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Abstract

The biotransformation ofR)-(+)- and §)-(—)-citronellol by fungi was studied. For screening experiments, solid-phase microextraction
(SPME) was used as analytical sampling technique. It was found that sporulated surface culsmsrgiflus nigemwere able to convert
the substrate intois- andtransrose oxides and nerol oxide. The relative contents in the headspace SPME extract of the three bioconversion
productscis- andtransrose oxide and nerol oxide were up to 54, 21 and 12%, respectively. Rose oxide is found in minor amounts in
some essential oils, such as Bulgarian rose oil and geranium oil and contributes to its unique odor. It is one of the most important fragrance
materials in perfumery in creating rosy notes. Other bioconversion products were 6-methyl-5-hepten-2-one, 6-methyl-5-hepten-2-ol, limonene,
terpinolene, linalool and-terpineol. These bioconversion reactions were confirmed by sporulated surface cultures on larger scale and sampling
by dynamic headspace sweep and steam distillation solvent extraction. The same conversions were nodicedbinigensisndPenicillium
roqueforti This bioconversion was enantioselective since more of the atigathantransrose oxide was obtainedi§/trans ratio up to
95/5). Submerged liquid cultures Bf roquefortiyielded two unidentified metabolites after conversion of citronellol (yield up to 5%). The
stability and acid-catalyzed conversion of citronellol was also investigated. No chemical oxidation or auto-oxidation products were detected in
acidified liquid control broths up to pH 3.5. However, when control tests were run with solid media, acid-catalyzed conversion of the substrate
to small amounts ofis- andtransrose oxides, nerol oxide, linalool ardterpineol was observed at pH 3.5 and when heat treatment (steam
distillation solvent extraction) was applied.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction content ca. 80 %) anBucalyptus citriodorg2]. The first
detailed work on the microbial degradation of the acyclic
In the course of our work related to the bioconversion monoterpene alcohols and aldehydes was reported in the
of monoterpene alcohols by fungi, the biotransformation early 1960s[3—6]. Besides the metabolism of citronellol,
of citronellol by Aspergillus nigerand other fungi was in-  also the conversion of citronellal, geraniol and geranic acid
vestigated. Citronellol (3,7-dimethyl-6-octen-1-ol) has been by the soil bacteriunPseudomonas citronelloliwas stud-
found in about 70 essential oils and in the oilRdsa bour- ied. Later, a strain of\. nigerwas isolated from garden saill,
bonia The Bulgarian rose oil and the geranium oil from which was found to be able to transform geraniol, citronellol
Réunion and Madagascar (Bourbon type) contain more thanand linalool to their respective 8-hydroxy derivatives, a re-
50% of (—)-citronellol, whereas East African geranium con- action referred to as-hydroxylation[7,8]. In their study on
tains more than 80% of the)-isomer[1]. (+)-Citronellol the bioconversion of terpene alcohols Bwptrytis cinerea
dominates in oils fronBoronia citriodora (total citronellol Brunerie et al.[9] described the biotransformation of cit-
ronellol by this fungus, using grape juice as culture medium.
The main conversion product was thehydroxylation
fax: 132-0.064-62.43. product E)-Z,6_-dimethyl-2-octen-1_,8-dio| and its reduction_
E-mail addressjan.demyttenaere@ugent be prod_uct 2,6-d|methyl-1,8-_octan¢d|ol. When the_ _synthetlc
(J.C.R. Demyttenaere). medium was used, supplied with some grape juice, other
L Co-corresponding author. degradation products, such as 6-methyl-5-hepten-2-one and
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citronellic acid were also identifiefll0]. Another group
described the biotransformation of citronellol and other
terpene alcohols byB. cinereain model solutions[11].
Again w-hydroxylation products were noticed as the main
metabolites.

More recently, the bioconversion of citronellol by the
plant pathogenic fungusGlomerella cingulata to 3,7-
dimethyl-1,6,7-octanetriol was reportgt].
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ide through anodic cyclisation of citronellol with yields up
to 70%.

To the best of our knowledge, a straightforward fungal
biotransformation from citronellol into high value flavor
compounds such as rose oxides has not been published be-
fore. The present report highlights this valuable biotransfor-
mation for the first time.

