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Influence of climatic factors on emission of flower volatiles in situ
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Abstract. A device has been developed for determining
the influence of temperature, irradiance and relative air
humidity on the emission of flower volatiles in situ. The
compounds emitted from flowers of Trifolium repens L.
are mainly products of cinnamic-acid metabolism.
Phenethyl acetate was the dominant compound in the
fragrance picture. Additionally, a number of sesquiterpe-
nes were identified in the emissions. All compounds were
emitted in a rhythmic manner with a maximum at 7-12 h
after the light is switched on. Temperature had a strong
effect on the the quantity of fragrance in the headspace.
Emission at 10°C was significantly lower than at 15°C
and 20°C. This difference can be attributed to a tempera-
ture effect on the secretion of volatiles rather than on the
evaporation rate of volatiles. Light influenced fragrance
emission significantly, the most intense emission being
noted at high irradiances. No effect of relative humidity
on fragrance emission could be detected. The composi-
tion of the fragrance picture was not influenced by the
climatic factors. Emission was controlled by the light and
dark intervals rather than by the endogenous clock.

Key words: Flower fragrance — Fragrance emission (light,
temperature, humidity) — Rhythm (fragrance emission) —
Trifolium (fragrance emission)

Introduction

The fragrance emitted from entomophilous flowers is dis-
tinctly different from that released from other parts of the
plant. Furthermore, differences among fragrances emit-
ted from the sepals, petals, gynoecium, anthers and pol-
len have been demonstrated (Dobson et al. 1987, 1990;
Knudsen and Tollsten 1991). The origin and function of
volatile emission has been subject to extensive discussion.
It has been shown that flower volatiles, acting after diffu-
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sion through the air, affect a wide spectrum of organisms
in the plant sphere. Fragrance emitted by night-pollinat-
ed flowers is conspicuously essential whether pollination
is performed by bats (Howell 1977), mice (Lumer 1980) or
nocturnal moths (Brantjes 1978). Several investigations
have shown that diurnal pollinators use flower volatiles
as orientation clues (Fagri and van der Pijl 1980; Metcalf
1987).

Apart from acting as synomones, volatiles function as
kairomones. Flower volatiles are excellent cues for insect
herbivores in their attempt to locate host plants for feed-
ing or oviposition (Metcalf 1987). On the other hand,
several of the compounds isolated from flowers have
been shown to serve as deterrents against herbivores
(Levin 1973; Rodriguez and Levin 1976; Wood 1982).
Pellmyr and Thien (1986) suggested that floral volatiles
originate from compounds which initially functioned as
general herbivore deterrents. Insects which could bypass
this repellent barrier were able to use the fragrance as an
orientation clue. If these insects contributed to pollina-
tion of the flower a mutual adaptation could arise. This
co-adaptation could include emission of fragrance during
the period when the potential pollinators are active. In-
deed, recent investigations have shown that several
night-pollinated and day-pollinated species emit fra-
grance in a rhythmic fashion. Maximum emission coin-
cides in all cases with the flight period of potential polli-
nators (Matile and Altenburger 1988; Loughrin et al.
1990, 1991).

It has been suggested that qualitative and quantitative
changes in fragrance emission may indicate flower readi-
ness for visitation or availability of nectar (Robacker et
al. 1983, 1988) or pollen (Dobson et al. 1990) to pollina-
tors. Observations in the field support this hypothesis.
We have noticed that when approaching Trifolium repens
flowers, a bee will often hover for a few seconds in front
of a floret before entering or rejecting it without landing
(see also Heinrich 1979). It is evident that the bee cannot
visually judge the degree of pollen or nectar availability
in the T repens flower as the anthers and nectary are
hidden behind the petals, which have to be parted before
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nectar and pollen become visible. This behaviour has
been observed in other plant species as well (Wetherwax
1986; Dobson et al. 1990). Whether the rejection or ac-
ceptance is caused by changes in the composition of emit-
ted fragrance (Heinrich 1979; Robacker et al. 1983, 1988)
or by terpene markings applied to the petals by visiting
bees (Free and Williams 1983; Wilhelm and Pflumm
1983; Giurfa and Nuiiez 1992), it seems evident that fra-
grance is a key factor in the biology of pollination. An
understanding of the possible signals inherent in changes
of fragrance composition and intensity rests on a thor-
ough knowledge of the emission as it occurs in a non-pol-
linated flower under the various changeable climatic con-
ditions which are believed to affect the emission.

