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e Background and Aims Plants use a diverse range of visual and olfactory cues to advertize to pollinators.
Australian Chiloglottis orchids employ one to three related chemical variants, all 2,5-dialkylcyclohexane-1,3-
diones or ‘chiloglottones’ to sexually attract their specific male pollinators. Here an investigation was made of
the physiological aspects of chiloglottone synthesis and storage that have not previously been examined.

e Methods The location of chiloglottone production was determined and developmental and diurnal changes by
GC-MS analysis of floral tissue extracts was monitored in two distantly related Chiloglottis species. Light treat-
ment experiments were also performed using depleted flowers to evaluate if sunlight is required for chiloglottone
production; which specific wavelengths of light are required was also determined.

e Key Results Chiloglottone production only occurs in specific floral tissues (the labellum calli and sepals) of
open flowers. Upon flower opening chiloglottone production is rapid and levels remain more or less stable
both day and night, and over the 2- to 3-week lifetime of the flower. Furthermore, it was determined that chilo-
glottone production requires continuous sunlight, and determined the optimal wavelengths of sunlight in the
UV-B range (with peak of 300 nm).

e Conclusions UV-B light is required for the synthesis of chiloglottones — the semiochemicals used by
Chiloglottis orchids to sexually lure their male pollinators. This discovery appears to be the first case to our
knowledge where plant floral odour production depends on UV-B radiation at normal levels of sunlight. In
the future, identification of the genes and enzymes involved, will allow us to understand better the role of
UV-B light in the biosynthesis of chiloglottones.

Key words: Chiloglottis trapeziformis, C. seminuda, UV-B, sexual deception, floral odour, pollination, 2,5-

dialkylcyclohexane-1,3-diones, secondary metabolism, specialized metabolites.

INTRODUCTION

As a first step in achieving pollination, plants often use a
diverse range of visual and olfactory cues to advertize to pol-
linators (Raguso, 2004). Subsequently, food rewards such as
nectar are typically provided to secure the service of pollin-
ation (Whitehead er al., 2012). Floral scents are often critical
for attracting insect pollinators. The often-complex chemical
bouquet of odour compounds act as filters to attract pollinators,
while repelling unwanted flower visitors such as herbivores
(Pichersky and Gershenzon, 2002; Raguso, 2008; Junker and
Bliithgen, 2010).

Much recent progress has been made towards understanding
both the chemical composition of floral scents (Knudsen et al.,
2006; Raguso, 2008), and the biochemical and molecular basis
of floral odours (Dudareva and Pichersky, 2000; Pichersky
et al., 2006; Piechulla and Effmert, 2010). Scent formation
is most often regulated by transcriptional control of biosynthetic
gene expression at the site of emission, which in many cases is
tissue specific (Piechulla and Effmert, 2010). For example, in
snapdragon, Antirrhinum majus, methyl benzoate, a key compo-
nent of the floral scent, is produced and emitted exclusively

from epidermal cells of the petals. What is more, emission
of this compound is highest during the day with the oscillation
controlled by a circadian clock and correlating with maximum
emission during diurnal bee visitation (Pichersky and Gershenzon,
2002).

Plants may use floral scents to exploit the innate olfactory
preference of the pollinator (Schiestl ef al., 2003), alternatively
they may exploit the ability of pollinators to associate specific
floral scents with nectar rewards (Riffell, 2011). One group of
plants that routinely exploit the innate preference of their pol-
linators are sexually deceptive orchids. These orchids lure their
specific male insect pollinators to their flower by emitting
‘semiochemical’ volatiles that mimic the female-released sex
pheromone (Schiestl et al., 1999, 2003; Mant et al., 2005;
Stokl et al., 2007; Franke et al., 2009). Pollination occurs
during either a pre-copulatory routine, or attempted copulation
with the flower — so called pseudocopulation (Peakall, 1990;
Schiestl, 2005). Although a combination of olfactory, visual
and tactile mimicry may be essential to achieve pollination
(Schiestl, 2005; Gaskett, 2011), long-range attraction and the
control of pollinator specificity is typically achieved by floral
odours (Vereecken and Schiestl, 2009; Peakall et al., 2010;
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Ayasse et al., 2011). Visual and tactile mimicry may optimize
the position of the pollinator for successful pollen removal and
deposition, but usually play a limited role in pollinator attrac-
tion and specificity.

