CHEMO-ECOLOGICAL AND EVOLUTIONARY ASPECTS OF THE
POLLINATOR REWARD SYSTEM IN CLUSIA GRASDIFLORA
(CLUSIACEAE)

By
John Lokvam

RECOMMENDED:

4 ?
Advisory
advise Committee Chair

Department "Head

APPROVED:
Dean, College o f Science, Engineering and Mathematics

D^rni o f Graduate School

Y - >£ > ' €>CJ
Date

E&SCIETCB UBRARY-UAF

CHEMO-ECOLOGICAL AND EVOLUTIONARY ASPECTS OF THE
POLLINATOR REWARD SYSTEM IN CL USI A GRANDIFL ORA
(CLUSIACEAE)

A
THESIS

Presented to the Faculty
of the University o f Alaska Fairbanks

in Partial Fulfillment o f the Requirements
for the Degree of

DOCTOR OF PHILOSOPHY

By
John Lokvam, B.S.

Fairbanks, Alaska
August 2000

BIOSCIENCES LIBRARY-OAF

3

ABSTRACT
The dioecious, neotropical plant species Clusia grandiflora produces two major pools of
secondary metabolites, latex and floral resin. Latex serves as a defense against herbivory
and floral resin as a pollinator reward. This reward is gathered by bees who use it as a
nest construction material. Nuclear magnetic resonance and mass spectral studies show
that C. grandiflora latex and resin share two classes of compounds, poly-isoprenylated
benzophenones and tocotrienoic acids as major or minor components. The close chemical
correspondence between latex and resin indicate that they are evolutionarily related.
Though the tocotrienes were not found to have biological activity, benzophenones with
potent bactericidal activity were isolated from both latex and resin. Bioassays show that
these compounds are especially toxic to the honeybee pathogens Paenibacillus larvae
and P. alvei. In pollinator reward resin, bioactive benzophenones are major components,
whereas in latex they are minor components. Since latex is ancestral to resin in Clusia, it
appears that the pollinator reward system may have arisen from the defensive system
through modification o f latex-producing tissues in the flower. Subsequent selective
pressure from bee pollinators, who benefited from bactericidal activity in the reward,
caused resin chemistry to diverge from its latex-like ancestral form. This selection has
resulted in the high levels of activity observed in modem resin. In populations o f C.
grandiflora growing in southeastern Venezuela, male and female resins exhibit a
pronounced dimorphism in chemical makeup. Female resin possesses a single
benzophenone and male resin numerous benzophenones. Female resin is more bioactive
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and hardens quickly; male resin remains pliable for weeks. Female resin composition
more closely resembles modern latex than does male resin. Assuming that latex has not
evolved substantially since the point at which resin and latex diverged, it appears that
male resin has undergone more extensive evolutionary modification than female, a result
o f selection for progressively earlier flowering times and o f necessity a lower viscosity
resin reward. The research presented here provides the first detailed chemical evidence of
a functional switch in secondary metabolite pathway from the production o f defensive
compounds to the production of a pollinator reward.
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INTRODUCTION
The evolution o f insect pollination is widely considered to have driven the extensive
radiation o f flowering plants that began in the early Cretaceous (Burger, 1981; Proctor et
al., 1996). The wind-pollinated gymnosperm ecosystems that dominated the lower
Mesozoic were gradually replaced by an angiosperm flora that was largely insectpollinated. The origins o f this important plant-animal mutualism were motivated by two
biological imperatives. The first was the evolutionary advantage that flowering plants
gained through increased outcrossing rates (Richards, 1986). Pollen transfer via insect
vectors lessened the probability o f self-fertilization that is inherent in wind pollination,
thus allowing angiosperms to gain a competitive advantage over gymnosperms through
heightened genetic variability and the potential for more rapid evolution. The second and
equally important driving force behind the origin o f insect pollination was insect demand
for plant resources. Though insect predation o f plants is certainly ancient, non-destructive
insect visitation to flowers was a major angiosperm innovation (Crepet, 1983). This
innovation resulted from plant deployment o f a pollinator reward, a concentrated and
predictable resource for insects presented in the flower. The development o f such a
pollinator reward was one of the essential angiosperm floral developments that resulted in
the overwhelming success o f insect pollination.

The abundant diversity in angiosperm floral characteristics observed today is at least
partly the result o f selection for pollinator specialization (Proctor et al., 1996). The
traditional view is that this specialization evolved because it led to increases in
outcrossing efficiency. Though the generality o f this process has come to be questioned
(Waser, 1998), there are, nevertheless, numerous examples o f highly derived floral
attributes which have the effect o f tightly defining pollinator classes (e.g. Pouyaune,
1917; Kullenberg, 1961; Nilsson, 1988). The pollinator reward is one such floral attribute
that may undergo evolutionary modification to increase pollinator specialization.

BIOSCiENCES UBRARY-UAF
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In the vast majority of extant angiosperm species, pollinator rewards are comprised of the
products of primary metabolism: nectar sugars, pollen proteins and oils (Roubik, 1989).
These are food substances, sources of energy and nutrients for the animal pollinators that
gather them. But there is also a small group of flowering plants that produce non-nutritive
pollinator rewards in the form of hydrophobic resins. These reward systems are known
from three tropical genera, Clusia and Clusiella (Clusiaceae), and Dalechampia
(Euphorbiaceae) (Bittrich and Amaral, 1996; Armbruster, 1984; Ramirez and Gomez,
1978, Simpson and Neff, 1981; Skutch, 1971). The resin rewards that are produced by
species in these genera are gathered only by bees from the families Apidae and
Megachilidae, bees that use resins in nest construction. This reward system, therefore,
poses strict limits on the class of insect that is attracted to the flower and thus can
potentially serve as pollinators.

Unlike nutritive pollinator rewards, floral resins are the products o f secondary metabolic
pathways. These metabolites are not essential to fundamental life processes. They are,
however, known as important players in plant defense against herbivory and
pathogenesis, as well as plant and insect semio-chemicals and hormones (see refs, in
Harborne, 1993). Secondary metabolites, therefore, often have very specific roles as
chemical mediators of ecological relationships. As such, their study can afford insights
into these relationships that studies of primary metabolites cannot.

In the past 10 years, the neo-tropical genus Clusia has received a good deal o f research
attention from natural products chemists owing to the diversity o f its secondary
metabolite chemistry (e.g. de Oliveira et al. 1996, Cerrini et al. 1993, Gustafson et al.
1992, Delle Monache et al. 1991). This mostly dioecious genus is comprised o f
approximately 250 species, a substantial proportion o f which produce resin pollinator
rewards (Bittrich and Amaral, 1996). Clusia is widespread and common throughout
tropical America and provides a critical resource to apid bees, the most important group
o f pollinators in tropical ecosystems. Despite the numerous structural studies o f Clusia

secondary metabolites, there has been no investigation of Clusia pollinator reward resins
from an ecological or evolutionary perspective.

This thesis summarizes the first body o f research that specifically addresses the
ecological role and evolutionary history o f the resin reward system in Clusia. It focuses
on the resin rewards o f a model species, Clusia grandiflora, which is native to the
Amazon and Orinoco basins o f South America. Floral resins produced by both males and
females of this plant are gathered by a variety o f apid bees. Because o f this, resin can be
thought o f as the chemical interface between plant and insect. Its form and function,
therefore, are likely to reflect plant responses to pollinator selection for certain resin
attributes. An understanding of what these attributes are and the chemistry that underlies
them can be useful tools in identifying the selection pressures that have shaped resin
pollinator reward systems.

In Chapter One of this thesis, several unique biological characteristics o f C. grandiflora
resins are reported. These include both a demonstration of potent anti-bacterial activity in
certain resin components and the occurrence of a sexual dimorphism in resin chemical
composition. Neither of these characteristics has been previously reported for any
flowering plant. Their presence in C. grandiflora poses several compelling ecological and
evolutionary questions. What features o f pollinator selection have driven the observed
divergence in resin chemistries? What are the structural differences in resin composition
and how do these affect resin bioactivity? Has the resin reward system arisen de novo or
does it have its evolutionary origins in some other plant biochemical apparatus such as
plant defensive chemistry? To begin answering these questions, a detailed understanding
o f the physical makeup of resins and, indeed, of whole-plant secondary metabolic
chemistry is first required. A large portion o f the research presented here is devoted,
therefore, to the chemical characterization o f the C. grandiflora pollinator rewards and
related secondary metabolite pools. Chapter Two presents data that explain the structural
differences between male and female resins. Chapters Three and Four compare the

12

chemical makeup of resins and defensive latex and propose an evolutionary connection
between these two major pools of secondary metabolites. Finally, a summary section
discusses how this work may begin to inform the ecological and evolutionary questions
posed above. In total, this research can be viewed as a starting point leading toward a
wider understanding of the pollinator reward resins in Clusia and the part that they play
in tropical forest ecosystems.

This thesis is prepared as a collection o f manuscripts in accordance with the University of
Alaska Fairbanks Graduate School Guidelines for Thesis Preparation. Chapter One is a
published paper (Lokvam and Braddock, 1999) and Chapter Three a paper in press
(Lokvam et al., in press). Chapters Two and Four are currently in preparation for
submission. All four chapters have multiple authorship. As stipulated in the Guidelines
for Thesis Preparation, the following statement is made: despite multiple authorship on
the manuscripts, the body of research presented in this thesis was performed in its
entirety by the first author.
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CHAPTER 1
A ntibacterial Function in the Sexually D im orphic Pollinator R ew ards
of Clusia grandiflora (Clusiaceae)1
Introduction
Most entomophilous flowering plants present their pollinators with some form of reward
(Faegri and van der Pijl 1971). This is most often an energy- or nutrient-rich substance
such as pollen, nectar, or nutritive oil (Dafni 1992). A small number o f angiosperms,
however, offer pollinator rewards that are non-nutritive resins (Armbruster 1984). This
rare phenomenon is limited to a few bee-pollinated tropical genera. One o f these is the
neo-tropical genus Clusia, many of whose approximately 250 species secrete a viscous,
hydrophobic resin from glandular tissues in the flowers. This substance is highly
attractive to a variety of meliponine and euglossine bee species for whom it serves in
most cases as the sole pollinator reward (Bittrich and Amaral 1996, 1997).