The composition of the fragrance picture emitted from
T repens flowers in situ and the quantitative and qualita-
tive effects of temperature, light and relative humidity
(RH) on the composition has not been described previ-
ously to our knowledge. However, steam-extraction of T,
repens leaves and flower heads has been performed
(Honkanen et al. 1969; Kameoka et al. 1977). Reports of
temperature effects on emission from excised flowers
transferred to a syringe chamber during collection have
been published (Robacker et. al. 1983, 1988). However, as
demonstrated by Mookherjee et al. (1986), prominent
changes in scent emission occur rapidly when flowers are
detached from the plant. Williams (1982) reported little
or no scent emission, as perceived by the human nose,
from orchids under greenhouse conditions on cold and
overcast days, whereas abundant emission occurred on
sunny and warm days. Williams also noted a correlation
between odour emission and the activity of euglossine
bees, and suggested a selective advantage for the emission
of floral fragrance under conditions where pollinators are
active.

The aim of the present study has been to develop a
device and an assay which make possible qualitative and
quantitative descriptions of the influence of temperature,
irradiance and relative air humidity on the in-situ rhyth-
mic emission of plant volatiles.

Materials and methods

Plants of Trifolium repens (cv. Milkanova, supplied by Danish Plant
Breeding Ltd, St. Heddinge, Denmark) were grown in standard soil
in 3.5-1 pots, watered daily, and once a week supplied with 10 ml of
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a fertilizer solution (14.3 mg NH,NO;, 34.8 mg KH,PO, 7 mg Mg-
SO, - TH,0, 0.075 mg MnSO,H,0 and 0.08 mg H;BO;). A growth
chamber (2.4 - 3 - 2.2 m) equipped with 23 Philips 400-W HPI/T
lamps and 15 standard 100-W light bulbs (Phillips, Eindhoven, The
Netherlands), which supplied 570 pmol quanta - m™ - s~', measured
at flower-head level. Low irradiance (280 umol quanta - m™2-s™)
was achieved by drawing a thin white cotton curtain under the light
source. The corresponding irradiance levels measured inside the
glass bulb were 520 and 245 pmol quanta - m™2 - s, respectively.
The device for fragrance collection is illustrated in Fig. 1. Two
white clover heads, each with 15-20 open flowers, were guided into
a 1.6-1 reaction vessel through a 34- to 35-mm socket in the lid.
After insertion of a solid Teflon stopper with two grooves allowing
room for the flower stems, molten low-temperature-boiling paraffin
wax was applied with a Pasteur pipette to the area above the stop-
per in order to seal the system air tight. Alternatively, Terrostat
(Terosan, Heidelberg, FRG) was applied as sealing material. Inlet
air was rinsed through a 10-] filter containing granulated charcoal
(1-3 mm), which had been regenerated at 200°C under a nitrogen
purge for 12 h. Temperature in the vessel was registered by a ther-
mosensor connected to a thermostat which controlled a water
pump placed in a water bath with a controlled water temperature.
The pump was connected to the vessel cooling chamber. Relative
humidity (RH) in the vessel was controlled by a series of eight
magnetic valves in the inlet. Four were connected to dry air filtered
through 51 of silica gel (3-5 mm). The other four were connected to
a source of saturated air. A probe in the vessel registered the actual
RH and a recorder combined with a controller adjusted the open-
ing and closing of the magnetic valves of the inlet. Relative air
humidity in the growth chamber and collection chamber was con-
trolled with an accuracy of + 5%. Teflon tubes and fittings were
used throughout the experiment. A constant flow of 350 ml - min™
through the vessel was achieved by a Miniport N 75 KN18 vacuum
pump (KNF Neuberger, Freiburg, FRG). Vacuum in the vessel was
1.1 kPa, measured by a glass tube with water inserted into the glass
bulb (Fig. 1). Glass tubes (4 mm i.d., length 180 mm) equipped with
100 mg Porapack Q 50-80 mesh (Waters Inc., Milford, Mass., USA)
inserted between two de-siloxanized glass-wool plugs were used for
collection of volatiles. An eight-channel clock controiling eight
magnetic valves inserted between the glass bulb and the pump al-
