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Abstract Terpenes are a huge group of natural compounds
characterised by their predominantly pleasant smell. They
are built up by isoprene units in cyclic or acyclic form and
can be functionalised by carbonyl, hydroxyl or carboxyl
groups and by presence of additional carbon—carbon
double bonds (terpenoids). Currently, much more than
10,000 terpenoid compounds are known, and many thereof
are present in different iso- and stereoforms. Terpenoids
are secondary metabolites and can have important biolog-
ical functions in living organisms. In many cases, the
biological functions of terpenoids are not known at all.
Nevertheless, terpenoids are used in large quantities as
perfumes and aroma compounds for food additives.
Terpenoids can be also precursors and building blocks
for synthesis of complex chiral compounds in chemical
and pharmaceutical industry. Unfortunately, only few
terpenoids are available in large quantities at reasonable
costs. Therefore, characterisation of suited biocatalysts
specific for terpenoid compounds and development of
biotransformation processes of abundant terpenoids to
commercially interesting derivates becomes more and
more important. This minireview summarises knowledge
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Introduction

Acyclic terpenes such as citral, a cis—trans mixture of neral
and geranial, are available in large quantities (order of
magnitude 10° t/year) and are commonly used in perfume
and food industry but may be also important basic materials
for chemical synthesis of compounds with methyl-branched
structures. Many terpenoid compounds are known to have
important diverse biological activities in living organisms
such as repellents against insects (citronellol), as alarmones
for some ants (citral) or even have antitumour activity
(some mono- and sequiterpenes) on mammalian cells.
Other biological properties attributed to terpenoids are
antimicrobial and antifungal, antiviral, antihyperglycemic,
anti-inflammatory and antiparasitic activities (Hammer
et al. 1999; Paduch et al. 2007; Bakkali et al. 2008).
Surprisingly, little is known on the metabolic fate of acyclic
compounds in living organisms except the catabolic
pathway of citronellol and related acyclic monoterpenes
by some bacterial species of the genus Pseudomonas. Only
very few microorganisms have been described that are able
to utilise terpenoids as source of carbon and energy.
Probably, the branched carbon skeleton of terpenoids is
one reason for poor biodegradability. The frequent finding
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of hydrocarbons with methyl-branched molecule structures
in old sediments (e.g. pristane) might be a consequence of
the poor biodegradability of this class of compounds. In the
first part of this contribution, we will summarise the
knowledge on catabolic pathways of acyclic monoterpenes
before a survey on the general biotransformation potential
of terpenoids by microorganisms is given.

Acyclic terpene degrading bacteria

Seubert and coworkers have made the first published
investigations on the biochemical pathway of acyclic mono-
terpenes in aerobic bacteria halfa century ago. They isolated a
bacterium with the ability to utilise an acyclic monoterpene
compound (citronellol) as a sole source of carbon and energy.
Citronellol (3,7-dimethyl-6-octen-1-0l) is present in many
citrus plants and serves as a model compound of acyclic
terpenes. The isolate was classified as a new species
(Pseudomonas citronellolis) (Seubert 1960). The ability to
utilise citronellol and related acyclic monoterpenes as a
sole source of carbon and energy is restricted to a few
Pseudomonas species and includes Pseudomonas aerugi-
nosa, P. citronellolis, Pseudomonas menodcina (Cantwell et
al. 1978; Joglekar and Dhavlikar 1969; Fall et al. 1979;
Tozoni et al. 2010), Pseudomonas delhiensis (Prakash et al.
2007) and some strains of Pseudomonas fluorescens (e.g.
strain Pf-5; Forster-Fromme et al. 2006) (Vandenbergh and
Cole 1986), unidentified pseudomonads (Joglekar and
Dhavlikar 1969) and Pseudomonas sp. M1 (f3-myrcene;
Iurescia et al. 1999). A report on isolation of a citronellol-
and geraniol-utilising Pseudomonas putida strain (PPU2.4)
suggests that the citronellol/geraniol catabolic genes can be
functionally located on a plasmid (Vandenbergh and Wright
1983; Vandenbergh 1986). Most other strains of P. putida are
not able to utilise citronellol. Recently, several P. citronellolis
strains were isolated from hydrocarbon-contaminated soils
(Bhattacharya et al. 2003). As far as investigated utilisation
of citronellol by pseudomonads is an inducible process.
Gram-positive citronellol-degrading bacteria or Archaea with
monoterpene oxidising activity have not been described.
Metabolism of monoterpenes by anaerobes has been
reviewed elsewhere (Harder and Probian 1995; Hylemon
and Harder 1999; Heyen and Harder 2000) and will be not
discussed in this contribution.

Biochemical pathway of citronellol oxidation (acyclic
terpene utilisation pathway)
After the initial isolation of P citronellolis in 1959,

Seubert and coworkers performed a series of biochemical
experiments that led to the discovery of the catabolic
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pathway from citronellol to acetyl-coenzyme A (Seubert et
al. 1963; Seubert and Remberger 1963; Seubert and Fass
1964a, b). These investigations included identification
of the key step of the pathway, namely carboxylation of
cis-geranyl-CoA by geranyl-CoA carboxylase (GCase;
Seubert et al. 1963). Forty years later the molecular
biological tools were available to resume the investigation
on monoterpene catabolism on the gene level. Most
contributions on the gene level were done by J. Campos-
Garcia’s group and in our laboratory and will be reviewed
below. As for now, we will start with a brief summary on
Seubert’s results.

Phase one (upper acyclic terpene utilisation pathway)

The metabolic pathway from acyclic terpene alcohols to the
central metabolite acetyl-CoA (see Fig. 1) can be divided into
four phases: In the first phase acyclic terpene alcohols such
as citronellol are oxidised to the corresponding acid
(citronellate) and activated to the thioester (citronellyl-
CoA). Citronellyl-CoA can be converted to cis-geranyl-
CoA by a dehydrogenase step. When acetate esters of
acyclic monoterpene alcohols were used as substrates, the
ester is first cleaved to acetate and the corresponding terpene
before the terpene alcohol is oxidised (Madyastha and
Renganathan 1983; Tozoni et al. 2010). It is assumed that
geraniol, a compound that differs from citronellol only
by the presence of a second double bond, is oxidised to
cis-geranyl-CoA by the same or similar enzymes and that the
pathways for citronellol and geraniol merge at cis-geranyl-
CoA. However, recently published data suggested that citral
isomers (geranial, neral) can be stereospecifically reduced to
citronellal by flavin-dependent dehydrogenases (old yellow
enzymes) in many organisms (Hall et al. 2006; Miiller et al.
2007a, b). Data obtained by mutant analysis of P. citronell-
olis and P. aeruginosa also indicated that catabolism of
geraniol to cis-geranyl-CoA involves separate and from
citronellol oxidation independent steps (unpublished data).