Sexual deception is employed by several hundred orchid
species, with multiple independent evolutionary events on
four continents: Australia, Europe, Africa and South America
(Paulus and Gack, 1990; Peakall, 1990; Steiner et al., 1994,
Singer, 2002; Singer et al., 2004; Schiestl, 2005; Gaskett,
2011). Long thought to be restricted to the Orchidaceae
(Peakall, 1990), this pollination strategy has recently been dis-
covered in a South African daisy (Asteraceae) (Ellis and
Johnson, 2010). Thus pollination by sexual deception may be
more widespread among plants than presently reported.

Within Australia, >150 species of terrestrial orchid sexually
exploit male wasps from the parasitic Australasian subfamily
Thynninae (Thynnidae) as pollinators (Peakall, 1990; Peakall
and Beattie, 1996; Phillips et al., 2009). The orchid genus
Chiloglottis, with some 30 species, is the largest exclusively
sexually deceptive genus in Australia. Field experiments
using artificially presented flowers have shown pollination in
this genus is highly specific with an average of 1-1 pollinator
species per orchid (Peakall er al., 2010). The specific inter-
action between Chiloglottis orchids and their wasp pollinators
is known to involve one, two or three compounds from a pool
of six related chemical variants representing a new class of
natural products, all 2,5-dialkylcyclohexane-1,3-diones or
‘chiloglottones’ (Schiestl et al., 2003; Franke et al., 2009;
Peakall et al., 2010).

Bioassays with synthetic chiloglottones indicate two
mechanisms for controlling the extreme orchid-pollinator spe-
cificity in Chiloglottis: (1) a single specific compound is
required for pollinator attraction; (2) a blend of two or more
compounds in a particular ratio trigger specific attraction.
Co-flowering, sympatric Chiloglottis species are always char-
acterized by quantitative or qualitative semiochemical differ-
ences. By contrast, some allopatric Chiloglottis orchids are
known to use the same semiochemical but attract different,
non-overlapping pollinator species (Peakall ez al., 2010).
When the semiochemicals involved are mapped onto a phyl-
ogeny of Chiloglottis orchids it is evident that orchid speci-
ation is always associated with pollinator switching and
usually is underpinned by chemical change (Peakall er al.,
2010).

Given the critical importance of chiloglottones in pollinator
attraction, pollinator specificity and speciation our overarching
goal in this study was to understand better the biology of chi-
loglottone production. Furthermore, in the course of the study
we made an unexpected observation. We discovered that plants
brought into a growth chamber with artificial light in the
visible range (predominantly 550—650 nm), but completely
lacking light in the UV range (<400 nm), failed to produce
chiloglottone. This observation suggested that chiloglottone
production might require UV light.

In this context, we address six specific questions: (1) Which
floral tissues produce chiloglottone? (2) Are there changes in
chiloglottone production during floral development? (3) Are
there diurnal changes in chiloglottone production? (4) Does
chiloglottone production require sunlight? (5) Does chiloglot-
tone production require continuous sunlight? (6) Under what

wavelengths of artificial light does chiloglottone production
occur?

MATERIALS AND METHODS
Study species

Chiloglottis orchids are small terrestrial herbs that grow as
clonal colonies in moist locations in the forests and swamps
of eastern Australia. Plants consist of just two opposite leaves,
usually borne prostrate on the substrate. While colonies may
consist of 100s to 1000s of plants, only a few plants produce
a single dull-coloured flower in a given year (Peakall ef al.,
1997, 2002).

Phylogenetic evidence indicates that Chiloglottis consists of
three clades (Mant et al., 2002; Peakall et al., 2010). These
clades broadly correspond to a recent split of Chiloglottis
into three genera (Jones, 2006). However, these taxonomic
changes are not universally accepted and for consistency with
previous publications we refer here to Chiloglottis in the
broad sense. An overlay of orchid floral chemistry onto the phyl-
ogeny has revealed polyphyly of the active chiloglottone com-
pounds. For example, 2-ethyl-5-propylcyclohexane-1,3-dione
(chiloglottone 1) is found both singularly and in combination
in multiple taxa across the three clades and in related genera
(Peakall et al., 2010).

For the purpose of this study we focused our investigations
on two taxa in different clades that both employ chiloglottone
1 to attract their respective specific male wasp pollinators: the
spring (September—October) flowering Chiloglottis trapezifor-
mis which is pollinated by Neozeleboria cryptoides; and
the autumn flowering (April—-May) C. seminuda, which is pol-
linated by an undescribed species in the same genus [N. sp.
(proxima2)] (Peakall et al., 2010; Griffiths et al., 2011).

