillation (117).
Enzymatic synthesis of esters can also be carried out
in solvent-free systems, in which the reaction medium
involves a reactant itself (i.e. an alcohol) as a solvent.
The avoidance of the organic solvent is of great interest
for food applications, since the costs and toxicity problems associated with its recovery could be eliminated.
Some works illustrate the feasibility of solvent-free systems for lipase-catalysed ester synthesis reactions, and
high yields have been reported (96,98,99,101,118–121).
Nevertheless, mass transfer limitations and the subsequent low reaction rates may also occur in this case, due
to the characteristic heterogeneity of the reactions (li-
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pases are insoluble in organic solvents, including alcohols).
Supercritical fluids are defined as fluids above their
critical temperature and pressure, having liquid-like densities and gas-like diffusivities. Therefore, they appear as
suitable solvents for enzymatic reactions with mass-transfer limitations, allowing increased conversions for
very low enzyme loadings and substrate concentrations.
Also, the solubilities of reactants and products are dependent on pressure and temperature of the system,
which would help to integrate reaction and downstream
processing into a single step. Supercritical carbon dioxide (SC-CO2) presents a number of advantages, such as
low cost, inflammability, nontoxicity, near-ambient critical temperature (31.1 °C) and moderate critical pressure
(73.8 bar). In view of all this, a number of researchers
have investigated the efficiency of several lipases to catalyse esterification and/or transesterification reactions in
SC-CO2, and in some cases the results were successfully
compared to those obtained when the reaction was carried out in the presence of organic solvents or in solvent-free systems (96,98,102,103,122). Anyhow, the specific equipment required to operate with supercritical
fluids still hinders extensive commercial application of
this approach.
Also, some authors have focused on the location of
enzymes that could be able to synthesize commercially
interesting esters in aqueous media, thus avoiding the
problems associated with organic, solvent-free or supercritical systems. Chang et al. (123) confirmed the ability
of wild-type and mutant lipases from Staphylococcus epidermidis to catalyse the synthesis of various flavour esters in aqueous media, and studied the optimum reaction conditions. The enzymes were found to be strongly
inactivated by n-hexane, and showed promising specificity for the synthesis of medium-chain esters, geranyl
esters and unsaturated esters, although further genetic
engineering could be considered to provide activity towards the synthesis of short-chain esters.
One of the main drawbacks for industrial application of enzyme-catalysed ester synthesis is the relatively
high cost of the biocatalyst. Therefore, enzyme immobilisation strategies have been considered, which would
allow recovery and reuse of the biocatalyst, and in some
cases would help to increase enzyme thermostability and
tolerance to organic solvents. Lipases from several sources were immobilised on supports such as Celite 545
(122), silica gel 60 (123), nylon (106) or macroporous anionic resins (102,103), and their efficiency in the catalysis
of esterification and/or transesterification reactions in
aqueous, organic, solvent-free or supercritical media was
assessed. The characteristics of the immobilisation support (i.e. hydrophobicity) were reported to have an influence on ester synthesis reaction rates in organic solvents (112). Some novel immobilisation techniques have
been proposed, such as magnetic polysiloxane-polyvinyl
alcohol particles (124), and lipase-containing organic-inorganic hybrid sol-gel matrices within the pores of polyvinyl formal resin plates (125). The former showed high
activity recovery during the covalent immobilisation process, and reaction conditions, including substrate selectivity towards organic acids and alcohols, were studied
using heptane as solvent. With respect to the latter, opti-

