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Abstract
Floral volatile compounds from 47 palm species (belonging to 30 genera, 8 tribes and 4
subfamilies) were extracted by dynamical headspace and analysed by GC-MS. The volatile

components were examined in terms of presence/absence in order to characterize the chemical
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profiles of the floral scents of palms. A PCA did not group the species in accordance with the
known phylogenetic relationships among palm genus (Asmussen et al., 2004, in prep. and C.
Asmussen, pers.comm.) nor with the putative pollinator type of the species. A large spectrum of
chemical compounds (fatty acid derivatives, aromatic compounds and terpenoids) was emitted

from the palm flowers.

Keywords: palms; Palmae; floral bouquets; headspace extraction; GC-MS; phylogeny; pollination

systems; monophyletic groups; calamoid clade; coryphoid clade; arecoid clade; Sabalinae

group; Livistoninae group; borassodendroid-caryotoid group.

Introduction

Natural volatile compound is one of the
well  known categories of secondary
metabolites contributing to essential ecological
functions in plants. These compounds play
significant roles in defence against herbivores,
and can also function as attractants for
pollinators. Throughout evolutionary history,
under phylogenetic constraints and ecological
selection pressures (e.q. plant-insect
interaction), plants have developed a large,
diverse  spectrum of defensive/attractive

bouquets.

During the last three decades, many
studies have elucidated the variation of floral
fragrance chemistry within various plant taxa.
The trends in chemical profiles of floral scents
of plants sharing similar pollination syndromes
have been widely described, either among
closely related plants, often members of the
same genus (Jurgens et al., 2002, Jirgens et
al., 2003), or to detect convergent evolution
among taxonomically distant species, e.g.
species belonging to different families
(Knudsen & Tollsten 1995, Knudsen & Tollsten
1993, Andersson et al., 2002). These studies

indicate, that in general, the composition of the
fragrance reflects to some degree phylogeny.
For example, some volatle compounds
characterise particular genus (Azuma et al,
1997, Dobson et al. 1997, Williams & Whitten
1999, Dunlop et al., 1999, Nogueira et al.,
2001).

Most studies carried out have focused on
plant groups at a small taxonomic scale (i.e.
generic level), but very few have considered
groups as large as a whole plant family. We
draw attention to the family level for the reason
that many branches of biosynthetic pathways
to secondary metabolites are particularly well
developed in or restricted to, specific plant
families. Undue emphasis on a single species
can obscure the tremendous variation in
biosynthetic facilities that exists in plants

(Croteau et al., 2000).

Palmae, the palms, is a distinctive family
distributed in tropical and subtropical habitats
throughout the world (Baker et al, 1999).
Impressively, despite the enormous diversity

existing among the members, one can instantly
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recognize palms. The highly diverse systems
of pollination, along with the large spectrum of
typical floral fragrances exhibited by palms,
exert great fascination. Several biologists have
launched investigations of correlation between
floral scents and, on the one hand, pollinator
type or phylogenetic relationships of palm
species, on the other. A number of seminal
works have provided an important stock of
information on chemistry of palm floral scents
(Ervik et al., 1999, Knudsen 1999, Knudsen et
al., 2001).

Furthermore, during recent vyears, the
molecular studies of palms have been
extensively carried out (Uhl et al., 1995,
Asmussen et al., 2000, Baker et al., 2000,
Baker & Dransfield 2000a,b, Asmussen &
Chase 2001, Baker et al. 1999, Hahn 2002a,b,
Lewis & Doyle 2001, Lewis et al, 2001).
Hence, the relationships among palm genera
are well known and a well-resolved molecular
phylogeny of the family is currently available
(Asmussen et al., 2004, in prep., and C.
Asmussen pers.comm.). Studies of floral
fragrances of palms may further contribute to a
comprehensive understanding of palm natural

history.

Here, we describe 1) the general aspect
and the variations among the palms in floral
volatiles. Additionally, we show 2) whether or
not the segregation of the species based on
the volatiles dataset matches with the
monophyletic groups recognized in the
phylogeny and examine 3) the level of analysis

that is most relevant, individual compounds,

chemical compound classes, or biosynthetic
pathways. Even though pollination systems
have not yet been exhaustively investigated
among the palms, the available data on some
species encourage us to 4) preliminarily
scrutinize the relationship between chemical
composition of floral scents and pollinator
affinities. Finally we discuss 5) the relationship
between floral scent composition and
phylogeny, and the evolutionary forces that

have driven the variation of odours.