Figure 1 shows a labelled diagram of the flower parts of the
two study species and the chemical structure of chiloglottone 1

Fic. 1. The floral structure of Chiloglottis trapeziformis (left) and

C. seminuda (right), and the chemical structure of chiloglottone 1

(2-ethyl-5- propylcyclohexane-1,3-dione), the semiochemical used by both

orchids to sexually attract their pollinator. Key to flower parts: CM, column;

DS, dorsal sepal; L, labellum; P, petal; S, lateral sepal. The arrowhead
points to the callus structure. Scale bar = 10 mm.
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(for additional chemical details, see Franke et al., 2009;
Peakall et al., 2010). The key floral difference between
species is the labellum morphology. In C. trapeziformis,
densely clustered calli (callus) are attached to the labellum
by a stalk. In C. seminuda the calli are more extensively devel-
oped, extending across the posterior two-thirds of the labellum
(Fig. 1). To human eyes, the insectiform callus structure of
C. seminuda approximates the shape and size of the female
thynnine wasp (R. Peakall, pers. obs.). Irrespective of the mor-
phological differences between the species, the pollinators of
both grip the callus structure as they attempt to mate with
the anterior tip of the labellum. Thus the callus likely repre-
sents a visual and tactile mimic of the female that functions
to position and orient the pollinator appropriately for pollen
deposition and removal. More importantly the callus is a
source of chiloglottone 1, the long-range attractant to the
flower.

Both in the wild and cultivation, very few plants flower in
a given season; therefore in order to obtain sufficient floral
material we sourced whole plants and picked flowers from
wild colonies of the orchids. Chiloglottis trapeziformis was
sourced predominantly from a large 10 x 10 m colony
growing naturally within the Australian National Botanic
Gardens, in Canberra (ACT) during its flowering season in
September. Chiloglottis seminuda was sourced from wild
populations growing near Mt Werong in the Blue Mountains
(NSW) in March.

Chemical analysis

For chemical analysis the flower part of interest was dis-
sected from the flower and washed for 3 min in 100 pL of
HPLC grade dichloromethane containing the commercially
available = 2-methyl-1,3-cyclohexanedione (Aldrich CAS
4341-24-6) at 5 ng ML”, as an internal standard. Note that
because chiloglottones are emitted in such low amounts,
neither headspace nor SPME (solid phase micro extraction)
techniques can detect them (R. Peakall, pers. obs.).

Gas chromatographic analysis with mass spectrometry
(GC-MS) of the floral tissue extracts was performed on an
Agilent Technologies 6890N gas chromatograph coupled
with a 5973 mass selective detector (Agilent Technologies,
USA) equipped with an SGE BP21 column (30 m Xx
0-25 mm x 0-25 pm) connected directly to the mass spectrom-
etry detector. For each sample, 4 pLL of extract was injected
splitless into the inlet at 250 °C, the column was held at
40 °C for 1 min, then programmed at 10 °C per min to
230 °C and held for 15 min. Helium served as the carrier gas
at a flow of 2 mL min ™',

For some tissue types and experiments only trace amounts
of the target chiloglottone 1 were detected. In these cases,
we employed a selective ion monitoring (SIM) method
designed specifically to target chiloglottones. Our SIM
method reduces the detection threshold several orders of mag-
nitude, enabling sensitive measurement of a chiloglottone 1
when in small amounts. Quantitation based on corrected per-
centage areas was performed relative to the internal standard,
using the Agilent Technologies Chemstation software, with
appropriate adjustments when SIM rather than standard runs
were employed.

Distribution of chiloglottone 1 in flower parts

Each floral tissue type listed in Table 1 was dissected from
mature flowers for subsequent floral volatile extraction. Due
to the morphological differences between the two species
(Fig. 1), there was a minor difference in how we treated the
dissection of the labellum. In C. trapeziformis, the stalked
callus was removed as a whole from the labellum lamina. In
C. seminuda we divided the labellum into the portion contain-
ing the calli (called callus in Table 1) and the portion lacking
calli. The remaining flower parts were analogous for both
species.

