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A Biotechnological Perspective
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F or a long time, essential oils of higher plants were the
sole sources of natural flavors, Today, due to consumer Table |. Orlgin °f_ basidiomycete strains
preference for natural food additives, the demand for natu- used in this study
ral flavors exceeds the supply of flavors produced by higher
plants.»8 Because that supply is strongly dependent on No. Basidiomycete strains Origin
factors which are difficult to control—factors such as influ- 1 Clitocybe lignatilis Karsten FSUC 31-2
ence of weather, plant diseases, fluctuating qualities, socio- 2 Ciitocybe odora Kurnmer FSU C 36-5
political instabilities of major supplying areas and trade 3 Collybia peronata Kummer CAS 353
restricions—biotechnology represents a promising alter- 4 Cortinarius percornis Fries CBS 130.42
native. Since progress in the field of production of volatiles 5  Cyslostereum murral Fouzar CBS 2567.73
by plant cell cultures is still slow, cell cultures of higher fungi €  Datronia scutellata Domanski  CBS 459.66
were investigated in more detail. 7 Gloephyllum odoratum Imazeki FSU A 40-2
Twenty strains of basidiomycetes were submerged cul- 8 Gloephyllum odoratum  Imazeki FSU A 40-3
tured, and the volatile compounds generated were isolated 9  Ischnoderma benzoinum  Karsten CBS 311.49
at two different phases of growth by solvent extraction. Two 10 Lepista irina Bigelow CBS 366.47
hundred twenty-nine compounds were characterized by 11 Micromphale perforans  Gray CBS 209.47
gas liquid chromatography (GLC), gas liquid chromatogra- 12 Mycena pura Kummer CAS 817
phy-mass spectrometry (GLC/MS} and gas liquid chroma- 13 Nidularia confluens Fries CBS 744.68
tography-olfactometry (GLC/O). Many of them are known 14 Piptoporus betulinus Karsten CAS 583
as character impact compounds of higher plants with inter- 15 Piptoporus betulinus Karsten CAS 584
esting odor impressions, representing important industri- 16 Pleurotus comucopiae Rolland FSUP125-7
ally used flavor compounds. 17  Serpuia lacrymans CBS CBS 751.97
18  Pleurotus sajor-cafju FSU FSU P 225-3
Materials and Methods 19  Psilocybe cubensis Singer CBS 324.58
Microorganisms: The 20 examined strains of basid- 20 : Woffiporia cocos Ryvarden  CBS 279.55
iomycetes and their origins are shown in Table I, Legend ' o
FSU = Friedrich Schiller Universitat, Pilzkulturensarmmiung,
Cultivation: Strains were inoculated (homogenized myce- Weimar, Germany . N
lium) into 150 mL of amedium of glucose (30 g/L.), asparagine CAS = g‘:gg’,.'tfnzfn:'dg"fcgfg&ﬁg:&em‘i,ﬂﬂ;",gagﬁz'!dg:;zﬁetes'
(4.5 g/L) and yeast extract (3 g/L), and grown aerobically at Republic itires. AG Baarn. Th
25°C in 300 mL shake flasks on a rotary shaker (INFORS, c8s = ﬁzm‘r:ﬂ:g;eau voor Schimmelcultures, arm, the
Multitron, Switzerland}. The culture period was 20 days.
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On days 10 and 20, 50 mL of each culture broth was
centrifuged, stored in the refrigerator at -30°C, and the
volatile compounds of each strain were isolated and ana-
lyzed in the combined culture media. This double isolation
procedure enables one to obtain information on intermit-
tently changing odor profiles over the entire cultivation
period.?

Isolation of volatile compounds: GLC extracts were
prepared from the centrifuged and combined culture me-
dia by solvent extraction. The culture media were adjusted
to pH 7.2 with NaHCO, solution. Methyl decanoate was
added as an internal standard (200 pL of a solution of
100 ug methyl decanoate in methanol). Then culture media
were extracted three times with 40 mI, of a mixture of
pentane/dichloro methane (2:1, v#v). The solutions were
dried over anhydrous sodium sulfate and concentrated to a
volume of 1 mL using a Vigreux column.