Materials and Methods
Studied species

We extracted and identified the floral
volatiles of 47 palm species1. These species
belong to 4 subfamilies (Uhl & Dransfield
1987): Calamoideae (with 1 tribe; 2 genera),
Coryphoideae  (with 4  tribes, including
Caryoteae; 3 subtribes; 20 genera),
Ceroxyloideae (with 1 tribe; 1 genus) and
Arecoideae (with 2 tribes; 7 genera). Sampling
was most extensive within the most diverse
subfamily Coryphoideae (Dransfield & Uhl
1987), within which phylogenetic relationships
are quite well known. Whenever possible, we
sampled several species from each genus.

The phylogenetic relationships among the

' The species have been identified by M. M.D. Ferrero, the
curator of the palm collection of the ‘Nong Nooch’ botanical
garden. The identification was verified, from photographs,
by Dr. J. Dransfield and Dr. A. Barfod (for the genus
Licuala). The species whose names were uncertain were
put as ‘cf.’ or ‘sp.” Herbarium specimens were not collected,
since would have greatly damaged the plants, which are

protected as living specimens in the garden.
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Figure 1: Phylogenetic tree of the 47 species of which floral odours were analysed. Phylogenetic

relationships among the species studied were deduced from Asmussen & Chase (2001) and from further

studies of Asmussen (pers.comm.).
* Genera not studied by Asmussen & Chase (2001) and Asmussen (pers.comm.).
(1) Calamoid group, (2) Coryphoid group, (3) Arecoid group (including Arecoideae and Cereroxyloideae).
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species studied are those established by
Asmussen & Chase (2001) and by further

studies of C. Asmussen (pers. comm.).

The phylogenetic tree show in Figure 1
includes 3 main monophyletic groups, the first
corresponding to the subfamily Calamoideae,
the second including members of
Coryphoideae plus Caryotoid palms, and the
third corresponding to the Arecoid line

(sensu Moore 1973) comprising Arecoideae

and Ceroxyloideae.

Collection of floral volatiles

Sampling was conducted in Nong Nooch
Tropical Garden, one of the world’s largest
collections of palms, situated in the province of
Chon Buri, southeastern Thailand. The floral
volatiles were collected by dynamical
headspace extraction. The inflorescences (still
on the plants or cut, table 1) were enclosed in
polyethylene terephtalate (Nalophan) bags
(Etablissements Charles fréres, Saint Etienne,
France). Pure air (ambient air passed through
two charcoal filters) was blown into the bag at
a flow rate of 400 mL min'1, using battery-
operated pumps. The air containing floral
volatiles was drawn at 300 mL min”’ through an
adsorbent containing 30 mg of Alltech SuperQ
(ARS Inc., Gainesville, FL, USA). The
exceeding entering air flux compensated the
unavoidable leaks and ensured that the
extraction continued without contamination
from the outside air. A blank was collected
from an empty bag, in parallel with each
collection of floral scents. All sampling was

done under the same conditions. Extraction

lasted for 3 h (4 h for some species whose
odors were faint to the human nose; extraction
details are given in table 1). The trapped
volatiles were eluted with 150 pul of
dichloromethane (CH,CI,) and preserved at -
20°C until analysis. The eluents were analyzed
by coupled gas chromatography and mass
spectrometry (GC-MS) on a Varian CP3800
gas chromatograph (GC) connected to a
Varian Saturn 2000 mass spectrometer (MS).
The MS (Varian) was equipped with a CP sil 8
CB column (length 30m, 0.25mm inner
diameter, 0.25um film thickness), with helium
as carrier gas. The temperature of MS was
programmed at 50°C for 3mn then increased
3°mn” to 100°C, 2.7°mn" to 140°C, 2.4°mn’
to 180 and finally 6"mn_1 to 250°C.

Identification of molecules and biosynthetic

pathways

The volatile compounds were identified by
comparing mass spectra of the samples with
those of NIST98, our personal library including
more than 30 essential oils plus the databases
of Wiley 6 (1994), Adams (1995), and Joulain
& Konig (1998). When possible, we also
checked with spectra of authentic compounds.
In addition, we compared the retention indices
obtained with those known for authentic
compounds (Adams 2001, Jenning &
Shibamoto 1980).

For quantification of chemical substances,
the peak areas were integrated for the total ion
current signal (chromatograms) using the MS
data handling on a Saturn GC/MS workstation

(Varian, Inc., 2001). The areas obtained were
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then used to determine the relative amount of
a given chemical compound, the sum of areas
of all identified compounds present in the
sample analysed being equal to 100%. The
volatile compounds were thus reported in
amounts relative to the total amount of

fragrance detected (%).