This study investigates the use of solid-phase microextrac-

One of the last publications in this area described the tion (SPME) as fast monitoring technique to screen fungi for

biotransformation of citronellol by the basidiomycetgs-

toderma carchariasin an aerated membrane bioreactor
[13]. Again 3,7-dimethyl-1,6,7-octanetriol was obtained as
the main product of conversion, together with 3,7-dimethyl-
6,7-epoxy-1-octanol as important side-product. Minor
compounds were 2,6-dimethyl-2-octene-1,8-diol, 3,7-
dimethyl-5-octene-1,7-diol and 3,7-dimethyl-7-octene-1,6-

diol. Rose oxide, an important aroma compound, obtained

by dehydration and cyclisation of 3,7-dimethyl-5-octene-

1,7-diol, was also noticed as minor bioconversion product.

their ability to bioconvert the substrate citronellol into rose
oxides. Some common fungi were evaluated in this study,
such asA. niger, Aspergillus tubingensj$enicillium digi-
tatumandPenicillium roqueforti

2. Experimental
2.1. Microorganisms and cultivation

For preliminary screening with SPME, more than 60 fun-

Rose oxide was not detectable in the aqueous medium, bulyg| strains were used as described eaffié}. Two A. niger
small amounts (up to 10mg per day) were found in the (ANA and ANT), four A. tubingensis(AT), one A. car-

exhaust air of the bioreactor. The microbial formation of

bonarius(AC), two P. digitatum(CMC and PDD) and three

rose oxide was here observed for the first time. The au- p yoquefortistrains (CCV, CDG and CZW) and one uniden-
thors also carried out control experiments with citronellol ifieq Penicillium sp. (GCC) were used for further study.
in the same medium under equal conditions (pH 2.5-4) The fungi were either isolated from spoiled petri dish cul-

to confirm that this conversion was not a chemical or tre media A. nigerstrain ANT, P. roquefortistrains CCV,
photochemical process. The acid-catalyzed conversion ofcpg and CzZW and unidentifieBenicillium sp. GCC) and

(9-3,7-dimethyl-5-octene-1,7-diol, a monoterpenoid from
petals ofRosa damasceniill., into isomeric rose oxides
has been described by another gr¢ig] (seeFig. 1).

from a spoiled mandarinP( digitatumstrain CMC), were
provided by Wageningen Agricultural Universit.( tub-
ingensi3, or were obtained from DSMZ (Deutsche Samm-

Rose oxide (4-methyl-2-(2-methyl-1-propenyl)-tetra- |yng von Mikroorganismen und Zellkulturen, Braunschweig,
hydropyran) is found in minor amounts in some essential Germany) (strain PDDR. digitatumDSM 62840 and strain

oils, such as Bulgarian rose oil and geranium oil and con-

tributes to its unique oddP]. It is one of the most important

ANA, A. nigerDSM 821). The cultures were cultivated and
conserved by periodic replications (every 2 weeks) on malt

fragrance materials in perfumery in creating rosy notes. The gytract agar (MEA: malt extract 2%, bacteriological peptone
olfactory properties of the stereoisomers of rose oxide have 194, glucose 2% and agar 2%, pH 5.4).

recently been reviewefd5]. The biogenesis of rose oxides
in plants has been investigated in detail Balargonium
specieqd16-18]

Rose oxides can be obtained synthetically by photoin-

duced oxygenation of<)-citronellol to allylic hydroperox-
ides and further reduction to the corresponding djaBj.
de Faria et al[20] reported the electrosynthesis of rose ox-

(/ oH
R §

(8)-3,7-Dimethyl-5-
octene-1,7-diol

(—)-(2S, 4R)-cis-
Rose oxide

2.2. Optimisation of SPME methodology

Prior to the preliminary screening experiments, a method
was developed to cultivate sporulated surface cultures of
the fungi in small vials, and the SPME-parameters were
optimized [21,22] An extensive optimisation was first

\\\\\\\\

N (0) (0)

