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Abstract Biotechnological conversion of low-cost agro-in-
dustrial by-products, such as industrial waste or terpenes from
the distillation of essential oils from plants into more valuable
oxygenated derivatives, can be achieved by using microbial
cells or enzymes. In Argentina, the essential oil industry pro-
duces several tons of waste each year that could be used as raw
materials in the production of industrially relevant and value-
added compounds. In this study, 1,8-cineole, one of the com-
ponents remaining in the spent leaves of the Eucalyptus
cinerea waste, was transformed by solid-state fermentation
(SSF) using the two edible mushrooms Pleurotus ostreatus
and Favolus tenuiculus. As a result, two new oxygenated de-
rivatives of 1,8-cineole were identified: 1,3,3-trimethyl-2-
oxabicyclo [2.2.2]octan-6-ol and 1,3,3-trimethyl-2-
oxabicyclo [2.2.2]octan-6-one. Additionally, changes in the
relative percentages of other aroma compounds present in

the substrate were observed during SSF. Both fungal strains
have the ability to produce aroma compounds with potential
applications in the food and pharmaceutical industries.

Keywords 1,8-cineole . Pleurotus ostreatus .Favolus
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Industrial waste

Introduction

The agro-food and forest industries generate millions of tons of
waste annually, which causes serious disposal issues and, con-
sequently, results in considerable costs to industry and the en-
vironment (Laufenberg et al. 2003). Argentina is estimated to
have about 28,000 cultivated hectares of aromatic and essence-
containing plants that are use to obtain spices, condiments and
essential oils, resulting in several tons of spent waste after steam
distillation (Elechosa and Juarez 2003). The Eucalyptus species
accounts for 24 % of the forested area in Argentina of which
39.100 ha are located in the province of Buenos Aires (Beale
andOrtiz 2013). The principal related industry is focused on the
production of wood or pulp for the paper industry, but without
any general recovery of waste, with leaves and branches being
left on the ground. Environmental legislation, however, is be-
coming more rigid, and this is forcing the industry to find so-
lutions and alternative destinations for the spent biomass or
waste. One possibility is to use them as raw materials in the
production of industrially relevant and value-added compounds
through an integrated management according to the concept
Breduce, reuse and recycle^ (Laufenberg et al. 2003; Bicas
et al. 2010). In this context, solid-state fermentation (SSF) using
microorganisms has been subject to increasing attention. This
bioprocess has successfully converted inexpensive agro-
industrial residues (spent leaves of Eucalyptus cinerea or
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Laurus nobilis, cassava bagasse, sugar cane bagasse, citric
pulp, coffee husk and pomace of carrots or apples) into a great
variety of products, such as edible mushrooms, flavourings,
bioactive compounds, enzymes, organic acids and bioethanol,
among others, which have the advantage of being recognized as
Bnatural^ (Berger 2009; Christen et al. 1997; Laufenberg et al.
2003; Omarini et al. 2010a; Pandey et al. 2000a; Pandey et al.
2000b; Rossi et al. 2009; Shimoni et al. 2000; Wilkins 2009;
Zheng and Shetty 1998).

Eucalyptus leaves are rich in essential oils that can be ob-
tained by steam distillation (FAO 1995). However, during the
distillation process leading to essential oil (EO) recovery is not
100 % efficient, as the water vapour drag technique cannot
remove it completely and some oil remains trapped in the plant
tissues. Nevertheless, spent industrial waste could be an inter-
esting low-cost raw material to obtain high-quality and value-
added products (e.g. aroma and fragrances) through SSF using
microorganisms (Dudai et al. 2001; Shimoni et al. 2000;
Weinberg et al. 1999). Related to this, it is important to point
out that not all fungal species are able to grow in the presence of
a high concentration of essential oils or their main terpene con-
stituents because of the cytotoxicity present in these non-polar
compounds, which produce an increase in the fluidity of the
fungal membranes (Koroch et al. 2007; Weber and de Bont
1996). Wilkins (2009) reported that citrus peel waste could be
used as raw materials for biofuel production by fermentation,
but requires the previous removal of D-limonene, due to it being
extremely toxic to biological activity and the fact that it inhibits
anaerobic digestion processes. In another study, Onken and
Berger (1999) demonstrated the capability of the white rot fun-
gus Pleurotus sapidus to grow in a liquid medium supplement-
ed with limonene and to biotransform the terpene into cis:trans-
carveol and carvone as the main products. The natural habitats
of some microorganisms, including Pleurotus, are terpene-
containing plant materials, e.g. wood or soil, which contain
rotting leaves or wood and implies that they possess adaptation
mechanisms to counteract the membrane damage produced by
toxic substances, such as limonene (Onken and Berger 1999).
This fact permitted, Omarini et al. (2010a) to use spent leaves
waste of Eucalyptus cinerea (EW) and Laurus nobilis (LW) to
cultivate by SSF the two edible mushrooms, Pleurotus
ostreatus (Jacq.) P. Kumm. and Favolus tenuiculus (a species
also known as Polyporus tenuiculus (P. Beauv.) Fr. or Favolus
brasiliensis (Fr.) in the region). Both these fungal species were
able to grow and produce good quality fruiting bodies,
with appreciable differences in their sensory characteris-
tics, compared with those grown on wheat straw
(Omarini et al. 2010a). Both strains belong to white
rot fungi and produce different wood-degrading en-
zymes which enable them to use the EW and LW as
carbon sources (Bajwa and Arora 2009; Dudai et al.
2001; Moredo et al. 2003; Weinberg et al. 1999).
Hence, during mushroom cultivation by SSF, many

compounds may be released from the plant tissues or
transformed by the action of their specific enzymes.