Developmental and diurnal changes in chiloglottone 1
production

By monitoring the flowering colony of C. trapeziformis in
the botanic gardens over time, we were able to classify
plants into four recognizable phases: young buds, mature
buds, freshly opened flowers (1-2 d open, characterized by
all green flower parts), and mature flowers (>3 d, character-
ized by reddish green flower parts). Representative flowers at
each stage were sampled for chemical analysis of chiloglottone
1 levels within the stalked callus.

Using the same colony, we also assessed whether there are
diurnal changes in chiloglottone 1 production by sampling
mature flowers growing under natural sunlight at four time
points over 24 h: 1000 h, 1500 h, 1700 h and 1000 h the next
day. We also included an additional treatment in which
flowers were covered in aluminium foil to ensure complete
darkness overnight from 1700 h to 1000 h the next day. It
was not possible to conduct these field experiments for
C. seminuda.

Light treatments experiments

Preliminary experiments revealed that chiloglottone 1 levels
were depleted in both picked and potted flowers of both
C. trapeziformis and C. seminuda when they were maintained
in the growth chamber with artificial lighting lacking UV light
(<400 nm) for 2-3 d. Therefore, we were readily able to
obtain plants exhibiting very low starting levels of chiloglot-
tone 1 for the following light experiments.

TaBLE 1. Levels of chiloglottone 1 in different floral tissues of
Chiloglottis trapeziformis and C. seminuda

C. trapeziformis C. seminuda

Callus 301 + 77 ng 802 + 277 ng
Labellum ND ND

2 x Sepals ND 1115 + 359 ng
2 x Lateral petals ND ND

Dorsal sepal ND ND

Column (stigma + anther) ND ND

ND = Not detected.
Mean + s.e. are shown. Outcomes of ANOVA: for C. trapeziformis
Fs10= 122, P < 0-0005; for C. seminuda Fs 44 = 7-75, P < 0-0001.
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Does chiloglottone I production require sunlight?

To test if chiloglottone production requires sunlight, depleted
flowers were exposed to continuous sunlight for O (controls), 15,
60 or 120 min, prior to floral odour extraction and analysis.

Does chiloglottone 1 production require continuous sunlight?

Some light-mediated biological processes require light for
initiation (i.e. ‘induction’) but not maintenance of the
process. To test if chiloglottone production requires continuous
light, a set of depleted flowers were exposed to a flash of sun-
light for 2 min before being placed back in the growth chamber
for 0, 15 or 120 min. In parallel, another set of depleted plants
was exposed to continuous sunlight for 15 or 120 min.

Under what wavelengths of artificial light does chiloglottone
1 production occur?

For this experiment we used an LZC-5 Luzchem photoreac-
tor (Luzchem Research Inc., Ontario, Canada) with sidewall
irradiation and heat-extracting fan to provide specific UV
light within a narrow band width as follows: UV-C (mostly
254 nm); UV-B (mainly 280-315 nm) with a peak at 300 nm;
UV-A (315-400 nm) with a peak at 368 and 420 nm (see
Supplementary Data Table S1 for additional information on light
sources used). Depleted flowers were irradiated for 120 min,
prior to floral odour extraction and analysis.

Statistical analysis

At least two replicates, each with a minimum of three
flowers per treatment or control group were used in each ex-
periment. The outcomes of experiments were analysed by
single-factor ANOVA with comparisons among means
assessed by the Tukey—Kramer HSD test. Error bars in the
figures represent standard errors of the mean based on a
pooled estimate of error variance, with labelled columns not
connected by the same letter of the same case deemed signifi-
cantly different at P < 0-05. All statistical analyses were per-
formed in JMP® 9 (SAS Institute 2010).

RESULTS
Distribution of chiloglottone 1 in flower parts

In C. trapeziformis, chiloglottone 1 is present only in the callus,
which is attached to the labellum lamina by a short stalk. In
C. seminuda, on the other hand, chiloglottone 1 was found in
both the posterior two-thirds of the labellum containing the
insectiform callus, which cannot be separated from the labellum
lamina, as well as the lateral sepals (Table 1 and Fig. 1)

Changes in chiloglottone 1 production

Chiloglottone 1 was detected in both freshly opened and
mature flowers of C. trapeziformis, but not in buds (Fig. 2A).
Average chiloglottone 1 levels were highest in mature flowers
(>4 d old), although we have detected fluctuation in chiloglot-
tone 1 levels over the 2- to 3-week flowering time of unpolli-
nated flowers (full data not shown). No significant diurnal

changes were detected across a 24-h period, with chiloglottone
1 levels similar across the three daytime sampling intervals and
both the overnight treatments (Fig. 2B).

