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Abstract—Ceratocystis moniliformis produced and excreted monoterpenes when grown on potato-dextrose broth.
Geraniol, nerol, citronellol, linalol, a-terpineol, geranial and neral were identified by GC-MS. Their production
commenced with the depletion of nitrogen in the growth medium and their combined concentration peaked at
about 50 ug/ml on the 5th day of growth. The pathway for the biosynthesis of the identified monoterpenes was
studied by supplying the radioactive precursors mevalonic acid-[2-'*C], L-leucine-{4,5-3H(N)}, and acetate-[2-14C]
to C. moniliformis. For each precursor, the extent of incorporation into the above monoterpenes and the distribu-
tion of radioactivity in geraniol was determined. It was concluded that monoterpenes were formed via the mevalonate
pathway, previously established for higher terpenes in other organisms. This represents the first information avail-
able on the biosynthetic pathway for free monoterpenes in a microbial system.

INTRODUCTION

Considerable research on the biosynthesis of mono-
terpenes in higher plants has been undertaken in recent
years [1-3]. The results from these studies have been
largely inconclusive. Typically, the incorporation of
radioactivity from mevalonic acid (MVA), the presumed
precursor, has been only 0.001 to 0.1% [1-4]. In addition,
the incorporated radioactivity has typically been asym-
metrically distributed in the monoterpene skeleton,
inconsistent with the MVA pathway established for higher
terpenes. For example, Banthorpe et al. [5] found that
MVA was incorporated into thujone, isothujone and
sabinene, but that over 909 of the incorporated label
was located in the IPP-derived moiety of the mono-
terpene skeleton. Similar results have been reported by
Banthorpe and LePatourel [6] for a-pinene, by Croteau
and Loomis [7] for pulegone and by Suga and Shishi-
bori [8] for citronellol and geraniol. All of these studies
were done with leaf and stem tissues of higher plants.

The exception to the above mentioned results was
reported by Francis et al. [9-11]. For example, they
found 1% incorporation from MVA into free mono-
terpenes and 119 into monoterpene glucosides in 1 hr
in rose petals [10]. The label was distributed symmetri-
cally in geraniol and nerol.

The conflicting results regarding the MVA pathway
for monoterpene biosynthesis in higher plants have
generally been attributed to structural [3, 12-14] or
metabolic factors [3, 15] in these tissues. Alternatively,
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the DMAPP utilized in monoterpene biosynthesis may
not originate from MVA.

The recent identification of monoterpenes in cultures
of the fungus, Ceratocystis variospora [16] offered
another experimental system for studying monoterpene
biosynthesis. Microorganisms possess certain experi-
mental advantages in studying biosynthetic pathways,
including rapid growth, more control over the physio-
logical state of the organism, easier introduction of
potential precursors, and excretion of secondary meta-
bolites into the growth media. The present report pro-
vices evidence that monoterpenes are biosynthesized
via MVA in C. moniliformis.

RESULTS
Production of monoterpenes

Earlier studies on the fruit-like aroma of C. monili-
Jormis revealed that this organism produced the mono-
terpenes citronellol and geraniol [17]. Further investiga-
tion of the Freon 11 extract of the fungal growth medium
has now shown C. moniliformis also produces geranial,
nerol, neral, linalol and a-terpineol. These monoter-
penes were separated by GLC utilizing an improved
method developed in our laboratories (Fig. 1). GC-MS
was used to establish identity and purity in every
analysis which involved separation via GLC, since the
validity of biosynthetic experiments is dependent on
establishing the identity and purity of the compound
being studied.

The growth broth of C. moniliformis was examined
daily for the presence of monoterpenes (Figs. 2 and 3).
Geraniol was the first monoterpene to appear in the
broth (day 1), and its concentration increased steadily
for 2.5 more days and then declined. By the second day,
citronellol, nerol, geranial. and neral were present.

1555



1556

E. LaNza and J. K. PALMER

[N¢]
8

N -
b

»

a 3 4

3

5

§0.5— | x128|

3 x8 x32 7

@ 2 x 128
e

. 6

<3
g
b x2
[a) L

S N e P N P S | P

[ 5 10 15 20 25 30
Time, mins

Fig. 1. Gas chromatography of monoterpenes produced by C. moniliformis. A Freon extract of 100 m!l of a 4 day

old culture was prepared and analyzed as described under Experimental. Peak identity: 1. linalol 2. neral 3.

a-terpineol 4. geranial 5. citronellol 6. nerol 7. geraniol 8. phenethyl alcohol (internal standard). Attenuation was
x 1 unless otherwise indicated.