(-)-(2R, 4R)-trans-
Rose oxide

Fig. 1. Acid-catalyzed conversion 08)¢3,7-dimethyl-5-octene-1,7-diol into isomeric rose oxides (aftd).
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carried out for the flavor compounds linalool and its bio-  The fungi were cultivated in 250 ml conical flasks, filled
conversion metabolites linalool oxides during a previous with 50 ml liquid medium (YMPG: yeast extract 0.5%, malt
biotransformation study22]. Five different SPME fibers  extract 1%, bacteriological peptone 0.5%, glucose 1%, pH
were then evaluated, namely 106 polydimethylsilox- 6.1). Inoculation was performed with spore suspensions as
ane (PDMS), 6%m polydimethylsiloxane—divinylben-  described earlief21]. The test substrate citronellol was
zene (PDMS-DVB), 50/3im divinylbenzene—Carboxen added as a 5% solution (v/v) in absolute EtOH. At different
on polydimethylsiloxane (DVB-CAR-PDMS), &fn time intervals, 5 ml samples were taken and extracted with
Carbowax—divinyloenzene (CW-DVB) and g poly- 2 x 2ml ELO. After addition of 1 ml of a standard solution
acrylate (PA) (all obtained from Supelco), and different of 0.1% (v/v)n-decane in EO, the samples were directly
extraction times (15, 30 and 60 min) and temperatures (20, analyzed by GC-MS. Experiments were also run with con-
25 and 30C) were compared. Extraction of the volatiles trol flasks, containing sterile culture broth, acidified to pH
(linalool and metabolites) was done by headspace SPME. 1t3.5 with HOAc, but not inoculated, and to which the sub-
was found that the best SPME fiber for extraction of linalool strate was added. The culture flasks were stirred at 150 rpm,

and its metabolites furanoid linalool oxide aneterpineol at 24°C.
was DVB-CAR-PDMS. The optimum adsorption time was
30min and the best extraction temperature wasQ5A 2.5. Biotransformation ofX)-citronellol by sporulated

desorption temperature of 25G and desorption time of  surface cultures

2min were sufficient to desorb all volatiles into the gas ] ] .

chromatographic inlet. In the first experiment with sporulated surface cultures,
The SPME method was then further optimized for the cur- WO strains ofA. niger (ANA, ANT), four strains of A.

rent study using a standard solution ef)¢rose oxides (mix-  tubingensiAT) and two strains oP. roqueforti(CCV and

tures of isomers) in EtOH at 0.5% (v/v). Agar gels (5 ml) CZW) were compared. Conical flasks of 250 ml were used,

the standard solution was sprayed and the vial was closed©f freshly prepared spore suspensions, containifg3.0°

After exactly 1h of equilibration at 25, the vials were  SPores/miAspergillug or 1.8 10° spores/ml Penicillium).

sampled by headspace SPME during 7.5, 15, 30 and 60 minAfter inoculation, the cultures were incubated at°@0for

at 25°C (in duplicate). A significant increase in extraction 24h and at room temperature during the rest of the exper-

recovery could be observed between 7.5 and 30 min (datalMent. Substrate addmon.was carneq out by spraying 100,

not shown), but no further increase in extraction recovery 250 and 25Qul of a solution of t)-citronellol in EtOH

was noticed from 30 to 60 min. Hence, since a maximum (10%) onto the sporulated surface cultures after 8, 13 and 19

recovery was obtained after 30 min (equilibrium), and since days, respectively. The biotransformation was monitored by

the GC-MS run time was about 30 min, an extraction time dynamic headspace sampling as described previdasly

Likens—Nickerson devic4] (see the following paragraph).

For the second experiment with sporulated surface cul-
tures, a spore suspensionRfdigitatum(CMC) containing
4.2 x 10° spores/ml (as counted with Kd¥aslides) was
used to inoculate the medium. Four different culture media
were used, namely malt extract agar (MEA), potato dextrose
agar (PDA: potato extract 0.4%, glucose 2%, agar 2%),
sabouraud dextrose agar (SAB: mycological peptone 1%,
glucose 4%, agar 2%) and Czapex Dox medium (CzZD),
all obtained from Oxoid. Two times 254 of a solution of
{:t)-citronellol in EtOH (10%) was added to the sporulated
surface cultures, after 11 and 14 days, respectively. The
biotransformation was monitored as described above.

2.3. Screening of sporulated surface cultures of fungi by
SPME

The fungi were cultivated as small sporulated surface cul-
tures in 40 ml SPME vials (Supelco, Bellefonte, Pa, USA)
as described earlig21]. To each sporulated surface cul-
ture, 5ul of a solution of R)-(+)-citronellol (puriss., 99%,
Fluka) in EtOH (10%) was sprayed. The vials were cov-
ered with Black Viton Septa and Open Top Phenolic Clo-
sures (Supelco) and stored at room temperature until the star
of the headspace SPME-extraction. During extraction, the
SPME fibers (50/3.m DVB—CAR-PDMS, Supelco) were
exposed to the headspace of the cultures for 30 min &€25 . ) o
according to the best results obtained after the optimisation2-6. Dynamic headspace sampling and steam distillation

