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Abstract The presence of the tetracyclic diterpene 16a-
hydroxykaurane (16a-hydroxy-ent-kaurane, C20H34O,
CAS 5524–17–4) was detected in sterile cell cultures of
the moss Physcomitrella patens (Hedw.) B.S.G. using
gas chromatography and mass spectrometry. 16a-hydrox-
ykaurane was found to be a major lipid compound in P.
patens, with an estimated intracellular concentration of up
to 0.84 mmol/l and an extracellular concentration of up to
9.3 �mol/l. The overall content of 16a-hydroxykaurane
(in milligrams) produced per culture reached 0.37-fold
that of chlorophyll a+b. In agar cultures with low air
exchange, 16a-hydroxykaurane forms needle-like crystals
on tissue and on the inner surface of the culture vessels,
indicating that it is being released into the atmosphere.
Solid phase microextraction confirmed the air-bound
release of 16a-hydroxykaurane. To our knowledge this is
the first report on the release of a plant-derived tetracyclic
diterpene into the air.
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Introduction

Diterpenes are present in all plants in the form of phytol, a
ubiquitous constituent of chlorophyll a and b. Tetracyclic
diterpenes have been reported as secondary substances
for a variety of plant groups. These compounds are
widespread in lichens (Lehn and Hunek 1965; Hunek
1968) and have been also detected in species of various
families of higher plants—for example, Annonaceae
(Takahashi et al. 2001), Asteraceae (Le Quesne et al.
1985), Labiatae (Fujita and Node 1984) and Leguminosae
(Hugel et al. 1963). In the bryophytes tetracyclic diter-
penes represent a large class of terpenoid compounds
(Mues 2000). They mainly occur in liverworts, and novel
derivatives are being discovered in searches for new
bioactive compounds (Tori et al. 1993; Perry et al. 1999).
In contrast, tetracyclic diterpenes are absent in hornworts
and rare in mosses (Mues 2000; Asakawa 1995) although
Nilsson and Martensson (1971) did describe the presence
of 16a-hydroxykaurane in the moss Saelania glaucescens,
where this compound contributes to the bluish colour of
the gametophores; its presence is microscopically obvious
as a white cover on leaves and stems, especially in the
lower part of the plants.

Although tetracyclic diterpenes have been described
for many plant species the functions of these compounds
in planta are difficult to assess. We report here on the
production of a tetracyclic diterpene by the moss
Physcomitrella patens, which as a model organism has
many advantages for genetic and physiological studies
(Cove 2000). The feasibility of highly efficient reverse
genetic approaches as well as the accessibility of large
expressed sequence tag (EST) collections (Rensing et al.
2002; Schaefer 2002) could help future investigators gain
valuable information on the biosynthesis and function
of plant secondary substances. We describe and discuss
the identification, in vitro production and release of a
tetracyclic diterpene that has been found to be a major
lipid compound in P. patens.
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Materials and methods

Plant material

Wild-type Physcomitrella patens (Hedw.) B.S.G. was cultivated on
agar-solidified ABC medium (Knight et al. 1988). Either polysty-
rene petri dishes sealed with Parafilm, glass jars, or glass tubes
were used as in vitro culture vessels.

Funaria hygrometrica was cultivated on agar solid medium
according to Hahn and Bopp (1968).

For the aerated liquid cultures we used a medium described
by Wang et al. (1981): 0.359 mM Ca(NO3)2, 0.035 mM FeSO4,
1.01 mM MgSO4, 1.84 mM KH2PO4, 10 mM KNO3; 1 ml of
Hoaglents trace element solution per liter (Ashton and Cove 1977).
Di-ammonium tartrate was added to a final concentration of 5 mM
and the pH was adjusted to 6.5 with KOH. Initially 360 ml of
culture medium were inoculated with about 300 mg of protonema
filaments that had been freshly cut up with an Ultra-Turrax blender
(IKA, Staufen, Germany) to filaments of 10–20 cells each. Culture
flasks (1,000-ml Pyrex flasks) closed with cotton stoppers were
aerated with water-saturated, sterile air (ca. 600 ml/min).