Phase two (lower acyclic terpene utilisation pathway)

The second phase of the acyclic terpene utilisation (Atu)
pathway is the elimination of the [-methyl group by
carboxylation and subsequent deacetylation using a specific
lyase reaction: oxidation of cis-geranyl-CoA by reactions
analogous to {3-oxidation of fatty acids is not possible
because of the presence of a methyl group in [3-position.
The solution of this metabolic problem is the transforma-
tion of the (3-methyl group next to the thioester bond of
geranyl-CoA to an acetate group by carboxylation yielding
isohexenyl-glutaconyl-CoA (Seubert et al. 1963; Seubert
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Fig. 1 Acyclic terpenes utilisation (A4tu) and leucine/isovalerate utilisation (Liu) pathways (modified from Forster-Fromme et al. 2006, 2008)
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and Remberger 1963) (Fig. 1). This step is catalysed by
GCase, a biotin-dependent carboxylase with specificity for
methyl-branched substrates (Hector and Fall 1976; Fall et
al. 1979; Fall and Hector 1977; Fall 1981). GCases have
been also described in eukaryotes such as maize and other
organisms (Guan et al. 1999). Before the generated acetate
is cleaved off by a lyase reaction, the distal double bond is
hydrated to 3-hydroxy-3-isohexenyl-glutaconyl-CoA which
is the substrate of the 3-hydroxy-3-isohexenyl-glutaconyl-
CoA:acetate lyase (HHG-CoA lyase; Seubert and Fass
1964a). The products of the HHG-CoA lyase reaction are
acetate and 7-methyl-3-oxo-octenoyl-CoA (see Fig. 1). The
consequence of the lyase reaction is the generation of a
molecule with six carbon atoms without a methyl side
group in addition to one acetyl-CoA.

Phases three and four (3-oxidation and leucine/
isovalerate utilisation pathway

Two additional acetyl-CoA moieties can be cleaved off
from 7-methyl-3-oxo0-octenoyl-CoA via [3-oxidation. The
remaining molecule is methyl-crotonyl-CoA (phase 3).
At present, it is not known whether enzymes with
specificity for methyl-branched substrates or conventional
[3-oxidation enzymes of the fatty acid degradation pathway
are used. The product after two rounds of (3-oxidation,
methyl-crotonyl-CoA, is an intermediate of the leucine
degrading pathway and is metabolised to three C,-units in
phase 4. Interestingly, most enzymatic steps of phase
4 are highly similar to phase 2 reactions and also involve
a carboxylation step at the (3-methyl group and a lyase-
catalysed cleavage reaction of the branched molecule:
the methyl side group of methyl-crotonyl-CoA is carbox-
ylated by methyl-crotonyl-CoA carboxylase (MCase) to
give methyl-glutaconyl-CoA. MCase is specific for
methyl-crotonyl-CoA and does not accept geranyl-CoA
as substrate. Methyl-glutaconyl-CoA is hydrated to
3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) and subse-
quently cleaved by HMG-CoA:acetyl-CoA lyase to acetyl-
CoA and acetoacetate. Acetoacetate can be easily converted
to two acetyl-CoA.

Several designations for the reaction of the four phases
are found in literature probably because Seubert and
coworkers did not propose a suitable name for their
discovery of the new catabolic pathway for acyclic terpene
alcohols (Seubert and Fass 1964b). Diaz-Perez et al. named
phase one and two “upper pathway” and “lower pathway”,
respectively and used later similar designations for the
leucine degrading pathway (Diaz-Perez et al. 2004; Aguilar
et al. 2006). A more functional designation for the
combined phase one and two as acyclic terpene utilisation
(Atu) pathway and for phase four as leucine/isovalerate
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utilisation (Liu) pathway was proposed by us (Hoschle et
al. 2005) and has been added to the P. aeruginosa pathway
database (www.pseudomonas.com:1555; Romero and Karp
2003). Phase 3 should be kept as [3-oxidation although it is
not known whether the bacteria employ a specific set of
enzymes for conversion of organic acids with (3-methyl-
branched carbon skeletons. We suggest that the adjectives
“upper” and “lower” must be maintained to differentiate
between phase 1 and 2 in the Atu pathway. All four phases
are summarised in Fig. 1. Leucine and isovalerate enter the
same catabolic route after conversion to isovaleryl-CoA at
the level of methyl-crotonyl-CoA. By combination of all
four phases one acyclic monoterpene molecule (C;¢) can be
metabolised to six C,-molecules (acetyl-CoA). A notable
consequence of the combined Atu and Liu pathways is the
fixation of two out of 12 carbon atoms (8.3%) from carbon
dioxide (Fig. 1).

Investigation on the substrate specificity of the enzy-
matic reactions for citronellol oxidation in P. citronellolis
(measured as release of '“C-acetate after addition of
geranyl-CoA and KH'COj; to partially purified GCase,
isohexenyl-glutaconyl-CoA-hydratase and HHG-CoA
lyase) indicated that farnesol is converted by analogous
reactions with about 40% overall activity compared to
citronellol (Seubert and Fass 1964a). Farnesol is the
sequiterpene (C;s5) homologue of citronellol (C;y) with
one additional isoprene unit compared to citronellol. The
smaller homologue of geranyl-CoA, methyl-crotonyl-CoA
(Cs-CoA), was converted only by 4% and suggested that
the reactions catalysed by geranyl-CoA carboxylase,
isohexenyl-glutaconyl-CoA-hydratase and HHG-CoA lyase
were specific for mono- and sequiterpenoids and were not
able to significantly convert methyl-crotonyl-CoA. This is
probably the reason for the second set of similar enzymes
(MCase, methyl-glutaconyl-CoA-hydratase and HMG-CoA
lyase) responsible for conversion of methyl-crotonyl-CoA
to acetyl-CoA and acetoacetate. Enzyme assay of partially
purified HHG-CoA lyase with HMG-CoA as substrate did
not result in significant HMG-CoA lyase activity and
indicated that HHG-CoA lyase and HMG-CoA lyase
reactions are probably catalysed by separate enzymes
(Seubert and Fass 1964b). However, recent data suggest
that purified HMG-CoA lyase could have some HHG lyase
activity (Chavez-Aviles et al. 2009; Chavez-Aviles et al.
2010).