The chemical substances were classified
in  different  hierarchical groups.  First
compounds were classified according to their
biosynthetic origins: polyketide pathway, i.e.
fatty acid derivatives; shikimic acid pathway,
i.e. aromatic compounds; and mevalonic acid
and methylerythritol phosphate (MEP;
Lichtenthaler et al., 1997, Taiz & Zeiger 2002)
pathways, i.e. terpenes or isoprenoids. The
second classification is based on various
chemical classes: isoprenoids, i.e.
monoterpenes, sesquiter-penes and carotenoid
derivatives; different kinds of fatty acid
derivatives, i.e. alkanes, alkenes, alcohols,
esters, aldehydes, ketones, lactones, and
jasmonoid compounds; aromatic compounds
sorted by their deviation from the basic phenyl-
propanoid (C4-C;) carbon skeleton to yield: Cg-
C;, GC4gC, or Cg-C1, N- and S-containing

aromatic compounds.

Data analysis

We first treated the floral volatiles data
qualitatively, i.e., in term of presence/ absence
of compounds in the bouquets. General
character and variation of floral bouquets in the
palm family were then described. To further
analyze possible grouping of species

according to their bouquet, we then

performed a principal component analysis,
PCA on covariance matrices (SAS Institute Inc,
2001). Since it is not possible to know
a priori at what level the information will be
relevant, several PCA were performed on
different variables: 1) relative amount (%) of
the individual compounds; 2) proportion of
compounds corresponding to each of the
different chemical classes; 3) proportion of
compounds from each of the three biosynthetic
pathways. We then checked whether the PCA
was grouping the species according to the
three major monophyletic groups of palms and
/or the different genera. Furthermore, based on
the available pollination information, we tried to
evaluate the relationship between pollination

systems and floral bouquets.

Results

General character of palm floral bouquet

Among the bouquets of the 47 species
studied, we detected a total of 398
compounds. The odour of a given species
could include from 7 (Pseudophoenix sargentii,
Arenga  porphyrocarpa  and Pritchardia
thurstoniiy to 100  (Phoenix  loureiroi)
substances, with a mean number of 34

(STDE=19) compounds per species (Fig 2).

These volatiles formed three groups
according to their biosynthetic pathways: fatty
acid derivatives originated from the polyketide
pathway, aromatic compounds derived from
the shikimic acid pathway, and isoprenoids
from the mevalonic acid and the MEP

pathways. Isoprenoid compounds represented
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58% of the total number of compounds, fatty
acid derivatives 21% and aromatic compounds
18% (Fig 3). Among isoprenoids, the most
diverse class of compounds was

sesquiterpenes.

Mean-Max-Min numbers

palms, we performed a more quantitative
analysis using principal component analysis
(PCA). Since it was not possible to determine
a priori what level of analysis would be most

pertinent, we performed different PCA for the

120
100 + + + +
80 -
60 - .
40 .
u +
|| + ||
. -
20 - -
0 : : ‘ | |
47 sp. Calamoid  Coryphoid Arecoid Sabalinae Livistoninae Borassoid-
(n=3) (n=36) (n=8) (n=9) (n=19) Caryotoid
(n=8)
mEmean +max - min

Figure 2: Mean, maximum, and minimum numbers of compounds comprised in floral bouquet of each clade examined

as well as of 47 species studied

Mevalonic acid & MEP

Shikimic acid
(18%)

Polyketide
(21%)

(58%)

monoterpenes (20%)

sesquiterpenes (36%)

carotenoid derivatives (20%)

Figure 3: Proportion of number of compounds from different biosynthetic pathways. The main classes of compounds

from the mevalonic acid and the MEP pathways are monoterpenes, sesquiterpenes and carotenoid derivatives

Principal component analysis (PCA)

To determine whether phylogenetic

relationships affected the floral odours of

different compound classification ranks, i.e.
pathway, different chemical classes and

individual compounds.
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The

PCA

based

on  biosynthetic

pathways and chemical classes did not reveal

phylogenetic relationships among the species.

Grouping of chemical substances at a finer

scale,

i.e.

the dataset

of all individual

compounds,

enhanced

the
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revelation of

phylogenetic relationships among the species

(Table 1a, b). Hence, we will explain in detail

only

the PCA on all

compounds which

contained the most phylogenetic information.

Table 1: Summary of the results from PCA, showing the separation of species on the PCA initiated from

different datasets, i.e. different levels of compound categorization. a) Considering the three main monophyletic

groups, b) Considering the generic level. v The members of the genus are grouped or closely segregate in the

plot. X The members of the genus are disperse far from each others in the plot.