In the present work, P. ostreatus and F. tenuiculus were
used to evaluate for their biotechnological applications in aro-
ma release and biotransformations using SSF of spent leaves
waste from the essential oil industry (E. cinerea). Thus goal of
this work was to investigate the capacity of these two edible
mushrooms to transform the terpene compounds present in the
spent Eucalyptus essential oil industry waste by SSF. The
volatile compounds present in the essential oil extracted from
the substrates during two stages of the crop cycle were iden-
tified by gas chromatography mass spectrometry (GC/MS).

Material and methods

Microorganisms and spawn preparation

The fungi used in this study are conserved in the IIB-INTECH
Collection of Fungal Cultures (ICFC) and referenced in the
WDCM database as WDCM 826: Favolus tenuiculus ICFC
383/00, Brazil, Rio Grande do Sul, Porto Alegre and
Pleurotus ostreatus ICFC 153/99, commercial strain. They
were both grown and maintained on Potato Dextrose Agar
(PDA, Britania™, 39 g/L) and stored at 4 °C.

Spawn (SP) was prepared from boiled wheat seeds
(Triticum sp.) supplemented with 1 % (w/w) CaCO3, placed
in polypropylene bags and then sterilized at 121 °C for 2 h
(Omarini et al. 2009). Once cooled, each bag was inoculated
with mycelia, which was grown on PDA, and then incubated
in darkness at 25 °C for 3 weeks until the mycelia had
completely covered the wheat seeds.

Substrate preparation and culture conditions

Leaves of E. cinerea were collected from natural plantations
located at Chascomús (Buenos Aires, Argentina). In order to
simulate the industrial steam distillation process and to obtain
the spent leaf waste, each sample was put in a cooker with
distilled water and boiled for an hour without a cover to evap-
orate the essential oils (Omarini et al. 2010b). After this pro-
cess, the water from each sample was drained to obtain a final
moisture level of 70 % (wet basis).

Solid-state fermentation procedure

Polypropylene bags (20*45 cm) containing 350 g of wet spent
leaf waste ofE. cinerea (100 g dry weight; EW) and 2%CaCO3

were autoclaved twice at 121 °C for 2.5 h. After cooling, the
bags were inoculated with 5 % (w/w) spawn of F. tenuiculus or
P. ostreatus and incubated in darkness at 25 °C. The time periods
used for the spawn runs were 45 days for F. tenuiculus and
30 days for P. ostreatus. The samples (production blocks) were
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removed from the polypropylene bags and then transferred to
the production room. Ten replicates per fungus strain were used,
with the cultivation conditions for fruiting body production be-
ing (i) temperature 20±2 °C, (ii) photoperiod with 9 h light/15 h
dark, and (iii) relative humidity between 86–90 %, being auto-
matically performed by spray every 8 h for 5 min (fog type).
Finally, SSF was carried out for 50–60 days.

Biotransformation experiments by SSF

The samples, the complete production block (100 g wet weight)
of each strain were randomly taken (in triplicate) at two stages of
the cultivation cycle: (i) incubation period (25 days after inocu-
lation) and (ii) fructification period (after the first production
flush, 50–60 days after inoculation). This sampling design was
chosen based on previous studies, where the fungal enzyme
production and activities were reported to show differences ac-
cording to (i) the cultivation time, (ii) the fungal species or (iii)
the nature of the substrate used (Chen et al. 2003; Rodrigues da
Luz et al. 2012; Shashirekha and Rajarathnam 2007; Singh et al.
2011). Substrates not inoculated with mushroom (EW) and the
spawn (SP) used to inoculate substrate bags (wheat seeds inoc-
ulated with each strain) were used as control samples.

The essential oil of each sample was extracted by hydro-
distillation in a Clevenger-type apparatus for 2 h with a sepa-
rated extraction chamber (Clevenger 1928). The stem oils
were recovered and mixed with methylene chloride (40 %
v/v) in a separating funnel, shaken vigorously and left standing
for a few minutes to separate the organic phase (CH2Cl2),
which contained the EO. The resulting EO was dried over
anhydrous-sodium sulphate and stored at −20 °C in darkness
until analysis (López et al. 2004). Prior to analysis, the organic
phase was separated from EO by evaporation in a rotary evap-
orator at 37 °C and the EO content was expressed as a per-
centage (g per 100 g of wet substrate biomass; Table 1).
Volatile compounds were analysed by gas chromatography,
as described below.