Genes involved in Atu and Liu utilisation pathways

Apart from some preliminary mutant analysis (Hector et al.
1993), investigations of genes coding for functions of Atu
and Liu pathways have been initiated in the first decade of
this century independently in Campos-Garcia’s group in
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P aeruginosa and in our laboratory (P. citronellolis and
P aeruginosa). Transposon mutagenesis was employed to
identify genes necessary for the combined pathways.
Diaz-Perez et al. were the first who published the
identification of a gene cluster in P. aeruginosa necessary
for acyclic terpene utilisation. This gene cluster consists of
six genes (PA2011-PA2016) named gny (for geranoyl).
Mutants with transposons integrated in PA2010, PA2012,
PA2014 or PA2015 were unable to utilise citronellol and
related acyclic monoterpenes. Based on mutant phenotypes
and on annotation of putative gene products Diaz-Perez
and coworkers assumed that the identified gene cluster
coded for the two subunits of GCase, the isohexenyl-
glutaconyl-CoA-hydratase and HHG-CoA lyase of the
acyclic terpene utilisation pathway. Growth of the mutants
on leucine and isovalerate was not tested. A mutant and
proteomic approach in our lab led to the identification of
another gene cluster in P. aeruginosa consisting of 8 genes
(PA2886-PA2893) that was also essential for acyclic
terpenoid catabolism in P. aeruginosa. Mutants in any of
the first 6 genes of the cluster were impaired in utilisation
of acyclic terpenes but were still able to utilise leucine and
isovalerate (Hoschle et al. 2005; Forster-Fromme et al.
2006). This finding and the identification of six of the eight
gene products of the gene cluster by two-dimensional gel
electrophoresis of citronellate- but not of isovalerate-grown
cells confirmed that the gene cluster is specifically involved
in acyclic terpene utilisation and was named acyclic terpene
utilisation gene cluster (atudBCDEFGH). Western blot
analysis of P aeruginosa wild type and insertion mutants
in combination with trypsin finger print analysis of purified
biotin-containing proteins and enzyme activity determina-
tions showed that afuC and atuF encoded the two subunits
of GCase (Hoschle et al. 2005; Suppl Fig. 1). Interestingly,
four of the five gene products of the PA2011-PA2016 (gny)
gene cluster were also identified by 2-D gel electrophoresis
but were specifically expressed not only in citronellate-
grown cells but also in leucine- or isovalerate-grown cells
(Forster-Fromme et al. 2006). These results indicated
that the respective (gny) gene products are involved in
leucine- and isovalerate catabolism (phase 4, see above)
and confirmed previous investigations of Seubert and
coworkers that the products of the Atu pathway (phases 1
and 2) finally — after 3-oxidation — enter the Liu pathway.
Accordingly, PA2012 and PA2014 do not encode GCase
but the MCase subunits. Therefore, it was necessary to
rename the gny genes (PA2011 — PA2016) as genes of the
Liu pathway (liudBCDE). Assay of insertion mutants in the
atu gene cluster and in the /iu gene cluster on substrates that
were indicative only for the Liu pathway (leucine,
isovalerate) and indicative for both Atu and Liu pathways
(citronellol, citronellate, geraniol, geranylate) were in
agreement with this conclusion (Hoschle et al. 2005;

Forster-Fromme et al. 2006) (Aguilar et al. 2006). Recent
carboxylase activity determinations of heterologically
expressed atuC+ atuF and liuB+IiuD genes confirmed that
AtuC/AtuF and LiuB/LiuD constitute the two subunits of
GCase and MCase, respectively (Aguilar et al. 2008).
Interestingly, AtuC/AtuF had weak activity with methyl-
crotonyl-CoA but LiuB/LiuD had no detectable activity
with geranyl-CoA. The broader substrate specificity of
GCase can be explained by the assumption that the active
site of GCase can accept a smaller substrate (methyl-
crotonyl-CoA); contrary, the active site of MCase is
probably unable to accept a substrate (geranyl-CoA) that
is significantly larger than its physiological substrate.
These results were in accordance with previous results
obtained with crude cell extracts or with partially purified
carboxylases (Seubert et al. 1963; Hector and Fall 1976;
Hoschle et al. 2005).

Cloning and DNA sequencing of a homologue
atuABCDEFGH gene cluster of P. citronellolis together
with Western blot analysis of biotin-containing proteins
showed that P. citronellolis has a highly similar atu gene
cluster compared to P. aeruginosa (Forster-Fromme and
Jendrossek 2006) (degree of identity on amino acid level
78-91%). In conclusion, all biochemical and molecular
biological data indicate that catabolism of citronellol and
related acyclic terpenes is identical in the two closely
related species. Inspection of the sequenced genomes of
P. mendocina and P. fluorescens strains Pf-5 and PfO-1
revealed the presence of atu gene clusters in both species
that are highly similar in deduced amino acid sequences
both to each other and to P. aeruginosa and P. citronellolis
atu gene clusters (see Fig. 2 of Forster-Fromme and
Jendrossek 2006). This finding is in agreement with the
ability of all four species to utilise citronellol as a sole
source of carbon and energy. Some strains (e.g. PF-5) are
not able to utilise geraniol and do not have the last two atu
genes (atuG, atuf).

Alcohol dehydrogenases with specificity
for methyl-branched substrates

Seubert noticed already in 1960 that citronellol rapidly
disappeared in a P. citronellolis culture and was converted
to citronellate. This finding suggested that citronellol
oxidation proceeds fast and is probably not the limiting
step in the degradation of methyl-branched substrates.
Citronellate and geranylate were also identified as metab-
olites of transposon mutants with insertion in /iuB (gnyB;
Diaz-Perez et al. 2004). The enzymes responsible for
oxidation of citronellol and geraniol to the corresponding
acids have not been investigated until now. Preliminary
results in our lab obtained with crude cell extracts of
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P aeruginosa and P. citronellolis indicated the presence
of low NAD(P) dependent dehydrogenase activities for
oxidation of the alcohols and also for the corresponding
aldehydes. In case of the oxidation of geraniol to geranylate
at least one step is dependent on molybdenum (see below;
Hoschle and Jendrossek 2005). Recently, an NAD depen-
dent geraniol dehydrogenase from mite was characterised
(Noge et al. 2008). The enzyme was specific for NAD and
geraniol and could not oxidise nerol. The enzyme is
assumed to represent the key enzyme in the biosynthesis
of the alarm pheromone citral (neral). Inside of the atu gene
cluster there are two genes with annotation as putative
dehydrogenases, afuB and atuG, that could be involved in
the oxidation of terpene alcohols. However, we were
not able to detect significant NAD or NADP-dependent
citronellol dehydrogenase or geraniol dehydrogenase activ-
ity of AtuB (unpublished results). AtuG was not tested yet.
Interestingly, high pyrroloquinoline quinone (PQQ)-depen-
dent alcohol dehydrogenase activities were determined
in crude cell extracts of monoterpene alcohol-grown P,
aeruginosa; the corresponding gene (PA1982) was identi-
fied and its gene product characterised (Chattopadhyay et
al. 2010). PA1982 gene product turned out to be identical
with PQQ-dependent ethanol dehydrogenase (QEDH,
ExaA) that is responsible for oxidation of ethanol (Rupp
and Gorisch 1988; Diehl et al. 1998; Keitel et al. 2000).
QEDH has a broad substrate specificity that included
significant specificities for monoterpene alcohols and
monoterpene aldehydes such as citronellol, geraniol, citral
and citronellal. Furthermore, it was shown that the growth
of an exa4-mutant on ethanol was abolished and on acyclic
terpenes was impaired.