Light requirements for chiloglottone 1 production

For both C. trapeziformis and C. seminuda, plants collected
from the field and held in a growth chamber without UV light
for a minimum of 2—3 d contained very little chiloglottone 1
(Fig. 3). However, upon exposure to sunlight, chiloglottone 1
levels rapidly increased in a time-dependent manner in both
species. In C. trapeziformis, significantly higher chiloglottone
1 levels were detected after just 1h, while by 2h levels
approached the average observed in flowers sampled from
the field (Fig. 3A). In C. seminuda the sunlight-dependent re-
sponse was observed in both lateral sepals and callus with sig-
nificantly higher levels of chiloglottone 1 detected within 2 h,
at which point the levels were typical of field plants (Fig. 3B).

Further experiments were conducted to determine whether
continuous sunlight is required for chiloglottone 1 production.
In C. trapeziformis, chiloglottone 1 was detected in depleted
flowers 15 min after exposure to sunlight for a 2-min interval
(Fig. 4). However, in these flowers chiloglottone 1 levels
were <40 % of the levels founds in flowers that were continu-
ously exposed to 15 min of sunlight. Furthermore, levels of
chiloglottone 1 decreased, rather than increased, over 2 h in
the growth chamber, compared with the sunlight treatment
(Fig. 4A). A similar result was found in C. seminuda with de-
tectable levels of chiloglottone 1 found in both callus and
sepals of previously depleted flowers following a 2-min flash
of sunlight. Chiloglottone 1 levels declined in flowers returned
to the growth chamber over the next 2 h, while chiloglottone 1
production continued to increase under continuous sunlight
(Fig. 4B, O)

Experiments exposing Chiloglottis flowers to specific UV
wavelengths revealed significant differences in chiloglottone
1 levels between different light treatments with radiation in
the UV-B range (300 nm) the most efficient in stimulating chi-
loglottone 1 biosynthesis (Fig. 5). For C. trapeziformis a 2-h
UV-B exposure was sufficient for chiloglottone 1 levels to
reach the average levels found in flowers under field condi-
tions. In C. seminuda chiloglottone 1 levels in the sepals
exceeded by >2-fold the natural levels of chiloglottone 1
under the UV-B treatment, while chiloglottone 1 levels in
callus reached control levels in both the UV-C (254 nm) and
UV-B (300 nm) treatments within 2 h. In both species, some
chiloglottone 1 production was detected at UV-A (368 nm)
and 420 nm, but the levels were less than for the lower wave-
lengths of light (Fig. 5).

DISCUSSION

Much is now known about how Chiloglottis orchids achieve
pollination by sexual deception (Bower, 1996; Peakall et al.,
1997; Bower, 2006; Bower and Brown, 2009), including a
sound knowledge of the chemical structures of various chilo-
glottones involved in pollinator attraction (Schiestl et al.,
2003; Poldy et al., 2008, 2009, 2012; Franke et al., 2009;
Peakall er al., 2010). However, the physiological aspects of
chiloglottone synthesis and storage have not yet been
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extensively examined. For example, it has not yet been
reported where chiloglottone production occurs in the flower;
how chiloglottone production varies with development stage;
or whether there is diurnal variation in chiloglottone produc-
tion. Here we have obtained data relating to these questions.
In addition, we discovered that chiloglottone 1 production
requires continuous sunlight, and we narrowed down the rele-
vant wavelengths of sunlight to the UV-B range.

Tissue-specific locations of chiloglottone 1 production

In previous studies of Chiloglottis, chiloglottone extractions
have been performed on whole labella (e.g. Peakall e al.,
2010). Here by floral dissection in C. trapeziformis we deter-
mined that the production of chiloglottone 1 occurs only in
the callus tissue of the labellum. By contrast, in C. seminuda
both the lateral sepals and calli on the labellum produce chilo-
glottone 1 (Table 1). This pattern of chiloglottone production
in both sepals and labellum appears to be characteristic
of Chiloglottis taxa belonging to the ‘reflexa’ clade (for
phylogeny, see Peakall et al, 2010). In the other two
Chiloglottis clades, the production of chiloglottones appears
to be restricted to the labellum callus (R. Peakall, pers. obs.).