Biotransformation experiments in liquid medium culture

The bioconversion products yielded by the two fungal species
using SSF were confirmed by liquid culture supplemented
with the precursor compound 1,8-cineole. The liquid culture
medium (SNL) was prepared according to Onken and Berger
(1999). The standard medium (1 L) contained 30 g D-glucose
monohydrate, 4.5 g L-asparagine monohydrate, 3 g yeast ex-
tract, 1.5 g KH2PO4, 0.5 g MgSO4·H2O and 1 mL trace ele-
ments solution (80 mg/L FeCl3·6H2O, 90 mg/L ZnSO4·7H2O,
30 mg/L MnSO4·H2O, 5 mg/L CuSO4·5H2O and 0.4 g/L
EDTA). The pH was adjusted to 6.0 with 1 M KOH prior to
autoclaving.

Experimental cultures of F. tenuiculus and P. ostreatus
were prepared as described by Onken and Berger (1999). A

30-mL culture volume (SNL) was inoculated with 1.5 mL of
4-day-old precultures which had been grown in the same me-
dium and homogenized using a blender prior to inoculation.
The precultures of each strain were prepared by adding 1 cm2

of agar plugs to 90 mL of SNL. Cultivation was performed on
a rotary shaker at 180 rpm and 24 °C in darkness.

Biotransformations were started 2.5 days after inoculation
by adding 0.1 % (v/v) 1,8-cineole (Fluka, Switzerland) direct-
ly into the culture flasks. A chemical blank was performed in
the same way, but without mycelium, to ensure the absence of
chemical transformation reactions. Cultivation was performed
on an orbital shaker at 180 rpm and 24 °C for 12 days; after
which, the cultures were centrifuged and the supernatants
were extracted with CH2Cl2, as previously described for the
SSF substrates. The organic phase (2 μL) was analysed using
gas chromatography.

Analytical procedures

The terpene fractions present in the EO samples, derived from
(i) SSF and (ii) liquid media, were analysed by gas chroma-
tography with a flame ionization detector (Perkin Elmer
Clarus 500) fitted with a non-polar DB-5 column (25 m
length×0.25 mm id×0.25 μm film thickness) and a polar
Supelcowax 10 capillary glass column (25 m length×
0.25 mm id×0.25 μm film thickness). The GC operating con-
ditions were oven temperature 50 °C (2 min) to 200 °C at
3 °C/min; injector and detector temperatures 200 and
270 °C, respectively; detector FID; and carrier gas helium at
a constant flow of 0.9 mL/min.

GC/MS analyses were performed using gas chromatogra-
phy equipped (HP 5890II-HP 5971 MSD, Hewlett-Packard)
with a DB-5 column (25 m length×0.25mm id×0.25 μm film
thickness) and a mass spectrometer detector. Analytical con-
ditions were as follows: oven temperature programmed from
50 °C (2 min) to 200 °C at 3 °C/min; injector and detector
temperatures 200 and 270 °C, respectively; carrier gas helium
at a constant flow of 0.9 mL/min; and source 70 eV.

All analyses were performed in triplicate, and the volatile
compounds were identified by comparing their retention indi-
ces (RIs; determined on the basis of homologous n-alkane
hydrocarbons under the same conditions) and mass spectra
with those of authentic standards when possible or with com-
mercial mass spectral databases of the Wiley library (Wiley
275; J. Wiley & Sons Ltd, Wet Sussex, UK) and NIST 98 MS
Library (Rev. D. 01.00; HP, Ringoes, NJ, USA).

Statistical analysis

Results were analysed by the software SigmaStat® pro-
gramme for Windows, version 3.1 (Systat software Inc.,
Point Richmond, CA, USA). The relative percentage of each
volatile compound was calculated from the average of three
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Table 2 Relative percentage concentrations of the volatile compounds present in the EO extracts derived from samples treated with F. tenuiculus and
P. ostreatus (incubation and after fruiting stages) and from control substrate (E. cinerea)

Relative percentage 2

P. ostreatus F. tenuiculus P. ostreatus F. tenuiculus E. cinerea

Compounds 3 RI 1 Incubation Incubation Fruiting Fruiting Control

p-Cymene 1025 0.52 (0.09)b 0.10 (0.02)a 0.48 (0.19)b 0.25 (0.05)a 0.60 (0.04)b

Limonene 1029 1.29 (0.39)a 0.72 (0.23)a 1.18 (0.46)a 0.76 (0.22)a 0.90 (0.02)a

1,8-Cineole 1031 7.55 (1.14)b 7.46 (1.38)b 6.28 (1.06)b 7.72 (0.88)b 1.83 (0.02)a

cis-Linalool oxide 1087 0.44 (0.19)a 0.10 (0.01)a 0.49 (0.15)a 0.30 (0.01)a 0.30 (0.02)a