Clade |Pathway | Class | Individual compounds Genus Pathway | Class | Individual compounds
(n=3) | (n=5) (n=398) (n=3) | (n=5) (n=398)
Calamoid X X v Salacca % % v
(n=3) *(1) (n=2) nb=11, 2 =59-99%; *(9)
Coryphoid X X X Sabal X X X
(n=36) (n=4) nb=9, 2. =0.9-56%
Arecoid X X X Coccothrinax X X v
(n=8) (n=2) nb=17, 2. =92-93%; *(9)
1a) The 3 main monophyletic Phoenix v x x
(n=2) *(1) nb=26, 2. =0.3-29%
*(1) Floral bouquet contain high relative amount of
_ Livistona X v X
‘p-methylanisole’
(n=3) *(2) nb=8, 2. =14-42%
Licuala X X X
(n=4) nb=1, 2. =0.1-7%
Maxburretia X X v
1b) Genera (n=3) nb=1, 2. =0.03-7%; *(9)
nb: represents total number of compounds that are Rhapis v v v
common to all members of a given genus. (n=2) *(1) *3) | nb=10, 2 =12-21%; *(9)
2. represents sum of the relative amounts (%) of the Arenga % % %
common compounds. The fist value is the lowest
(n=3) nb=0, 2. =0%
percentage found in a member of the genus and second
. . Latania X X X
one is the highest percentage.
(n=2) nb=7, 2. =28-52%

*(1) Floral bouquets contain high relative amount of compounds derived from ‘Mevalonic acid pathway’
(99% in Phoenix and 93-96% in Rhapis species)

*(2) Floral bouquets contain high relative amount of ‘aromatic compounds’ (18-35%) and ‘monoterpenes’
(28-60%)

*(3) Floral bouquets contain high relative amount of ‘sesquiterpenes’ (93-95%)

*(4) Total number of the compounds which are common to all members of most grouped genera is

relatively high, accompanied by the relatively high sum of percentages of those compounds.
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PCA on the percentages of individual
compounds
The first and second axes explained

respectively 18 and 14 % of the variation. They
were strongly correlated with p-methylanisole
and isomyrcenone (Fig 4a), which were
present respectively in 13 and 21 species. The

second axis was also correlated with 2-

526

species. Moreover, this axis was slightly
correlated with (E)-ocimene (present in 30
species), pentadecane (present in 15 species)

and benzyl alcohol (present in 10 species).

The first axis separated few species,
among them the three calamoids but also

some coryphoids and arecoids. There was no

phenylethanol, which was present in 18 clear grouping of the three major monophyletic
Q0
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Figure 4: ACP plot (covariance) originated from relative amount of individual compounds. The section in the

frame was enlarged and placed at the right of the plot.
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groups within palms (Fig 4a). For some
genera, all members were found in proximity
on the PCA plot (Fig 4b), i.e. Salacca (at the
right of the plot; n=2), Coccothrinax (n=2),
Maxburretia (n=3) and Rhapis (n=2; the last
three genera were all at the bottom left).
Moreover, 3 out of 4 species of Sabal grouped
together (at the bottom left, the ungrouped
species is Sabal sp.1; see the enlarged frame
of Fig 4b), as did all but one species of Licuala
(at the top left, the set apart species is L.
mattanensis; Fig 4b). Species from a genus
tended to be close, but did not form clear
groups. Analysis at this level showed no
apparent effect of phylogeny on the

composition of floral odours of palm.

Relationship with different pollination systems

Based on the data available (i.e., the
combination of personal observation during
fieldwork and study of the literature), the
pollination modes of most palm species were
applied on the PCA plots to see if particular
blends of volatiles reflect the identity of
pollinators. Our preliminary results showed
that, none of the PCA realized at different
levels (i.e., on datasets of pathways,
compound classes, compound subclasses,
compound subclasses-bis and all individual
compounds) revealed such relationships. The
species pollinated by the same kind of
pollinators were not discernably separated in
any of the plots. For example, on the PCA of
individual compounds (Fig 5), the species
separated at the right of the plot are pollinated
by bees or by beetles. Wodyetia bifurcata, a

bee-pollinated palm (Dowe 1993) for example

was in proximity with beetle-pollinated Salacca
species (Uhl & Dransfield 1987). The species
clustered together in the framed section are
wind-pollinated, Coccothrinax cupularis,
bee/wasp-pollinated, e.g., Sabal palmetto and
S. minor (Henderson, 2002), beetle-pollinated,
e.g., the Rhapis species (Henderson 1986),
and Astrocaryum alatum (Henderson 1986,
Henderon 2002), or fly-pollinated, e.g.,
Schippia concolor (per. obs.). The species
segregated in the top left of the plot belong to

a similarly diverse mix of pollination systems.