mum formulation of the sol-gel solution for enzyme activity was investigated, and excellent thermal and operational stability of the immobilised biocatalyst were found.
The esterification reaction between geraniol and acetic
acid in anhydrous hexane was assayed. Lipase coating
with surfactants (i.e. Span 85) as a means to facilitate recovery and repeated use of the enzyme, due to the decreased solubility in organic solvents, was also assessed
for the catalysis of geranyl acetate formation by esterification (104,105).
The use of enzymes produced by thermotolerant or
thermophilic microorganisms could also help to diminish the costs associated with the biocatalysts in this kind
of process, since the enzymes provided by these strains
usually have extremely high thermostability and tolerance to organic solvents. Alvarez-Macarie and Baratti
(126) assessed the ability of a novel thermostable esterase from the thermotolerant strain Bacillus licheniformis,
cloned in E. coli, to catalyse the formation of short-chain
flavour esters (ethyl caproate) in n-heptane. The effect
on reaction yield of enzyme concentration, added water,
fatty acid chain length specificity (higher for mid-chain
length fatty acids), solvent, substrate concentration and
temperature was investigated. The operational stability
of the enzyme (i.e. repeated use) was assessed. Also, the
ability of some Thermus strains to produce thermophilic
lipolytic enzymes has been reported (127–129). These
enzymes showed good tolerance to high temperatures
and organic solvents, which indicates promising characteristics for their application in ester synthesis.

Proteases
Oligopeptides are receiving increasing attention due
to their organoleptic properties and biological activity.
Relatively short oligopeptides play an important role in
the sensory appreciation of food, and different sequences can be used to recreate the four basic taste sensations (sweet, bitter, sour and salty) (130,131).
Peptides can be obtained by protease-mediated hydrolysis of proteins. The influence of the original protein
source and the protease utilized for its hydrolysis on the
range of obtained peptides and their taste characteristics
has been studied (131). Sawhill (132) reported the production of a nonallergenic peptide product by enzymatic hydrolysis of whey protein concentrates with a fungal protease in a two-stage process. The product did not
have the bitter taste typically associated with peptides,
and its potential application for milk replacement products or other food applications was proposed. However,
hydrolysis of proteins often results in the formation of
hydrophobic bitter peptides, which limits the use of protein hydrolysates in food products. This bitterness can
be reduced by masking, extraction of bitter peptides or
further hydrolysis with exopeptidases (133).
Protease-catalysed hydrolysis can also influence the
occurrence of other flavour-related compounds. Baek
and Cadwallader (134) investigated protease treatment
of crayfish-processing byproducts to obtain flavour concentrates, and found that the enzymatic treatment allowed an increase in the concentration of benzaldehyde
and pyrazines. Aaslyng et al. (135) studied protease-mediated catalysis as an alternative for the production of
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hydrolyzed vegetable protein, a savoury flavouring product traditionally obtained by heating a protein source
at acidic pH. Enzymatic treatment favoured pyrazyne formation through Maillard reactions, as well as alcohols.
Peptides can be synthesized by recombinant DNA
technology, chemical synthesis, and enzymatic synthesis,
depending on the desired size (large, intermediate and
short sequences, respectively). The use of enzymes circumvents some of the problems associated with chemical synthesis, since enzyme regio- and stereospecificity
dispense the requirements for intermediate protection/
deprotection steps and avoid racemization, while allowing mild reaction conditions. Therefore, the enzymatic
method is particularly interesting for the synthesis of
peptides to be used as food additives. The majority of
commercially available proteases (metallo-, endo-, exo-,
serine and aspartate) may be used, although the serine
and cystein endopetidases have been the most widely
employed. Application of free, suspended, immobilised
and chemically modified enzymes has been proposed
(136).
The use of an aqueous medium for the enzymatic
synthesis reaction brings about some problems, such as
the cleavage of preformed peptide bonds or the low solubility of commonly used protected amino acid derivatives. Organic cosolvents can be added to diminish the
occurrence of hydrolytic side reactions and increase reagent solubility. Also, precipitation or extraction of the
product could help to shift the equilibrium towards synthesis. The utilization of protease-catalysed peptide condensation reactions to synthesize valuable peptides or
modify the structure of bitter peptides, thus reducing
their bitterness, has been studied by a number of researchers. A dipeptide condensation reaction catalysed
by papain and several commercial neutral and alkaline
proteases was investigated by Stevenson et al. (133). Both
water and aqueous ethanol were considered as reaction
media, and the equilibrium towards peptide condensation was found to be considerably favoured by product
precipitation. Also, the ability of the tetrapeptide Asp-Asp-Asp-Asp, isolated from beer yeast seasoning, to
significantly mask bitter taste was ascertained, and the
possibility of synthesizing it by oligomerization of L-aspartic acid a,b-di-propyl ester hydrochloride with a-chymotrypsin was demonstrated (137). Jorba et al. (138)
proposed the use of semiliquid eutectic mixtures of substrates instead of aqueous or organic solutions in order
to circumvent low productivity and limited choice of
suitable solvents, often found as drawbacks for this methodology.
The use of enzyme preparations including proteases, as well as peptidases, lipases and esterases, to produce enzyme-modified flavour-enhanced cheese has been
recommended by some authors. The procedure consists
of incubating cheese or curd with enzymes in a slurry
system under controlled conditions until the desired flavour is achieved, and flavour enhancements up to 30-fold compared to natural cheese can be reached. Apart
from enzyme solutions, specific starter cultures providing the adequate enzyme pool can also be used (139).
Some authors have stressed the potential antihypertensive properties of some peptides found in enzyme-modified cheese (140).
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Glucosidases
Glucosidases can be used to enhance the aroma of
some wines by freeing glycosidically bound volatile terpenes and flavour precursors. Terpenols in grapes are
mostly found in glycosidically bound forms which are
odourless. The addition of exogenous enzymes during
or after the fermentation has been found to be the most
effective way to improve the hydrolysis of the aroma
precursor compounds and achieve an increase in wine
flavour (141). This phenomenon is now exploited by enzyme companies who specifically produce b-glucosidase
enzymes for the enhancement of the aroma of certain
wines. b-glucosidases have been isolated from numerous sources including Vitis, Saccharomyces, Oenococcus,
Aspergillus or Candida.
Glucosidases can also be used to synthesize glycosides as »slow release« aroma compounds. Volatile flavours evaporate during storage leading to decrease in
the right concentration at the moment of consumption,
but if they are present in a bound, non-volatile form,
they can be liberated upon heating, thus optimizing organoleptic characteristics of the consumed product. Glucosides are adequate derivatives as »slow release« flavours, due to their very low vapour pressures and the
possibility of obtaining them as natural compounds. Enzymatic synthesis of geranyl glucoside has been investigated, using b-glucosidase in low water activity media.
Since the yield was rather low, a system for continuous
separation of the product was devised, composed of a
spray two-phase column reactor, a hydrophobic microfiltration module and an alumina adsorption column as
the main elements (142,143).