All cultures were grown at 25�C under white light
(Philips TLM) at 100 �mol m-2 s-1 (400–700 nm) and a 16/8-h
(light/dark) cycle. All cultures were checked regularly for microbial
contamination by using agar medium containing 2% glucose (w/v).

The moss species listed in Table 1, except for P. patens, F.
hygrometrica and Saelania glaucescens, were collected in 2002
from forests in the region of Hamburg, Germany. One sample of
the moss S. glaucescens (Hedw.) Broth. was obtained from the
Herbarium Hamburgense [Biozentrum Klein Flottbek und Botani-
scher Garten, Hamburg] and dated from 18 August 1903 (collected
by J. Bornm�ller in Austria, Tirol, Stubaier Alpen, Obernbergersee
am Tribulaun, 1,600 m, 9034/1; HBG 4647). Additonal samples of
S. glaucescens were collected and identified in August 2002 by H.
K�ckinger (Weisskirchen, Austria) in Austria, K�rnten, Hohe
Tauern, Sadnig Gruppe 2,200–2,300 m; HBG 4649.

Preparation of diterpene compound

Extracellular diterpene from Physcomitrella agar cultures

Needle structures were washed off the Physcomitrella cultures
growing on the agar-solidified medium in petri dishes (9.5 cm
diameter) with 10 ml distilled water. The needles from ten plates
were sedimented by centrifugation and dissolved in 1 ml hexane for
gas chromatography-mass spectrometry (GC-MS) analysis.

Needle-like crystals with a high degree of purity were also
harvested by dissolving sublimated material from the inner surface
of the lid of several petri dishes or glass jars with 10 ml of absolute
ethanol. The sample was dried by rotary evaporation and the
residue dissolved in hexane for GC analysis and in CDCl3 for NMR
measurements.

Intracellular diterpene from moss tissue

Fresh tissue material (50–300 mg FW) growing on agar media or in
liquid culture (or 50 mg DW of collected material) was separated
from the medium and transferred into a 2-ml screw cap vial
containing 30 mg of glass beads (0.25–0.5 mm in diameter; Serva,
Heidelberg, Germany). After the addition of 1 ml of absolute
ethanol (containing 37.5 �g cholesterol; Sigma, Taufkirchen,
Germany) as an internal standard, the material was ground up in
a fast prep shaker (BIO101-Qbiogene, Heidelberg, Germany) for
two cycles of 45 s each at speed 4.5. Following a 10-min
centrifugation at 15,000 g for 15 min, the supernatant was
transferred to a new tube and the residue re-extracted with 0.6 ml
of solvent. The re-extract was again centrifuged and the superna-
tants pooled. The supernatant was stored at –20�C until the analysis
of diterpenes and chlorophylls.

Diterpene from S. glaucescens

We isolated 16a-hydroxykaurane from the moss S. glaucescens
(Nilsson and Martensson 1971) by briefly rinsing about 10 g of dry
moss tissue with 30 ml of hexane. The hexane was immediately
separated from the moss tissue by filtration, centrifuged (5,000 g,
15 min) and evaporated to dryness. About 10 mg of 16a-
hydroxykaurane (with approx. 90% purity as determined by GC-
MS) was obtained and used as reference substance.

Diterpene from Physcomitrella culture medium

The culture medium of aerated liquid cultures was separated from
the protonema by filtration through a mesh with a 50-�m pore size
and 52 �g of cholesterol (Sigma, St. Louis, Mo.) was added as an
internal standard. The medium was extracted twice against 30 ml
hexane. The hexane phases were then combined and evaporated to
dryness. These samples were stored dry at 4�C.