Linalool 1097 0.10 (0.01)a 0.10 (0.02)a 0.15 (0.05)a 0.13 (0.01)a 0.10 (0.02)a

Sabinene hydrate 1098 0.99 (0.12)c 0.10 (0.01)a 0.64 (0.14)b 0.10 (0.01)a 0.00 a

Myrcenol 1123 0.35 (0.28)a 0.10 (0.01)a 0.44 (0.24)a 0.13 (0.06)a 0.10 (0.01)a

Camphor 1146 0.10 (0.01)a 0.60 (0.31)ab 0.37 (0.16)a 0.60 (0.14)ab 1.10 (0.01)b

Isoborneol 1162 1.37 (0.46)a 2.16 (0.05)b 0.98 (0.10)a 2.27 (0.52)b 2.00 (0.02)b

Pinocarvone 1165 0.10 (0.01)a 2.67 (0.31)c 0.73 (0.21)b 2.85 (0.48)c 3.40 (0.02)d

4-Terpineol 1177 2.83 (1.50)a 3.00 (0.26)a 1.95 (0.60)a 3.03 (0.25)a 4.83 (0.02)b

cis-Pinocarveol 1184 0.10 (0.01)a 2.19 (0.76)b 0.10 (0.01)a 1.52 (0.60)b 2.20 (0.02)b

α-Terpineol 1189 36.81 (0.97)a 43.09 (1.83)c 36.20 (1.04)a 42.61 (1.88)c 38.30 (0.05)b

1,3,3-Trimethyl-2-oxabicyclo[2.2.2]octan-6-ol 1192 1.87 (0.34)b 2.23 (0.20)b 1.75 (0.60)b 2.38 (0.64)b 0.00a

1,3,3-Trimethyl-2-oxabicyclo (2.2.2)octan-6-one 1197 4.94 (0.27)b 6.11 (0.45)b 5.11 (1.05)b 5.93 (0.77)b 0.00a

Verbenone 1205 1.77 (0.55)b 0.59 (0.27)a 0.67 (0.28)a 0.30 (0.10)a 0.55 (0.03)a

trans-Carveol 1217 0.00a 0.00a 0.00a 0.00a 0.70 (0.03)b

Piperitone 1253 0.00a 0.00a 0.00a 0.00a 0.56 (0.05)b

Methyl nerolate 1283 1.20 (0.75)b 0.10 (0.01)a 0.94 (0.33)b 0.15 (0.05)a 2.27 (0.05)c

α-Terpenyl acetate 1349 17.41 (0.96)b 14.38 (2.85)ab 16.99 (1.50)ab 13.95 (3.14)ab 13.56 (0.05)a

Eugenol 1359 0.00a 0.00a 0.00a 0.00a 0.33 (0.05)b

Longifolene 1408 2.47 (1.10)b 1.00 (0.01)a 2.88 (0.12)b 1.26 (0.65)a 4.24 (0.04)c

β-Caryophyllene 1419 1.01 (0.09)b 1.41 (0.36)b 1.05 (0.13)b 0.84 (0.34)b 0.33 (0.06)a

Alloaromadendrene 1460 1.21 (0.70)a 0.84 (0.07)a 1.29 (0.39)a 0.87 (0.12)a 1.02 (0.12)a

γ-Gurjunene 1477 0.68 (0.29)a 0.85 (0.37)a 1.02 (0.61)ab 0.93 (0.27)a 2.10 (0.10)b

Valencene 1496 2.20 (0.74)a 2.03 (0.63)a 2,18 (0.72)a 1.72 (0.10)a 1.72 (0.03)a

Viridiflorene 1497 1.23 (0.59)a 1.16 (0.58)a 1.80 (0.50)ab 1.01 (0.29)a 2.53 (0.02)b

Globulol 1585 1.65 (0.08)b 0.34 (0.19)a 1.83 (0.21)b 0.34 (0.20)a 5.92 (0.02)c

α-Cadinol 1654 0.77 (0.22)b 0.34 (0.20)a 0.81 (0.25)b 0.35 (0.20)a 2.91 (0.02)c

Drimenol 1767 1.50 (0.62)b 0.35 (0.18)a 1.70 (0.52)b 0.43 (0.13)a 0.30 (0.02)a

1 Retention index
2 Relative percentages of the volatile compounds are based on the peak areas obtained, without MS detector response factor correction. Values with
different letters are significantly different from each other according to Duncan’s multiple range test at p≤0.05 (n=3). (Comparing the percentage of each
component with respect to each treatment and control)
3 Each cell in the table is formatted according to the scheme mean (standard error of the mean)

Table 1 Percentage of essential
oils (g 100 g−1 wet substrate
biomass) obtained by
hydrodestilation of control and
samples of F. tenuiculus and
P. ostreatus treatments
(incubation and fructification
stages)

Samples Cultivation time EO yields (%) (g per 100 g of wet substrate)

Control* 0 0.017±0.001

P. ostreatus I 0.015±0.001

F.tenuiculus I 0.016±0.001

P. ostreatus F 0.025±0.001

F.tenuiculus F 0.028±0.0008

I incubation time, F after the first fructification
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replicates. Means and standard deviations were also calculat-
ed, and a one-way analysis of variance was performed.
Significance (at p≤0.05) was assessed using Duncan’s multi-
ple range test.