Discussion

An enormous assortment of fragrant
substances from three chemically distinct
biosynthetic pathways (fatty acid derivatives,
aromatic compounds, and terpenoids) is
emitted from palm flowers. The diversity is
related not only by the high number of
compounds (a total of 398 compounds found in
the 47 species investigated) but also in their
assemblage in bouquets comprising from 7 to
100 substances. However, in many palms, one
or a few compounds dominate the bouquet
(Table 1). About one-third of the fragrant
compounds are restricted to a single species
but others are shared by many species. Floral
scents of the palms are dominated by
terpenoids, the largest class of plant secondary
metabolites (Croteau et al., 2000, Taiz &

Zeiger 2002), and especially sesquiterpenes.

We will discuss to what extent the
composition of these odours can reveal on the

one hand the phylogenetic relationships among
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species and on the other hand the identity of

their pollinators.

Compounds of the different chemical
classes are present in somewhat similar
proportions, in term of number of compounds,
in all the three major monophyletic groups of
palms studied. Their bouquets are constantly
dominated by sesquiterpenes and, in a lesser

proportion, monoterpenes.

The PCA failed to reveal clear
separations between species according to their
phylogenetic  relationships, even though
species of the same genus are sometimes
grouped (e.g. Salacca, Coccothrinax, Rhapis or
Maxburretia). Taken as a whole, fragrance
characters were not reliable indicators of
phylogeny and are therefore likely to be,
mainly if not entirely, analogous characters, in
which similarity are attained by convergent
evolution. A further analysis of character
evolution according to phylogeny will be done
once the new phylogeny of Assmussen et al.,

(in prep.) is finished.

Few data are available on palm
pollinators. For many species, we had to
assume that the pollinator group was the same
as that described for other species of the same
genus. Hence, our analysis can only be
regarded as preliminary. The different PCA did
not reveal any grouping of the species
according to their putative pollinator group.
Thus no general rules about the relationships
between odours and pollinator identity appear

to exist. Furthermore, though plants attract

similar  pollinator  groups, the major
components in their floral bouquets may be of
different biochemical origins, as in the case of
six Annonaceae species that attract small

beetles and thrips (Jurgens et al., 2000).

Phylogenetic constraint and ecological
selection pressures are likely to affect the
evolution of floral scents despite the failure of
our analysis to detect these effects. Regarding
the phylogenetic constraint, though there
present a large, various arrays of chemical
compounds, the number of possible metabolic
routes in plants is limited, to some extent, by
phylogenetic history. Hence, ancestry settles
on, at least in part, the biosynthetic apparatus
available for selection (Berenbaum & Seigler
1992). Likewise, there exists so much
evidence on insect-chemical compounds
relationship, either by means of attraction or
defence, having been far and wide attributed
since Darwin’s time, that one cannot ignore the
importance of pollinators as selective pressure
for the composition of floral odours
(Berenbaum & Seigler 1992, Dobson 1994). All
the compounds produced by the flowers are
not necessarily attractive to pollinators. Some
compounds can be either simple noise, i.e.
biosynthetic artefacts (Raguso et al., 2003), or
be integrated in the blends for other functions,
e.g., repelling insects other than the desired
pollinator (Faegri & van der Pijl 1979), or
defending against herbivores (Mullin et al.,
1991, Ghazoul 2001). The presence of such
compounds in the bouquet may obscure our
analysis of relationship between odours and

pollinator  affinities.  Likewise, concerning
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phylogenetic history, only certain ranges of
compounds serve as applicable phylogenetic
markers. We should therefore not use the
entire set of substances contained in the blend
(as in case of this study), but should focus on
a ‘tracer’. Perhaps some particular compounds,
i.e. those known to exhibit phylogenetic inertia
among plant taxa in general or those attractive
to the effective pollinators of the species
studied, could provide more revealing
information on phylognetetic history or on
pollinator  affinities. This requires more
intensively investigation. Unfortunately, while
analyses of floral scents have been conducted
on various plant taxa, the behavioural tests for
clarifying which chemical volatiles are active in
flower-insect interactions are often lacking

(Dobson 1994).

Also, the variability of volatile compounds
emitted by plant is the result of complex
interactions between the organism and its
environment, and which may be affect by
developmental stage, by factors controlling
emission, by stress such as injuries and air
pollution, and even short-term influences such
as light and temperature (Kesselmeier &
Staudt 1999). Therefore, due to the complex
and multifaceted nature of the interactions,
phylogenetic inertia and/or pollen dispersal
agents seem to be only a tiny part of the vast
and tangled evolutionary forces that have

driven such great variation.
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