Detection of diterpene as a volatile organic compound
in Physcomitrella cultures

A solid phase microextraction was carried out using a fiber coated
with a 100-mm film of polydimethylsiloxane (SPME; Supelco,
Bellefonte Pa.) by placing the fiber in the air 1 cm above the
gametophores of P. patens cultured on agar in a sealed glass tube.
The microsampler was left for 3 days in the culture vessel to
accumulate organic volatile compounds. The microsampler was
then introduced into a gas chromatograph injector equipped with a
low-volume inlet liner (0.75 mm ID). Desorption was performed
for 30 s at 240�C (injector temperature). Gas chromatography and
mass spectrometry were carried out as described.

Gas chromatography/mass spectrometry

For qualitative studies a HP (Hewlett Packard, Palo Alto, Calif.)
gas chromatograph (5890 Series II) coupled with a MSD 5970 and
HP Chem station G1034C (software version C.03.00) were used in
EI mode. The column was a 25-m fused-silica capillary column
(DB-1; 0.25 mm ID � 0.25 �m film thickness; J&W Scientific,
Folsom, Calif.) and was used at the following parameters: an initial
temperature of 140�C for 1 min; temperature increments at a rate of
15�C/min up to 240�C; a final temperature of 240�C for 15 min;
carrier gas consisted of helium 4.6 at 110 kPa column head
pressure. Samples were diluted in hexane or absolute ethanol, and
2-�l aliquots were injected splitless. Mass spectra were compared to
the Wiley library (V 38; Wiley, Hoboken, N.J.).

For quantification, a gas chromatograph 5890 Series II equipped
with a FID and an autosampler was used. The temperature regime
consisted of an initial temperature of 140�C for 1 min; temperature
increments at a rate of 20�C/min up to 260�C; a final temperature of
260�C for 15 min. The carrier and make-up gas consisted of
nitrogen 5.0 with a flow of 1 and 30 ml/min respectively,
hydrogen 5.0 at 30 ml/min and synthetic air 5.0 at 300 ml/min.
The carrier gas was used at a column headpressure of 110 kP. The
injector temperature was 260�C; the detector temperature was
280�C. GC control and data processing were performed using the
GC Chem station (Rev. A.08.03; Agilent technologies, Palo Alto,
Calif.). Quantification was based on a standard curve obtained for a
16a-hydroxykaurane reference standard prepared from S. glauces-
cens as described above.

Nuclear magnetic resonance analysis

[1H]-NMR and [13C]-NMR spectra were recorded on a Bruker
AMX 400 NMR spectrometer (Bruker, Rheinstetten, Germany)
using CDCl3 as a solvent and TMS as the internal standard.
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Chlorophyll measurements

Chlorophyll a and chlorophyll b content were determined in the
ethanol extracts of the P. patens tissue prepared for diterpene
determination as described above. The optical density was mea-
sured at 648.6 nm and 664.2 nm, respectively, and chlorophyll a+b
content was determined according to the equation for the solvent
ethanol as described by Lichtenthaler (1987): Chl a+b (�g/ml) =
5.24 OD664.2 + 22.4 OD648.6

Results and discussion

Observation of crystal-like structures
in Physcomitrella cultures

We observed the formation of needle-shaped and crystal-
like structures of an unknown origin on the agar cultures
of P. patens. The structures were first observed on moss
tissue (colour photo supplied as electronic supplementary
material) and on the surface of the agar medium. The
needles were formed on cultures consisting of pure
protonema as well as on cultures differentiated to game-
tophores. The number and size of the crystal-like struc-
tures increased with the amount of P. patens tissue grown
per culture vessel. However, it was essential to seal the
petri dish with Parafilm; cultures without Parafilm sealing
showed only very little or no formation of the needle-like
structures. No crystals were observed when P. patens was
cultured in liquid culture (air-lift cultures).

The needles observed on the moss tissue could easily
be washed off and did not seem to have a visible
connection with the inside of the cells. The crystal-like
structures were also found on the inner surface of the
vessels used for agar culture (Fig. 1), where the com-
pound sublimated and formed clusters 50–200 �m apart.
In general, several needle-like structures originated as
a bunch from a point of crystallization (Fig. 1). The
diameter of the needles ranged from 0.1 �m to 6 �m as
determined by scanning electron microscopy (SEM).
Their length depended on the age of the cultures and
could be up to 200 �m (or more) for cultures several
months old. Occasionally the needle structures showed
branching.