studies. solvent extraction
2.4. Bioconversion by liquid cultures For dynamic headspace sampling the conical culture
flasks were fitted with a glass inlet and outlet for aeration.
A biotransformation experiment was run with fiReni- To the outlet of the flasks, a Tenax adsorption tube was

cillium strains in duplicate: threB. roqueforti(CCV, CDG attached (length: 22cm, i.d.: 13 mm, o.d.: 14 mm), contain-
and CZW), oneP. digitatum (CMC) and one unidentified ing 100 mg of Tenax TA (Alltech, Lokeren, Belgium). The
Penicilliumsp. (GCC). system was continuously aerated from an air cylinder at
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30 mImin~1. The volatiles were adsorbed on the Tenax trap
during 8-24 h. After the sampling time, the tubes were dis-
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with 100 ml MEA-medium and three were filled with 100 ml
agar gel (2%). For each medium, three pH values were ap-

connected from the culture flasks and each Tenax tube wagplied: normal non-adjusted pH (pH 6 and 7.3 for MEA and

eluted with 3x 2.5ml of ELO. To the headspace extracts
1 ml of a standard solution of 0.1% (v/m}decane in BXO

agar gel, respectively), adjusted to 5 and adjusted to 3.5.
To every gel, 1 ml of a 10% (v/v) solution of citronellol in

was added as internal standard and the samples were directifFtOH was added. After 24 h, a dynamic headspace sample

analyzed by GC and GC-MS, respectively for quantifica-
tion and identification of the bioconversion products. At the
end of the bioconversion experiment, half of the sporulated
surface culture was cut in small pieces (%grand put in

a round bottomed 250 mi-flask for steam distillation using
a Likens—Nickerson devic24]. Distilled water was added
to adjust the volume to 100ml. The extraction was car-
ried out with 12 ml of CHCI, by simultaneously boiling

was taken during 24 h. Again 1 ml of this 10% (v/v) solu-
tion of citronellol in EtOH was added. After 48 h a second
dynamic headspace sample was taken during 8 h, followed
by SDSE of the complete gels.

2.9. Chemical compounds

The substrates used for the biotransformation experi-

both the aqueous phase and the solvent during 1.5 h. Afterments were racemic)-citronellol (97%, Aldrich, Bel-

addition of 1 ml of the internal standard solution [0.1%
(v/v) n-decane in BXO] to the dichloromethane extract, the
sample was directly analyzed by GC and GC-MS.

2.7. Biotransformation of enantiomerically pure ) and
(—)-citronellol by sporulated surface cultures

The bioconversion of enantiomerically pure-)¢ and
(—)-citronellol by sporulated surface cultures was inves-
tigated using six different strains @. niger, four of A.
tubingensisand three strains dP. roqueforti SPME was
applied as the monitoring technique to evaluate the bio-
transformation capacity of the fungi.

2.8. Control tests and stability tests

To test the chemical stability of citronellol in submerged

gium), (R)-(+)-citronellol (99%, Fluka, Belgium) and
(9-(-)-citronellol (99%, Fluka, Belgium). As reference
compounds,-£)-rose oxide (99%, mixture dfis andtrans
Fluka, Belgium) and €)-rose oxide (99%, mixture ofis
andtrans Fluka, Belgium) were used.

2.10. Analysis of the samples with GC and GC-MS

GC and GC-MS analyses of the liquid samples were per-
formed as described earligtl]. Quantification of the sub-
strate citronellol and the bioconversion products and
transrose oxides was done by comparison of their peak area
with that of the internal standamtdecane, taking into ac-
count the relative response factors to correct for the differ-
ence in response betweafdecane and the terpenoids. The
response factor of citronellol was 1.05 and that of the rose
oxides 0.67.