Linalol and a-teypineol did not appear until the 4th
day. The maximum combined concentration of the
extracellular monoterpenes (51 pg/ml of broth) occurred
on day 5 and then declined rapidly.

To learn more about the relation between monoter-
pene biosynthesis and the general metabolism of C.
moniliformis, the time course of growth, carbohydrate
utilization and nitrogen utilization of this organism
were determined (Fig. 4). Cultures were grown as usual
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Fig. 2. Production of monoterpene alcohols by C. moniliformis.
Composite data from a series of runs over a 2 year period.

on 39, potato-dextrose broth. Mycelia were harvested
daily and dry weights were determined. Portions of the
culture broth were examined for carbohydrate and
nitrogen utilization and the remainder of the broth was
analyzed for monoterpenes as described above. Corre-
lating the information on the daily accumulation of
monoterpenes in the growth broth (Figs. 2 and 3) with
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Fig 3. Production of geranial and neral by C. moniliformis;
nerol, linalol, x-terpineol also plotted to show relationship to
Fig. 2. Compositc data from a series of runs over a 2 year period.
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Fig 4. Growth and nutrient utilization of C. moniliformis.

the data in Fig. 4 showed that the monoterpenes were
typical secondary metabolites [18], in that they were
first produced when the nitrogen source was nearing
exhaustion.

The accumulation of monoterpenes inside the fungal
cells was also measured on days 1, 2, 3, 4 and 6. None
were detected when analyzed with a procedure capable
of detecting individual monoterpenes at the 60 ppb
level. The C. moniliformis cultures were also free of
intraceliular and extracellular monoterpene pyrophos-
phates at the 60 ppb limit of detection. Based on these
results, only the free extracellular monoterpenes were
considered in subsequent biosynthesis studies.

The absence of pyrophosphates was surprising, since
these compounds are generally considered immediate
precursors of free monoterpenes [19]. Probably the
pyrophosphates are precursors of monoterpenes in C.
moniliformis, but there is no significant accumulation
because of their rapid turnover. However, biosynthesis
via a pathway not involving pyrophosphates remains a
possibility.

Precursors of monoterpenes

Since the rate of accumulation of monoterpenes in the
growth broth was highest at 3-5 days, MVA-[2-1*C]
was added to 4 day old cultures and incorporation into
monoterpenes measured (Table 1). The low level of
incorporation (approximately 0.1 % in 48 hr) of MVA-
[2-'%C] into the identified monoterpenes is similar to
the levels typically reported for monoterpene studies in
higher plants [1-4]. The level of incorporation of MVA-
[2-'%C] into monoterpenes in C. moniliformis was lower
than expected since previous studies with fungi had
shown considerably more incorporation of MVA into
higher terpenes [20-22].

In an attempt to increase incorporation, MVA
[2-'*C] was added at the time of inoculation and incu-
bation continued for up to 96 hr. The incorporation of
MVA-[2-14C] was still low. For example, during the
0-96 hr growth period, 33.3 pmoles of monoterpenes
were produced, yet only 0.0023 pmoles (0.36%) of the
0.642 pmoles of added MVA-[2-'*C] was incorporated
into monoterpenes. Similar results were obtained when
labelled MVA was added after two days of growth.

It was assumed that the poor incorporation of MVA
resulted from permeability barriers. Precursors of MVA
were therefore tested to see if these could cross the barriers
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and result in MVA production at the site of monoterpene
synthesis.

Leucine, a known precursor of MVA [23], was tested
but the incorporation of L-leucine-[4,5-°H(N)] into
monoterpenes was also low (0.013% in 18 hr).

Acetate-[2-'*C] was tested next and found to be more
rapidly incorporated. In one experiment 0.74%, was
incorporated into monoterpenes (in 4 day old cultures)
in Shr; in another, 19, was incorporated in only 2 hr.
In the latter experiment, the incorporation dropped to
0.5% at 22 hr and to 0.2% at 44 hr, suggesting further
metabolism of the synthesized monoterpenes. Because
there are numerous pathways of acetate metabolism, the
rapid incorporation of acetate-[2-'*C] (relative to
MVA and leucine) into monoterpenes was unexpected.