Needle-like structures isolated from moss tissue or
from culture vessels were found to be soluble in ethanol
(absolute and 70% v/v), methanol and acetonitrile. No
visible solubilization occurred in water (20�C and 70�C),
hydrochloric acid, acetic acid (100%) or 50% (v/v)
ethanol.

GC-MS studies

Crystal-like structures were collected from P. patens
tissue grown on agar and from the inner surface of the lids
of culture vessels in which P. patens had been cultivated
for 8–16 weeks. The crystal-like structures were solubi-
lized in hexane and submitted to GC-MS analysis.

The total ion current chromatogram (TIC) from the
crystal-like structures obtained from the lid of the culture
vessel showed one major peak with approximately 90% of
the total ion current (not shown). When the mass spectra
were compared with the Wiley-database, this compound
matched very well (99% hit quality) with that of 16a-
hydroxykaurane (1), a tetracyclic diterpene (C20H34O;
CAS no. 5524-17-4; Wiley entry no. 133122) with a
molecular mass of 290.5 amu. We use the term 16-
hydroxykaurane in the following sections of this report.

In order to further validate the chemical identity of the
crystals from P. patens, we isolated 16-hydroxykaurane
as a reference sample from the moss S. glaucescens, an
organism previously shown to contain this compound
(Nilsson and Martensson 1971) (Scheme 1).

A comparison of these two products revealed that
their retention times on a GC capillary column were
identical and that their mass spectra (EI) were in very
good accordance (99%), thus further confirming that our
compound isolated from P. patens was 16a-hydroxykau-
rane (the enantiomeric form was not determined). Char-
acteristic ions of its mass spectrum were: m/z (rel. int.) =
290 [M]+ (11), 123 (100), 94 (77), 105 (77), 272 (71), 134

Fig. 1 Scanning electron micrographs (SEM) of sublimated 16-
hydroxykaurane on the inner surface of the lid of a polystyrene petri
dish of a Physcomitrella patens agar culture (sealed with Parafilm)
after 16 weeks of growth. Pieces of the lid were sputtered with gold
(Balzers SCD-050, Bla-Tec, Witten/Ruhr, Germany) and visualized
using a Philips XL-20 SEM (Fei-Company, Kassel, Germany)
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(68), 257 (61), 232 (60). The mass spectra obtained
matched with those for (-)-16a-hydroxykaurane as pub-
lished by Hunek (1968) and Kalinowsky et al. (1970).
Since the mass spectra of the 16-a and ß-hydroxy-isomers
are different, we were thus able to confirm the 16a-
hydroxy configuration.

16a-Hydroxykaurane was first described as kauranol
by McGimpsey and Murray (1960) who detected it in
extracts of Podocarpus spicatus (Podocarpaceae) from
New Zealand. In other publications this compound has
been named g-podocarprene and g-kaurene (Nishida and
Uota 1931; Briggs et al. 1963). There is confusion in the
literature concerning the nomenclature for kaurane-relat-
ed compounds, as some authors including Chemical
Abstracts use the name kaurane for the ent-kaurane
enantiomere (see IUPAC Recommendations, 1999). Here
we use the term 16-hydroxykaurane for the 16a-hydroxy-
ent-kaurane compound.

[1H]- and [13C]-NMR spectroscopy

A [1H]-NMR spectrum (400 MHz) of the 16-hydrox-
ykaurane isolated from the inner surface of culture vessels
(petri dishes and glass jars) of P. patens provided the
following data: d= 0.8 (3H, s), 0.84 (3H, s), 1.02 (3H,
s),1.36 (3H, s), 1.55 (22H, br m). These signals corre-
spond well to those of the reference compound isolated
from the S. glaucescens material. The chemical shifts in
the four methyl groups are in good accordance with data
published on 16a-hydroxykaurane from S. glaucescens
(Nilsson and Martensson 1971).