Gas chromatographic conditions: The concentrates
were analyzed by means of capillary GLC using a Carlo
Erba Fractovap Series 2150 gas chromatograph coupled to
a Shimadzu CR 5A integrator. Chromatographic conditions
were: CW 20M capillary column (25 m x 0.32 mm id,,
Leupold, Germany), injection volume 1.5 pL, splitless,
injection port 225°C, flame ionization detector 240°C,
temperature program 40°C for 3 minutes and then to 210°C
with a rate of 3°C per minute, carrier gas hydrogen, flow

raka AR rar g Tdontifinnkan ~F tha adarno
rate 4.8 mL pet minute. identification of the odorous

compounds was carried out by GLC/O and GLC/MS. The
retention indices, odors and the mass spectra of the sample
components were compared to those of reference samples.
GLC/O was carried out using a Carlo Erba Fractovap Series
2150 gas chromatograph, a CW 20M mega bore capillary
column (25 m x 0.53 mm i.d., Leupold, Germany}, with an
outlet splitter to a heated (230°C) sniffing port. Injection
volume was 1.5 pL in the splitless mode (for 1 minute). The
same chromatographic conditions were used. Mass spec-
trometry was performed on a Hewlett-Packard mass spec-
trometer 5989A (Quadrupole), coupled to an HP 5890 Series
II gas chromatograph. The system was equipped with a 25 m
x 0.32 mm CW 20M capillary column (Leupold, Germany).
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Chromatographic conditions were the same as above, with
helium as carrier gas. The ionization energy was 70 eV.

Results and Discussion

Table IT lists 109 of the 229 volatile compounds identi-
fied from the submerged cultures of the 20 basidiomycetes
examined. Concentration levels and odor assessments of
the COﬂ]pOuuuS are glven

In plants, the majority of aroma compounds are gener-
ated along pathways of the secondary metabolism. Many of
the aliphatic volatiles derive from the isoprene pathway,
whereas aromatic compounds are generated through
derivatization of cinnamic acid formed via the shikimic acid
pathway. Other aliphatic aldehydes, ketones and lactones
are products of lipoxygenase-catalyzed or (a- or B-) oxida-
tive degradation of fatty acids.!®1415

In terms of isoprenoid compounds, head-to-tail conden-
sation of isopentenyl diphosphate leads to terpenoids in
plants. Terpene compounds derived fromisopentenyl diphos-
phate were found in the majority of culture broths exam-
ined. With this as an indicator for an active isoprenoid
metabolism in higher fungi, it is not surprising that typical
compounds of essential plant oils were generated by basidi-
omycetes as well. These compounds include monoterpe-
nes, such as limonene and o-terpinene. They also include
the terpene alcohols, such as linalool, geraniol and cit-
ronellol, which are widespread in many essential oils from
flowers and herbs. Finally, the occurrence of volatile ses-
quiterpenes (such as farmesene, farnesol and nerol) demon-
strates that these fungihave a metabolic diversity of terpenoid
anabolism comparable to that of plants.

In plants, elimination of ammonia from phenylalanine
and tyrosine by phenyl or tyrosine ammonia-lyase yields
cinnamic and hydroxycinnamic acid, respectively. Further
transformation of the cinnamic acids leads to derivatives of
benzophenone, benzylaleohol and benzaldehyde which in-
clude important aroma compounds. Among the aromatic
compounds identified in the culture broths, one can find
these key compounds: benzaldehyde (bitter almond and
cherries), anisaldehyde (anise), 2-phenyl-1-ethanol (rose
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' Odor impression*

Straln number (Table [)

Table Il. Selected volatlle compounds in cultures of 20 basidiomycetes after solvent extraction

Compounds 1}2-3&4:5 6 7 a‘sim}n i oM B o% T 1ai19320
Hydrocarbonsg

beta-bisabolene | balsamic, flowery o o o
trans-bela-famesene warm L : a ‘ ! | % I | ! |
alpha-guaiene iwood. balsamic \ - ] } :
alpha-gurjunene ifatty | | L a : ‘ i L

limonene 'lemon, sweet ‘ | ' . = ' ! d
alpha-muurolene ‘fruity f i l a | ‘ ! -
beta-pinene :resin, wood . ‘ [ | . I !