Terpenoid-specific acyl-CoA dehydrogenases of the Atu
and Liu pathways

The Atu and Liu pathways each share a similar step in
which a carbon—carbon double bond is formed (Fig. 1);
these steps are citronellyl-CoA dehydrogenase (Atu
pathway) and isovaleryl-CoA dehydrogenase (Liu path-
way), respectively. While isovaleryl-CoA dehydrogenases
have been investigated in detail a citronellyl-CoA specific
acyl-CoA dehydrogenase had not been biochemically
described before. The DNA sequence of the afu and liu
gene clusters harbours two genes (atuD and liud) with
high similarity to riboflavin-dependent acyl-CoA dehy-
drogenase genes. Assay of heterologically expressed and
purified his-tagged AtuD and his-tagged LiuA proteins
with linear and methyl-branched CoA substrates revealed
high activities and high substrate specificities of both
proteins: while AtuD was specific for citronellyl-CoA
and did not utilise isovaleryl-CoA, LiuA was specific for
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isovaleryl-CoA and did not accept citronellyl-CoA as
substrate (Suppl. Table 1). Octenoyl-CoA was not a
substrate for AtuD or LiuA (Forster-Fromme et al. 2008;
Forster-Fromme and Jendrossek 2008) and this finding
indicated a high substrate specificity of citronellyl-CoA
dehydrogenase (AtuD) and isovaleryl-CoA dehydrogenase
(LiuA) for methyl-branched substrates. Interestingly, a
third acyl-CoA dehydrogenase (PA1535 gene product)
was identified in citronellate-grown P. aeruginosa cells.
This protein, however, turned out to be rather unspecific
and utilises both citronellyl-CoA and octanoyl-CoA. The
specific biochemical functions of AtuD and LiuA in Atu
and Liu pathways were confirmed by phenotype determi-
nations of respective insertion mutants. An afuD mutant
was unable to utilise citronellol but grew normally on
leucine or isovalerate and a /iud mutant was affected in
utilisation of both compounds. Acyl-CoA dehydrogenases
responsible for B-oxidation of intermediates of Atu and
Liu pathways have not been investigated. We assume that
acyl-CoA dehydrogenases of the fatty acid oxidation can
fulfil this function.

HHG-CoA lyase and HMG-CoA lyase

The combined Atu and Liu pathway contains two
reactions in which a two carbon atoms side chain (the
previous branched methyl group) is eliminated by a lyase
reaction (Fig. 1). These reactions are 3-hydroxy-3-
isohexenyl-glutaconyl-CoA:acetate lyase (HHG-CoA
lyase) and 3-hydroxy-3-methyl-glutaryl-CoA:acetyl-CoA
lyase (HMG-CoA lyase). At present, it is not clear
whether both steps are catalysed by one unspecific
enzyme or by two different lyases with different substrate
specificities. Because of high similarities of the LiuE
amino acid sequences to HMG-CoA lyases with biochem-
ically verified HMG-CoA lyase activity there is no doubt
that LiuE represents the HMG-CoA lyase in P. aeruginosa
and P. citronellolis. This assumption was recently con-
firmed in Campos-Garcia’s group (Chavez-Aviles et al.
2009; Chavez-Aviles et al. 2010). However, there is no
other gene present whose gene product has significant
similarity to LiuE neither in the afu gene cluster nor in the
complete genome of P. aeruginosa. Therefore, Campos-
Garcia and coworkers assume that LiuE has a double
function and represents HMG-CoA lyase and HHG-CoA
lyase (Diaz-Perez et al. 2004; Aguilar et al. 2006; Chavez-
Aviles et al. 2010). This is possible and many enzymes are
known to have broad substrate specificity. For example the
above-mentioned QEDH accepts not only ethanol but also
monoterpene alcohols as substrates that have 5 times more
carbon atoms than ethanol. From this consideration it
cannot be excluded that LiuE is also responsible for HHG-
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CoA lyase activity in citronellol-degrading bacteria. Data
recently reported for heterologically expressed LiuE
indicate HHG-CoA lyase activity for purified his-tagged
LiuE (Chavez-Aviles et al. 2010). However, this result
does not exclude that there is a separate HHG-CoA lyase
protein additionally present. For example, although GCase
has MCase activity, citronellol-degrading bacteria have
separate GCase and MCase proteins. While it is reason-
able to assume that HHG-CoA lyase may accept a smaller
molecule than the natural substrate (HHG-CoA) such as
HMG-CoA to some extent it is questionable whether
HMG-CoA lyase accepts a significantly larger substrate
molecule.

What are the indications for a separate HHG-CoA
lyase in citronellol-degrading bacteria? The major
argument for the assumption that citronellol-degrading
pseudomonads have a HHG-CoA lyase different from
HMG-CoA lyase are data from Seubert and coworkers
obtained with HMG-CoA lyase fractions (Seubert and
Fass 1964a). The combined presence of partially purified
GCase, isohexenyl-glutaconyl-CoA-hydratase and HHG-
CoA lyase was able to release '*C-labelled acetate (from
added KH'*CO3) from farnesyl-CoA and from geranyl-
CoA but only very little activity (4% of the activity
obtained with geranyl-CoA) was obtained with 3-methyl-
crotonyl-CoA and indicated the presence of a separate
HHG-CoA lyase. Moreover, partially purified HHG-CoA
lyase showed no significant activity with HMG-CoA as a
substrate in an optical assay (Seubert and Fass 1964b)
which is in disagreement if HMG-CoA lyase and HHG-
CoA lyase are identical proteins. Another reason against
the dual function of HMG-CoA lyase (LiuE) is that HMG-
CoA lyase and HHG-CoA lyase apparently have different
cleavage mechanisms: while HMG-CoA lyase cleaves off
an acetate molecule from the branched substrate HMG-
CoA lyase cleaves of acetyl-CoA. A third indirect
evidence that LiuE does not represent the physiological
HHG-CoA lyase comes from the analysis of afu gene
cluster of P. aeruginosa and other citronellol-degrading
Pseudomonas species. The first gene of the aruABC-
DEFGH gene cluster, atuAd codes for a protein with so far
unknown function and homologues of afuAd are exclusive-
ly present in all citronellol-degrading bacteria that have
been genome sequenced so far. While all of the other
seven atu genes have been annotated for proteins with
putative functions in the Atu pathway (Table 1) an
annotation of the putative function of AtuA based on
similarities to proteins of databases with known functions
was not possible. One could therefore imagine that AtuA
represents HHG-CoA lyase. The lack of similarity to
HMG-CoA lyases could be a result of a different mode of
action as pointed out above. Alternatively, it might be that
AtuA codes for a protein with yet unknown function (e.g.

transport function). Unfortunately, a direct assay for HHG-
CoA lyase is difficult because the substrate of the reaction,
3-hydroxy-3-isohexenyl-glutaryl-CoA:acetate lyase, is not
available. Attempts to synthesise this compound chemi-
cally are underway in our group.

Regulation of Atu pathway

Expression of atu genes in P aeruginosa and P.
citronellollis is regulated. Atu genes are not expressed
during growth on unrelated substrates such as glucose,
fatty acids or during growth on substrates of the Liu
pathway such as leucine or isovalerate. Atu proteins were
detected only in cells that had been grown on acyclic
monoteropenoids (citronellol, geraniol, citronellal, gera-
nial or the corresponding acids citronellate, geranylate)
(Forster-Fromme et al. 2006). Farnesol also induces
expression of the Atu pathway (Seubert 1960). The
corresponding aldehydes or acids of acyclic sequiterpenes
have not been tested but are likely to induce afu gene
expression. A fetR like transcriptional regulatory gene
(atuR) upstream of atuAd and in opposite orientation to the
atu gene cluster was identified as a repressor gene of atu
gene cluster expression. Insertion mutants in afuR consti-
tutively expressed atu genes as shown by detection of
biotin-containing AtuF protein in Western blots (Suppl
Fig. 1). Purified his-tagged AtuR protein was able to
specifically bind to the atuR—atud intergenic region in
electrophoretic mobility shift assays and confirmed its
function in regulation of afu gene cluster expression
(Forster-Fromme and Jendrossek 2010).