Additionally, we compared the [13C]-NMR spectra
of 16-hydroxykaurane isolated from P. patens and S.
glaucescens. However, since only very small amounts of
the substance from P. patens were available, several
carbon signals were below the NMR detection limit.
Nevertheless, we found the signals of 15 carbon atoms,
which corresponded well to those of the S. glaucescens
compound.

With respect to identical GC retention times and the
conclusive MS- and NMR data, we are convinced, that the
needle-like structures from P. patens are deposits of 16a-
hydroxykaurane.

16-hydroxykaurane is an abundant diterpene compound
in Physcomitrella tissue

We prepared ethanol extracts of P. patens tissue culti-
vated for 2–8 days in liquid medium (where no crystals
could be seen by microscopical observation) and exam-
ined them using GC-MS. In the total ion current the major
peak had a mass spectrum and retention time comparable
to 16-hydroxykaurane isolated from needle-structures
(not shown). Based on these criteria, we concluded that
16-hydroxykaurane is a major lipophilic compound in P.
patens tissue.

We added cholesterol as an internal standard to the
P. patens ethanol extract and estimated the amount of
16-hydroxykaurane by referring to a calibration curve
obtained for the reference sample prepared from S.
glaucescens. Using the approximation that 1 g (FW) of
tissue equals approximately 1 ml of cell volume, we
estimated that the tissue-bound concentration of 16-
hydroxykaurane ranged between 0.5 mM and 1 mM (not
shown).

We performed a time course experiment with eight
independent liquid cultures and collected samples over a
period of 8 days. During this time we monitored the fresh
weight and the levels of chlorophyll a+b and 16-hydrox-
ykaurane within the cultures (Figs. 2, 3). The time course
of fresh weight and levels of chlorophyll a+b showed
similar curves: the amount of tissue increased approxi-
mately 3.5-fold from approximately 0.4 g (FW) to 1.4 g
(FW) per culture; the chlorophyll a+b content increased
from 0.8 mg to 4 mg per culture (Fig. 2A). The tissue-
bound amount of 16-hydroxykaurane calculated for a
whole culture of 360 ml increased with the growing
biomass and reached values of 0.23 mg per culture after 8
days (Fig. 2B).

Hydroxykaurane is released into the culture medium

We separated the culture medium from the moss tissue by
filtration and extracted the organic compounds from the
medium by two rounds of phase partitioning against
n-hexane. Methodological tests with pure medium to
which 16-hydroxykaurane had been added showed re-
covery rates of more than 90%. We were able to clearly
demonstrate that 16-hydroxykaurane is also released into
the culture medium and that it accumulates to about 1 mg
per 360 ml of culture medium after 8 days of growth
(Fig. 2C). In older cultures up to 3 mg 16-hydroxykaurane
per 360 ml culture medium was measured (not shown). At
day 8 the extracellular level of 16-hydroxykaurane was
approximately 4.2-fold higher than the tissue-bound 16-
hydroxykaurane, indicating that approximately 80% of
the diterpene produced was located extracellularly
(Fig. 2B, C).

The combined level of intra- and extracellular hydrox-
ykaurane (in milligrams) formed per culture was calcu-
lated and related to the amount of chlorophyll (in
milligrams). We found that the amount of 16-hydrox-

Scheme 1
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ykaurane is about 0.37-fold the amount of chloro-
phyll a+b, as shown in Fig. 2D (day 4). These data
indicate that a considerable amount of carbon is invested
into the production of 16-hydroxykaurane. Consequently,
this compound can be considered to be a major terpenoid
lipid released into the medium of P. patens cultures.