Other enzymes
Some other enzymes have been mentioned for their
potential applicability in the production of flavour compounds. However, further research is needed before considering their commercial application. De Temiño et al.
(144) investigated the use of an immobilised alcohol dehydrogenase from Lactobacillus kefir to synthesize (R)-phenylethanol from acetophenone in an organic solvent
(hexane). The enzyme and its cofactor were entrapped
in polyvinyl alcohol gel beads in order to enhance their
stability in organic solvents and enable both cofactor diffusion and in situ regeneration. Also, hydroxylation of
sesquiterpenes by (+)-germacrene A hydroxylase, an enzyme of the cytochrome P450 monooxygenase type, was
undertaken, and some interesting results were obtained
involving the production of nootkatone, a grapefruit flavour compound, from (+)-valencene (145).
Enzymatic synthesis of vanillin from vanillylamine
using amine oxidase from Aspergillus niger has been reported, and a continuous production process using immobilised enzyme assessed (146). Vanillylamine can be
isolated from capsaicin, a natural ingredient of peppers
and capsicums. Nandakumar et al. (147) stressed the interest of microbial glutaminases as flavour enhancers in
the food industry, due to their involvement in the synthesis of L-glutamic acid, the main compound responsible for the unique flavour of fermented soy sauce.
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Solid-State Fermentation
Numerous microorganisms are capable of synthesizing potentially valuable flavour compounds and enzymes used in flavour manufacturing. However, yields
are often disappointingly low, which hampers extensive
industrial application. In the last decades there has been
an increasing trend towards the utilisation of the solid-state fermentation (SSF) technique to produce several
bulk chemicals and enzymes. SSF has been known from
ancient times (approximately 2600 BC), and typical examples of this technique are traditional fermentations
such as Japanese »koji«, Indonesian »tempeh« and French
»blue cheese«.
SSF is defined as any fermentation process performed on a nonsoluble material that acts both as physical support and source of nutrients in absence of free
flowing liquid (148). This technique reproduces natural
microbiological processes like composting and ensiling.
The low moisture content means that fermentation can
only be carried out by a limited number of microorganisms, mainly yeasts and fungi, although some bacteria
have also been used (149). In recent years, SSF has received more and more interest from researchers, since
several studies on enzymes (150), flavours (151), colourants (152) and other substances of interest to the food
industry have shown that SSF may lead to higher yields
or better product characteristics than submerged fermentation (SmF). In addition, costs are much lower due
to the efficient utilisation and value-addition of wastes
(153). The main drawback of this type of cultivation concerns the scaling-up of the process, largely due to heat
transfer and culture homogeneity problems (154). However, research attention has been directed towards the development of designs such as mixed solid-state bioreactor (155), rotating drum bioreactor (156) and immersion
bioreactor (157), which overcome these difficulties.
Food and agricultural wastes are produced in huge
amounts, and since they are rich in carbohydrates and
other nutrients, they can serve as a substrate for the production of bulk chemicals and enzymes using SSF technique. The nature of the solid substrate employed is a
very important feature. However, the solid substrate not
only supplies the nutrients to the culture but also serves
as an anchorage site for the microbial cells, and other
factors such as particle size and moisture level/water
activity are critical (158–161). SSF could be potentially
useful for the production of flavour compounds (162,
163). Feron et al. (151) reviewed the prospects of microbial production of food flavours and the recommended
SSF processes for their manufacture.
Several researchers have studied SSF production of
aroma compounds by several microorganisms (Table 3,
164–195), such as Neurospora sp. (167), Zygosaccharomyces
rouxii (168) and Aspergillus sp. (172), using pre-gelatinised rice, miso and cellulose fibres, respectively. Bramorski et al. (196) compared fruity aroma production by
Ceratocystis fimbriata in solid-state cultures using several
agroindustrial wastes (cassava bagasse, apple pomace,
amaranth and soybean), and found that the medium
with cassava bagasse, apple pomace or soybean produced a strong fruity aroma. Soares et al. (169) also reported the production of strong pineapple aroma when