lowed automatic collection on a series of columns. Unless otherwise
specified, the collection time on each column was 3 h. Each 24-h
period started at 9 a.m. when the light was switched on. The light
period continued till midnight, allowing collection of five samples
under light conditions, and three samples in the dark interval. Be-
fore insertion of the flower heads, 3-h samples from the empty bulb
containing packing material (Terrostat or paraffin) were collected in
order to test the air for contaminants. Methyl salicylate (1.12 pg in
10 ul diethyl ether) was injected into the column material as an
internal standard (ISTD; Aldrich, Steinheim, FRG). Columns were
eluted with redistilled diethyl ether into 100 pl micro vials, followed
by careful evaporation of excess ether under nitrogen flow. After
use, glass columns were eluted with 20 ml redistilled diethyl ether.
The last 100 ul of the eluate was concentrated before gas chro-
matography (GC) testing for impurities. One microliter of each sam-
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controller Fig. 1. Device for investigating the influence of
Clock for I climatic factors on the emission of fragrance
valve control Valve (N ﬁﬂ from flowers in situ. 1, probes for temperature
controller |—r1f Magnetic valves | and RH measurement, inlet of filtered air; 2,
g Vacuum [ LI LI porapack columns; 3, magnetic valves; 4, flow
L) pump meter; 5, vacuum indicator; 6, water outlet
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ple was injected onto the GC column. Gas chromatography was
performed on a Hewlett-Packard (Palo Alto, Cal, USA) HP5890
gas chromatograph equipped with a Chrompack (Middelburg, The
Netherlands) WCOT fused silica capillary column (25 m long,
0.25mm i.d, DF = 1.2 um liquid phase: Cp-sil 5 CB). Helium was
applied as carrier gas, flow rate =0.9 ml - min™', head pressure =110
kPa, splitless purge time =35 s. Oven program: 2 min at 34°C, fol-
lowed by 40°C - min! to 50°C, then 4°C - min~' to 220°C, and final-
ly 10°C-min~"' to 250°C. The injection temperature was 185°C and
the FID-detector temperature 285°C. Identification of compounds
was performed on a JEOL-JMS AX 505W (JEOL Ltd. Akishima,
Tokyo, Japan) mass spectrometer (MS). Compounds suggested by
the MS-database were verified by comparison of the retention times
of authentic reference compounds. Quantification of emitted
volatiles was performed after calculation of standard curves and
response factors for each compound, based on several samples and
a range of concentrations. Quantification of a compound (x) in an
unknown sample, was performed on the baiss of the formula: (area
x/area ISTD)-response factor for x-amount ISTD in the sample.
Statistical analysis of variation, using repeated measures design,
was performed in all experiments. Each treatment was repeated five
or more times.

Results and discussion

The fragrance of T. repens flowers consists mainly of aro-
matics from metabolism of cinnamic acid (87%).
Phenethyl acetate is the most abundant compound emit-
ted, constituting more than half the fragrance (Table 1).
Several sesquiterpenes were observed, but only
caryophyllene could be followed during the entire 24-h
period. It was not possible to discern other sesquiterpe-
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nes from the noise signals under dark conditions, as the
general level of emission was too low. Identified com-
pounds are listed in Table 1.

To our knowledge, the composition of the fragrance
emitted from flowers of T. repens in situ has not previous-
ly been described. However, 7 of the 16 compounds iden-
tified in the present investigation have been isolated from
the steam distillate of T. repens flower heads. Honkanen
et al. (1969) isolated 42 compounds by this method in-
cluding benzaldehyde, benzy! alcohol, benzyl acetate, 2-
phenethyl alcohol, phenethyl acetate and eugenol
methylether. Honkanen et al. (1969) did not detect terpe-
nes among the volatiles of the cell extracts. In a qualita-
tive study Kameoka et al. (1977) identified 18 mono- and
sesquiterpenes after steam distillation of T. repens flower
heads. Only one of these compounds, caryophyllene, was
detected in the present study.