The release of bioactive substances into the culture
medium by P. patens has already been described for
proteins (Neuenschwander et al. 1994) and growth reg-
ulating substances (Wang et al. 1981; Reutter et al. 1998;
Schulz et al. 2000, 2001; Schwartzenberg et al. 2003).
The significance of the extracellular space seems to be
related to the biology of this lower plant, which lives in
close contact to the substrate and does not have special-
ized tissues for within-plant storage.

Intra- and extracellular distribution of hydroxykaurane

When we compared the curves for the estimated intra-
cellular and extracellular concentrations of 16-hydrox-
ykaurane over time we found two different slopes (Fig. 3).
The intracellular concentration ranged between a minimal
value of 190 �M at day 0, when the cells were washed and
resuspended in fresh culture medium, and a maximum of
840 �M at day 2. The concentration of intracellular 16-
hydroxykaurane apparently does not increase further with
the growth time (Fig. 3A). With respect to the concen-
tration of extracellular 16-hydroxykaurane, however, a
steady increase was observed, and the levels rose from
approximately 0.7 �M at day 1 to 9.3 �M at day 8. At the
latter time the concentration of extracellular 16-hydrox-
ykaurane was 57-fold lower than its estimated concen-
tration in the tissue. Although less concentrated, the
amount of 16-hydroxykaurane in the culture medium
exceeds the tissue-bound amount by approximately 4.2-
fold when the volume of the culture medium (60-fold
greater than the tissue volume) is taken into consideration
(Fig. 2B, C; day 8).

We conclude that 16-hydroxykaurane is released from
the tissue to the culture medium where it apparently
accumulates with increasing culture age (Fig. 3A, B).

Hydroxykaurane is a rare compound for species
in the group of musci

Apart from P. patens, we tested 18 other species from the
group of musci and analysed ethanol extracts for the
presence of 16-hydroxykaurane. However, 16-hydroxykau-

Fig. 3 A Concentration of 16-hydroxykaurane in tissue during
growth of P. patens in liquid culture. Data were calculated with the
approximation that 1 g FW of tissue equals 1 ml of tissue. B
Concentration of 16-hydroxykaurane determined in culture medi-
um. Values are the means and standard deviation of eight
independent cultures

Fig. 2 Time course of fresh weight and chlorophyll a+b content
(A), 16-hydroxykaurane content in tissue (B) and in culture
medium (C) and the ratio of total 16-hydroxykaurane content
(medium and tissue) and chlorophyll a+b (D). Liquid cultures had a
volume of 360 ml. A–C Representative data (mean values and
standard deviation) of eight independent cultures
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rane was detectable only in P. patens and S. glaucescens.
Surprisingly, Funaria hygrometrica, which belongs to
the same family as P. patens (Funariaceae), contains
no detectable amounts of hydroxykaurane (Table 1).

Hydroxykaurane is released by Physcomitrella
as a volatile organic compound

We have demonstrated that 16-hydroxykaurane can sub-
limate on the inner surface of culture vessels during in
vitro culture under low air exchange conditions. This can
lead to the formation of visible crystals up to 200 �m in
length (see Fig. 1). It is obvious that for the formation of
sublimated 16-hydroxykaurane a release into the atmo-
sphere is essential. The air-borne release of 16-hydrox-
ykaurane was confirmed using solid phase microextrac-
tion (SPME) by placing the sampler approximately 1 cm
above the gametophores of a P. patens agar culture. After
3 days of sampling the microsampler was directly
introduced into the injector of a gas chromatograph.
Under these experimental conditions a loss of water from
the molecule (M-18) occurred for both the reference (S.
glaucescens) and the sample, resulting in the mass
spectrum of the dehydration product. The retention time
of the dehydration product was identical for the substance
isolated from S. glaucescens and P. patens. This result
confirmed the release of a diterpene into the air. There is
sufficient evidence that the original substance released
into the air is 16-hydroxykaurane as we have shown that
this compound is deposited on the inner surface of the
culture vessels and the loss of water during thermodes-
orption is a common phenomenon. At this time we are
unable to estimate the amount of 16-hydroxykaurane
released into the atmosphere. To our knowledge this is the

first report on the release of a plant-derived diterpene into
the atmosphere.