Results and discussion

The two edible mushrooms P. ostreatus and F. tenuiculuswere
cultivated by SSF using spent leaves of E. cinerea waste with
the aim of evaluating their ability for aroma compound release
and subsequent transformation. For this purpose, the EO
(Table 1) extracted from the control (EW and SP of each
strain) and the treatment samples (production blocks of
F. tenuiculus and P. ostreatus incubation and fructification
stages) were analysed by GC and GC/MS. The relative con-
centration percentages of the volatile compounds present in
the EO extracts derived from samples treated with
F. tenuiculus and P. ostreatus (incubation and after fruiting
stages) as well as from the control substrate (EW) are shown
in Table 2.

The chromatograms revealed two new product peaks pro-
duced by P. ostreatus (incubation, I) transformation (Fig. 1b),
with the same product peaks being obtained with EO samples
of P. ostreatus during the fructification stage (F) and in sam-
ples of F. tenuiculus (I and F). GC/MS results of the EO
extracts from treatments and control substrates (EW) showed
a total of 30 different compounds corresponding to the terpene
fraction (Table 2). The major volatile compounds found were
oxygenated monoterpenes (17) and sesquiterpene hydrocar-
bons (6) and to a lesser extent oxygenated sesquiterpenes
(3), monoterpene hydrocarbons (2) and esters (2). Of all the
terpenes present in the EO extracted from each treatment, only
the two fungal strains were able to biotransform 1,8-cineole.
These two new biotransformation products were not found in
the EW control substrate (Fig. 1a) or in the spawn (SP) of the
F. tenuiculus or P. ostreatus used to inoculate the production
blocks (Online resource 1). The mass spectral comparison
with the Wiley and Nist libraries allowed these two new com-
pounds to be identified as 1,3,3-trimethyl-2-oxabicyclo
[2.2.2]octan-6-ol and 1,3,3-trimethyl-2-oxabicyclo
[2.2.2]octan-6-one (Figs. 2 and 3, respectively). The relative

A

a 

b 

c 

B

Fig. 1 GC-FID chromatograms,
corresponding to the EO extracted
from the different samples. a EO
of the control substrate (EW): no
fungal action (before mushroom
inoculation); b EO of substrate
plus mushroom mycelium: after
treatment with P. ostreatus
(incubation). Arrows plus letter
Ba^ correspond to the 1,8-cineole,
and Bb^ and Bc^ correspond to the
two new products produced by
fungal transformation
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percentages of each new biotransformation product were sim-
ilar in both fungal strains and treatments (Table 2). However,
1,3,3-trimethyl-2-oxabicyclo [2.2.2]octan-6-one revealed the
highest relative percentages in all the samples of both fungal
strains and treatments (at the I and F stages).

A few studies have already been carried out on the oxygen-
ation of 1,8-cineole by chemical (Asakawa et al. 1988) and
biological processes (Garcia et al. 2009; MacRae et al. 1979;
Nishimura et al. 1982; Rodriguez et al. 2006; Trudgill 1990).
Garcia et al. (2009) have described the biotransformation of 1,
8-cineole in liquid medium using a native Aspergillus terreus
isolated from Eucalyptus leaves. As a result, four oxygenated
derivative compounds were produced, namely 2-exo-

hydroxy-1,8-cineole, 2-endo-hydroxy-1,8-cineole, 3-exo-hy-
droxy-1,8-cineole and 3-endo-hydroxy-1,8-cineole. MacRae
et al. (1979) reported that Pseudomonas flava cultivated in a
mineral salts medium containing 1,8-cineole produced 2-α
and 2-β-1,8-cineole as the transformation products.

Even though the two new products we obtained by the
action of F. tenuiculus and P. ostreatus partially agreed with
previous reports, the novelty of the present study is the use of
two edible mushrooms as biotransforming agents and spent
E. cinerea leaves waste as the substrate. Thus, through SSF of
low-cost rawmaterials, it was possible to obtain simultaneous-
ly two valuable products in the form of fruiting bodies and
aroma compounds. Addit ional ly, the 1,8-cineole

Fig. 2 Mass spectrum of 1,3,3-
trimethyl-2-
oxabicyclo[2.2.2]octan-6-ol
obtained by GC/MS. a Spectrum
of the compound obtained by
F. tenuiculus and P. ostreatus
biotransformation. b Mass
spectrum of GC/MS obtained
from the NIST library. c Mass
spectrum of GC/MS obtained
from the Wiley library
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biotransformation was validated by experiments carried out in
liquid culture medium (Online Resource 2). After 12 days of
culture (stationary growth phase), F. tenuiculus and
P. ostreatus transformed 1,8-cineole into 1,3,3-trimethyl-2-
oxabiciclo [2.2.2]octan-6-ol, 1,3,3-trimethyl-2-oxabiciclo
[2.2.2]octan-6-one and a third unknown compound whose
structure could not be determined. This unidentified com-
pound may have been an oxygenated monoterpene, consider-
ing that the molecular ion (M+) corresponded to the mass
spectrum peak 170, whose structure might be associated with
the biotransformed compound: 1,3,3-trimethyl-2-oxabiciclo
[2.2.2]octan-6-ol. A blank experiment without the inoculum
demonstrated that these two new compounds did not originate
from autoxidation of 1,8-cineole. Therefore, it is conceivable
that both white rot basidiomycetes have the capability to