Bees use Clusia resin as a nest construction material and for many species this substance
serves an indispensable mechanical function (Roubik 1989). Chemical analyses of
several apid bee nests in Venezuela indicate that the most abundant components are of
clusiaceous origin (Tomas-Barberan et al. 1993). Resins are used to bind together solid
materials such as sand, hair, and twigs to form the nest walls. They are also mixed with
endogenously produced waxes or used in pure form to shape the nest entrance, larval
chambers and storage pots . For nest-building apid species, resinous substances are
critical structural materials. In addition to their mechanical utility, however, bees may
derive another less apparent benefit from resins when these materials are toxic to
potential nest pathogens. The bee nest is both a repository for energy and nutrient-rich
forage and a protected site for the production o f new bees (Roubik 1989). As such, the
potential for pathogenic attack is presumably significant. Although little is known about
the diseases o f wild bees, the nests o f the honeybee, Apis mellifera, are vulnerable to a
1 Lokvam, J., and Braddock, J.F. 1999. Oecologia 199:534-540.
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number o f microbial pathogens including viruses, bacteria and fungi (Bailey and Ball
1991). Nest construction materials that deter microbial growth may provide some
measure o f protection against pathogenic attack.

Insect pollinators are known to be a selective force on numerous floral characteristics.
These include such diverse features as petal color, corolla shape, pollen presentation, and
pollinator reward (e.g. Stanton et al. 1989, Campbell et al. 1991, Thomson and Thomson
1992, Mitchell 1993). In the case o f the resin rewards presented by Clusia species, apid
bee pollinators may have provided a selective force that has shaped resin chemistries
associated with particular resin functions, both mechanical and antimicrobial. If apids
realize some benefit from using antimicrobial materials in their nests and they seek resins
having this property, antimicrobial activity may have been selected for in Clusia
pollinator rewards along with such mechanical characteristics as malleability and
hydrophobicity.

The majority o f Clusia species are dioecious, males and females being separate
individuals. This condition frees plants from many of the constraints o f a hermaphroditic
breeding system and can lead to a more independent evolution o f male and female
functions (Nicotra 1998, Meagher and Antonovics 1982). Both ecological specialization
of the sexes and the divergence o f secondary sexual characteristics are possible
outcomes. In plant taxa where pollen flow is dependent upon an insect vector, characters
associated with pollen export, that is male function, and characters associated with pollen
receipt, a female function, may respond differently to insect-mediated selection
environments. An example of this occurs in the partly-dioecious orchid genera Catasetum
and Cycnoches where males and females o f several dioecious species have strongly
contrasting floral forms (Dodson 1962; Dressier 1968). This is apparently the result of
selection by pollinating bees who seek to avoid re-visiting flowers with an appearance
similar to the male orchid where a pollinium has been forcibly attached (Romero and
Nelson 1986).
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In the genus Clusia, as in Catasetum and Cycnoches, pollen transfer is effected by
relatively specialized apid bees. As a secondary sexual characteristic associated with
flowers o f both sexes, the resin pollinator reward in male and female Clusia plants may
well have evolved in differing insect-mediated selection environments. This paper reports
on a study o f the antimicrobial properties o f the Clusia pollinator reward system in light
o f the consequences that differing selective regimes may have had for the evolution of
this secondary sexual feature. In particular, we focus on the resins o f Clusia grandiflora,
a species native to the Amazon and Orinoco drainages of South America. Both male and
female flowers of C. grandiflora produce abundant quantities of resin, 500 to 700 mg per
flower, as the sole pollinator reward. With regard to this reward system, we address two
general questions. First, are C. grandiflora resins microbicidal and if so, what is the range
o f their bioactivity? And second, do male and female resins exhibit structural and/or
functional differences that could be the result o f their evolution under differing selective
environments?

Though there have been several studies o f Clusia secondary metabolite chemistry (de
Oliveira et al. 1996, Cerrini et al. 1993, Gustafson et al. 1993, Delle Monache et al.
1991a,b), none have addressed the microbiological aspects of resin use by bees. This
study is the first to directly test an important apid bee pollinator reward for a possible role
in disease control. Our approach to the above questions began by first assessing the
chemical makeup of male and female C. grandiflora resins. We collected resin samples
from five populations o f this species occurring in southeastern Venezuela. Then, using
thin-layer chromatography, we separated resins into their major component fractions. We
made comparisons between males and females within each population as well as samesex comparisons between populations. Next, we performed bioassays o f resin
antimicrobial activity for both sexes. These were carried out in three stages. We first
surveyed resin bioactivity against a collection o f microorganisms that had been isolated
from eusocial meliponine bees. Then we performed a more detailed set o f assays using

specific microorganisms including two well characterized bee pathogens. And finally we
tested specific resin fractions for antimicrobial activity.

M aterials and M ethods
Collection Site and Study Species

We collected Clusia grandiflora floral resins in southeastern Venezuela, within the
boundaries o f Parque Nacional Canaima, in an area known as the Gran Sabana (4°30'6°15'N, 61°30'-62°W). C. grandiflora grows here as a terrestrially-rooted tree in rocky
riparian habitats. It has a wide but patchy distribution and populations are often separated
by many kilometers o f open grassland. Timing o f C. grandiflora florescence is variable
and appears to be strongly influenced by recent precipitation patterns. Both male and
female flowers are radially symmetrical, 15-18 cm in diameter, with large white-topinkish petals. The resin secreting tissues of both sexes are sterile stamens or staminodia.
In the male, staminodia lie at the center o f the flower and are surrounded by a ring of
fertile stamens. In the female, staminodia encircle the prominent pistil. Resin is secreted
liberally in the hours following anthesis which is midnight to 1AM for the male and 56AM for the female (pers. obs.). Resin accumulates on the surface o f the staminodia and
forms a continuous 500-700 mg mass o f transparent yellow liquid. Bees gather this
material by rolling it into balls which are passed to the corbiculae for transport. Nectar is
not secreted by either sex. Flowers o f both sexes are short-lived, typically losing their
color the day following anthesis. Voucher specimens o f both C. grandiflora sexes from
the Gran Sabana are available through the Herbario Nacional de Venezuela (VEN),
(accession # ’s VEN 294991, VEN 294992) and through the Herbario Regional de
EDELCA, San Ignacio Yuruani, Bolivar, Venezuela.
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Resin Collection and Chemistry

We collected resins from five populations of Clusia grandiflora along a 150 Km transect
in Parque Nacional Canaima in October and November of 1997. Resins were removed
directly from flowers with a spatula and transferred to Teflon-stoppered glass vials.
These samples were returned to the University o f Alaska Fairbanks for analysis where we
assessed both between-sex and among-population differences in resin chemistry. We
used thin-layer chromatograms (TLC's) to separate resin components for comparisons.
TLC's were run in parallel on a single, aluminum-backed silica gel sheet (Silica gel 60
F254, E. Merck, Darmstadt) using dichloromethane/acetone (92:8 for between-sex and
98:2 for between-population comparisons) for the solvent system. We prepared crude
resin solutions of 1 mg/ml in dichloromethane and using capillary pipettes (Drummond
Scientific, Broomall, PA), spotted 5 |il o f each solution at the origins thus insuring that
chromatographic comparisons were between equal resin masses. Separations were
visualized using UV light at 254 nm and by treatment with 6% sulfuric acid/ethanol spray
followed by heating.

Microbiological Assays

Assays for antimicrobial activity in Clusia grandiflora floral resins occurred in three
phases. The first two, an environmental isolate survey and an Apis mellifera pathogen
assay, tested activity o f whole crude resin. A third specific resin-fraction assay tested
individual resin component groups for bioactivity. For all assays, the microbiological
media we used were supplied by DIFCO (Detroit MI).

Environmental Microorganism Isolation

In the first set of assays, we surveyed a collection of environmental microorganisms that
were isolated as follows. We located the nest of a eusocial meliponine, Paratrigona
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anduzei, in Mucuy Bajo, Merida, Venezuela in January, 1995. We trapped single worker
bees returning to the nest from foraging flights directly into Petri plates that contained
either Nutrient Agar (NA), a broadly-selective heterotrophic medium, or Potato Dextrose
Agar (PDA), a common fungal medium. Each was allowed to walk across the surface for
several minutes before being released. We performed eight such entrapments with each
medium as well as three air-exposure controls in which we imitated the movements of
bee entrapment. We incubated all plates at ambient temperatures (23-28°C) for four days
at which time bee-exposed plates and controls were compared. Growth on control plates,
both NA and PDA, was mostly filamentous fungi and generally sparse. Individual
colonies from the bee-exposed plates that, based on colony morphology, were distinct
from growth on the controls were transferred to the appropriate medium and returned to
the University o f Alaska Fairbanks. Through further transfers and separations o f mixed
cultures, we were able to isolate 32 microorganisms as pure cultures. Based on
microscopic and Gram stain characteristics, we placed them in the following categories:
11 Gram-positive bacteria, 15 Gram-negative/variable bacteria, three yeasts, and three
hyphal fungi. Each culture was subsequently cryo-suspended in a mixture of growth
medium, glycerin and water 2:1:1.

Apis mellifera pathogens

For the second set of assays, we obtained bacteria from the American Type Culture
Collection (ATCC). As little is known o f wild bee pathogens, we chose two wellcharacterized honeybee nest associates as models. These were Paenibacillus larvae
(ATCC #6344), the causative agent of American Foulbrood and Paenibacillus alvei
(ATCC #9545) an opportunistic pathogen/saprophyte associated with European
Foulbrood (Shimanuki 1990). For comparisons, we also used two bacteria that are
common mammalian commensals/opportunistic pathogens, Enterococcus faecalis
(ATCC #19433) and Staphylococcus aureus (ATCC #25923). E. faecalis has also been
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identified as an environmental contaminant and opportunistic pathogen o f honeybees
(Bailey and Bell 1991).