Tissue-specific production of the semiochemicals involved
in pollinator attraction appears to be a general characteristic
of Australian sexually deceptive orchids. In Drakaea, the sister
genus to Chiloglottis, the novel pyrazines involved are produced

only in the labellum (Bohman et al., 2012a, b). Floral dissec-
tions reveal that both the labellum and sepals attract the wasp
pollinator of Caladenia tentaculata (Peakall and Beattie,
1996), while only sepals are attractive to the wasp pollinator
of Caladenia pectinata (R. D. Phillips and R. Peakall, pers.
obs.). Thus, depending on the species, semiochemical produc-
tion can occur in labella only, sepals and labella, or sepals only.

Changes in chiloglottone 1 production

The buds of the two Chiloglottis species examined here
contained no detectable chiloglottone 1. This result is similar
to the observation in many other flowering plants, where
flowers begin to synthesize and emit scent only after anthesis
(e.g. Pichersky et al., 1994). However, upon flower opening
the levels of chiloglottone 1 in young Chiloglottis flowers
was already at least 50 % of that observed in older flowers, in-
dicating that scent synthesis ramps up quickly as the flowers
open, again exhibiting a similar pattern to what is observed
in many dicot flowers (Dudareva and Pichersky, 2000;
Piechulla and Effmert, 2010)

Although Chiloglottis orchids are pollinated by specific
diurnal wasps that only fly during warm and sunny conditions
(usually from mid-morning to mid-afternoon), we found no
significant differences in chiloglottone 1 levels for samples
taken across the day and night (Fig. 2). However, we only mea-
sured the internal concentration of this metabolite, not odour
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emission, which as noted earlier is so low it cannot be detected
by standard headspace extraction techniques. In other species
such as the nocturnal hawkmoth-pollinated Pefunia, a rhyth-
mic emission of a diverse blend of floral volatiles is well
known, with emission levels for many compounds peaking
in the night. However, storage levels did not fluctuate to the
same extent as the emission levels (Orlova er al., 2006).
Thus, while chiloglottone 1 storage levels are stable in
Chiloglottis, we cannot rule out changes in emission
between day and night.

Continuous UV light is required for the production of
chiloglottone 1

Plants in general rely on radiation in the visible and UV
range as cues to activate many of their physiological and meta-
bolic processes, including the synthesis of specialized (second-
ary) metabolites such as anthocyanin pigments (Heijde and
Ulm, 2012; Van Buskirk et al., 2012). In many plants with
scented flowers, scent emission is restricted to a segment of
the 24-h period, e.g. the day or night (or even a shorter
period, such as dusk) (Pichersky et al., 2006; Piechulla and
Effmert, 2010). However, in all examples reported to date,
while the patterns of emission often indicate the involvement
of a circadian rhythm mechanism (which is itself entrained

by light) (e.g. Orlova et al., 2006), we are not aware of any
reports on the direct influence of UV radiation on floral
scent production.

Our UV light experiments in Chiloglottis were prompted by
our initial observation that plants in growth chambers that were
provided with a spectrum of visible, but not UV light, do not
produce chiloglottone 1. Furthermore, plants collected from
the field and maintained in the growth chamber, become
depleted of chiloglottone 1 over a 2- to 3-d period. Using
these depleted plants to advantage, we have demonstrated in
this study that even a short exposure to normal levels of sun-
light results in rapid chiloglottone 1 production, with exposure
over just 2 h generating chiloglottone 1 amounts similar to that
found in wild plants. Furthermore, since plants exposed to sun-
light for 2 min then placed back in the growth chamber showed
initial accumulation, but a lower rather than higher level after
2 h (Fig. 4), we conclude that constant irradiation is required
for continued chiloglottone 1 production.

In our final experiments using specific ranges of the UV
spectrum to irradiate the plants, we demonstrated that UV-B
(300 nm) was the most effective, although some chiloglottone
1 was produced when other UV wavelengths were used
(Fig. 5). In the case of C. seminuda, chiloglottone 1 levels
in the sepals were >2-fold the normal levels in wild plants,
perhaps reflecting the efficiency of the narrow sepals for
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maximally capturing the optimal UV light. For both species,
chiloglottone 1 quantities in callus tissue reached levels
equivalent to wild plants at the optimal UV-B range upon
2 h of exposure.