For the analysis of the SPME extracts, a HP 6890

liquid broths, three conical flasks of 250 ml were filled with GC Plus coupled with a HP 5973 MSD (mass selective
50ml YMPG medium. The pH of two broths was adjusted detector, quadrupole type), equipped with a CIS-4 PTV
with HOAc to pH 5 and pH 3.5, respectively. The pH of (programmed temperature vaporisation) injector (Gerstel),
the third broth was not adjusted, and was kept at pH 6.3. Toand a HP5-MS capillary column (30m 0.25mm i.d.;
every flask 0.5ml of a 10% (v/v) solution of citronellol in  coating thickness 0.2bm) was used. Working conditions
EtOH was added. Samples were taken and extracted aftewere: injector 250C, transfer line to MSD 250C, oven
15min and after 7 days. temperature: start 4@, held 2 min; programmed from 40
The possible acid-catalyzed chemical conversion of cit- to 150°C at 5°C min—1, from 150 to 170C at 10°C min—!
ronellol in solid media was monitored by headspace SPME. and from 170 to 250C at 30°C min~1, held 2 min; carrier
Eight SPME vials of 40 ml each (Supelco) were used, two gas (He) 1.2 mIimin?; split 1/10; electron impact (El) ion-
of which were filled with 10 ml MEA-medium and six of ization: 70 eV, acquisition parameters: scanméd 40—200
which were filled with pure agar gel. The pH of the MEA (5-15 min), 40-300 (15—-20 min), 40—400 (>20 min).
medium (pH 6) was not adjusted; two agar gels were ad- Substances were identified by comparison of their mass
justed to pH 5, two were adjusted to pH 3.5 and two were spectra and retention indexes (Kovats indexes) with those
not adjusted (pH 7.3). To every vial 10 of a 10% (v/v) so- of reference substances (where possible) and by comparison
lution of citronellol in EtOH was added. The non-acidified with the US National Institute of Standards and Technology
media were sampled by headspace SPME (during 30 min(NIST) mass spectral library (Version 1.6d, 1998).
at room temperature with a 50/ DVB-CAR—-PDMS) Chiral GC analyses were performed with a HP 6890 GC
immediately and after 3 days, whereas the acidified mediaPlus, equipped with a split/splitless injector and a flame ion-
were only sampled after 3 days, as described rec¢ntly ization detection (FID) system, and a Cydex-B chiral column
The chemical conversion of citronellol in solid mediawas (SGE: 30 mx 0.25mm i.d.; coating thickness 0.23n).
also monitored by dynamic headspace and SDSE. Six con-Working conditions were: injector 25, detector 280C
ical flasks of 500 ml were used, three of which were filled (make-up gas He 10mimid), oven temperature: start
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83°C, held 45 min at 83C, programmed from 83 to 10@ Table 1

at 1°Cmin—1. held 2 min at 100C: carrier gas (He), col- Relative composition (%) of headspace SPME extracts of the control agar
umn head pressure 30 psi (1 psi6894.76 Pa); flow rate gels at different pH, 3 days after addition of citronellol
1.1 mImin! (average velocity 26 cnm$); split 1/50. Substrate/product Normal pH (7.3) pH 5 pH 3.5
Citronellol 100.0 95.7 88.1
; ; : cis-Rose oxide 0.0 3.1 7.9
2.11. cis- and trans-Rose oxide, nerol oxide ransRose oxide 0.0 1o 31
Nerol oxide 0.0 0.0 0.9

cisRose oxide. Kovats retention index: 1106. EIMS
70eV.m/z (rel. int.): 154 M*] (9), 139 (100), 69 (80), 41
(40), 55 (36), 83 (28), 42 (13), 67 (13), 85 (13), 43 (11),
84 (11). trans-Rose oxide. Kovats retention index: 1125.  The results with the composition of the headspace SPME
EI-MS 70eV.m/z (rel. int.): 154 M*] (6), 69 (100), 139 extracts of the agar gels after 3 days are displayddinte 1
(77), 41 (45), 55 (36), 83 (29), 43 (17), 84 (14), 42 (12), In some vials, traces of rose oxides were detected in
67 (11), 56 (9). Nerol oxide. Kovats retention index: 1156. the first headspace SPME extract, suggesting that the sub-
EI-MS 70eV.m/z (rel. int.): 152 M*] (7), 68 (100), 67 strate, citronellol, contained small traces of rose oxides
(81), 83 (81), 85 (32), 41 (21), 53 (19), 69 (18), 55 (15), 96 as artifacts. At pH 3.5 and 5, small traces((2%) of
(12), 81 (9). a-terpineol were noticed. It can be concluded that at pH
5 and especially at pH 3.5 citronellol can be chemically
converted tocis- and transrose oxide after 3 days. How-
ever, in the culture media and the agar gels at normal
pH, no significant chemical conversion of citronellol was