All the identified major compounds of T. repens flower
fragrance were emitted in a rhythmic manner under 15-h
photoperiod conditions. Emission was two to three times
higher in the middle of the day compared to the dark
period (P <0.0001, Table 2 and Fig. 2). The observed time
of maximum emission coincided with the flight activity
period of Apis and Bombus spp. which are the primary
pollinators of T. repens (McGregor 1976).

The composition of the fragrance picture remained
fairly constant during a 24-h period. All compounds
which could be separated with certainty from the GC
noise signals were emitted throughout the period. Two
factors caused a minor deviation from the average rela-

Table 1. Identified volatiles from Trifolium repens flowers together with their relative contribution to the fragrance picture, and maximum

emission of volatiles in relation to photoperiod initiation

Identification Proportion Main peaks of Maximum emission
method? of fragrance mass spectrum (h after photoperiod
(M™ in italics) initiation)
Cinnamic-acid metabolism
Benzaldehyde MS and GC® Trace 395177106 -
Benzyl alcohol MS and GC® 8-12% 395179108 6-9
Phenethyl alcohol MS and GC® 8-11% 516592122 6-9
Benzyl acetate MS and GC® 5-8% 7990 108 150 9-12
Phenethyl acetate MS and GC® 54-60% 4391104 8-9
4-Ethylacetophenone MS and GCP 1-2% 105117 133 148 -
Eugenol methylether MS and GC® 8-11% 107 147 163 178 —12
Terpene metabolism
Perillene MS Trace 41 69 107 150 -
f-Bourbonene MS Trace 81123161 204 -
J-Cadinene MS Trace 134 161 189 204 -
f-Caryophyllene MS and GC* 2-4% 133161 189 204 12-15
Alloaromadendrene MS Trace 133 147 189 204 -
f-Cuvebene MS Trace 105 119 161 204 -
Thujopsene MS and GC¢ Trace 119 148 189 204 -
Other pathways
2-Methyl cyclopentanone MS Trace 42 5598 -~
2-Ethyl 1-hexanol MS and GC® 9-13% 435783 6-9

* MS: Compounds suggested by the MS-database. GC: Compounds suggested by the MS-base verified by comparison with the retention
time of authentic reference compounds
P Reference compound supplied by Aldrich, Steinheim, Germany

¢ Reference compound supplied by Roth, Basel, Switzerland
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Table 2. The effect of temperature on day and night emission of
volatiles from T. repens flowers. Compounds constituting more than
1% of the total fragrance composition are included in the test.
Row-numbers with identical lettering are not significantly different
at the 5% level

Response factor P model Emission (ng-flower~'-h~1)
10°C 15°C 20°C
Night emission 0.236 194 28.4 325
Day emission 0.012 455a 66.9b 70.3b
Total emission 0.043 342a 48.1b 543b

tive contribution of each compound listed in Table 1.
Due to the smaller amplitudes of the emission peaks of
eugenol methylether and caryophyllene, these com-
pounds contributed relatively more to night emission
than to day emission (Fig. 2). Furthermore, peak emis-
sion was not synchronised for compounds originating
from different biosynthetic pathways (Table 1, Fig. 2).
Emission of caryophyllene from terpene metabolism cul-
minated later in the photoperiod than products from oth-
er pathways. Some deviation in the position of maximum
emission was observed in most compounds. However,
collection of volatiles at 1-h intervals showed a remark-
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able constancy in position of maximum emission of the
dominating compound phenethyl acetate 7-8 h after
photoperiod initiation (Fig. 3). The timing of minimum
emission varied somewhat, but was usually positioned in
one of the last two of the dark intervals (Fig. 2). Variation
in timing of maximum emission has been reported previ-
ously in other species (Matile and Altenburger 1988; Al-
tenburger and Matile 1990)