alpha-terpinene lemon J | | : '

Alcchols

smemimopoparol  owgemsubews 0 ‘ol g U
1-butanol éamylaloohol I a Q: DiDiDiDED:D.D oo jQ

2, 3-butansdiol tatty o oAcDow QOQQ0aAaAD
2-methyl-1-butanol ‘alcohalic, pungent a : al g oo ' o
3-methyl-1-butanol 'pungenl, sour a a ‘ alooono A o ' D a a
2-methyl-3-buten-2-ol “spicy, oily . ' o A
3-methyl-2-buten-1-ol :pungenl l o o o ‘
3-methyl-3-buten-1-ol 'pungenl ‘ : } O == ‘
1-pentanol “sweet EI ‘EI DD‘DDD 'EI‘EI; ‘
2-pentancl ;rotgul, green A I A ‘ (W w W \ [} o A . ‘ I:I
3-methyl-1-pentanol Epungenl, sweet, wine ‘ ] o | : ‘ : i ‘ a : . | -
2-(2-methoxyethoxy)-sthanol Emusty | a . i ; _ I . | J - '

1-hexanol jsweet !D Di D il:I:Ell IEIEI ' D:CI_ -
2(E)-haxen-1-ol fruity, wine booQa aar | N
1,2-hexanediol Zspicy, taurel . o o ! . i i ‘I:I
2(E}),4(E)-hexadien-1 -gl ;fresh, green, herbal o | ‘ I ' i i | o

1-heptanol fatty i Q | i ; L m] : Q | .

1-octanol ‘iruity, swest o | Qo a | } &

2-octanol |fatty, oily ! ‘ al ) ‘ :

3-octancl peanuts g o oo .EI‘ CI.EI{EI.D% éCI‘D
1-octenol-3-ol ‘mushrooms, sweet ‘ o alo ‘ o o Qa0 |
7-octen-4-ol icauliflower ‘ - o ‘ Q ‘ ‘ ‘ |

1-nonanol irose. faity, crange 1‘ | [ ‘ e} P D; D—.: D i I . a | 3
2-nonanol Hatty, fruity, green o . ‘ _ a _ 7 o |
4-nonanol swest, plastic : C Lo O
1-decanol ;flowery, sweet . ' Q a | ‘ El*! Q:
alpha-citronellol Jrose, perfume, cilrﬁ ‘ ‘ ‘ o I | 1 a | | a | ‘ i
beta-citronallol rose, perfume, citrus = ‘ ‘ Poia . Qo .