Two metabolites were recovered from the cultures of OPserved.
P. roquefortiand anothePenicilliumsp. They could not be o _ )
identified, despite extensive mass spectral investigation. ~ 3.1.3. Monitoring of chemical conversion of

Metabolite 1. Kovats retention index: 1335. EI-MS 70 eV, citronellol in solid media by dynamic headspace
miz (rel. int.): 59 (100), 55 (45), 41 (40), 81 (38), 71 (37), 43 and SDSE , N
(36), 85 (31), 69 (28), 57 (27), 68 (24). Metabolite 2. Kovats Althqugh SPME is a very sensitive method for headspace
retention index: 1344. EI-MS 70 em/z (rel. int.): 59 (100), extraction of solld_ m_edla, it suffers from the Qrayvback that
55 (42), 41 (40), 81 (39), 43 (38), 71 (37), 85 (32), 69 (27), 't only gives qualitative data because quantitative data are

57 (27), 68 (24). It is very likely that those metabolites are Very difficult to obtain. Therefore, the chemical conversion
the cis- andtransisomers of one compound. of citronellol in solid media at different pH values was mon-

itored by dynamic headspace and SDSE.

The results with the yields of recovered citronellol and
formed chemical conversion products from the headspace
and SDSE extracts are depictedTiable 2
3.1. Stability and acid catalyzed conversion From the results displayed ifable 2 it can be concluded
of citronellol that citronellol was stable at pH5 when no thermal treat-

mentwas applied to the substrate. Only small trae€s1%)
3.1.1. Chemical stability of citronellol in submerged liquid of rose oxides and nerol oxide were recovered from the
broths headspace samples of the solid media at normal pH or pH 5.

To check the chemical stability of citronellol in submerged At acid pH (3.5) or when heat was applied to the gels dur-
liquid broths, flasks were filled with YMPG medium the ing SDSE, acid-catalyzed conversion of the substrate to sig-
pH of which was adjusted to pH 5 and 3.5 and shaken (seenificant amounts o€is- andtransrose oxides, nerol oxide,
Section 2. linalool anda-terpineol was observed. Linalool is probably

After 1 week of shaking, no chemical oxidation or formed through oxidation of citronellol to geraniol or nerol
auto-oxidation products were detected in the culture broths, during heating of the acid media and is further converted
apart from impurities that were already present in the sub- to a-terpineol by cyclisatiorj25]. The recuperation of the
strate, e.g. rose oxides0.1%). At least, 60% of the initial ~ substrate during SDSE was quite high (up to 87% from the
added citronellol was evaporated after this period. The pH agar gel at pH 7.3), but decreased with decreasing pH. The
values of the broths did not change after 1 week. pH did not drop significantly after SDSE.

Generally, it can be concluded that citronellol can be
3.1.2. Monitoring of chemical conversion of citronellol in  chemically converted tois- andtrans-rose oxides, nerol ox-
solid media by SPME ide, linalool anda-terpineol due to a combination of acid

The possible acid-catalyzed chemical conversion of cit- catalysis (pH 3.5) and heat treatment (SDSE) (Siee 2).
ronellol in solid media was monitored by headspace SPME This chemical conversion did not take place in the liquid
(seeSection 2. control broths, even at pH 3.5.

2.12. Two unidentified metabolites obtained from
P. roqueforti and Penicillium sp.

3. Results and discussion
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Table 2
Recovered citronellol (%) and amounts of chemical conversion products (%) from control media (MEA vs. agar gel) and influence of pH of the medium
and method of sampling (headspace vs. steam distillation solvent extraction)

Substrate and metabolites MEA medium Agar gel

Normal pH (6) pH 5 pH 3.5 Normal pH (7.3) pH 5 pH 3.5

HS SDSE HS SDSE HS SDSE HS SDSE HS SDSE HS SDSE
Recovered citronellol 3.3 84.5 3.8 68.0 3.1 34.6 2.9 87.3 2.0 82.5 0.5 73.3
cissRose oxide tr. 0.6 0.1 0.6 0.3 0.2 tr. 0.4 tr. 0.4 tr. 0.4
transRose oxide 0.0 0.3 tr. 0.3 0.1 tr. 0.0 0.2 tr. 0.2 tr. 0.1
Neroloxide 0.0 0.1 tr. 0.1 tr. tr. 0.0 0.1 0.0 0.1 0.0 0.1
Linalool 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.3
a-Terpineol 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.4

HS: headspace; SDSE: steam distillation solvent extraction; tr.: trac@4%); MEA: malt extract agar.