transform 1,8-cineole into oxyfunctionalized compounds, as
was reported by the experiments cited above carried out by
SSF of E. cinerea. Related to this, Onken and Berger (1999)
reported the ability of Pleurotus sapidus to biotransform lim-
onene into cis:trans-carveol and carvone as the main products.

In the present investigation, it was also observed that the
relative percentages of several compounds present in the EW
changed their values after fungal treatments (I and F stages;
Table 2). In some cases, the relative percentages increased
significantly after fungal treatments (I and F), as in the case
of 1,8-cineole (p<0.05). Other compounds revealed an in-
crease in their relative values after the I and F treatments for
one of the strains, such as in the case of (i) sabinene hydrate
and drimenol in the EO samples of P. ostreatus, (ii) α-
terpineol in EO samples of F. tenuiculus, and (iii) β-

Fig. 3 Mass spectrum of 1,3,3-
trimethyl-2-oxabicyclo
[2.2.2]octan-6-one obtained by
GC/MS. a Spectrum of the
compound obtained by
F. tenuiculus and P. ostreatus
biotransformations. b Mass
spectrum of GC/MS obtained
from the NIST library. c Mass
spectrum of GC/MS obtained
from the Wiley library
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caryophyllene in EO samples of P. ostreatus and F. tenuiculus.
Finally, verbenone only increased in the EO samples of the
P. ostreatus incubation.

In general, the observed release of compounds, especially
in P. ostreatus, may be explained as follows: (i) by the action
of different enzymes, mainly the ligninolytic enzymatic sys-
tem, which plays an important role in the mobilization of
compounds during SSF (Bajwa and Arora 2009; Dudai et al.
2001; Moredo et al. 2003; Weinberg, et al. 1999) and (ii) by
the ability of fungi to perform de novo synthesis of com-
pounds from the precursor compounds present in the substrate
(Berger 2009; Lapadatescu et al. 2000; Lesage-Meessen et al.
1999; Longo and Sanromán 2006). In addition, the heteroge-
neity of the substrates used (EW) in terms of particle size, or
differences in the availability of carbon and nitrogen sources,
may contribute to the differences in the patterns of aroma
compounds obtained by the strains (Laufenberg et al. 2003;
Marostica and Pastore 2007; Rossi et al. 2009). It was reported
previously that the addition of selected precursors or different
carbon/nitrogen sources as supplements in coffee husk culture
substrates influenced the nature and intensity of the aromas
produced by Ceratocystis fimbriata and at the same time en-
hanced the production rate (Bramorski et al. 1998; Christen
et al. 1997; Christen et al. 1994). Hence, the employment of
spent industrial waste (e.g. EW) represents a good option to
obtain edible mushrooms by SSF, and once the fruiting bodies
are harvested, the spent substrates can then be used to obtain
aroma compounds with potential industrial applications. For
example, Barton et al. (2010) reported an improvement in
herbicidal activity of hydroxy derivates of 1,8-cineole against
ryegrass (Lolium rigidum) and radish (Raphanus sativus)
compared to 1,8-cineole or Eucalyptus oil. Moreover, 2-endo-
hydroxy-1,8-cineole and its derivative esters showed antibac-
terial activity against Escherichia coli, Klebsiella pneumoniae
and Pseudomonas aeruginosa (Villecco et al. 2008). In this
way, phytotoxic compounds derived from natural products
represent a potential source of new natural pesticides, which
exhibit novel modes of action to reduce the development of
pesticide resistance (Duke et al. 2000). Furthermore, in the
current study, it was possible to recover a mix of interesting
compounds and also two new ones as a result of fungal bio-
transformation. In fact, the biotechnological conversion of
low-cost agro-industrial by-products offers a number of ad-
vantages, such as the following: the conversion takes place
under mild conditions, good regio- and enantioselectivity, no
production of toxic waste and generation of Bnatural^
products.

In conclusion, this exploratory study demonstrates that the
use of microorganisms to carry out biotransformation reac-
tions by SSF is a great biotechnological advance over existing
traditional organic synthesis processes. The two edible mush-
rooms,F. tenuiculus and P. ostreatus, were able to transform 1,
8-cineole into two new compounds 1,3,3-trimethyl-2-

oxabiciclo [2.2.2]octan-6-ol and 1,3,3-trimethyl-2-oxabiciclo
[2.2.2]octan-6-one by SSF. It is worth adding that it was pos-
sible to identify the other compounds present in the substrates,
whose relative percentages were altered through the enzymat-
ic action of each strain. The biotransformation capability of
each strain can be used for new aroma compound production
with potential industrial applications.