SSF was carried out using coffee husk as a substrate by
this strain. Compounds such as acetaldehyde, ethanol,
ethyl acetate (the major compound produced), ethyl isobutyrate, isobutyl acetate, isoamyl acetate and ethyl-3-hexanoate were identified in the headspace of the cultures. The addition of leucine increased ethyl acetate and
isoamyl acetate production, and then a strong odour of
banana was detected. Bramorski et al. (173) and Christen
et al. (174) described the production of volatile compounds such as acetaldehyde and 3-methylbutanol by
the edible fungus Rhizopus oryzae during SSF on tropical
agroindustrial substrates.
The production of 6-pentyl-a-pyrone (6-PP), an unsaturated lactone with a strong coconut-like aroma, was
studied using liquid and solid substrates by de Araujo
et al. (197). Sugarcane bagasse was adequate for growth
and aroma production; it has been demonstrated that,
by solid-state fermentation process, it is possible to produce 6-PP at higher concentration than that reported in
literature for submerged process.
Kluyveromyces marxianus produced fruity aroma compounds in SSF using cassava bagasse or giant palm bran
(Opuntia ficus indica) as a substrate (198). In this report,
several parameters were studied such as initial substrate
pH, addition of glucose, cultivation temperature, initial
substrate moisture and inoculum size. The analysis
showed the production of nine and eleven compounds
from palm bran and cassava bagasse substrate, respectively, including alcohols, esters and aldehydes. In both
cases, two species remained unidentified, and ethyl acetate, ethanol and acetaldehyde were the major compounds produced. Similar aroma composition was detected in solid-state cultures of K. marxianus in a packed
bed column bioreactor. Cassava bagasse was found to be
a suitable substrate for this yeast culture in the bioreactor. The influence of the aeration rate on the production of volatiles and the correlation between growth and
volatile compound generation were demonstrated (165).
SSF was found to be very suitable for the production of pyrazines. Besson et al. (170) and Larroche et al.
(171) studied the biosynthesis of 2,5-dimethylpyrazine
(2,5-DMP) and tetramethylpyrazine (TMP) using SSF cultures of Bacillus subtilis on soybeans. Production of dairy
flavour compounds, such as butyric acid, lactic acid and
diacetyl in mixed cultures of Lactobacillus acidophilus and
Pediococcus pentosaceus growing on a semisolid maize-based culture, has been reported (164). Soccol et al. (199)
studied the synthesis of lactic acid by Rhizopus oryzae in
SSF with sugarcane bagasse as a support. They obtained
a slightly higher productivity than in submerged cultivation. Moreover, lactic acid production by lactic acid
bacteria Lactobacillus paracasei and Lactobacillus amylophilus GV6 under SSF conditions using sweet sorghum and
wheat bran as both support and substrate, respectively,
have been investigated (200–202).
It is known that several methylketones such as 2-undecanone, 2-nonanone and 2-heptanone are produced at
commercial scale by SSF from Aspergillus niger using coconut fat as substrate with a yield of 40 % (3). Several
methods have been developed in order to enable vanillin and furanone or pyranone derivatives of natural origin to be produced from agricultural wastes (Fig. 2). The
basic process combines enzyme degradation of plant cell
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Table 3. Solid-state fermentation applications in food aroma production
Substrates