OH
pH3.5 / ‘
—_—
SDSE
OH (0] (6] OH
| | on

Citronellol Rose oxide Nerol oxide Linalool a-Terpineol Citronellol
(0.5%) (0.1%) (0.3%) (0.4%) recovered
(73.3%)

Fig. 2. Partial acid-catalysed conversion of citronellol in solid media at pH 3.5 during heat treatment (steam distillation solvent extradpn: SDS

3.2. Biotransformation of citronellol substrateR)-(+)-citronellol, using SPME as the monitoring
technique[21] (seeSection 2.

3.2.1. Screening of sporulated surface cultures of fungi by  From the GC-MS analyses of the SPME extracts of
SPME the sporulated surface cultures, it could be concluded that
More than 60 fungal strains, grown as sporulated surface someAspergillussp. andP. roqueforti cultures were able

cultures, were screened for their ability to bioconvert the to convert the substrate mainly ¢is- andtrans-rose oxide.

Table 3
Relative contribution (%) of bioconversion products obtained from citronellol, other fungal metabolites and non-converted citronellol idsihecéea
SPME extract of sporulated surface cultures

No. Compound Aspergillussp. Penicillium roqueforti GCC

AC ANA AT ccv Czw CDG
1 a-Pinene 2.93 n.d. n.d. n.d. n.d. n.d. n.d.
2 6-Methyl-5-hepten-2-one 0.13 6.20 3.17 5.68 2.79 0.73 9.03
3 6-Methyl-5-hepten-2-ol n.d. 0.25 0.17 1.13 0.41 0.45 0.88
4 Limonene 6.56 0.12 10.60 0.05 0.08 0.09 0.03
5 Terpinolene 3.52 0.08 491 n.d. 0.04 0.07 0.02
6 Linalool 12.11 0.41 3.91 1.01 0.74 1.03 0.20
7 cis-Rose oxide 49.14 32.08 39.83 45.78 44.24 53.70 42.31
8 transRose oxide 4.68 10.82 2.48 18.46 18.62 20.98 16.62
9 Nerol oxide 12.01 5.12 10.65 5.06 7.58 5.49 3.56
10 a-Terpineol 0.69 0.22 1.45 0.13 0.10 0.14 n.d.
11 Citronellol 6.32 39.85 16.29 10.26 9.36 7.58 5.66
12 B-Elemene n.d. 0.04 n.d. 2.48 3.11 1.99 3.85
13 (+)-Aristolochene n.d. 1.17 0.63 8.87 11.30 6.69 15.21
14 Valencene n.d. 3.28 4.80 0.69 1.48 0.32 2.36
15 SPME-artifact 1.91 0.35 1.11 0.41 0.14 0.73 0.27

AC: Aspergillus carbonariusANA: A. niger, AT: A. tubingensis CCV, CDG and CZW:Penicillium roquefori GCC: unidentifiedPenicillium sp.;
n.d.=not detected.
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Fig. 3. Chromatogram of the headspace SPME extrachAgsgfergillus nigerculture after biotransformation of citronellol. Peak numbers refer to the
compounds listed ifable 3
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Fig. 4. Chromatogram of the headspace SPME extragtsplergillus tubingensisulture after biotransformation of citronellol. Peak numbers refer to the
compounds listed ifable 3

Minor metabolites were nerol oxide, linalool, limonene 3.2.2. Biotransformation of citronellol by submerged liquid
and 6-methyl-5-hepten-2-one (s&able 3. In Figs. 3-5 cultures of Penicillium sp.

the chromatograms of the headspace SPME extracts of Five different Penicilium sp. were cultivated (see
sporulated surface cultures @&. niger, A. tubingensis  Section 2 in duplicate. Again two control flasks (pH
and P. roquefortiare depicted. Peak numbers refer to the 3.5) were run parallel with the cultures. From the
compounds listed ifmable 3 A. niger, A. tubingensisan P. roqueforticultures, marked CCV, CDG and CZW and the
unidentified Penicillium sp. (strain GCC),P. roqueforti unidentifiedPenicilliumsp., marked GCC, two unidentified
and P. digitatumwere selected for further bioconversion metabolites were recovered (for spectrometric details see
studies. Section 2, whereas no conversion products were obtained
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Fig. 5. Chromatogram of the headspace SPME extraeoicillium roqueforticulture (strain CZW) after biotransformation of citronellol. Peak numbers
refer to the compounds listed ifable 3