The incorporation data showed that all three pre-
cursors were being converted to monoterpenes, acetate
much more efficiently than MVA or leucine. To obtain
information on the pathway(s) involved for each con-
version, samples of geraniol labelled from each of these
radioactive precursors were degraded sufficiently to
locate the label in the monoterpene skeleton.

Distribution of label in geraniol

Cultures of C. moniliformis were grown in the presence
of radioactive MVA, leucine or acetate and the labelled
geraniol was collected by repeated trapping during GC
separations. The identity and purity (99 + %) of the
geraniol was established by GC-MS, and the geraniol
was degraded. This was done twice for each precursor.

Geraniol was degraded by periodate-permanganate
oxidation. The products of this reaction are: levulinic
acid (derived from C-3, C-4, C-5, C-6, C-9), acetone
(C-7, C-8, C-10), and formic acid (C-1). Iodoform was
formed by a further reaction from the C-9 of levulinic
acid and the C-8 and C-10 of acetone. The distribution of
radioactivity (Table 2) conformed in all cases to that
theoretically expected for formation of geraniol from
MVA,

DISCUSSION

The primary objective of this research was to deter-
mine if monoterpenes can be biosynthesized via the
MVA pathway established for higher terpenes. The low
levels of incorporation from MVA and the asymmetric
labelling of monoterpenes from labelled MVA in higher
plants could mean that the monoterpenes are formed via
a different pathway.

In the present study, incorporation of MVA-[2-!4C]
into monoterpenes was also relatively low (maximum
0.4%,). However, the label in the monoterpene alcohol
geraniol was found to be symmetrically distributed
between the IPP and DMAPP derived moieties of the
monoterpene skeleton, as predicted from the MVA
pathway. Acetate-[2-!*C] and leucine-[4,5-*H(N)] were
also shown to be incorporated into geraniol via MVA,
as indicated by the same type of symmetrical labelling.
This symmetrical labelling has been the primary evidence
for the MVA pathway to higher terpenes in animals,
microorganisms, and higher plants [24].

The labelling patterns found in this study provide
direct evidence for the formation of monoterpenes from
MVA. Earlier studies have shown that acetate [25-27]
and leucine [28] can be incorporated into monoterpenes
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Table 1. Incorporation of MVA-[2-'*C] into monoterpenes in
4 day old cultures of C. moniliformis

Incubation time ~ MVA-[2-'4C] Incorporation
(hr) added* into monoterpenes
(umol} (%)+
0.2 1.28 0
1 4.60 0.001
6 2.70 0.030
24 4.60 0.070
48 1.01 0.124

* MVA-[2-1*C](sp. act. = 8.64 x 10® dpm/pumol) was added
to 100 ml cultures. + Calculated as the sum of radioactivity
found in the individual monoterpenes geraniol, nerol, citronellol,
neral, geranial, linalol and a-terpineol, divided by the amount of
labelled precursor added to the culture.

in higher plants via the MVA pathway, although Suga
et al. [28] indicated that DMAPP could also originate
from leucine via a non-mevalonoid pathway.

The incorporation data (Table ! and text) indicated
that acetate-[2-!“C] was more rapidly incorporated into
monoterpenes than was MVA-[2-'*C]. Comparison of
the rate of uptake and the efficiencies of incorporation
of entering acetate-[2-'*C] and MVA-[2-'*C] into
monoterpenes indicate a compartmentalization of mono-
terpene synthesis within the C. moniliformis cells.

The results in the present study with a fungal system
cannot be compared directly with those obtained with
higher plants. However, the demonstration that mono-
terpenes can be formed from MVA are consistent with
the conclusion of Allen et al. [29] that another pathway
is unlikely and that the asymmetric labelling of mono-
terpenes in higher plants can be explained by metabolic
factors.