Other genes important for acyclic monoterpene
utilisation

In addition to QEDH (see above), several other genes have
been described to be indirectly important for utilisation of
acyclic monoterpenes. Malate:quinone oxidoreductase is
part of the glyoxylate shunt and is essential for growth of
P aeruginosa and P. citronellolis on C,-compounds such as
ethanol or acetate (Forster-Fromme and Jendrossek 2005).
Citronellol and related acyclic monoterpenes are degraded
via Atu and Liu pathway to give six molecules acetyl-CoA
from one molecule of citronellol. Therefore, it is evident
that mqoB is essential for growth on acyclic monoterpenes.
Similar results were found for the aced gene of P.
aeruginosa that encoded isocitrate lyase, the key enzyme
of the glyoxylate shunt (Diaz-Perez et al. 2007). Another
interesting result was the finding that a moeA2, a gene
necessary for synthesis of the molybdenum cofactor
(MoCo), was necessary for utilisation of geraniol but not
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Table 1 Proteins, genes and assigned functions in catabolism of acyclic terpenes and isovalerate in P. aeruginosa PAO1 or P. citronellolis

PA no. Protein Proposed function Function experimentally shown

2885 AtuR Repressor of atu gene expression (Forster-Fromme and Jendrossek 2010)
2886 AtuA Unknown, Hydroxyisohexenylglutaryl-CoA:acetate lyase?

2887 AtuB Dehydrogenase

2888 AtuC Geranyl-CoA carboxylase, [3-subunit (Hoschle et al. 2005; Aguilar et al. 2008)
2889 AtuD Citronellyl-CoA-dehydrogenase (Forster-Fromme et al. 2008)

2890 AtuE Isohexenyl-glutaconyl-CoA-hydratase

2891 AtuF Geranyl-CoA carboxylase, o-subunit (Hoschle et al. 2005; Aguilar et al. 2008)
2892 AtuG Dehydrogenase

2893 AutH Acyl-/citronellyl-CoA synthetase

2015 LiuA Isovaleryl-CoA dehydrogenase (Forster-Fromme and Jendrossek 2008)
2014 LiuB Methyl-crotonyl-CoA carboxylase, 3-subunit (Hoschle et al. 2005; Aguilar et al. 2008)
2013 LiuC 3-Methyl-glutaconyl-CoA-hydratase

2012 LiuD Methyl-crotonyl-CoA carboxylase, a-subunit (Hoschle et al. 2005; Aguilar et al. 2008)
2011 LiuE 3-Hydroxy-3-methyl-glutaryl-CoA lyase (Chavez-Aviles et al. 2010)

4640 MqoB Malate:quinone oxidoreductase (Forster-Fromme and Jendrossek 2005)
2634 AccA Isocitrate lyase (Diaz-Perez et al. 2007)

1535 AtuD2 Acyl-CoA-dehydrogenase (Forster-Fromme et al. 2008)

1982 ExaA PQQ-dependent alcohol dehydrogenase (Chattopadhyay et al. 2010)

3028 MoeA2 Molybdenum cofactor biosynthesis protein A2 (Hoschle and Jendrossek 2005)

of citronellol or geranylate (Hoschle and Jendrossek 2005).
Inhibitor studies with tungstate revealed that utilisation of
geraniol but not of citronellol or geranylate is a molybde-
num dependent process and oxidation of geranial to
geranylate was postulated to represent a MoCo-dependent
step. These results suggest that oxidation of geraniol and of
citronellol require different oxidising enzymes one of which
is MoCo-dependent.

In 1983 and 1986, P. Vandenbergh published that the
abilities to utilise citronellol and linalool are located on
plasmids (pSRQ50, pSRQ60) isolated from a P putida
strain. (Vandenbergh and Wright 1983; Vandenbergh 1986;
Vandenbergh and Cole 1986). However, the relatedness of
the plasmids to the afu gene cluster is not known.

Degradation of myrcene

Only few bacteria have been described to utilise acyclic
monoterpenes besides citronellol and related compounds
as a sole sources of carbon and energy. A (3-myrcene
utilising bacterial strain (Pseudomonas sp. M1) was
isolated in 1999 (Iurescia et al. 1999). Mutant studies
and DNA sequencing revealed the presence of at least four
genes (myrD, myrABC) that were assumed to be involved
in B-myrcene degradation. The catabolic pathway is
initiated by oxidation of (-myrcene to 2-methyl-6-
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methylen-2,7-octadien-1-ol. The primary alcohol is oxi-
dised to the respective acid and activated as CoA thioester.
Subsequent degradation is assumed to proceed via a
variant of the (-oxidation pathway. Propionyl-CoA is
cleaved off instead of acetyl-CoA because the molecule
has a methyl side group in o-position. Recently published
data suggest that propionyl-CoA is further metabolised via
the methyl-citrate cycle (Santos and Sa-Correia 2009). The
presence of the methyl group in «-position of the first
myrcene oxidation product is different to the presence
of a 3-methyl side group in citronellol and is the apparent
explanation why (3-myrcene is degraded via 3-oxidation
while citronellol is degraded via the Atu pathway.
Degradation of poly(cis-1,4-isoprene) also give intermedi-
ates with methyl side groups in «-position and participa-
tion of (-oxidation is also assumed for microbial
degradation of rubber (Bode et al. 2000; Bode et al.
2001; Rose and Steinbiichel 2005). The closest relative of
Pseudomonas sp. M1 is P. citronellolis (Iurescia et al.
1999). Pseudomonas sp. M1 is able to utilise citronellol
as a carbon source (P. Santos, personal information).
Presumably, Pseudomonas sp. M1 has both catabolic
pathways for utilising compounds with «- and [3-methyl
branched for acyclic monoterpenes.

It is likely that other bacteria exist in addition to the few
mentioned above that are able to utilise one or more acyclic
monoterpenes. Literature contains several contributions on
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partial oxidation of cyclic monoterpenes such as limonene
(Speelmans et al. 1998; Chatterjee and Bhattacharyya 2001;
Mars et al. 2001).

Production and biotransformation of terpenoids

Some terpenoid compounds are available in large
amounts at reasonable costs. Citral, a mixture of geranial
and neral, or some carotenoids are such compounds
derived from plant peels and other plant materials.
However, the most other terpenoid compounds are
available only in low amounts or at high costs. De novo
synthesis of terpenoid compounds in recombinant organ-
isms principally is possible via functional expression of
the mevalonate or deoxyxylulose 5-phosphate pathway in
the producing organism of choice (Lange et al. 2000;
Martin et al. 2003; Chang and Keasling 2006; Muntendam
et al. 2009). De novo synthesis would have the advantage
to use cheap precursor substrates. However, the amount of
isoprenoid compounds obtained by fermentation of re-
combinant cells usually is very low (in the range of
milligrammes per litre fermentation broth). The water
insolubility and adverse effects on cell membranes
probably are some reasons for poor productivities of
recombinant terpenoid compounds producing strains.
However, many organisms including eukaryotes have the
ability to catalyse biotransformation reactions of terpe-
noids. For earlier reviews on terpene biodegradation and
biotransformation see (Trudgill 1990; van der Werf et al.
1997; Ishida 2005; de Carvalho and da Fonseca 2006). In
most cases, organisms with rigid cell walls (plants, fungi
and bacteria) were used as biocatalysts and only few
reports exists on biotransformation with isolated enzymes
of with animal cells. Because of the reasons described
above, there is a demand for bioconversion processes that are
based on the use of cheap terpenoid substrates. Interestingly,
spores or sporulated cultures of some fungi such as
Aspergillus sp. or Penicillium sp. have a high potential for
bioconversion of monoterpenes (Demyttenaere et al. 2000;
Wolken and van der Werf 2001; Demyttenaere et al. 2004;
Ponzoni et al. 2008). This is astonishing as spores are
regarded as metabolically inactive. Moreover, some biocon-
versions turned out to be stereoselective (Demyttenaere et al.
2004). Bioconversion of monoterpenes by (wine) yeast or
even de novo synthesis have been also described (King and
Dickinson 2000, 2003; Carrau et al. 2005). Most bioconver-
sion reactions are performed with aerobic bacteria; therefore,
it is not surprising that many terpene bioconversion are
redox reactions. For example, perillyl alcohol can be
produced from limonene by the use of a recombinantly
expressed P450 alkane hydroxylase (van Beilen et al. 2005).
For examples and overview of oxidation of monoterpenes