As P. patens agar cultures without Parafilm sealing
showed little or no wax crystals, it can be assumed that
the 16-hydroxykaurane crystals, which were observed on
the tissue (see ESM) and on the inner surface of the
culture vessels (Fig. 1), are formed as a consequence of
low air exchange rates. Presumably the compound can
only visibly sublimate when its concentration is high
enough and, in accordance to this, no wax crystals have
ever been reported for P. patens growing under natural
conditions (Nyholm 1954).

Possible biological functions

The biological function of 16-hydroxykaurane in P.
patens can only be speculated. Given that this compound
can not be considered a common constituent in the group
of musci and that we are even unable to detect it in the
closely related species F. hygrometrica (Table 1), we can
assume that the formation of 16-hydroxykaurane is
probably not essential for basic cellular functions. We
also know from the emission of isoprene and monoter-
penes that closely related plant species can behave in
different ways (Kesselmeyer and Staudt 1999).

The possible role of 16-hydroxykaurane can be seen in
the context of defence mechanisms. Ent-kauranes like 16-
hydroxykaurane from Solidago species have been de-
scribed as allelochemicals with insect antifeeding proper-
ties against Trirhabda canadensis (Le Quesne et al. 1986;
Cooper-Driver and Le Quesne 1987). The release of 16-
hydroxykaurane into the medium and atmosphere would
be compatible with a possible role as an allelochemical in
P. patens. However, other explanations involving 16-
hydroxykaurane as a possible volatile signal molecule can
not be excluded (for review, see Farmer 2001).

Our measurements of the content of 16-hydroxykaurane
in culture (medium plus tissue) showed that the amount
of diterpene is considerable and can reach approximately
0.4-fold the content of chlorophyll a+b (Fig. 2D). With
respect to overall production, this value still seems to be an
underestimation as it does not include the amount released
into the air. This remarkable loss of reduced carbon in the
form of tetracyclic diterpene could also be explained as a
means to prevent the moss from photooxidation or light
damage by dissipating excessive energy from the electron
transport chain into organic compounds that are then
released from the cells. For the emission of the monoter-
pene isoprene, which is widespread in higher plants and
extremely common in mosses, a similar protective effect
has been discussed Hanson et al. (1999).

The putative photoprotective role of diterpene release
in P. patens is supported by the fact that this species is a
seasonal moss and adapted to growing in habitats with a
high light intensity—for example, on humid clayey soil,
in open acres and on the moist mud by pools and streams
(Amann and Meylan 1912)—and reaches maturity in
seasons with a high solar radiation (Nyholm 1954).

Table 1 Comparative search for 16-hydroxykaurane in moss spe-
cies. Fifty-milligram (DW) samples of moss were extracted with
absolute ethanol and the extracts subjected to GC/MS analysis

Genus/species 16-Hydroxykaurane detectablea

Atrichum undulatum �
Dicranum majus �
D. norvegicum �
D. scoparium �
Hypnum judlandicum �
H. judlandicum var. minor �
Leucobryum glaucum �
Mnium affine �
M. hornum �
M. undulatum �
Plagiothecium curvifolium �
Pleurozium schreberi �
Polytrichum formosum �
Rhytidiadelphus squarrosus �
Sphagnum flagellare �
Thuidium tamariscinum �
Saelania glaucescens +
Funaria hygrometricab �
Physcomitrella patensb +

a Detection limit of approximately 420 ng/mg DW
b In vitro cultured material
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Approaches involving the use of molecular tools
available for P. patens, such as EST collections (Rensing
et al. 2002; Nishiyama et al. 2003) and gene targeting
(Egener et al. 2002; Schaefer 2002), could help produce
P. patens mutants impaired in 16-hydroxykaurane bio-
synthesis in order to clarify the physiological role of the
release of high amounts of tetracyclic diterpene in this
model plant.
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