(E,Z)-famesol flowery , : ‘ : - } | Qo

geraniol flowery, rose, sweet : ; A ‘ i o B R = . ‘ o
linalcol flowery o ‘ o d ! \ ] i Q 1 ‘ala | \L (|
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Table . Continued
Compounds !Odor Impression® ! 112 3 ¢ls5is 7 Stam‘";mirb?: ?T:t‘“fsl)' Wits (1617 189w
A'co“dscontlnued AR Gewowd AR : . . . I . Lo e . .
nerol © |sweet,rose cal [ S | | N
{E)-nerolidol sweet i) iD 1 CI ‘ _ ! | C
phenol {phenolic |EI ‘ 0| I | ‘ ‘ | a : ‘EI o ‘
2-methylphenol i phenolic, musty 1 I ‘ o , 3 | :EI a !EI iD iEI |
3-methylphanol jmedical, woody 3 ' I|:] o A .
4-methylphenol ‘smoky, phenolic 1 J L . | ‘ ‘l:l !
2-methoxyphenol 'sweet, phenolic | ' ‘ o ' i i l ‘
4-methoxyphenol isweet ' | aaQ . o :E.I | J |
2-methoxy-4-methylphenol lsweet, phenolic | : (| . : o I:| . |
3,5-dimethoxyphenol | smoky oo oauwa - 1a |
2-furanmethanol %caramel, sweet a o i iCI : oo o
phenylmethanol ?aromatic I Q ' o o a ? a D ‘ ] [ |
1-phenylethanol ;sharp, gardenia : I:I . J | : [} . d I] o
2-phenyl-1-ethanol ‘rose, perfume 1 o.aaaa a agd aoaa
3-phenyl-1-propanal Iflowery L 0:Q 200 a a o
3-phenyl-2-propen-1-ol 'sweet, balsamic ‘ L J ' ‘ a
2-phenoxyethanol "hay | o = R oQ
3-hydroxyphenylimethanol jfrti ity i o ‘ | -
4-hydroxyphenylmethanol sweet [ \ o | (W aa
4-hydroxyphenylethanol fruity - | o -
4-methoxyphenylmethanol ‘flowery, sweet ' ! Q: ooano oo
3,4-dimethoxyphenylmethanol iswaet. milk, vanifia l J ; I Q 3 a
Adenydes Co .
hexanol :green ' a m I o
2(E),4(E)-hexadienal :green, fresh, flowery o 3 ‘ i | i
heptanal iiatty, sweet o : |
nonanal 'ﬂowery, citrus . ' i . | | (] '
2(E)-decenal orange, fatty, flowery ' | o I
2(2), 4(E)-decadienal ;fatty, green, sweet i Q } ‘ i i=] |
nerat Hlemon ‘ 1 | l (W] : -
benzaldehyde bitter aimond i ID ‘DD_D:D:D‘ID'DDI =[:Irjl:l CI‘
4-methyibenzaidenyde | bitter almond ‘ ‘ [ i 1 : ; P
4-sthylbenzaldehyde sweet, bitter almond ]| } | | | ! . ; ‘
4-methoxybenzaldehyde ianise : - Q R a! oo l‘ aa A
2-phenylacetaldehyds ésweet, honey 5 : oo ‘ . oan 1d ' '
3-phenyl-2-propenal ipungent, spicy ‘ ............ ‘ . o 1 ’ ' ‘ a ‘ T
Ketones
3-hydroxy-2-butanone butter NinY} al EI O oooaal OQa AO
2-pentanone “sweet, fruity, wine | | o | ' . o o o
3-penten-2-one wine, sweet ' l | i Q :
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Compounds

Ketones continued
4-methyl-3-penten-2-one
8-methyl-5-hepten-2-one
2-oétanone

3-octanone

1-ccten-3-one

2-nonanone

1-phenylethanone

Esters

methy! butanoate

hexyl butanoate

ethyl 2-methylbutanoate '
methyl 3-hydroxybutanoate
ethyl hexanoate
4-butanclide
4-pentanolide
4-hexanolide
4-heptanoclide
4-octanolide
2-octen-4-olide
4-decanolide
4-dodecanolide

methyi be"r'lzoat'e

mathyl 2-methoxybenzoate

methy! 4-hydroxybenzoate

ethyl benzoate

methyl 4-aminobenzoate
methyl 2-phenylacetate
ethyl 2-phenylacetate
methyl 2-furancarboxylate

methyl 3-furancarboxylate

4-methyl-1 -phanylathanoner

methyl 4-methoxybenzoate

Table II. Continued
Odor Impression® 4 [ 2 \ 34 8 67 St:aJh:aT:?b?;(‘TTT:?“:al) 18 i 1 1617 ‘L 18 (19 T2o |
Jgreen | ‘T ’ D‘ oo ’ e
fatty, green, citrus ? a Co i Qa [
Aﬂowery, green, fruity ‘ ! i | I ED ’ _ ‘ | ' |l '
‘sweet, flowery ‘DI o ‘DID! - ‘ ! D’DD!DE !EI:EI
;mushroom” - | }ﬂf DI {D; Di | | 4DQ! A
I uity,ilowery” o ! ‘ ‘ o ‘ ' ! ! ‘I:I [ |
Imeal l:l‘ [:I1 il:lil:ll H:I ‘ ’*i |:I :
fowoiiy LAl ]
— “Di } T G T G
sweet, pihéépble ‘ |E}|‘ I I h ' o o
“"%swaet, apple i l ‘ ‘ | : i | - ‘DDDl l:l:
tuity | I o'oa |
‘apple, swest o D | N ‘ ! (| | - jij i
‘fatty, sweet o l j ] ! |
rubber : a Qal QiQ
sweet, warm - L ; oo o ool |
sweet, cocoa ‘ - Q o o |
cocoa ‘ I A Q wE W \ .
‘sweet, fruity o ' I:I | ' - (W - |
peach, sweet o ' :I.._..I - |a oalo |
iy, ey, bater T S5 Al G ST Tyt
Cniyewes G g a'a la aoaan D‘
sweet, flowery o - oaa S R
fowery I:i aaal g E]E]EI |
et e A : ST . - DI : !l:l
sweet, fiuity, anise . ‘E.E __%D_D‘_D%D‘E_Di
‘sweet o ‘ iD- N i ;E].EI D‘
honey a | EITNE] __ _il:l___l;:_t:l_ =l
westhonoyse |0 a o o a
mushroom, sweet a0 o al QaQ; Qo Qa
:njlushrgo_m, .'..-":v\'reet I a . Q ! } in! Q :i:l a a