Microorganisms

Product

References

Aroma compounds
Semisolid maize

Pediococcus pentosaceus
Lactobacillus acidophilus

Butter flavour

(164)

Cassava bagasse and giant palm bran

Kluyveromyces marxianus

Fruity aroma

(165)

Cassava bagasse, apple pomace, amaranth
and soybean

Ceratocystis fimbriata

Fruity aroma

(166)

Pre-gelatinized rice

Neurospora sp.

Fruity aroma

(167)
(168)

Miso

Zygosaccharomyces rouxii

HEMF

Coffee husk

Ceratocystis fimbriata

Pineapple aroma

Soybeans

Bacillus subtilis

Pyrazine

Rice koji

Aspergillus oryzae

Volatile compounds

(172)

Tropical agroindustrial substrates

Rhizopus oryzae

Volatile compounds

(173,174)

(169)
(170,171)

Enzymes
Coconut coir pith

Aspergillus niger

b-glucosidase

(175)

Cranberry pomace

Lentinus edodes

b-glucosidase

(176)

Wheat straw

Neurospora crassa

b-glucosidase

(177)

Sugar beet pulp

Aspergillus niger

Feruloyl esterase

(178)

Wheat bran, maize bran, rice bran and
sugarcane bagasse

Aspergillus flavipes
Phanerochaete sp.
Trametes sp.

Feruloyl esterase

(79)

Corn cobs

Sporotrichum thermophile

Feruloyl esterase, and
p-coumaroyl esterase

(179)

Wheat bran, rice husk, saw dust,
coconut oil cake

Vibrio costicola

L-glutaminase

(180)

Olive cake and sugar cane bagasse

Rhizopus rhizopodiformis
Rhizomucor pusillus

Lipase

(181)

Babassu oil cake

Penicillium restrictum

Lipase

(182)

Barley bran, triturated nut

Yarrowia lipolytica

Lipase

(183)

Coconut oil cake

Candida rugosa

Lipase

(184)

Coconut oil cake, groundnut and sesame,
bombay rawa, soya beans, wheat rawa

Aspergillus sp.