see (Onken and Berger 1999; Duetz et al. 2003; Kaspera et
al. 2005; Thompson et al. 2010). Bioconversion of terpenes
is not restricted to the introduction of oxygen or to the
change of the oxidation state of terpenoids (e.g. geraniol
dehydrogenase reaction) but can also affect the structure of
the carbon skeleton itself. A citral lyase present in spores of
Penicillium digitatum has been described that cleaves off
acetaldehyde from citral and gives methylheptenone
(Wolken et al. 2002). The enzyme was purified and turned
out to be specific for the trans isomer of citral (geranial).

Outlook

Naturally occurring terpenoids are highly abundant com-
pounds and some of them are available in large quantities
and at low costs. Terpenoids per se can be of high value or
represent new chiral synthons for sustainable synthesis of
complex organic molecules. In most cases, however,
terpenoids have to be modified for specific use. Despite
the fact that knowledge on metabolism of terpenoids in
organisms at the moment is quite poor information on
enzymatic bioconversion reactions with high selectivity for
terpenoids increases. It is likely that nature will provide
much more enzymes acting on molecules with terpenoid
structure with high specificity and stereoselectivity than are
currently known. It is time to raise this treasure.

Acknowledgments This work was supported by a grant of the
Deutsche Forschungsgemeinschaft to D.J.

References

Aguilar JA, Zavala AN, Diaz-Perez C, Cervantes C, Diaz-Perez
AL, Campos-Garcia J (2006) The atu and liu clusters are
involved in the catabolic pathways for acyclic monoterpenes
and leucine in Pseudomonas aeruginosa. Appl Environ Micro-
biol 72:2070-2079

Aguilar JA, Diaz-Perez C, Diaz-Perez AL, Rodriguez-Zavala JS,
Nikolau BJ, Campos-Garcia J (2008) Substrate specificity of the
3-methylcrotonyl coenzyme A (CoA) and geranyl-CoA carbox-
ylases from Pseudomonas aeruginosa. J Bacteriol 190:4888—
4893

Bakkali F, Averbeck S, Averbeck D, Idaomar M (2008) Biological effects
of essential oils—a review. Food Chem Toxicol 46:446-475

Bhattacharya D, Sarma PM, Krishnan S, Mishra S, Lal B (2003)
Evaluation of genetic diversity among Pseudomonas citronellolis
strains isolated from oily sludge-contaminated sites. Appl
Environ Microbiol 69:1435-1441

Bode HB, Zeeck A, Pluckhahn K, Jendrossek D (2000) Physiological
and chemical investigations into microbial degradation of synthetic
poly(cis-1,4-isoprene). Appl Environ Microbiol 66:3680-3685

Bode HB, Kerkhoff K, Jendrossek D (2001) Bacterial degradation of
natural and synthetic rubber. Biomacromolecules 2:295-303

Cantwell SG, Lau EP, Watt DS, Fall RR (1978) Biodegradation of
acyclic isoprenoids by Pseudomonas species. J Bacteriol
135:324-333

@ Springer



868

Appl Microbiol Biotechnol (2010) 87:859-869

Carrau FM, Medina K, Boido E, Farina L, Gaggero C, Dellacassa E,
Versini G, Henschke PA (2005) De novo synthesis of mono-
terpenes by Saccharomyces cerevisiae wine yeasts. FEMS
Microbiol Lett 243:107-115

Chang MC, Keasling JD (2006) Production of isoprenoid pharma-
ceuticals by engineered microbes. Nat Chem Biol 2:674-681

Chatterjee T, Bhattacharyya DK (2001) Biotransformation of limo-
nene by Pseudomonas putida. Appl Microbiol Biotechnol
55:541-546

Chattopadhyay A, Forster-Fromme K, Jendrossek D (2010) PQQ-
dependent alcohol dehydrogenase (QEDH) of Pseudomonas
aeruginosa is involved in catabolism of acyclic terpenes. J Basic
Microbiol 50:119-124

Chavez-Aviles M, Diaz-Perez AL, Reyes-de la Cruz H, Campos-
Garcia J (2009) The Pseudomonas aeruginosa liuE gene encodes
the 3-hydroxy-3-methylglutaryl coenzyme A lyase, involved in
leucine and acyclic terpene catabolism. FEMS Microbiol Lett
296:117-123

Chavez-Aviles M, Diaz-Perez AL, Campos-Garcia J (2010) The
bifunctional role of LiuE from Pseudomonas aeruginosa, dis-
plays additionally HIHG-CoA lyase enzymatic activity. Mol Biol
Rep 37:1787-1791

de Carvalho CC, da Fonseca MM (2006) Biotransformation of
terpenes. Biotechnol Adv 24:134-142

Demyttenaere JC, del Carmen HM, De Kimpe N (2000) Biotransforma-
tion of geraniol, nerol and citral by sporulated surface cultures of
Aspergillus niger and Penicillium sp. Phytochemistry 55:363-373

Demyttenaere JC, Vanoverschelde J, De Kimpe N (2004) Biotrans-
formation of (R)-(+)- and (S)-(-)-citronellol by Aspergillus sp.
and Penicillium sp., and the use of solid-phase microextraction
for screening. J Chromatogr A 1027:137-146

Diaz-Perez AL, Zavala-Hernandez AN, Cervantes C, Campos-Garcia
J (2004) The gnyRDBHAL cluster is involved in acyclic
isoprenoid degradation in Pseudomonas aeruginosa. Appl
Environ Microbiol 70:5102-5110

Diaz-Perez AL, Roman-Doval C, Diaz-Perez C, Cervantes C, Sosa-
Aguirre CR, Lopez-Meza JE, Campos-Garcia J (2007) Identifi-
cation of the aced gene encoding isocitrate lyase required for the
growth of Pseudomonas aeruginosa on acetate, acyclic terpenes
and leucine. FEMS Microbiol Lett 269:309-316

Diehl A, von Wintzingerode F, Gorisch H (1998) Quinoprotein
ethanol dehydrogenase of Pseudomonas aeruginosa is a homo-
dimer—sequence of the gene and deduced structural properties of
the enzyme. Eur J Biochem 257:409-419