* Nidar ivarassism
GO HGPISEesin

Concentrations

[+]
*3
1
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oil), 3-phenyl-2-propen-1-ol (Ceylon cinnamon) or 4-hy-
droxy phenylmethanol (vanilla).

Similar to catabolism in plants, the oxidative degradation
of fatty acids by basidiomycetes yielded very odorous com-
pounds such as 2,4(E,E)-hexadienal with a fresh green
odor, or the fruity and mushroom-like impressions of octanols
and octenols. Lactones derive from the intramolecular
cyclization of hydroxy fatty acids. The character impact
compounds of coconut (4-heptanolide and 4-octanolide)
and peach (4-decanolide) were generated by several basidi-
omycetes, again indicating high metabolic capabilities com-
pared to plants.

Knowledge of metabolic pathways used by higher fungi
is already being used to advantage. Simple and easily avail-
able natural components may serve as precursors to im-
prove the yield of more valuable and complex natural flavor
compounds which are generated only in low amounts via
normal metabolism (without using specific precursors). For
example, phenylalanine and tyrosine are transformed by
Ischnoderma benzoinumtobenzaldehyde and anisaldehyde,
respectively.” Other precursor applications are the biotrans-
formation of ferulic acid to vanillin by Pycnoporus
cinnabarinus' and the degradation of castor oil to 4-
decanolide by Tyromyces sambuceus.'?

Conclusion

Basidiomycetes currently play a major role in food agro-
industry as edible mushrooms. This study’s data confirm
prior datal*13 that show basidiomycetes are also suitable
for the biotechnological production of volatile flavors. Com-
pared to secondary metabolism in plants, basidiomycetes
possess a significant potential. They are suitable for bio-
technological processes because of their excellent cultural
behavior {growth, mechanical stability, simple media).!
Therefore, they may represent an alternative to traditional
plant sources. Until now, only a small number of basid-
iomycetes have been characterized with regard to flavor
production. However, more than 30,000 basidiomycete

86/Perfumer & Flavorist

species are known worldwide, so the potential for flavor
production can hardly be overestimated, and it appears
reasonable to focus further research on the superior biosyn-
thetic capabilities of this class of organisms.*8

Among the broad spectrum of compounds identified in
this study were some natural flavor compounds (such as a-
citronellol, benzaldehyde, 4-decanolide, 2-phenyl acetal-
dehyde) which, because of the limited synthetic productivities
of many higher plants,’ command high prices. At present,
only the low stationary concentrations of synthesized mi-
crobial aroma compounds generated via normal metabo-
lism (without using specific precursors) prevent an immediate
industrial application. Extended screenings of other basid-
iomycete strains, optimization of culture conditions, the
continuous in situ removal of volatiles from the fungal
biomass, the development of bioreactor design and the
addition of suitable metabolic precursors may lead to im-
provement in the yield of flavor compounds.

There may be further opportunities to exploit the re-
markable metabolic diversity of basidiomycetes other than
the use of the whole fungal cell for aroma production. The
endo- and excenzyme system may serve as a convenient
pool for the isolation of useful enzymes for biotransforma-
tions of low-cost natural substrates to flavor compounds. 4*
Genetic engineering offers an additional approach: cloning
fungal genes for a target metabolite in order to transport
this genetic information to a suitable food-grade host and
express it there. In this way, the cloning of fungal genes may
facilitate and improve a biotechnological process for flavor
generation.
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