Assay Protocol

We conducted bioassays o f whole crude Clusia grandiflora resins using these two sets of
microorganisms. Our assay method was disk-diffusion: filter paper disks impregnated
with a known mass o f a test substance were placed on the surface o f a solid medium that
had been inoculated with a pure culture of assay microorganism. Growth occurred evenly
except where inhibitory substances had diffused across the surface o f the medium. The
diameter o f the inhibition zone was measured and used as a metric o f antimicrobial
potential.

Except in the case of the filamentous fungi, each assay was conducted using the same
protocol as follows. We prepared acetone solutions o f each crude resin in a septumstoppered glass vial. These were of known concentration, typically 1-10 mg/ml
depending on what final resin-mass/disk was required. Using a 100 (il syringe (Hamilton
Co., Reno, NV), we applied appropriate volumes of resin solutions to 3.5 mm diameter
filter paper disks (Whatman #5, Whatman Labsales, Hillsboro, OR) to achieve the
desired resin-mass/disk. The solvent was removed by drying in an air stream. For
comparison, we included disks prepared with two stock antibiotics, ampicillin and
chloramphenicol (Sigma Chemical Co., St. Louis, MO), in the Paenibacillus larvae and
P. alvei bioassays. These were mixed as water and ethanol solutions respectively and
were applied by syringe to achieve a final mass/disk equal to the resin test masses.

We prepared the inoculum for each assay by allowing a microorganism to grow in liquid
medium for 12 to 24 hours at different controlled temperatures, depending on the growth
requirements of the organism. For P. larvae, the medium was Brain-Heart Infusion Broth
and the incubation temperature was 37°C. For all other bacteria and the yeasts, the media

22

were Nutrient Broth and Potato Dextrose Broth respectively and the growth temperature
was 25-30°C.

We made the equivalent solid medium for each assay by adding 1.5% agar and
sterilizing. Twenty ml o f the sterile solution was poured into 100 x 15 mm glass Petri
dishes and cooled. Two hundred [il of fresh liquid inoculum was pipetted onto the solid
media and spread evenly across the surface until all trace o f liquid had been absorbed into
the agar. We then placed the resin-impregnated disks, the solvent controls, and the
antibiotic disks when used, on the medium surface. We sealed and incubated the Petri
dish at the appropriate temperature, 37°C for P. larvae, and 30°C for all other organisms.
Incubation times were 24-48 hours depending on the growth rate o f the assay organism.
Once confluent growth was evident, we measured the diameters o f inhibition zones (if
they occurred) to the nearest mm using a caliper. Statistical analyses o f results from the
Apis mellifera pathogen assays were performed using SYSTAT for Windows, Version 5
(SYSTAT, Inc., Evanston IL). Two-tailed t-tests were used for two-way comparisons;
MANOVA followed by Bonferroni pair-wise comparisons were used for multiple
comparisons.

For the filamentous fungi assays, we prepared inocula by allowing a fungus to cover a
Potato Dextrose Agar plate. We then cut a small block of agar out o f this culture and
placed it at the center o f a fresh PDA plate. Resin-impregnated disks and solvent controls
were placed in a circular pattern ca. 2 cm from the fungal inoculum. During incubation,
radial growth o f the fungus then proceeded toward the disks and inhibition zones (if they
formed) were measured.

Specific Resin Fraction Assay

Finally, we performed an assay for activity of specific resin fractions using Bacillus
megaterium (Carolina Biological Supply, Burlington. NC), an organism known to us to
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be susceptible to Clusia grandiflora resins. Using silica gel TLC strips approximately
100 mm in length, we spotted the origins with 25 jug of crude male or female resin in two
side-by-side channels and ran them in 100% dichloromethane. The strip was cut in half
lengthwise and one channel was developed with 6% sulfuric acid in ethanol. This served
as the reference. The other channel was placed in a glass Petri plate and embedded in
melted agar medium containing 2% soluble starch which had been inoculated with 5% of
fresh liquid culture of B. megaterium, a starch metabolizing organism. The culture was
incubated at 30°C until heavy bacterial growth was observed, then an iodine solution was
poured onto the surface o f the medium. A dark blue starch/iodine complex formed where
starch persisted, that is, in the zones o f bacterial inhibition. By comparison with the
reference TLC strip, specific resin fractions, as separated by TLC, could be identified as
being antibacterial.

Results
Resin Chemistry

Using thin-layer chromatography, we compared male and female resin chemistries from
five populations o f Clusia grandiflora in the Gran Sabana o f Venezuela. This analysis
showed that there is a pronounced sexual dimorphism in resin chemical composition:
male resins have seven major TLC-resolvable fractions; female resins have two (fig. 1).
At the same time, TLC indicated that there is no between-population variability in resin
composition for either sex (fig. 2). These observations were based on both UV and aciddevelopment visualizations. Acid development, furthermore, provided a qualitative
colorimetric comparison o f resin components. We observed complete color uniformity
between male resin components and between female resin components. This provided
further evidence that there are no gross differences in resin chemistry between widely
separated populations o f C. grandiflora. Based on color intensities, the TLC showed
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slight variation in relative component abundance in one individual, from the Sierra de
Lema population.

Fig. 1 M ale
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Fig. 2
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Fig. 1. Silica gel thin-layer chromatogram o f whole male and female Clusia
grandiflora pollinator reward resins. Run in dichloromethane/acetone 92:8 and
photographed under UV (254 nm) light. All but the most polar fraction o f both
resins were bactericidal to Bacillus megaterium in specific fraction assays.
Fig. 2. Silica gel thin-layer chromatogram o f whole male and female Clusia
grandiflora pollinator reward resins from five populations in southeastern
Venezuela. Run in dichloromethane/acetone 98:2, developed with 6% sulfuric
acid/ethanol, and photographed under visible light. M = male, F = female; 1-5 =
populations sampled; 1 = Sierra de Lema, 2 = Parupa, 3 = Kuraveran Paru, 4 =
Quebrada Pacheco, 5 = Yuruani.

Environmental Isolate Survey

The initial phase o f antimicrobial activity testing was a survey o f 32 environmental
microorganisms isolated from wild bees (Table 1). Positive activity for this set o f assays
was defined as a zone absent of all growth that was greater than two disk diameters,
seven mm. Resins o f both C. grandiflora sexes have antimicrobial properties. These
appear, within the limits of resolution o f the survey, to be most pronounced against
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Gram-positive bacteria. In addition, male and female resins show complete overlap in
bioactivity: both had antimicrobial effects toward the same set of microorganisms.

Table 1. Results from disk-diffusion assays o f C. grandiflora resin bioactivity.
Fem ale resin
Assay M icroorganism Class
M ale resin
(200 Hg/disk)
10/11
Gram-positive bacteria
10/11
Gram-negative/variable bacteria
7/15
7/15
0/3
Yeasts
0/3
0/3
Filamentous fungi
0/3
V alues are the num ber o f assays in w hich activity was observed over the total num ber o f assays
perform ed in each class o f assay m icroorganism .

Apis mellifera pathogen assays

Through the results of the first phase of assays, it became apparent that C. grandiflora
resins are generally toxic to Gram-positive bacteria. This motivated the second phase of
assays in which we conducted more detailed tests (Table 2) using four Gram-positive
bacteria. Two o f these, Staphylococcus aureus and Enterococcus faecalis, are common
Table 2. Results from 3.5 mm disk-diffusion assays o f male and female
C. grandiflora floral resins._______________________________________
A ssay Bacterium

Test M ass

Inhibition Zone D iam eter (m m )

(Hg/disk)

( x + S.E.)
C? Resin

$

Resin

A m picillin

C hloram phenicol

Staphylococcus
aureus'

100

8.5 ± o . r

14.2 ± 0 .1 b

n.d.

n.d.

25

5.4 ± 0 .1 a

7.7 ± 0.2b

n.d.

n.d.

10

8.2 ± 0.2a

18.9 ± 0 .2 b

63 ± 5 c

24.8 ± 0.6°

5

8. 1 ± o . r

16.6 ± 0.1b

0

24.8 ± 0.6C

E nterococcus
fa e c a lisf
P aenibacillus
larvae*
P aenibacillus
alvei*

+, n = 21 female, 16 male. Superscript letters indicate differences in tw o-tailed t-tests at P < .0001.
n.d. = no data. *, n = 21 female, 18 m ale, 3 am picillin, 3 chloram phenicol. Superscript letters
indicate differences in Bonferroni pair-w ise com parisons at P < .0001.
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human commensals or opportunistic pathogens. The other two are honeybee associated
bacteria, Paenibacillus larvae, the organism causing American Foulbrood and P. alvei,
an organism known to attack weakened A. mellifera hives. Both resins showed
pronounced toxicity to the assay organisms with female resins generally exhibiting far
greater antimicrobial activities than males. This is particularly true when the resins are
assayed against the Paenibacillus bacteria.

Specific Resin Fraction Assay

The results o f the specific fraction assays showed which components o f male and female
resins are inhibitory to Bacillus megaterium. Bioactivity in both male and female resin is
concentrated in the less polar (more hydrophobic and mobile) fractions (fig. 1). All but
the single most polar fractions in both male and female resins are active. Bioactivity in
the female is accounted for by a single hydrophobic fraction. And in the male, activity
occurs in each o f the six most non-polar fractions. The most polar (least hydrophobic and
mobile) components of both resins show scant activity.