Lipase

(185)

Gingelly oil cake

Aspergillus niger

Lipase

(186)

GYP medium

Aspergillus oryzae

Lipase

(187)

Peanut press-cake

Neurospora sitophila
Rhizopus oligosporus

Lipase

(188)

Soy cake

Penicillium simplicissimum

Lipase

(189)

Vegetable oil refinery residue

Penicillium citrinum

Lipase

(190)

Wheat bran

Penicillium candidum

Lipase

(191)

Wheat straw

Penicillium pinophilum

Phenolic acid esterase

(192)

Green gram husk

Bacillus circulans

Protease

(193)

Soy cake

Bacillus subtilis

Protease

(194)

Wheat bran, rice husk, rice bran, spent
brewing grain, coconut oil cake, palm
kernel cake, sesame oil cake, jackfruit
seed powder and olive oil cake

Aspergillus oryzae

Protease

(195)

walls and fungal fermentations. Ferulic acid (precursor)
is released from agricultural wastes using polysaccharide-degrading enzymes and specific ferulic acid esterases. Then, ferulic acid is directly converted to vanillin
by a selected basidiomycete, Pycnoporus cinnabarinus, or
by a two-step process using first Aspergillus niger to transform the ferulic acid into vanillic acid, then Pycnoporus

cinnabarinus to obtain vanillin from vanillic acid. Several
wastes such as beet pulp and cereal bran (maize, wheat)
have been examined (79,203).
The usefulness of SSF in the field of food aroma manufacturing does not only concern the direct microbial
synthesis of these compounds, but also the production
of biocatalysts that could be used in alternative enzy-
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Precursor

Microorganism

Ferulic acid

Pycnoporus cinnabarinus

Vanillin

Medium chain fatty acids

Penicillium italicum

Methyl ketones

Tryptophan

Pseudomonas sp.

Indole

Ricinoleic acid

Candida sp.

γ-decalactone

Rhamnose and xylose

Yeasts

Pyranone or furanone
derivatives

(geraniol, nerol or citral)

Flavour compound

Fig. 2. Examples of flavours produced by microbial bioconversion of the precursors

matic synthesis methods (Table 3). One of the limitations
for extensive industrial application of microbial enzymes
is their cost, which is determined by the production
yields, downstream processing requirements and enzyme stability (204). Therefore, it is of interest to increase the productivity of the fermentation processes by
optimisation of culture conditions. Since the raw materials employed in the culture medium contribute to the
total production costs (205), the reduction in the substrate expenditure would be a suitable strategy to increase the productivity of the process. SSF has been
shown to be particularly suitable for the production of
enzymes by filamentous fungi, since it reproduces the
natural living conditions for such microorganisms. Thus,
SSF holds tremendous potential for the production of
enzymes. Viniegra-González et al. (206) compared the
productivity of the production for three fungal enzymes,
using SSF and SmF techniques. They reported that the
higher titres found in SSF, compared to SmF, were due
to the fact that SSF cultivation works as a fed batch culture with fast oxygenation but slow sugar supply and,
in addition, has the added advantage of being a static
process without mechanical energy expenditures.
As previously described, lipolytic enzymes are outstanding in terms of their applicability to flavour production (i.e. esters). In recent years, increasing attention
has been paid to the conversion of processing industry
wastes into lipase by solid-state cultures. There are several reports dealing with extracellular lipase production
by fungi such as Rhizopus sp., Aspergillus sp. and Penicillium sp. on different solid substrates such as gingelly
oil cake, babassu oil cake, olive cake, soy cake and sugar
cane bagasse (181,182,185,186,189,190,207). Comparative
studies between SmF and SSF systems for lipase production by fungi (187,207,208) showed that enzyme yields
were higher and more stable in SSF. Moreover, Castilho
et al. (205) performed a detailed economic analysis of the
production of Penicillium restrictum lipase in both SmF
and SSF. This study pointed out that the great advantage of SSF processes resides in their low cost. Recently,
this research group has determined the cultivation conditions and operation of tray and packed-bed bioreactors for lipase production by Penicillium simplicissimum
under SSF using babassu cake as a basal medium (209).
Maximum lipase activities obtained using packed-bed