from the P. digitatumcultures, marked CMC, and the con- Table 5
trol flasks. The results with the yields of the metabolites Tmz' atm‘(“;r)‘t EI fecg"ef;eddcmon‘?”cr’]' ("é’) and yi‘ij'dSSDgEZi]‘i’F‘?”f“’e'SiO“
. . - products (7o) obtainea after adynamic heaaspace an lalium
obtained and substrate_ rt_ecovered are depictdalite 4 digitatum culture grown in various culture media
From these results, it is also clear that the substrate re-
covery is highest from thB. digitatumcultures (50t 4.7%)

Substrate and metabolites Culture medium

and the control flasks (4D+ 0.0%). MEA PDA SAB CzD
. . . Recovered citronellol 15.6 195 20.1 18.7
3.2.3. Biotransformation offf)-citronellol by sporulated cis-Rose oxide 0.9 1.0 0.8 0.8
surface cultures of Aspergillus sp. and Penicillium sp. transRose oxide 0.3 0.3 0.3 0.3
In the first experiment, the bioconversion of citronellol Neroloxide 0.1 0.1 0.0 0.1
3.9 5.2 6.6 4.6

by sporulated surface cultures of six different strains of PH after SDSE

Aspergillussp., two A. niger and four strains ofA. tub-
ingensisand two strains oP. roquefortiwas studied (see
Section 2. The yields were rather low (1-2%is-rose
oxide, 0.5-1%transrose oxide and nerol oxide, 0.5-1%

MEA: malt extract agar; PDA: potato dextrose agar; SAB: sabouraud
dextrose agar, CZD: czapek dox agar.

varied between pH 2 and 3, whereas the final pH of the

a-terpineol). The data confirmed the results obtained by P. roqueforti cultures was 4-4.5 after extraction. Neither
SPME. From these data and the results of the control ex-linalool nora-terpineol was recovered from tiferoqueforti

periments (able 2, it can be concluded that the formation cultures.
of rose oxides is probably due to a combination of bio-

In the second experiment, the bioconversion of cit-

conversion and acid catalyzed chemical conversion. Theronellol by one strain ofP. digitatum was investigated,

formation of linalool andx-terpineol is believed to be due

using four different culture broths (se®ection 3. The

to acid catalysis exclusively, since the final pH of the cul- results with the recovery of non-converted substrate and

ture broths of theAspergillusstrains after SDSE extraction

yields of metabolites are given iffable 5 (average of

Table 4
Recovered citronellol and yields of bioconversion products (%) by Feeicillium strains (in duplicate) and two control cultures
Substrate and metabolites CCcv CDG Cczw GCC CMC Control

1 2 1 2 1 2 1 2 1 2 1 2
Recovered citronellol 11.8 15.3 10.9 9.5 15.1 12.4 24.6 20.9 46.7 53.3 40.1
Unknown 1 1.4 2.6 1.2 2.5 2.1 1.9 2.7 2.6 0.0 0.0 0.0 0.0
Unknown 2 3.0 4.7 2.2 3.8 3.7 2.9 4.3 5.1 0.0 0.0 0.0 0.0

CCV, CDG and CZW:P. roquefortji CMC: P. digitatum GCC: unidentifiedPenicillium sp.
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Fig. 6. Enantioselective bioconversion d&){(+)- and §-(—)-citronellol to cis- andtransrose oxide byAspergillus niger
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Fig. 7. Chromatogram of an SPME extract of a sporulated surface culturkspérgillus niger strain ANA, treated with enantiomerically pure
(9-(—)-citronellol, yielding ¢)-cis-rose oxide with a diastereomeric excess (d.e.) of 0.91.

two cultures). It can be noticed that the medium com- 3.2.4. Biotransformation of enantiomerically purg)¢
position has a strong influence on the final pH of the and (-)-citronellol by sporulated surface cultures of
culture broths. However, there was no important influence Aspergillus sp. and Penicillium sp.

of the final pH on the yields of conversion products. It is  The bioconversion of enantiomerically puf®<{(+)- and
assumed that the products are formed by a combination(S)-(—)-citronellol by six differentAspergillusstrains (two

of biotransformation and acid catalyzed conversion from A. niger and four A. tubingensiys and threeP. roqueforti
citronellol. strains was compared to check the stereospecificity of the
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