Discussion
Chromatographic analyses of male and female Clusia grandiflora pollinator reward
resins expose a marked sexual dimorphism in resin chemistries. In addition, these
analyses show that this dimorphism is both stable and widespread in the Gran Sabana of
Venezuela. For the five populations we sampled, there are no detectable betweenpopulation differences in chemical makeup o f either male or female resins. This implies
that pollen flows freely between populations, that selection on resin chemistry is uniform
across populations, or that some combination of the two processes is at work.

Our survey for bioactivity against 32 environmental microbes isolated from eusocial
meliponine workers in Venezuela showed that both male and female Clusia grandiflora
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resins have pronounced antimicrobial activity. This activity, is particularly evident
against Gram-positive bacteria. We saw no evidence of activity against fungi and
markedly less against Gram-negative cr Gram-variable organisms. The results of this
environmental isolate survey point toward a specific role for C. grandiflora resins as
Gram-positive bactericidal agents. The most virulent of the bacterial pathogens of
honeybees, Paenibacillus larvae and Melissococcus pluton, are both Gram-positive
organisms. Many of the secondary pathogens that attack diseased bee larvae are also
Gram-positives: Achromobacter eurydice, Bacillus laterosporus, Paenibacillus alvei, and
Enterococcus faecalis (Bailey and Ball 1991).

O f the four Gram-positive bacteria we chose for our second series of more detailed
assays, two were strict bee-associates, Paenibacillus larvae and P. alvei. The other two
we used are not normally bee-associated organisms. Staphylococcus aureus is a
mammalian associate and opportunistic pathogen; Enterococcus faecalis is a common
mammalian gut organism but has also been isolated from bees infected with
Melissococcus pluton. This set of assays produced three notable results. First, it shows
that the chemical dimorphism in Clusia grandiflora resins underlies a pronounced
difference in antibacterial potentials. This is particularly apparent in assays against the
Paenibacillus bee associates where female resin inhibition zones have two-fold greater
diameters and five-fold greater area than those produced by male resin. As indicated by
the specific resin-fraction assay, this is apparently not due to solubility differences since
both male and female resin activity is most pronounced in the less polar (more
hydrophobic) fractions. Second, the antibacterial activities o f C. grandiflora resins, and
especially that of the female, are potent effects. When assayed against the Paenibacillus
bacteria, crude female resin produced inhibition zones comparable to those of pure
chloramphenicol at equal test masses. In these assays, both ampicillin and
chloramphenicol appear to be more effective bactericides but their comparison with C.
grandiflora resin activity must be interpreted with solubility differences in mind.
Chloramphenicol has measurable solubility in water whereas resin solubility is below the
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detection limits of normal gravimetric means. Disk-diffusion assays are run in an
essentially aqueous environment: the compound being tested must diffuse through the
watery interstices o f the agar matrix. These assays then may substantially underestimate
true resin activity compared to the antibiotics. And third. C. grandiflora resin is very
toxic to two Gram-positive bacteria that are obligate honeybee associates. If, as we have
assumed, these microorganisms are appropriate models for the diseases of other apid
bees, it appears that C. grandiflora resins, depending on how and where they are used in
the nest, may be effective in controlling nest pathogens.

This study is the first report of potent antimicrobial activity in a non-trophic pollinator
reward. These results suggest the intriguing possibility that the C. grandiflora pollinator
reward system serves a two-fold purpose: besides the apparent mechanical utility o f the
resin, it also contains potent antibacterial substances. While providing apid pollinators
with an indispensable building material, C. grandiflora may also be rewarding them with
chemical means to protect their nests from pathogenic attack. Although both sexes
present bactericidal resin rewards, there is a marked dimorphism in the resins’
compositions and in their activities. It appears that male and female rewards have evolved
under different selective environments. There are several plausible evolutionary scenarios
that could have led to the current reward system. We consider two o f them here.

Ancestors to C. grandiflora likely offered an antibacterial but monomorphic resin. This is
the case today in other Clusia species o f the Gran Sabana such as C schomburgkiana and
C. columnaris (unpub. data). In one scenario, male resin chemistry remains conserved
and the female diverges. Present day populations o f C. grandiflora in the Gran Sabana
have approximately equal proportions o f male and female trees in any given population.
Male trees, however, produce 10 to 20 times the number o f flowers that females do
(unpub. data). A representative riparian plant community in the Gran Sabana may contain
a population of 100 adult C. grandiflora trees with an average male producing 50 flowers
and an average female 10 flowers over the course of the flowering season. Since the
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flowers o f both sexes contain 500 to 700 mg o f resin, there could in one season be up to
two Kg o f resin presented to pollinators from just one species o f Clusia in the population.
And most populations of C. grandiflora in the Gran Sabana co-occur with two or three
other resin-producing congeners. Pollinator visitation rates would then decline, possibly
to the point where females are pollen limited. Because of their numerical inferiority,
females will experience more intense selection pressure for particular resin characteristics
than will males. In such a scenario, selection will favor those females which present a
qualitatively different and more attractive pollinator reward. If the strength of
antibacterial activity is a characteristic that bees 'assess' when making resin foraging
choices, individuals that present the more potent bactericide will be preferentially visited,
thus driving a divergence in resin chemistry. The greatly enhanced bioactivity seen today
in female resin may be the result o f such selection. Potent antibacterial activity could
provide the increment of attractiveness that effectively compensates for occasional over
abundances o f male flowers. A similar scenario has been reported in Costa Rican forests
where females of some dioecious tree species have been shown to produce up to 400%
more nectar/flower then their male conspecifics (Bawa and Opler, 1975). Here too, the
authors propose that the greater attractiveness of the female reward compensates for the
large numerical difference in flower output between the sexes.

In a second scenario, female resin chemistry remains conserved and male chemistry
diverges. This could be the result of selection for a less viscous resin in males, one that is
workable in the earliest morning hours. Male C. grandiflora flowers open shortly after
midnight and secrete their entire resin complement in the hours before dawn. Pre-dawn
temperatures in the Gran Sabana are cool enough that resins are quite stiff compared to
their consistencies later in the day. If resin is a prized commodity among bees, selection
pressures may have led to earlier and earlier foraging times as a means o f gaining access
to a limiting resource. Earlier foraging times select for earlier flowering times and of
necessity more malleable resin. The expression o f additional compounds may have
become fixed in male resin because they decreased viscosity. Indeed today, we observe
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that female resin, once removed from the flower, becomes a crystalline mass within 30
minutes while male resin remains liquid for weeks. Furthermore, in the Gran Sabana,
euglossine bees are seen collecting resin from male flowers shortly after first-light and
well before sunrise. Compared to the male flowers, female flowers delay both anthesis
and resin secretion by several hours, forcing pollinators to visit males first.

Other possibilities must be considered, for instance, a mechanical or antibacterial synergy
between male and female resins which obliges the bee to mix the two. In this case, the
insect is forced to visit both sexes in order to obtain some mixture o f resins for the
required function. This and the previously mentioned scenarios all generate testable
predictions o f pollinator behavior. Field studies of pollinator visitation patterns to C.
grandiflora are on-going and will hopefully provide additional insight into this unusual
sexually dimorphic pollinator reward system.
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CHAPTER 2
Poly-Isoprenylated Benzophenone Com ponents from the Sexually
D im orphic Pollinator R ew ards of Clusia grandiflora (C lusiaceae)1
Introduction
The neo-tropical plant genus Clusia (Clusiaceae) is comprised o f some 250 mostly
dioecious species (Bittrich & Amaral, 1997). A large proportion o f these species secrete
hydrophobic floral resins as pollinator rewards (Armbruster, 1984; Simpson & Neff,
1981; Ramirez & Gomez, 1978; Skutch, 1971). Clusia resins are highly attractive to
many apid and megachilid bee taxa who use them as nest-building materials (Roubik,
1989). Recent work with C. grandiflora, a species native to the Amazon and southern
Orinoco regions, indicates that, in addition to their utility in nest construction, pollinator
reward resins may function in controlling bacterial pathogenesis in the nest (Lokvam &
Braddock, 1999). Both male and female C. grandiflora resins have been found to contain
potent antimicrobial agents that are especially toxic to bacterial pathogens o f the
honeybee, Apis mellifera. The bioactivities o f male and female resins are not equivalent
however: by disk-diffusion assay, female resins were shown to have markedly greater
bactericidal activity than did male resins. The proximate cause o f this discrepancy has its
basis in the pronounced sexual dimorphism in chemical structure o f the C. grandiflora
pollinator rewards. Thin-layer chromatographic (TLC) separations showed that male
resins have seven major component fractions whereas female resins have two. Bioassays,
furthermore, demonstrated that the enhanced bioactivity in female resin is accounted for
by a single, non-polar fraction. This is in contrast to male resin in which four bioactive
fractions were observed.

This paper reports on a comparison o f the chemical makeup o f male and female C.
grandiflora resins from populations o f this species that occur in southeastern Venezuela.
These populations provide the first described case of a sexually dimorphic pollinator
1 Prepared for submission to Phytochemistry
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reward system. An elucidation o f the chemistry that underlies this system is basic to an
understanding of the functional differences between male and female resins as well as the
selective pressures that gave rise to the observed dimorphism. In this study, bioassayguided chromatographic separations were used to isolate several major components from
bioactive fractions of both male and female resins. These components were then
structurally characterized. Earlier studies o f Clusia secondary metabolite chemistry have
shown the genus to be a rich source of poly-isoprenylated benzophenones (Lokvam et al.,
in press, Henry et al., 1999; de Oliveira et al., 1999, 1996; Cerrini et al., 1993). Here, we
report on the occurrence o f one previously described benzophenone found in both male
and female resins and the structures o f three novel benzophenones that appear in male
resin alone.