Possible mechanism for the UV response

The mechanism by which UV-B radiation triggers and sus-
tains chiloglottone 1 synthesis is presently unknown but could
involve one or more processes ranging from gene transcription
to post-transcriptional and/or post-translational regulation. It
could also involve direct biochemical involvement of radiation
in the (so far unknown) enzymatic activities that lead to chilo-
glottone biosynthesis. The observation that chiloglottone 1 can

be detected in depleted C. seminuda flowers following just
2 min of natural levels of sunlight (Fig. 4), and more substan-
tial amounts within 15 min of sunlight in both species (Fig. 3),
suggests that the enzymes and substrates directly involved in
biosynthesis may already be present in the tissue prior to the
treatment. It is also possible that UV radiation is required for
the reaction itself, although we are not aware of any biochem-
ical example in which UV radiation directly stimulates (or is
consumed) in enzymatic reactions analogous to the involve-
ment of blue light in the reaction catalysed by photolyase
(Park et al., 1995).

Despite the short response time, we cannot rule out the in-
volvement of regulatory mechanisms in the maintenance of
chiloglottone biosynthesis. In many well-studied processes,
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absorption of red, blue and UV radiation by specific receptors
leads, through signal transduction pathways, to de novo tran-
scription of genes encoding the proteins involved in a specific
pathway (Van Buskirk et al., 2012). For example, it has been
amply demonstrated that a short pulse of light in the red wave-
length region (620—750 nm) is sufficient to initiate transcrip-
tion, and this mechanism is mediated by the red light
receptor phytochrome (Franklin and Quail, 2010). Recently a
ubiquitous plant UV-B-specific photoreceptor, UVRS, has
been identified and shown to induce a number of downstream
signal pathways by the induction of transcription factors
(Brown et al., 2005; Rizzini et al., 2011; Heijde and Ulm,
2012). It is possible that genes responsive to UVRS activation
might give rise to proteins that constitute or maintain the
chiloglottone biosynthetic pathway. Alternatively, absorption
of UV radiation could induce metabolic changes in the cell
that lead to post-translational modification of the relevant
enzymes. Several primary metabolism enzymes in photosynthet-
ic tissue are activated following exposure to visible light via cel-
lular changes in redox-sensitive cysteines (Li et al., 1994).

The future identification of the genes and enzymes involved,
will allow us to better understand the role of UV-B light in the
biosynthesis of chiloglottones. Interestingly, we have shown

here that chiloglottone 1 production occurs in specific floral
tissues with strong red pigmentation (Fig. 1). This may
suggest a previously unsuspected link between anthocyanin
and chiloglottone biosynthesis, despite present hypotheses pre-
dicting chiloglottone biosynthesis via fatty acid pathways
(Schiestl et al., 2003; Franke et al., 2009).

To date, most of the research on plant responses to UV
radiation has been concerned with the damaging effects of ex-
cessive radiation [see reviews by Frohnmeyer and Staiger
(2003) and Zhang and Bjorn (2009)]. It is well established
that excessive UV-B radiation induces a complex cascade of
plant secondary metabolism including the production of phe-
nolics and antioxidants that offer protective properties within
the cell, as well as anthocyanins and flavonoids that may act
as sunscreens (Dolzhenko et al., 2010; Schreiner et al.,
2012). There is also much interest in how we might exploit
these plant stress responses in food and medicinal plants for
enhancing human health (Zhang and Bjorn, 2009).

Although largely overlooked until now, there is increasing
awareness that UV-B light at low, ecologically relevant
levels, may also function to regulate ‘normal’ plant secondary
metabolism (Ioannidis et al., 2002; Zhang and Bjorn, 2009).
Our discovery that UV-B radiation at normal levels of sunlight



Falara et al. — UV light and floral volatile production in an orchid 29

is required for chiloglottone 1 production appears to be the first
case, to our knowledge where plant floral odour production is
UV-B dependent. What is more, in this case the UV-B depend-
ent chiloglottone production is critical for the reproduction of
Chiloglottis orchids since, as in the case of C. trapeziformis and
C. seminuda in this study, chiloglottone 1 is exclusively respon-
sible for both long-range attraction and the control of pollinator
specificity. We predict that future research will uncover add-
itional new cases where UV-B regulation of plant secondary
metabolites plays critical roles in every-day plant—animal inter-
actions, not just those associated with plant stress.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of Table S1: light wavelength range
and maxima, light source and supplier for the UV light
experiments.
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