Duetz WA, Bouwmeester H, van Beilen JB, Witholt B (2003)
Biotransformation of limonene by bacteria, fungi, yeasts, and
plants. Appl Microbiol Biotechnol 61:269-277

Fall RR (1981) 3-Methylcrotonyl-CoA and geranyl-CoA carboxylases
from Pseudomonas citronellolis. Methods Enzymol 71(Pt
C):791-799

Fall RR, Hector ML (1977) Acyl-coenzyme A carboxylases. Homol-
ogous 3-methylcrotonyl-CoA and geranyl-CoA carboxylases
from Pseudomonas citronellolis. Biochemistry 16:4000—4005

Fall RR, Brown JL, Schaeffer TL (1979) Enzyme recruitment
allows the biodegradation of recalcitrant branched hydro-
carbons by Pseudomonas citronellolis. Appl Environ Microbiol
38:715-722

Forster-Fromme K, Jendrossek D (2005) Malate:quinone oxidore-
ductase (MqoB) is required for growth on acetate and linear
terpenes in Pseudomonas citronellolis. FEMS Microbiol Lett
246:25-31

Forster-Fromme K, Jendrossek D (2006) Identification and character-
ization of the acyclic terpene utilization gene cluster of
Pseudomonas citronellolis. FEMS Microbiol Lett 264:220-225

Forster-Fromme K, Jendrossek D (2008a) Biochemical characteriza-
tion of isovaleryl-CoA dehydrogenase (LiuA) of Pseudomonas

@ Springer

aeruginosa and the importance of /iu genes for a functional
catabolic pathway of methyl-branched compounds. FEMS
Microbiol Lett 286:78—-84

Forster-Fromme K, Jendrossek D (2008) Biochemical characterization
of isovaleryl-CoA dehydrogenase (LiuA) of Pseudomonas
aeruginosa and the importance of /iu genes for a functional
catabolic pathway of methyl-branched compounds. FEMS
Microbiol Lett

Forster-Fromme K, Hoschle B, Mack C, Bott M, Armbruster W,
Jendrossek D (2006) Identification of genes and proteins
necessary for catabolism of acyclic terpenes and leucine/
isovalerate in Pseudomonas aeruginosa. Appl Environ Microbiol
72:4819-4828

Forster-Fromme K, Chattopadhyay A, Jendrossek D (2008) Biochem-
ical characterization of AtuD from Pseudomonas aeruginosa, the
first member of a new subgroup of acyl-CoA dehydrogenases
with specificity for citronellyl-CoA. Microbiology 154:789-796

Forster-Fromme K, Jendrossek D (2010) AtuR is a repressor of
acyclic terpene utilisation (Atu) gene cluster expression and
specifically binds to two 13 bp inverted repeat sequences of the
atuA-atuR intergenic region, FEMS Microbiol Lett, in press

Guan X, Diez T, Prasad TK, Nikolau BJ, Wurtele ES (1999)
Geranoyl-CoA carboxylase: a novel biotin-containing enzyme
in plants. Arch Biochem Biophys 362:12-21

Hall M, Hauer B, Stiirmer R, Kroutil W, Faber K (2006) Asymmetric
whole-cell bioreduction of an «,(-unsaturated aldehyde (citral):
competing prim-alcohol dehydrogenase and C-C lyase activities.
Tetrahedron Asymmetr 17:3058-3062

Hammer KA, Carson CF, Riley TV (1999) Antimicrobial activity of
essential oils and other plant extracts. J Appl Microbiol 86:985—
990

Harder J, Probian C (1995) Microbial degradation of monoterpenes in
the absence of molecular oxygen. Appl Environ Microbiol
61:3804-3808

Hector ML, Fall RR (1976) Evidence for distinct 3-methylcrotonyl-
CoA and geranyl-CoA carboxylases in Pseudomonas citronell-
olis. Biochem Biophys Res Commun 71:746-753

Hector ML, Murphey-Waldorf MF, Giertych TB, Hickey MJ, Haggard
AA (1993) Isolation and characterization of Pseudomonas
aeruginosa mutants defective in the utilizatiion of the terpenoid
citronellic acid. World J Microbiol Biotechnol 9:562-565

Heyen U, Harder J (2000) Geranic acid formation, an initial reaction
of anaerobic monoterpene metabolism in denitrifying Alcaligenes
defragrans. Appl Environ Microbiol 66:3004-3009

Hoéschle B, Jendrossek D (2005) Utilization of geraniol is dependent
on molybdenum in Pseudomonas aeruginosa: evidence for
different metabolic routes for oxidation of geraniol and citronel-
lol. Microbiology 151:2277-2283

Hoschle B, Gnau V, Jendrossek D (2005) Methylcrotonyl-CoA
carboxylase and geranyl-CoA carboxylase are involved in
leucine/isovalerate utilisation (Liu) and in acyclic terpenes
utilisation (Atu) and are encoded by /iuB/liuD and atuC/atuF' in
Pseudomonas aeruginosa. Microbiology 151:3649-3656

Hylemon PB, Harder J (1999) Biotransformation of monoterpenes,
bile acids, and other isoprenoids in anaerobic ecosystems. FEMS
Microbiol Rev 22:475-488

Ishida T (2005) Biotransformation of terpenoids by mammals,
microorganisms, and plant-cultured cells. Chem Biodivers
2:569-590

Turescia S, Marconi AM, Tofani D, Gambacorta A, Paterno A,
Devirgiliis C, van der Werf MJ, Zennaro E (1999) Identifica-
tion and sequencing of beta-myrcene catabolism genes from
Pseudomonas sp. strain M1. Appl Environ Microbiol 65:2871—
2876

Joglekar SS, Dhavlikar RS (1969) Microbial transformation of
terpenoids. 1. Identification of metabolites produced by a



Appl Microbiol Biotechnol (2010) 87:859-869

869

pseudomonad from citronellal and citral. Appl Microbiol
18:1084-1087

Kaspera R, Krings U, Pescheck M, Sell D, Schrader J, Berger RG
(2005) Regio- and stereoselective fungal oxyfunctionalisation of
limonenes. Z Naturforsch C 60:459-466

Keitel T, Diehl A, Knaute T, Stezowski JJ, Hohne W, Goérisch H
(2000) X-ray structure of the quinoprotein ethanol dehydroge-
nase from Pseudomonas aeruginosa: basis of substrate specific-
ity. J Mol Biol 297:961-974

King A, Dickinson JR (2000) Biotransformation of monoterpene
alcohols by Saccaromyces cerevisiae, Torulaspora delbrueckii
and Kleuveromyces lactis. Yeast 16:499-506

King AJ, Dickinson JR (2003) Biotransformation of hop aroma
terpenoids by ale and lager yeasts. FEMS Yeast Res 3:53—62

Lange BM, Rujan T, Martin W, Croteau R (2000) Isoprenoid
biosynthesis: the evolution of two ancient and distinct pathways
across genomes. Proc Natl Acad Sci U S A 97:13172-13177

Madyastha KM, Renganathan V (1983) Bio-degradation of acetates of
geraniol, nerol & citronellol by P. incognita: isolation & identifi-
cation of metabolites. Indian J Biochem Biophys 20:136-140

Mars AE, Gorissen JP, van den Beld I, Eggink G (2001) Bioconver-
sion of limonene to increased concentrations of perillic acid by
Pseudomonas putida GS1 in a fed-batch reactor. Appl Microbiol
Biotechnol 56:101-107