Results and Discussion
Male and female pollinator reward resins were collected from five widely separated
C. grandiflora populations in southeastern Venezuela. On the basis o f TLC comparisons,
same-sex resins were found to be invariant in gross chemical composition, both withinand between-populations. A previously described TLC bioassay (Lokvam & Braddock,
1999) was used to guide the fractionation o f resin and the isolation of bioactive
components. As these bioactive compounds each had a reactive enol functionality, they
tended to be unstable in pure form. Derivatization with diazomethane greatly improved
their isolation and handling characteristics. The compounds described in this study,
therefore, were all isolated as the methyl ethers of the naturally-occurring forms.
Female resin was found to contain the two tautomeric forms o f a single
benzophenone that our earlier study had demonstrated to be a potent bactericide.
Compound la (fig. 3) was isolated following treatment of the crude material with
diazomethane. It was identified by HREIMS and NMR spectra as the methyl ether of
nemorosone II, previously described from two other Clusia species (de Oliveira et al.,
1999) but not reported from an earlier study of C. grandiflora resins (de Oliveira et al.,
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1996). Separation on silica gel yielded both the 3-ene-4-methoxy and 2-ene-2-methoxy
tautomeric forms in an approximately 5:3 ratio. Spectral data from the 3-ene-4-methoxy
tautomer alone have be reported in the literature (ibid.). Spectral data from the 2-ene-2methoxy tautomer are reported here in Appendix 1. Taken together, the two forms of
nemorosone II comprise approximately 40% of the mass of female resin. Nemorosone II
was similarly isolated from male resin, although as the 3-ene-4-methoxy tautomer only.
In contrast to female resin, this compound comprises just 3% of the total male resin mass

Fig. 3. Chemical structures of male and female resin benzophenone 1
and male resin benzophenone derivatives 2a, 3a, and 4a.
► = ’H -’H COSY connectivity; —

= HMBC correlation.

Compounds 2a, 3a, and 4a (fig.3) were all isolated from male resin but were absent
from female resin. The three compounds had considerable HREIM and NMR spectral
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affinities with nemorosone, suggesting that they were benzophenones as well. These
included a base peak at 105 amu in the MS, indicating an unsubstituted benzoyl moiety,
the presence o f two unconjugated carbonyls and the presence o f two analogous
isoprenoid termini as shown by ’H -’H COSY experiments. Each compound was isolated
as a yellowish oil following dissolution of crude resin in a diazomethane-saturated ether
solution and repeated separations on silica gel. Compound 2a (fig. 3 and Table 3) was the
most mobile o f the three. HREIMS showed 2a to have a molecular ion peak at m/z
530.3397, indicating a molecular formula o f C 35H 46O4 (calculated mass = 530.3396) and
13 degrees of unsaturation. DEPT showed the molecule to have nine methyls, including
two methoxy groups. There were four sp 3 hybridized methylenes. Two o f these were
superimposed (S l3C = 43.0) and only resolved in the proton dimension o f an HSQC
experiment. DEPT also showed one olefmic methylene, and nine methines, including one
that was sp 3 hybridized. By inference, there were 11 quaternary carbons, o f which one
was sp 3 hybridized and two were conjugated carbonyls. Two notable differences
between 2 a and nemorosone, however, were the absence of both a second sp3 hybridized
quaternary carbon and a gem-dimethyl, suggesting that the isoprenoid B-ring o f
nemorosone was not formed in this molecule. Prominent diastereotopic proton
resonances at the C-14, 19, and 24 methylenes greatly facilitated regiochemical
assignments through an HMBC experiment. This verified that the C-5-C-9 bond found in
nemorosone was not present in 2 a but that the relative prenylation pattern o f the
benzophenone skeleton was otherwise the same. One ambiguity that arose in the course
methoxy methyl groups at C-3 and C-5 were added in reaction with diazomethane.
Clearly, at least one was added as evidenced by the change in TLC mobility o f the
compounds before and after derivatization but ascertaining which one or if both were
added will require further experimentation, specifically, derivatization with H-enriched
CH 2N 2.
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Table 3. NMR data for male resin derivatives 2a, 3a, and 4a.
2a

3a

4a

c#

5 13C

S 'H

5 i3C

S 'H

8 I3C

8 ‘H

1

2 0 1 .0

-

2 0 1 .7

-

2

-

120.0

-

-

3

119.5
169.1

187.5
123.2

-

3a

5 9 .2

1 69.6
6 1 .5

4

111.3

3 H . 3 .4 5 . s
-

5

1 66.0

-

5a

6 1 .5

3H , 3 .5 4 , s

111.3
165.8
5 9 .2

-

-

1 6 8 .9

-

3 H , 3 .4 5 , s
-

6 1 .8
117.5

3 H , 3 .9 7 , s
-

-

168.8

-

3 H . 3 .5 3 . s

5 9 .0

3 H , 3 .5 1 , s

6

5 8 .0

-

5 8 .0

-

5 3 .2

-

7

1 9 5 .2

-

195.1

-

196.0

-

8

1 3 8 .8

-

138.7

-

138.3

-

1H, 7 .9 4 , dm ,
7 = 7 .0 H z

129.0

1H, 7 .8 7 , dm ,
.7=7.0 H z

128.5

1H, 7 .4 1 . tm . J = 7 .0 H z

9

1 2 9 .0

1H, 7 .9 4 , dm , J = 7 .0 H z

1 2 9.0

10

1 28.6

1 1 1 ,7 .4 6 , tm , .7=7.0 H z

1 2 8.6

11

1 3 3 .2

1H, 7 .5 7 , tm , .7=7.0 H z

1 33.2

1H, 7 .5 7 , tm ,
.7=7.0 H z

132.9

1H, 7 .5 1 . tm , .7=7.0 H z

12

1 2 8 .6

1H , 7 .4 6 , tm , .7=7.0 H z

1 2 8.6

1H, 7 .4 7 , tm , .7=7.0
Hz

128.5

1H, 7 .4 1 , tm , 7 = 7 .0 H z

13

1 2 9 .0

1H, 7 .9 4 , d m , .7=7.0 H z

129.0

129.0

1H, 7 .8 7 , d m , 7 = 7 .0 H z

1H, 7 .4 7 , tm ,
.7=7.0 H z

1H, 7 .9 4 , dm ,
.7=7.0 H z

1H, 3 .2 4 , d d m ,
7 = 1 5 .4 , 6 .4 H z
1H, 3 .0 7 , d d m ,

14

22 .3

2 H , 3 .0 1 , o

2 2 .4

2 H , 3 .0 1 , m

2 2 .8

15

122.1

1H , 5 .0 7 , tm , .7=6.8 H z

122.3

1H, 5 .0 5 , m

1 22.0

16

1 3 1 .7

-

1 3 1.7

-

1 3 2 .0

-

17

17.9

3 H , 1.65, o

18.0

3H . 1.66, b r s

3H , 1.63, o

18

2 5 .7

1.65. d, > 1 . 3 H z

2 5 .8

3 H , 1.65 b r s

18.1*
2 5 .7

19

4 3 .0

211, 2 .5 4 , o

4 3 .2

2H . 2 .5 3 . m

37 .5

7 = 1 4 .5 . 9 .4 H z
1H, 2 .4 6 , d m , 7 = 14.5 H z

20

118.3

1H, 5 .0 0 , m

134.7

1H, 5 .0 0 , m
-

118.2

1 3 4 .7

1H, 5 .0 2 , o
-

118.3

21

1 35.0

-

22

17.9

3 H , 1.56, o

17.7

3H , 1.55, s

18.0

3 H , 1.60, b r s

7 = 1 5 .4 , 6 .4 H z
1H, 5 .0 7 , tm , 7 = 6 .4 H z

3 H . 1.62. d, 7=1 H z
1H, 2 .6 5 , dd,

23

2 6 .0

3H , 1.72, b r s

26.1

3 H , 1.72, b r s

2 6 .2

3H , 1.78, s

24

4 3 .0

2 H , 2 .5 4 , m

4 2 .8

2 H , 2 .0 7 , o

3 9 .9

1H, 2 .0 0 , o; 1H 1.96, o

25

4 5 .0

1H, 2 .0 1 ,0

4 4 .8

1H, 2 .1 0 , o

4 3 .5

1H, 2 .2 0 , o

26

3 2 .0

2H , 1 .9 0 ,o

3 2 .5

2 H , 1 .9 8 ,o

3 3 .9

2 H , 2 .3 3 , m

27

1 2 2 .7

IH , 6 .3 5 , tm , 7 = 6 .9 H z

132.2

IH , 5 .2 3 , m
-

152.8

1 3 1 .6

1H, 4 .9 7 , m
-

1 26.8

28

1 3 9 .6

-

29

17.9

3H , 1.67, o

14.1

3 H , 1.59, b r s

9.5

3 H , 1.72, d, 7=1 H z

30

2 5 .8
-

3H , 1.56, o
-

7 8 .7

2 H , 3 .7 4 , s

195.0

IH , 9 .3 5 , s

30a

5 7 .0

3H , 3 .2 2 , s

-

-

31

1 4 7 .0

-

1 46.9

-

145.0

-

32

18.2

3 H , 1.62, m

18.0

3 H , 1.61, b r s

18.1

3 H , 1.63. o

33

1 1 1 .7

1H, 4 .7 0 , m ,
1H, 4 .6 5 , d, .7=1.8 H z

112.1

1H, 4 .7 0 , m,
1H, 4 .6 6 , m

113.6

IH , 4 .8 3 , m
IH , 4 .7 1 , b r s

Legend: s = singlet, d = doublet, t = triplet, m = multiplet, o = overlap, br = broad, dm = double multiplet,
ddm = doublet o f double m ultiplets, tm = triple multiplet.
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Compound 3a (fig. 3 and Table 3) showed NMR spectral characteristics very similar to
those of 2a but was less mobile on silica gel. HREIMS gave a molecular ion peak at mlz
= 560.3490, indicating a molecular formula of C36H 48O 5 (calculated mass = 530.3502)
and 13 degrees of unsaturation. DEPT spectra o f the two compounds were nearly
identical. The major difference between 3a and 2a was the presence o f a o f structural
assignment of 2a, as well as 3a and 4a, was whether one or both the downfield methylene
(<513C = 78.7) and a methoxy group and the absence o f a methyl group. The overlap in
both 'H -'H COSY and HMBC spectra between the two compounds permitted a relatively
straight-forward structure assignment o f 3a (fig.3), the only question being the placement
of the methoxy group. HMBC showed correlations between the C-28 quaternary, the C29 methyl, and the R-group methylene and methoxy protons, indicating that one of the
isoprenoid methyl termini had undergone methoxidation. A methoxide group at this site
is apparently the native state of the molecule as a hydroxyl proton at that position would
not have been sufficiently acidic to react with diazomethane. The stereochemistry around
the C-27-C-28 double bond was determined with a NOESY1D experiment. Selective
irradiation o f the R-group methylene protons (<5 'H = 3.74) gave a positive NOE at the C27 methine proton, indicating the E configuration.