Temperature significantly influences the amount of
fragrance emitted from T repens flowers. Initial investiga-
tions showed that emission is a function of the prevailing
temperature, and that emission is independent of temper-
ature during the previous period (Fig. 2). The sensitivity
to changes in temperature is emphasised by the observed
higher emission in the last 3-h dark interval at 15°C than
in the following light interval at 10°C. During constant
temperature conditions, emission in the last dark interval
was always lower than in the following light intervals
(Fig. 2). On this basis, it was decided to sample each sub-
ject (group of flowers) randomly at the three tempera-
tures without insertion of periods for adjustment to the
new temperature. The generally prominent amplitudes in
fragrance emission intensity show that the observed dif-
ferences in amount of sampled fragrance at the three tem-
peratures are caused by differences in emission rather
than limited evaporation at low temperatures. If evapo-

Emission of volatiles

Fig. 2. Emission of five volatiles from T. repens
flowers in four periods of 24 h. The tempera-
tures were 15°C during the initial 48 h and 10°C
during subsequent periods. Filled symbols indi-
cate collection in darkness. [J—[7] , 2-ethyl hex-
anol; O—Q, phenethyl alcohol; A—A,
eugenol methylether; &—<O, benzyl acetate;
V—V, caryophyllene

Sampling time (h)

250

200
150 -
100

)

50+

Phenethy! acetate emitted (ng-flower'ih"l)

Fig. 3. Emission of phenethyl acetate after trans-
fer from periods with 9-h dark intervals to 96 h
in constant light, followed by three entrained
24-h periods with 9-h dark intervals. Filled sym-
bols indicate collection in darkness. Shading on
the abscissa indicates 9-h dark intervals under
normal growth conditions
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Caryophyllene emission

Sampling time (h)

Table 3. The effect of irradiance on emission of volatiles from T.
repens flowers. Measured at 20° C and 50 % RH. Compounds con-
stituting more than 1% of the total fragrance composition are in-
cluded in the test

Fig. 4. Emission of caryophyllene after transfer
from periods with 9-h dark intervals to 96 h in
constant light, followed by three entrained 24-h
periods with 9-h dark intervals. Filled symbols
indicate collection in darkness. Shading of the
abscissa indicates 9-h dark intervals under nor-
mal growth conditions

Table 4. The effect of relative air humidity on day and night emis-
sion of volatiles from T. repens flowers. Compounds constituting
more than 1% of the total fragrance composition are included in
the test

Response factor P model Emission (ng-flower—'-h~")
245 570
umol quanta pmol quanta
‘m 25! m—2-g~!
Night emission 0.280 10.5 16.6
Day emission 0.027 612 120.2
Average emission  0.048 393 65.9

ration was the limiting factor at low temperatures, the
amplitude would be expected to be insignificant at con-
stant temperatures in periods with light/dark intervals
(Fig. 2) and in constant darkness (Fig. 4).

Total emission of fragrance was 58% higher at 20°C
than at 10°C (Table 2). All compounds were affected by
the change in temperature (Fig. 2). No significant effect
was found on night emission, whereas day emission was
54% higher at 20°C than at 10°C (Table 2).

Investigations on temperature influence on fragrance
emission from detached flowers transferred to a syringe
chamber for accumulation of volatiles have been per-
formed in Glycine max (Robacker et al. 1983). Emission of
one unidentified compound was higher at 20°C com-
pared to 28°C and 32°C. In contrast, another unidentified
compound was higher at 28°C and 32°C than at 24°C.
No significant effect of night temperature was noted
(Robacker et al. 1983). Quantification was made on the
basis of peak height. No information on internal-stan-
dard application was given. It has been shown that the
composition of emitted fragrance changes significantly
when the flowers are detached from the plant (Mookher-
Jee et al. 1986). Furthermore, effects on the quantitative
emission may be expected when flowers are detached and
transferred to a air-tight syringe chamber. Consequently,
these findings on the effect of temperature on fragrance
emission are not directly comparable with the in-situ re-
sults of the present study.