Martin VJ, Pitera DJ, Withers ST, Newman JD, Keasling JD (2003)
Engineering a mevalonate pathway in Escherichia coli for
production of terpenoids. Nat Biotechnol 21:796-802

Miiller A, Hauer B, Rosche B (2007a) Asymmetric alkene reduction
by yeast old yellow enzymes and by a novel Zymomonas mobilis
reductase. Biotechnol Bioeng 98:22-29

Miiller A, Stirmer R, Hauer B, Rosche B (2007b) Stereospecific
alkene reduction: novel activity of old yellow enzymes. Angew
Chem Int Ed Engl 46:3316-3318

Muntendam R, Melillo E, Ryden A, Kayser O (2009) Perspectives and
limits of engineering the isoprenoid metabolism in heterologous
hosts. Appl Microbiol Biotechnol 84:1003—1019

Noge K, Kato M, Mori N, Kataoka M, Tanaka C, Yamasue Y, Nishida
R, Kuwahara Y (2008) Geraniol dehydrogenase, the key enzyme
in biosynthesis of the alarm pheromone, from the astigmatid mite
Carpoglyphus lactis (Acari: Carpoglyphidae). FEBS J
275:2807-2817

Onken J, Berger RG (1999) Biotransformation of citronellol by the
basidiomycete Cystoderma carcharias in an aerated-membrane
bioreactor. Appl Microbiol Biotechnol 51:158-163

Paduch R, Kandefer-Szerszen M, Trytek M, Fiedurek J (2007)
Terpenes: substances useful in human healthcare. Arch Immunol
Ther Exp (Warsz) 55:315-327

Ponzoni C, Gasparetti C, Goretti M, Turchetti B, Pagnoni UM,
Cramarossa MR, Fort L, Buzzini P (2008) Biotransformation of
acyclic monoterpenoids by Debaryomyces sp., Kluyveromyces
sp., and Pichia sp. strains of environmental origin. Chem
Biodivers 5:471-483

Prakash O, Kumari K, Lal R (2007) Pseudomonas delhiensis sp. nov.,
from a fly ash dumping site of a thermal power plant. Int J Syst
Evol Microbiol 57:527-531

Romero P, Karp P (2003) PseudoCyc, a pathway-genome database for
Pseudomonas aeruginosa. ] Mol Microbiol Biotechnol 5:230-239

Rose K, Steinbiichel A (2005) Biodegradation of natural rubber and
related compounds: recent insights into a hardly understood
catabolic capability of microorganisms. Appl Environ Microbiol
71:2803-2812

Rupp M, Gorisch H (1988) Purification, crystallisation and
characterization of quinoprotein ethanol dehydrogenase from
Pseudomonas aeruginosa. Biol Chem Hoppe Seyler 369:431—
439

Santos PM, Sa-Correia I (2009) Adaptation to beta-myrcene catabo-
lism in Pseudomonas sp. M1: an expression proteomics analysis.
Proteomics 9:5101-5111

Seubert W (1960) Degradation of isoprenoid compounds by micro-
organisms. I. Isolation and characterization of an isoprenoid-
degrading bacterium, Pseudomonas citronellolis n. sp. J Bacteriol
79:426-434

Seubert W, Fass E (1964a) Studies on the bacterial degradation of
isoprenoids. Iv. The purification and properties of beta-
isohexenylglutaconyl-CoA-hydratase and beta-hydroxy-beta-iso-
hexenylglutaryl-CoA-lyase. Biochem Z 341:23-34

Seubert W, Fass E (1964b) Studies on the bacterial degradation of
isoprenoids.V. The mechanism of isoprenoid degradation. Bio-
chem Z 341:35-44

Seubert W, Remberger U (1963) Studies on the bacterial degradation
of isoprenoids. Ii. The role of carbon dioxide. Biochem Z
338:245-264

Seubert W, Fass E, Remberger U (1963) Studies on the bacterial
degradation of isoprenoids. lii. Purification and properties of
geranyl carboxylase. Biochem Z 338:265-275

Speelmans G, Bijlsma A, Eggink G (1998) Limonene bioconversion
to high concentrations of a single and stable product, perillic
acid, by a solvent-resistant Pseudomonas putida strain. Appl
Microbiol Biotechnol 50:538-544

Thompson ML, Marriott R, Dowle A, Grogan G (2010) Biotransfor-
mation of beta-myrcene to geraniol by a strain of Rhodococcus
erythropolis isolated by selective enrichment from hop plants.
Appl Microbiol Biotechnol 85:721-730

Tozoni D, Zacaria J, Vanderlinde R, Longaray Delamare AP,
Echeverrigaray S (2010) Degradation of citronellol, citronellal
and citronellyl acetate by Pseudomonas mendocina 1BPse 105.
Electr J Biotechnol 13

Trudgill PW (1990) Microbial metabolism of monoterpenes—recent
developments. Biodegradation 1:93-105

van Beilen JB, Holtackers R, Luscher D, Bauer U, Witholt B, Duetz
WA (2005) Biocatalytic production of perillyl alcohol from
limonene by using a novel Mycobacterium sp. cytochrome P450
alkane hydroxylase expressed in Pseudomonas putida. Appl
Environ Microbiol 71:1737-1744

Vandenbergh PA (1986) Bacterial method and compositions for
isoprenoid degradation. United States Patent 4,593,003:
1-12

Vandenbergh PA, Cole RL (1986) Plasmid involvement in linalool
metabolism by Pseudomonas fluorescens. Appl Environ Micro-
biol 52:939-940

Vandenbergh PA, Wright AM (1983) Plasmid involvement in acyclic
isoprenoid metabolism by Pseudomonas putida. Appl Environ
Microbiol 45:1953-1955

van der Werf MJ, de Bont JA, Leak DJ (1997) Opportunities in
microbial biotransformation of monoterpenes. Adv Biochem Eng
Biotechnol 55:147-177

Wolken WA, van der Werf MJ (2001) Geraniol biotransformation-
pathway in spores of Penicillium digitatum. Appl Microbiol
Biotechnol 57:731-737

Wolken WA, Van Loo WJ, Tramper J, Van Der Werf MJ (2002) A
novel, inducible, citral lyase purified from spores of Penicillium
digitatum. Eur J Biochem 269:5903-5910

@ Springer



	Catabolism of citronellol and related acyclic terpenoids in pseudomonads
	Abstract
	Introduction
	Acyclic terpene degrading bacteria
	Biochemical pathway of citronellol oxidation (acyclic terpene utilisation pathway)
	Phase one (upper acyclic terpene utilisation pathway)
	Phase two (lower acyclic terpene utilisation pathway)
	Phases three and four (β-oxidation and leucine/isovalerate utilisation pathway
	Genes involved in Atu and Liu utilisation pathways
	Alcohol dehydrogenases with specificity �for methyl-branched substrates
	Terpenoid-specific acyl-CoA dehydrogenases of the Atu and Liu pathways
	HHG-CoA lyase and HMG-CoA lyase
	Regulation of Atu pathway
	Other genes important for acyclic monoterpene utilisation
	Degradation of myrcene
	Production and biotransformation of terpenoids
	Outlook
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