Compound 4a (fig. 3 and Table 3) was found by HREIMS to have a molecular ion
peak o f mlz = 544.3196, indicating a molecular formula of C 35H 44O 5 (calculated mass =
544.3189) and 14 degrees of unsaturation. Once again there was extensive NMR spectral
correspondence between 4a and the above described compounds. The

13

C spectrum,

however, showed the presence of one more conjugated carbonyl than either 2a or 3a and
one fewer methoxy groups than 3a. The 'H spectrum had a one-hydrogen singlet at S 9.35
and several downfield-shifted resonances including a methine at 8 6.35 and a methyl at 3
1.72. These data suggested that the partially oxidized isoprenoid methyl terminus in 3a
may have been further oxidized to the aldehyde in this compound. An HMBC experiment
established this to be true. In addition, a NOESY1D sequence, in which the aldehydic
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proton was selectively irradiated, produced an NOE at the C-27 methine proton (S !H =
6.35), demonstrating that the E stereochemistry of 3a was conserved in 4a.

Nemorosone II, and compounds 2a, 3a. and 4a combined, comprise approximately 12%
o f male C. grandiflora resin mass. These are, however, only four o f the more abundant
and easily isolated benzophenones that we encountered in the course o f our male resin
fractionation. There is a substantial amount o f evidence that this material contains a
diverse assortment of benzophenones and that the total benzophenone content of male
resin may well approach that of female resin. The compounds described here have TLC
mobilities that place them within fractions which, by TLC bioassay, have demonstrated
bioactivity (Lokvam & Braddock, 1999). With the exception o f 2a, the fractions are
mixtures o f benzophenones. It is, therefore, not possible to say with certainty that 3a and

4a are the agents responsible for the bioactivity in their associated fractions. Given that
both possess the same enol functionality that previous work (Lokvam et al., in press) has
shown to underlie bioactivity in other benzophenones, it is likely that 3a and 4a are
bioactive as well.

Experimental
General

IR absorptions were measured on a Nicolet 560 FT-IR spectrometer. Mass spectra
were determined on a Finnigan MAT 95 spectrometer operating at a resolution o f 8780.
1
1^
H and C spectra were acquired on a Varian 300 MHz spectrometer using CDCI3 as
1

solvent. Residual CHCI3 and CDCI3 as were used as internal references for H and
spectra respectively. HMBC acquisitions were optimized for Jch = 8 Hz.

1 o

C
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Plant Material

Resins from C. grandiflora males and females were collected in the Parque Nacional
Canaima in southeastern Venezuela in October and November o f 1997. Voucher
specimens o f both male and female plants are deposited with the Herbario Nacional de
Venezuela in Caracas, Venezuela, (accession numbers VEN 294991, VEN 294992) and
at the Herbario Regional de EDELCA in San Ignacio Yuruani, Bolivar, Venezuela

Collection, Bioassay-Guided Fractionation and Isolation

Details of resin collection have been reported (Lokvam & Braddock, 1999). A
previously described TLC bioassay technique (op cit) was used to screen for bioactivity
in specific components in underivatized resin. Methylations o f resin components were
carried out by dissolving crude male or female resin in a CH 2N 2-saturated ether solution.
Mobility differences of derivatized v. underivatized components were determined by
TLC comparisons. Separations were carried out by flash CC using 40 (j.m silica gel.
Compound la was isolated from female resin in dichloromethane/acetone, 98:2. 400 mg
of crude resin yielded 160 mg of nemorosone II. Compounds la, 2a, 3a, and 4a were
isolated from male resin. The initial solvent system was 100% dichloromethane, which
separated la and 2a from less mobile fractions which included 3a and 4a. The former
were resolved with 100% benzene. Compounds 3a and 4a underwent an intermediate
separation using a petroleum ether/ethyl acetate/acetone gradient elution, 95:2.5:2.5 —»
90:5:5. Final purifications were carried out in dichloromethane with 1% —» 8 % ethyl
acetate. A starting mass of 1.05 g of crude male resin yielded 36 mg o f la, 22 mg o f 2a,
40 mg o f 3a and 22 mg o f 4a.

2a: O-methyl arepanone: [6-[(4E)-5-methyl-2-(l-methylvinyl)hex-4-enyl]-2,6bis((2E)-3-methylbut-2-enyl)-3,5-dimethoxy-4-(phenylcarbonyl)cyclohexa-2,4-dien-l-
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one]. Oil. IR: film-vmax cm ' 1 2927, 1672, 1644, 1563, 1450. HREIMS 70 eV, m/z (rel.
int.) 530.752 [M]+.
3a: O-methyl arepanone methyl ether: [6-[(4E)-6-methoxy-5-methyl-2-(lmethylvinyl)hex-4-enyl]-2,6-bis((2E)-3-methylbut-2-enyl)-3,5-dimethoxy-4(phenylcarbonyl)cyclohexa-2,4-dien-l-one]. Oil. IR: film-vmax cm '1 2927, 1672, 1644,
1563, 1450. HREIMS 70 eV, m/z (rel. int.) 560.778 [M]+ .

4a: O-methyl arepanonal: [(2Z)-5-{[l,3-bis((2E)-3-methylbut-2-enyl)-4,6dimethoxy-2-oxo-5-(phenylcarbonyl)cyclohexa-3,5-dienyl]methyl}-2,6-dimethylhepta2,6-dienal], Oil. IR: film-vmax cm '1 2927, 1685, 1653, 1450, 1368. . HREIMS 70 eV, m/z
(rel. int.) 544.735 [M]+ .
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CHAPTER 3

Two Polyisoprenylated Benzophenones from the Trunk Latex of
Clusia grandiflora (Clusiaceae)1
Introduction
Both male and female plants of the dioecious, neo-tropical tree species Clusia
grandiflora (Clusiaceae) secrete a viscous, hydrophobic resin from specialized floral
tissues (Bittrich & Amaral, 1997). This substance serves as the pollinator reward for
numerous apid-bee species that visit C. grandiflora. Resin is not a nutrititive reward.
Rather, bees use it as nest construction material. This type o f pollinator reward system is
rare, being known from only three angiosperm genera. Because the resins produced in
these systems derive from secondary metabolic pathways, they provide an opportunity to
trace the evolutionary origins of a pollinator reward system that primary metabolic
rewards do not. In an earlier paper (Lokvam & Braddock, 1999), we reported on the
biological properties of C. grandiflora pollinator reward resins. We have found that the
resins o f both sexes contain potent bactericidal substances that are particularly toxic to
the honeybee pathogens Paenibacillus larvae and P. alvei.

In addition to the resin pollinator reward, C. grandiflora plants, like most clusiaceous
taxa, maintain a second prominent pool of natural products in the form o f a defensive
latex. Latex is produced constituitively by the plant in a system o f canals that run through
all plant tissues. When tissues are damaged, latex oozes from the wound and forms a
barrier against insect and possibly microbial invasion. Numerous studies have shown that
the genus Clusia is a rich source of poly-isoprenylated benzophenones. Several
compounds from this class have been isolated from C. grandiflora floral resins (de
Oliveira et al., 1996). To date, there have been no benzophenones identified from C.
grandiflora latex. As part o f our investigation of the evolutionary origins o f the resin
1 Lokvam, J., Braddock, J.F., Reichardt, P.B., Clausen, T.P. (in press) Phytochemistry

45

pollinator reward system, we take a bioassay-guided approach to explore the chemical
and biological similarities between resin and latex components. We report on the
isolation o f a known benzophenone from female C. grandiflora resin and on the
structures o f two novel benzophenones from C. grandiflora latex. In addition, we present
data on the relative bioactivities of resin and latex benzophenones and demonstrate that
these compounds are the agents responsible for the bioactivity o f the C. grandiflora
pollinator reward.

Results and Discussions
We used a thin-layer chromatographic assay (Lokvam & Braddock, 1999) to visualize
bactericidal components in C. grandiflora resins and latex. This led us to the
characterization of benzophenones 1 , from female resin (fig.4), and 2, from latex.
Compound 3, though biologically inactive, appeared to be a benzophenone and was
isolated along with 2. Compounds 1 and 2 are unstable when purified in their native state.
Their study was expedited by derivitization with CH 2N 2 and both 1 and 2 were therefore
isolated as their methyl ethers la and 2 a.

All three compounds share several spectral characteristics among themselves and with
other benzophenones and, as a result, our structural analyses were aided by earlier studies
(e.g. Delle Monache et al., 1991). 13C NMR spectra show the presence o f two conjugated
and one unconjugated carbonyl carbons in each. In the MS, all three compounds have a
base peak at m/z 105 indicating the presence of a unsubstituted benzoyl moiety. This is
further substantiated by the presence of the multiplets of an AB 2X 2 spin system in the
aromatic region of the 'H NMR spectra. 'H -’H COSY and HMBC show that all three
compounds are extensively prenylated.

Compound l a was isolated from female C. grandiflora resin following treatment of the
crude material with diazomethane. It was identified by HREIMS and NMR spectra as the
methyl ether of nemorosone II, previously described from two other Clusia species (de

46

Oliveira et al., 1999) but was not reported from an earlier study o f C. grandiflora resins.
Separation on silica gel yielded both the 3-ene-4-methoxy and 2-ene-2-methoxy
tautomeric forms in an approximately 5:3 ratio.