Irradiance influenced the emission of volatiles from T.
repens flowers significantly. Higher emission was noted at
high irradiance. However, the effect was only noted on

Response factor P model Emission (ng-flower—'-h™")
45-55% RH 90-100% RH

Night emission 0.348 19.6 16.6

Day emission 0.136 1443 96.5

Average emission  0.134 76.0 51.8

emission in light, whereas no effect could be detected on
dark emission (Table 3). Effects of light quantity on fra-
grance emission have received little attention in the liter-
ature. However, an evaluation of the influence of irradi-
ance indicates that it may in part be a temperature effect.
High irradiance may raise the temperature in the petal
tissue considerably. Bidel (1959) reported an up to 10°C
higher temperature in the flower than in the air of the
environment under light conditions.

The lower emission intensity of floral volatiles in
members of the Orchidaceae under low temperature and
light intensity noted by Williams (1982) on the basis of
human perception are consistent with the results ob-
tained in the present study.

No significant difference in fragrance emission could
be detected at the two levels of RH. However, the results
obtained in the light indicated a positive effect of low RH
on emission (P = 0.134, Table 4).

The climatic treatments had similar effects on all emit-
ted compounds. Consequently, no change in the emission
picture was apparent when comparing emission under
different climatic conditions.

When flowers were transferred to either continuous
light or darkness the rhythmic nature of emission ceased.
A broad low peak of phenethyl acetate was observed in
the ‘day’ period (9 a.m. to midnight) following the first
24 h of continuous light. A more or less defined drop in
emission intensity in the first period, during which dark-
ness would be expected under normal conditions, was
sometimes be observed. However, emission in the follow-
ing periods proceeded at a constant level slightly below
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Emission of phenethyl acetate

Fig. 5. Emission of phenethyl acetate after trans-
fer from periods with 9-h dark intervals to 96 h
in constant darkness, followed by three en-
trained 24-h periods with 9-h dark intervals.
Filled symbols indicate collection in darkness.
Shading of the abscissa indicates 9-h dark inter-

SRS S S—

-

vals under normal growth conditions

T t

24 48 72 96 120

that of normal day emission (Fig. 3). A similar pattern
was observed for caryophyllene under constant light.
However, the level of emission in constant light was
slightly above the normal night emission (Fig. 4). Inser-
tion of entrained light/dark periods following periods of
constant light, induced an adjustment to the new condi-
tions within two normal periods (Figs. 3, 4)

When flowers were transferred to continuous dark-
ness, emission proceeded in a normal manner during the
subsequent period. However, emission in the following
periods stabilised at the level of the night emission in
normal light/dark intervals (Fig. 5). When entrained light
periods were applied following the periods of constant
darkness, emission adjusted to the new position of the
light period within two 24-h periods (Fig. 5).

Three conditions should be met in order to demon-
strate a true endogenous rhythm of fragrance emission (i)
The rhythm should continue under constant environ-
mental conditions. (ii) The period of circadian rhythm
should not be exactly 24 h. (iii) It should be possible to
shift the phase of the free-running rhythm by changing
the environmental conditions (Jones and Mansfield
1975). Rhythmic emission of fragrance from T. repens
flowers does not continue under constant environmental
conditions. It is therefore concluded that the timing of the
rhythmic emission in T. repens is determined by the posi-
tion of the light and dark intervals in the period rather
than by the endogenous clock. The investigations per-
formed so far have shown a circadian nature of emission
in species with nocturnal emission, whereas emission in
diurnal species appear to be independent of the biologi-
cal clock (Altenburger and Matile 1988; Altenburger and
Matile 1990; Loughrin et al. 1991). We have shown that
fragrance emission in Brassica napus and Ribes napus,
which emit most fragrace in the light period, follow a
emission pattern under constant environmental condi-
tions very similar to that described for T. repens in the
present paper (data not shown).

It is evident that the climatic effects on scent emission
in T repens are of a quantitative rather than qualitative
nature. The emission picture is remarkably uniform un-
der the conditions tested and remains so for several peri-
ods under normal day/night conditions. From this plat-
form, it should be possible to investigate the effects of
pollination on scent emission, the application of volatiles

144 (h)

by visiting insects and stress emission in response to her-
bivore visitation.
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