Acknowledgments The authors would like to thank native speaker,
Paul Hobson, for the revision of the manuscript. OA, DJS, EA and ZJA
are CareerMembers of Consejo Nacional de Investigaciones Científicas y
Técnicas (CONICET).

References

Asakawa Y, Matsuda R, Tori M, Hashimoto T (1988) Preparation of
biologically active substances and animal and microbial metabolites
from menthols, cineoles and kauranes. Phytochem 27:3861–3869

Bajwa PK, Arora DS (2009) Comparative production of ligninolytic en-
zymes by Phanerochaete chrysosporium and Polyporus
sanguineus. Can J Microbiol 55:1397–1402

Barton AFM, Dell B, Knight AR (2010) Herbicidal activity of cineole
derivatives. J Agric Food Chem 58:10147–10155

Beale I, Ortiz EC (2013) El Sector Forestal Argentino: EUCALIPTOS.
REDITA-FCA (UNCa) 53:1–10

Berger RG (2009) Biotechnology of flavours—the next generation.
Biotechnol Lett 31:1651–1659

Bicas JL, Silva JC, Dionisio AP, Pastore GM (2010) Biotechnological
production of bioflavors and functional sugars. Ciencia Tecnol
Alime 30:7–18

Bramorski A, Christen P, Ramirez M, Soccol CR, Revah S (1998)
Production of volatile compounds by the edible fungus Rhizopus
orizae during solid state cultivation on tropical agro-industrial sub-
strate. Biotechnol Lett 20:359–362

Chen S, Ma D, Ge W, Buswell JA (2003) Induction of laccase activity in
the edible straw mushroom, Volvariella volvacea. FEMS Microbiol
Lett 218:143–148

Christen P, Villegas E, Revah S (1994) Growth and aroma production by
Ceratocystis fimbriata in various fermentation media. Biotechnol
Lett 16:1183–1188

Christen P, Meza JC, Revah S (1997) Fruity aroma production in solid
state fermentation by Ceratocystis fimbriata: influence of the sub-
strate type and the presence of precursors. Mycol Res 101:911–919

Clevenger JF (1928) Apparatus for the determination of volatile oil. J
Pharm Sci 17:345–349

Dudai N, Weinberg ZG, Larkov O, Ravid U, Asbell G, Putievsky E
(2001) Changes in essential oil during enzyme-assisted ensiling of
lemongrass (Cymbopogon citratus Stapf.) and lemon eucalyptus
(Eucalyptus citriodora Hook). J Agric Food Chem 49:2262–2266

Duke SO, Romagni J, Dayan F (2000) Natural products as sources for
new mechanisms of herbicidal action. Crop Prot 19:583–589

Elechosa MA, Juarez MA (2003) Evaluación de la producción nacional:
las plantas aromáticas y sus aceites esenciales. IDIA XXI5:60–68

FAO: Food and Agriculture Organization-Corporate Document
Repository–Forestry Department (1995) Eucalyptus oil. In: Non-
wood forest products—1, Flavours and fragrances of plant origin.
Rome, Italy. Publications Division, Food and Agriculture
Organization of the United Nations, vol.1, p 111

Garcia C, Rodríguez P, Días E, Heinzen H, Menéndez P (2009)
Biooxidation of 1,8-cineole by Aspergillus terreus. J Mol Catal B
Enzym 59:173–176

Folia Microbiol



Koroch A, Juliani HR, Zygadlo JA (2007) Bioactivity of essential oils
and their components. In: Berger RG (ed) Flavours and Fragrances:
Chemistry, Bioprocessing and Sustainability. Springer-Verlag,
Berlin, pp 87–103

Lapadatescu C, Giniés C, Le Quéré JL, Bonnarme P (2000) Novel
scheme for biosynthesis of aryl metabolites from L-phenylalanine
in the fungus Bjerkandera adusta. Appl Environ Microbiol 66:
1517–1522

Laufenberg G, Kunz B, NystroemM (2003) Transformation of vegetable
waste into value added products: (A) the upgrading concept; (B)
practical implementations. Bioresource Technol 87:167–198

Lesage-Meessen L, Stentelaire C, Lomascolo A, Couteau D, Asther M,
Moukha S, Record E, Sigoillot JC, Asther M (1999) Fungal trans-
formation of ferulic acid from sugar beet pulp to natural vanillin. J
Sci Food Agr 79:487–490

Longo MA, Sanromán MA (2006) Production of food aroma compound:
microbial and enzymatic methodologies. Food Technol Biotech 44:
335–353

López ML, Zunino MP, Zygadlo J, López J (2004) Aromatic plants of
yungas. Part II. Chemical composition of the essential oil of Phoebe
porphyria (Griseb.) Mez. (Lauraceae). J Essent Oil Res 16:129–130

MacRae IC, Alberts V, Carman RM, Shaw IM (1979) Products of 1,8-
cineole oxidation by Pseudomonas flava. Aust J Chem 32:917–922