R

o
II

U
,5

[

2;

1,

; II

O | O

1-R = H
la -R = Me

2a-R = Me

Fig. 4. Chemical structures of female resin benzophenone 1 and latex benzophenone 2
and 3. — = 'H -'H COSY connectivity;
► = HMBC correlation.
Compound 2a was isolated as a colorless oil from the diazomethane-treated crude latex.
A total o f 39 carbons were found in the 13C NMR spectrum (Table 4). DEPT showed the
presence o f 10 methyl carbons and five methylene carbons, four o f which were sp and
2

3

2

one sp . In addition, there were two sp and eight sp methine carbons. By inference, 2a
•
2
has 13 quaternary centers, three o f which are sp 3 and the remaining
10 sp carbons,

including two conjugated and one unconjugated carbonyls. HREIMS gives a molecular
ion peak of m/z equal to 584.3863, confirming the molecular formula o f C39H52O4. The
molecule then has 14 double-bond equivalents. In contrast to compound 1, only a single
tautomer o f 2 resulted from treatment with diazomethane. Clues as to the structural
differences between la and 2 a included the presence of an additional prenyl group and a
terminal methylene carbon in compound 2 a, suggesting a second isopentenyl branching.
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Table 4. NMR data for O-methyl-chamone I (2a) and chamone II (3)
O-methyl-chamone I (2a)
C (O )#

chamone II (3)

5 ' 3C

5 ‘H

8 13C

5 'H

1

6 3 .8

-

72.5

-

2

197.3

-

166.2

-

3

123.4

-

-

-

4

169.7

-

83.5

-

5

7 4 .4

-

1 2 3.9

5 .2 2 ( I H , d, J = 1 0 .3 H z )

6

4 7 .9

-

114.5

7

42 .3

1.63 ( I H , o)

113.2

6 .4 8 ( I H , d, J = 1 0 .3 H z )
-

8

4 5 .8

1.92 ( I H , d d , J = 1 2 .8 .3 .5 H z )
1.45 ( I H , o)

192.2

-

9

2 0 7 .4

-

64.3

-

10

-

4 4 .8

1.96 ( I H , o, e q ) 1.45 ( I H . o. ax)

11

193.5
1 37.4

-

4 3 .0

1.66 ( I H , o)

12

128.5

7 .7 2 ( I H , dm , J = 7 .2 H z)

4 8 .7

-

13

128.1

7 .3 2 ( I H , tm . .7 = 7 .2 H z)

2 0 6 .2

-

14

132.2

7 .4 6 ( I H , tt, J = 7 .2 , 1.2 H z)

193.2

15

128.1

7 .3 2 ( I H , tm , . 7 = 7 .2 H z)

137.3

-

16

128.5

7 .7 2 ( I H , d m , J = 7.3 H z)

128.7

7 .7 4 ( I H , d m , .7=7.1 H z)

3 .2 8 (2 H , d d, 6 .4 , 1.0 H z)

17

2 3 .4

18

1 21.8

.

128.1

7 .3 3 ( I H , tm , .7=7.1 H z)

5.01 ( I H , o)

132.3

7 .4 5 ( l H , t t , J = 7 . 1,1.0 H z)

19

133.1

-

128.1

7 .3 3 ( I H , tm , J = 7 .2 H z)

20

18.3

1.68 (3 H , o)

128.7

7 .7 2 ( I H , d m , J = 7 .2 H z)

21

2 6 .0

1.67 (3 H , o)

3 0 .2

1.34 (3 H , s)

22

35.1

2 .1 6 ( I H , d d, J = 14.1, 11.7 H z)
1.76 ( I H , d d, 1 4 .1 ,5 .0 H z)

2 8 .7

.61 (3 H , s)

23

4 4 .3

2 .5 2 (1 1 1 , m )

3 4 .9

2 .1 6 ( I H . d d. .7 = 1 4 .3 , 11.3 H z)
1.77 ( I H , d d , 7 = 1 4 . 3 , 4 . 8 H z)

24

3 3 .2

2 .0 0 (2 H , d d, J — 7 .2 , 7 .2 H z)

4 4 .3

2 .5 4 ( I H , m )

25

1 2 3.2

5.01 ( I H , o)

2 .0 2 (2 H , o)

26

1 3 1.7

-

33.3
123.2

27

18.3

1.60 (3 H , s)

131.8

-

28

2 6 .0

1.68 (3 H , o)

18.2

1.60 (3 H , b r s)

29

1 4 8.6

-

26.1

1.68 (3 H , o)

1 1 2.4

4 .6 7 ( I H , d d, J = 2 .9 , 1.6 H z)
4 .5 8 ( I H , b r d, J = 2 .9 H z)

148.6

30

5 .0 2 ( I H . o)

4 .6 7 ( I H , b r q ,J = 2 . 9 H z )

31

18.1

1.56 (3 H , s)

112.5

32

2 7 .9

2 .0 7 ( I H , o ) 1.63 ( I H , o)

18.2

1.57 (3 H , b r s)

33

1 22.7

4 .9 2 ( I H , m )

2 7 .9

2 .1 2 ( I H , o ) 1.68 ( I H , o)
4 .9 6 ( I H , o)

4.61 ( I H , b r d, J = . \ 2 H z)

34

1 33.4

-

122.5

35

18.1

1.67 (3 H , o)

133.6

-

36

26.1

1.55 (3 H , s)

18.3

1.55 (3 H ,b r s)

37

2 4 .7

1.30 (3 H , s, e q )

2 6 .2

1.68 (3 H , o)

38

16.4

1.17 (3 H , s, ax)

16.6

1 .1 9 (3 H , s, ax)

39

-

-

2 4 .7

1.36 (3 H , s, eq)

OM e

6 1 .6

3.43

-

-

Legend: s = singlet, d = doublet, dd = double double, t = triplet, tt = triple triplet, m = m ultiplet, o =
overlap, br = broad, dm = double multiplet, tm = triple m ultiplet.
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'H -'H COSY and HMBC showed that this occurs at C-23 and is accompanied by a
double-bond isomerization to C-29 (fig. 4).

The relative configuration of 2a was determined using gradient 1D NOESY pulse
sequences. Selective irradiation o f the C-4 methoxide gave a positive NOE o f 0.3% at the
C-37 (equatorial) methyl and no increment at the axial methyl. Molecular modeling
showed that if the B ring were in a boat conformation, it would be the axial gem-dimethyl
in closer proximity to the methoxide. Since no axial-methyl NOE was observed here, we
concluded that the B ring is in the chair conformation. The chair conformation would not
be observed if the C-7 isopentenyl group were in an axial position owing to the strong
1,3-diaxial interactions with the A ring that would result. Moreover, C-4 methoxide
irradiation gave positive N O E’s at C-17 (1%) and C-18 (1%). No N O E’s were observed
at C-32 or C-33, as would be expected if the isopentenyl group were axial. These results
indicated that C-7 hydrogen was axial and the relative configuration o f the molecule was
S*. Though no configuration has been previously assigned to nemorosone II, ID NOESY
data from O-methyl nemorosone II isolated by us showed that compound 2 and
nemorosone II have the same relative stereochemistry.

Fig. 5. Pertinent N OE’s observed following selective irradiation of chamone I C-4
methoxyl protons.
Chamone II (3) was obtained as yellowish oil from the diazomethane-treated crude latex.
A total o f 38 carbons were found in the l3C NMR spectrum, again with the two aromatic
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peaks and one methyl peak at double intensity (Table 4). DEPT showed the presence of
nine methyl carbons, four sp 3 and one sp 2 methylene carbons, and two sp 3 methine
carbons. In addition, there are nine sp methine carbons. By inference, there are 13
quaternary carbons. Four are sp 3 and the remaining nine are sp 2 carbons, including two
conjugated and one unconjugated carbonyls. HREIMS gave a molecular ion peak of m/z
equal to 568.3558, confirming the molecular formula of C 38H48C>4 and indicating 15
double-bond equivalents. The absence o f an oxygen-bonded methyl showed that the
molecule had not reacted in the presence o f diazomethane. This was confirmed in sideby-side TLC comparisons of crude and diazomethane-treated latex where the molecule
had identical RF values and the same characteristic violet florescence under UV light
(254 nm). Comparison o f the 'H and HMBC spectra o f 3 showed two pairs o f sharp,
upfield methyl singlets at £.61/1.34 and £1.19/1.36, each o f which correlated through an
sp3 quaternary carbon, indicating the presence o f two pairs o f ring-bonded gemdimethyls. The downfield pair had an analogue in 2 whereas the upfield pair did not. The
latter also had long range correlations with coupled olefinic protons at £6.47 (d, J = 10.2
Hz) and 5.21(d). The additional sp quaternary center and the lack o f reactivity with
diazomethane suggested that the C-3 isopentenyl group, which remains open in
compound 2, had ring closed on the C-2 enolic hydroxyl in compound 3. 'H -'H COSY
and HMBC confirmed this to be the case (Table 4 and fig. 4).

Both compounds 1 (nemorosone II) and 2 (chamone I) showed pronounced activity in
TLC bioassays. These two compounds serve entirely different functions with respect to
the ecology of the plant and therefore are likely to have evolved under selection for
different functional characteristics. One o f these is antimicrobial activity. We compared
the bactericidal efficacies of 1 and 2 in side-by-side bioassays. We used a previously
described disk-diffusion assay technique (Lokvam & Braddock, 1999) and the honeybee
pathogens P. larvae and P. alvei as assay microorganisms. From earlier TLC bioassays,
we knew that neither compound 3 nor the methyl ethers of 1 or 2 were bactericidal. This
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suggests that the presence of an enol functionality is necessary for antibacterial activity in
these molecules. No further assays were performed with either the methyl ethers or 3.
Table 5. Disk-diffusion assay results: Clusia grandiflora benzophenones v.
Paenibacillus larvae. Cmpd. 1 = nemorosone II, Cmpd.2 = chamone I
Inhibition Zone Diameter (mm)
5 [j.g/disk
@35 hrs.
mean
S.E.