bioreactors and molasses-supplemented medium were
30 % higher than in tray-type reactor.
Few researchers, though, have investigated the synthesis of lipases by yeasts using this culture mode.
Amongst them, Bhusan et al. (210) reported lipase production in SSF system by an alkalophilic yeast strain belonging to Candida sp. Rice bran and wheat bran, oiled
with different concentrations of rice bran oil, were used
as substrates, and the former was found to provide
higher lipase yields. Rao et al. (211) determined that the
C/N ratio of the medium is an important parameter for
lipase production by the yeast Candida rugosa in solid-state culture. Benjamin and Pandey (184,212–214) cultivated C. rugosa on coconut oil cake for lipase production
using SSF and SmF systems, obtaining higher enzyme
production in the former. Recently, Domínguez et al. (183)
reported a great potential of food and agroindustrial
wastes (ground nut and barley bran) as support-substrates for lipase production in solid-state cultures of the
yeast Yarrowia lipolytica, since they led to much higher
activities than those found using an inert support.
Glucosidases are also relevant enzymes for the production of food flavours. Many fungi have been found
to be capable of producing β-glucosidases during solid-state fermentation on lignocellulosic wastes (215–217).
In an attempt to find a food-grade β-glucosidase capable
of efficiently hydrolyzing bound phenolic compounds,
Zheng and Shetty (176) reported cranberry pomace as a
potential substrate for producing food-grade phenolics
and fungal β-glucosidase by Lentinus edodes during solid-state fermentation. The L. edodes β-glucosidase showed
good stability and tolerance to low pH and therefore has
potential applications in wine and juice processing for
aroma and flavour enrichment through enzymatic hydrolysis of glucoside precursors.
Several researchers have investigated the production of proteases by bacteria and fungi in SSF cultures.
In a recent report, Sandhya et al. (195) demonstrated the
superiority of SSF over SmF in protease production by
Aspergillus oryzae. Various agroindustrial residues (wheat
bran, rice husk, rice bran, spent brewing grain, coconut
oil cake, palm kernel cake, sesame oil cake, jackfruit seed
powder and olive oil cake) were tested for protease production, wheat bran being the best substrate. In the opti-
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mal conditions the enzyme production in SSF was 3.5-fold higher than in SmF. A few bacterial strains show a
high potential for protease production in SSF. Amongst
them, Soares et al. (194) found a high-yield Bacillus subtilis protease production by SSF using soy cake as culture medium. The enzyme level obtained was 10-fold
and the enzyme productivity 45 % higher than in SmF.
Glutaminase has found application as a flavour-enhancing agent in food industry. Sabu (218) reviews the
sources, production, structure, properties, and applications of L-glutaminase. Chandrasekaran (180) reported
L-glutaminase production by SSF using several organic
substrates by marine Vibrio costicola. Among the tested
substrates, wheat bran and rice bran were more suitable
for enzyme production in comparison with saw dust,
coconut oil cake, and groundnut cake. Moreover, SSF
was found to be preferable to SmF for L-glutaminase
biosynthesis by Pseudomonas fluorescens in terms of yield
efficiency, since a 25- to 30-fold increase in enzyme production was obtained.

Conclusions
The goal of this review was to offer a brief presentation of what is known about natural aroma compounds,
focusing especially on the latest advances in their production and use in food industry. Currently, most of the
aroma compounds are provided by traditional methods
as chemical synthesis or extraction from natural sources.
Recently, great interest for natural products has pushed
the aroma industry to seek new methods to obtain aroma compounds naturally. An alternative route for this
natural synthesis is based on microbial biosynthesis or
bioconversion. Critical analysis of the literature shows
that the production of relevant aroma compounds for
the food processing industry by the use of microbial cultures or enzyme preparations offers several advantages
over traditional methodologies. Moreover, it has been
well established that the use of solid-state fermentation
can give higher yields or better product characteristics
than submerged fermentation with low economical costs.
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