Marostica MR, Pastore GM (2007) Production of R-(+)-α-terpineol by
the biotransformation of limonene from orange essential oil, using
cassava waste water as medium. Food Chem 101:345–350

Moredo N, Lorenzo M, Dominguez A, Moldes D, Cameselle C,
Sanromán MA (2003) Enhanced ligninolytic enzyme production
and degrading capability of Phanerochaete chrysosporium and
Trametes versicolor. World J Microbiol Biot 19:665–669

Nishimura H, Noma Y, Mizutani J (1982) Eucaliptus as biomass. Novel
compounds from microbial conversion of 1,8-cineole. Agric Biol
Chem 46:2601–2604

Omarini AB, Lechner E, Albertó E (2009) Polyporus tenuiculus: a new
naturally occurring mushroom that can be industrially cultivated on
agricultural waste. J Ind Microbiol Biot 36:635–642

Omarini A, Nepote V, Grosso NR, Zygadlo JA, Albertó E (2010a)
Sensory analysis and fruiting bodies characterisation of the edible
mushrooms Pleurotus ostreatus and Polyporus tenuiculus obtained
on leaf waste from the essential oil production industry. Int J Food
Sci Technol 45:466–474

Omarini A, Henning C, Ringuelet J, Zygadlo JA, Alberto E (2010b)
Volatile composition and nutritional quality of the edible mushroom
Polyporus tenuiculus grown on different agro-industrial waste. Int J
Food Sci Technol 45:1603–1609

Onken J, Berger RG (1999) Effects of R-(-)-limonene on submergerd
cultures of the terpene transformating basidiomycete Pleurotus
sapidus. J Biotechnol 69:163–168

Pandey A, Soccol CR, Nigam P, Soccol VT, Vandenberghe LPS, Mohan
R (2000a) Biotechnological potential of agro-industrial residues. II.
Cassava bagasse. Bioresource Technol 74:81–87

Pandey A, Soccol CR, Mitchell D (2000b) New developments in solid
state fermentation: I. Bioprocesses and products. Process Biochem
35:1153–1169

Rodrigues da Luz JM, Dias NunesM, Albino Paes S, Pereira Torres D, de
Cássia Soares da Silva M, Megumi Kasuya MC (2012)
Lignocellulolytic enzyme production of Pleurotus ostreatus growth
in agroindustrial wastes. Braz J Microbiol 43:1508–1515

Rodriguez P, Sierra W, Rodriguez S, Menéndez P (2006)
Biotransformation of 1,8-cineole, the main product of Eucalyptus
oils. Electronic J Biotechnol 9:208–212

Rossi SC, Vandenberghe LPS, Pereira BMP, Gago FD, Rizzolo JA,
Pandey A, Soccol CR, Medeiros ABP (2009) Improving fruity aro-
ma production by fungi in SSF using citric pulp. Food Res Int 42:
484–486

Shashirekha MN, Rajarathnam S (2007) Bioconversion and biotransfor-
mation of coir pith for economic production of Pleurotus florida:
Chemical and biochemical changes in coir pith during the mush-
room growth and fructification. World J Microbiol Biot 23:1107–
114

Shimoni E, Ravid U, Shoham Y (2000) Isolation of Bacillus sp.
capable of transforming isoeugenol to vanillin. J Biotechnol
19:779–782

Singh CS, Singh VK, Tiwari SP, Sharme R (2011) Ligninolytic activity
and lignocellulosic degradation profiles by natural isolates of
Pleurotus flabellatus during mushroom cultivation on rice straw.
Asian J Exp Biol Sci 2:158–161

Trudgill PW (1990) Microbial metabolism of monoterpenes—recent de-
velopments. Biodegradation 1:93–10

Villecco MB, Catalán JV, Vega MI, Garibotto FM, Enriz RD, Catalán
CAN (2008) Synthesis and antimicrobial activity of highly
oxygenated 1,8-cineole derivatives. Nat Prod Commun 3:
303–312

Weber FJ, de Bont JAM (1996) Adaptation mechanisms of microorgan-
isms to the toxic effects of organic solvents on membranes. Biochim
Biophys Acta 1286:225–245

Weinberg ZG, Akiri B, Putievsky E, Kanner J (1999) Enhancement of
polyphenol recovery from rosemary (Rosmarinus officinalis) and
sage (Salvia officinalis) by enzyme-assisted ensiling (ENLAC). J
Agric Food Chem 47:2959–2962

Wilkins MR (2009) Effect of orange peel oil on ethanol production by
Zymomonas mobilis. Biomass Bioenerg 33:538–541

Zheng Z, Shetty K (1998) Cranberry processing waste for solid
state fungal inoculant production. Process Biochem 33:323–
329

Folia Microbiol


	Biotransformation...
	Abstract
	Introduction
	Material and methods
	Microorganisms and spawn preparation
	Substrate preparation and culture conditions
	Solid-state fermentation procedure
	Biotransformation experiments by SSF
	Biotransformation experiments in liquid medium culture
	Analytical procedures
	Statistical analysis

	Results and discussion
	References