EXPERIMENTAL

Materials. Ceratocystis moniliformis ATCC 12861 was supplied
by Dr. Ralph Collins, University of Connecticut, Storrs, CT.
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All monoterpene standards were a gift of Dr. Robert Erickson,
Givaudan Corp., Clifton, New Jersey. Na acetate-[2-1C] sp.
act. 2.0 mCi/mmol: DL-mevalonic acid-[2-!4C] (dibenzyl-
ethylenediamine salt), sp. act. 7.16 mCi/mmol; L-leucine-
[4.5-*H(N)]. sp. act. 44.2 Ci/mmol were purchased from New
England Nuclear Corporation, Boston, Massachusetts, U.S.A.

Cultural techniques. C. moniliformis was maintained on 59
potato-dextrose agar slants. The mycelia were harvested by
flooding each slant with 5 ml H,O. The resultant suspension of
mycelia was inoculated into 100 ml 3%, potato-dextrose broth
[17], contained in 250 ml Erlenmyer flasks. The inoculated
seed flasks were plugged with cheesecloth-wrapped non-
absorbent cotton and incubated on a rotary shaker at 25” for
72 hr. For production of monoterpenes, a 2 ml portion of the
seed culture was transferred to a 250 m! Erlenmyer flask con-
taining 100 ml 39, potato-dextrose broth. The production
flasks were incubated on a rotary shaker at 25°.

Growth of C. moniliformis. Growth of cultures was measured
from the dry wt of harvested mycelia. The ninhydrin method for
estimation of amino acids [30] was used to measure utilization
of nitrogen. Carbohydrate (starch + glucose) utilization was
determined by first converting starch to glucose with amylo-
glucosidase, and then measuring glucose by the Glucostat
procedure [31].

Analysis of monoterpenes. Cultures were filtered to remove the
mycelia and the filtrate was extracted with an equal vol. of
Freon 11 (trichlorofluoromethane). Phenethyl alcohol was added
to the filtrate prior to extraction as an internal standard. The
Freon extract was conc to about 3 ml in a round bottom flask
fitted with a 470 mm Vigreux column, by placing the apparatus
in a 4° cold room and heating the flask containing the Freon
extract to 30°. Hexane (1 ml) was added to the concentrate and
the remaining Freon 11 was removed with a stream of N,.
(Freon 11 was removed since it tends to corrode the flame ioniza-
tion detector) The monoterpene concentrate was separated
on a 3.7m x 2mm (i.d.) stainless steel column packed with
5% Carbowax 20 M. The column temp. was initially 102° and
was programmed at 2°/min to 165°. The carrier gas was N,
at 25 ml/min.

Identity and purity via GC- MS. In every experiment involving
GC separation of monoterpenes, the separated components
were analysed by GC-MS. Identity was established by compari-
son with retention data and MS of standards under identical
conditions. Purity was established by repeated scanning (1 scan

Table 2. Distribution of radioactivity in geraniol labelled from MVA-[2-!4C}, leucine-[4,5->H(N)] and acetate-[2-'*C]

MVA Leucine Acetate
Component Sp. act Found Theory Sp. act Found Theory Sp. act Found Theory
counted dpm/pmol % % dpm/pmol A % dpm/pmol % %
Geraniol 1417* 100 100 56671 100 100 6060 100 100
Levulinic acid 694 49 50 2834 50 50 3151 52 52
(C-3.C-4,C-5,C-6,
C-9)
Acetone 751 53 50 3060 54 50 2121 35 33
(C-7.C-8,C-10)
Formic acid 0 0 0 0 0 0 0 0 0
(C-1
lodoform from 368t 52 50 —$ -- — 939 31 33
acetone
(C-8, C-10)
Iodoform from 8 0.6 0 — - - 909 15 17

levulinic acid
(C-9)

* About 1.2 mg geraniol collected from cultures incubated wi

th MVA-[{2-'4C] from 0 to 96 hr after inoculation.

1 2 moles of iodoform are formed from every mole of acetone, and only the idioform from C-10 is labelled from MVA-[2-1*C].

1 About 0.7 mg geraniol collected from cultures incubated wi
§ Todoform reaction could not be carried out since tritium is

th L-leucine-[4,5-°H(N)] 96 hours after inoculation.
lost in this reaction.

|l About 1 mg geraniol collected from cultures incubated with labelled acetate 96 hours after inoculation.
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every 7 seconds) of a component as it emerged from the GC,
and showing that the MS were identical throughout the period
of elution.

Determination of monoterpene pyrophosphates and intra-
cellular monoterpenes. Monoterpent pyrophosphates were con-
verted to free monoterpenes by bacterial alkaline phosphatase
[32], and then analyzed as free monoterpenes. To determine
intracellular monoterpenes and intracellular monoterpene
pyrophosphates, the fungal cells were disrupted with a Braun
Rotary Homogenizer. These compounds were then analyzed by
the same procedures described for extracellular compounds.

Determination of radioactivity. Radioactivity was measured on
a scintillation counter. Counting efficiencies were typically 95 %,
for **C and 55% for *H in Econofluor. Samples were always
counted until the counting error was less than +29%,

Incorporation of radioactive precursors into monoterpenes.
The radioactive precursors MVA-[2-'%C], acetate-[2-'*C],
and L-leucine-[4,5-*H(N)] were sterilized by passing through a
0.2 um pore diameter filter, and added to growing cultures.
Monoterpenes were extracted from the cultures as previously
described.

Individual monoterpenes were collected as they were eluted
from a GC column, by using an 8 port micro-volume valve
(Carle Instruments, Fullterton, Calif.). Valve exits were con-
nected to V shaped capillaries (1.6 mm i.d.) filled with ca 2.5 cm
of 100/120 mesh glass beads. The lower halves of these traps
were immersed in liquid N,. The efficiency of trapping was
92 + 59%. The traps were crushed and dropped into scintillation
vials containing 10 m! Econofluor for measurement of radio-
activity as described above.

Collection and degradation of labelled geraniol. Monoterpene
concentrates were injected 5-20 times (about 3 pl/injection) onto
the GC column and the geraniol trapped. The conc and sp. act.
of geraniol was determined.

Particular care was taken to establish the identity and purity
of the collected geraniol. First, it was shown that the geraniol
gave a single peak in a GLC system which provides excellent
separation from other monoterpenes (Fig. 1). Second, the MS
of the collected geraniol was identical to that of authentic
geraniol. Third, a computer comparison of the geraniol MS
with 41000 mass spectra using the Probability Based Matching
System [33] showed that the only compounds likely to be con-
fused with geraniol were nerol and the formate, acetate and
propionate esters of geraniol and nerol. These are all well
separated from geraniol in the GLC system employed (Fig. 1).
Overall, the GC-MS data indicate that an impurity greater
than 1% in the collected geraniol would have been detected in
the GC separation, in the MS or both.

Geraniol was degraded by modification of the perman-
ganate—periodate oxidation of von Rudioff [34]. A typical
oxidation consisted of ca 1 mg geraniol in 0.20 ml C,HN, to
which was added a soln of 26 mg NalO, and 1.3 g KMnO, in
0.60 ml H,O, and 3 mg Na,CO, to produce a pHof 8-9 in the
final soln. The reaction mixture was stirred at room temp. for
48 hr. To stop the reaction, a few drops of 0.1 N H,SO, were
added to acidify the soln, followed by enough Na metabisulfite
to reduced the excess oxidant. Levulinic acid, HCOOH and
Me,CO were formed. Levulinic acid and Me,CO were further
degraded by the iodoform reaction [35].

Analysis of degradation products from labelled geraniol. A
Im x 2mm (i.d) GLC column packed with Porapak Q was
used to separate Me,CO and HCOOH. The column temp. was
160° and the carrier gas flow rate 24 mi/min. Repeated injec-
tions were used to collect enough of these compounds so that
sp. act. and purity could be determined. The collected Me,CO
was then diluted 5 fold with carrier Me,CO before being sub-
jected to the iodoform reaction Iodoform was filtered off,
purified by sublimation under red. press., identified by its mp
and counted. Another portion of the periodate-permanganate
reaction mixture was injected onto a 60 cm x 2 mm (id) GLC
column packed with 5% EGSP-Z. The column temp. was 130°
and programmed 2°/min to 160°; N, carrier flow 30 ml/min.
The separated levulinic acid was trapped, identified and counted
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as described for Me,CO and HCOOH. The collected levulinic
acid was then diluted 5-fold with carrier levulinic acid and
further degraded by the iodoform reaction. Commercially
available levulinic acid was purified via TLC [36] to obtain
pure carrier levulinic acid. Iodoform was identified and counted
as previously described.
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