Cmpd. 1
total
19.5

partial
27.3

1.6

0.2

Cmpd. 2
total
19.7
0.3

Control
0
-

Table 6 . Disk-diffusion assay results: Clusia grandiflora benzophenones v.
Paenibacillus alvei. Cmpd. 1 = nemorosone II, Cmpd.2 = chamone I
Inhibition Zone Diameter (mm)
5 |o,g/disk
@ 2 0 hrs.

mean
S.E.
@35 hrs.
mean
S.E.

Cmpd. 1

Cmpd. 2

Control

total
13.3

0

total
19.3
0.7

partial
-

1.2

-

2.3
2.3

17.3
1.5

10
0.6

0

-

-

The results o f the bioassays of 1 and 2 are presented in Tables 5 and 6 . Both compounds
are clearly toxic to the Paenibacillus honey bee pathogens. Given that the assays were
run at equal test masses, 5 |ag/disk, it appears that nemorosone II (Cm pd.l), in contrast to
chamone I (Cmpd. 2), is both more diffusible in the semi-aqueous agar medium and more
effective as a bactericide. This is most evident in the P. larvae assay. There were
equivalent zones of total inhibition surrounding both nemorosone II and chamone I disks
but nemorosone II disks had a further zone of partial inhibition. In the P. alvei assay, both
compounds appear to be less toxic to the assay organism. The greater diffusibility of
nemorosone II is evidenced by its dilution to the point where a zone o f total inhibition no
longer exists after 35 hours of incubation. This is in comparison to chamone I where there
is a persistent concentrated core free o f bacterial growth. These data indicate that even
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minor changes in the prenylation pattern of these molecules produce readily observable
effects on their biological activity.

TLC bioassays show that a single component, now identified as nemorosone II, is the
basis o f nearly all the bioactivity in female C. grandiflora resin in Venezuela (Lokvam &
Braddock, 1999). This compound comprises more than 50% o f the mass o f female C.
grandiflora resin and is therefore a major portion of the pollinator reward produced by
this plant. By contrast, chamone I comprises just 1-2% of the mass o f latex. The
structural data presented here point toward a common biogenetic origin for the
benzophenones that are found in these two pools of natural products. Given that the latex
defensive system occurs in many clusiaceous genera and that the resin pollinator reward
occurs in only two, latex defense appears to be evolutionarily ancestral to the pollinator
reward system found in C. grandiflora and other Clusia species. Resin-collecting bees are
known to be attracted to the latexes o f clusiaceous species. The mechanical properties of
latex, malleability and hydrophobicity, no doubt make it a useful nest-building material.
But the antibacterial activity o f the benzophenones in latex may also contribute to its
attractiveness to apids. As has been suggested by Bittrich and Amaral (1997), early apids
may have visited the ancestors of modem Clusia to wound floral tissues and remove
latex. Over evolutionary time, plants responded to selection by these insects with the
development o f secretory structures, thereby recruiting a group o f faithful pollinators in
the resin-collecting bees. The abundance of bioactive benzophenones in the resin
compared to latex implies that these compounds are of benefit to bees and that their
greatly amplified expression in resin is similarly the result o f pollinator selection.
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Experimental
General

IR absorptions were measured on a Perkin-Elmer 9200C spectrometer. Mass spectra were
determined on a Finnigan MAT 95 spectrometer operating at a resolution o f 8780. 'H and
13C spectra were acquired on a Varian 300 MHz spectrometer using CDCI3 as solvent and
13
TMS and CDCI3 ( C spectra) as internal references. HMBC acquisitions were optimized
for Jch = 8 Hz. NOEDIF spectra were obtained using de-gassed and sealed samples.

Plant Material

Resins and latexes from C. grandiflora were collected in the Parque Nacional Canaima in
southeastern Venezuela in October and November o f 1997. Voucher specimens of both
male and female plants are deposited with the Herbario Nacional de Venezuela in
Caracas, Venezuela, (accession numbers VEN 294991, VEN 294992) and at the Herbario
Regional de EDELCA in San Ignacio Yuruam, Bolivar, Venezuela. The bioassay
bacteria, acquired from the American Type Culture Collection, were P. larvae (ATCC
#25923) and P. alvei (ATCC #9545)

Collection, Bioassay-Guided Fractionation and Isolation

Details o f resin collection have been reported (Lokvam & Braddock, 1999). Latex was
collected by scoring trunk tissue and then scraping the latex as it oozed from the wound.
The material was transferred to Teflon-stoppered glass vials and returned to the
University o f Alaska Fairbanks for analyses. Methylations o f 1 and 2 were performed by
dissolving crude resin or latex in an CH 2N 2-saturated ether solution. A previously
described TLC bioassay technique (Lokvam & Braddock, 1999), was used to screen for
bioactivity in specific components in underivatized resin and latex. Mobility differences
o f derivatized/underivatized components were determined by TLC comparisons.
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Separations o f derivatized compounds were performed by CC using 40 jum mesh silica
gel and 100% benzene for resin and 85% pet ether : 7.5% acetone : 7.5% EtOAc for
latex.

Disk-Diffusion Bioassays

CC (40 |j.m mesh silica gel) was used to isolate the pure, underivatized benzophenones
from resin and latex. Nemorosone II was separated using dichloromethane with 1%
acetone. Chamone I was separated using 85% pet ether : 7.5% acetone : 7.5% EtOAc.
The latter solvent system was used to apply five p.g o f both compounds 1 and 2 and the
solvent control to the filter paper disks using a 10 j^l Hamilton. The solvent control was
prepared using Tween 80 at 10 mg/ml o f solvent. The pure benzophenones were
stabilized following separation by collecting fractions into tubes held in a dry ice/ethanol
bath. Those containing the compounds o f interest were concentrated and stored at -80°C.
while the assay was prepared. Details o f the disk-diffusion assay protocol are elaborated
elsewhere (Lokvam & Braddock, 1999). Assays were run in triplicate. The P. larvae
plates were incubated at 37°C.; the P. alvei plates at 30°C.

Chamone I: [7-(3-methylbut-2-enyl)-l-[5-methyl-2-(l-methylvinyl)hex-4-enyl]-(3methylbut-2-enyl)-4-methoxy-6,6-dimethyl-5-(phenylcarbonyl)bicyclo[3.3.1]non-3-ene2,9-dione], Oil. IR: (KBr) vmax cm '1 2975, 2972, 1724,1704, 1658, 1606, 1448. HREIMS
70 eV, m/z (rel. int.) 584.3863 [M]+, 515 (20), 448 (45), 325 (100), 269 (50), 105 (55), 69
(29).

Chamone II: [1 l-(3-methylbut-2-enyl)-9-[5-methyl-2-(l-methylvinyl)hex-4-enyl]4,4,12,12-tetramethyl-3-oxa-1-(phenylcarbonyl)tricyclo[7.3.1.0<2,7>]trideca-2(7),5diene-8,13-dione]. Oil. IR: (KBr) vmax cm '1 3023, 2405, 1723, 1647, 1592, 1424, 1218.
HREIMS 70 eV, m/z (rel. int.) 568.3558 [M ]+, 499 (5), 434 (25), 417 (44), 309 (100),
189 (17), 105 (38), 69 (24).
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CHAPTER 4

Tocotriene Derivatives from Floral Resins and Trunk Latex
of Clusia grandiflora (Clusiaceae)1
The neo-tropical plant genus Clusia (L.) is comprised o f approximately 250 mostlydioecious species. Many o f these produce a non-nutritive resin pollinator reward1'2'3'4.
This substance is secreted by specialized staminodal tissues in both male and female
flowers and is widely gathered by numerous pollinator species from two tribes of apid
bees. Female orchid bees, the euglossines, and worker stingless bees, the meliponines,
use plant resins in the construction o f their nests and are extremely attracted to the Clusia
pollinator rewards. The major components o f Clusia floral resins have been identified as
poly-isoprenylated benzophenones5’6,7. Our work with the floral resins from C.
grandiflora, has uncovered potent antibacterial activity in these pollinator rewards 8 and
has traced the source o f this bioactivity to those benzophenones that possess a
characteristic ring-bound enol functionality9.

Most clusiaceous taxa have a system o f laticifers running through all plant tissues. This
network o f canals produces often copious amounts of an internally-maintained defensive
latex. When a plant is damaged, latex oozes from the wound and, in time, hardens over,
acting as a seal against insect and possibly pathogenic invasion. Evidence for the
evolutionary origin o f the Clusia pollinator reward system can be found in this latex
defensive system. We have observed that C. grandiflora latex contains a close structural
analog o f the bioactive benzophenones found in the pollinator reward resins8. This
compound has antibacterial potential comparable to that of the major floral
benzophenone in female resin. Given that the latex defensive system occurs in nearly all
clusiaceous genera and that the resin pollinator reward is found in only two, it is likely
that latex is ancestral to resin. Results from our previous study indicate that there is a
biogenetic link between resin and latex and suggest that the resin reward system may
1 Prepared for submission to Journal ofN aiural Products
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have arisen, in part, due to chance biosynthetic preadaptations that had evolved earlier in
latex. If this is the case, there are likely to be other shared chemical components in these
two pools o f natural products. We undertook an investigation o f several nonbenzophenone C. grandiflora secondary metabolites, looking both at male and female
resins and at trunk latex.

In this paper, we report on the occurrence o f three tocotrienoic acids in C. grandiflora
(Figure 7). Two o f these, 1 and 2, are found in trunk latex while the other one, 3, is
common to both male and female pollinator reward resins. The three compounds have a
high degree o f structural affinity, sharing a the chromane-type ring system and a C-2
farnesyl substituent bearing a terminal carboxylic acid group. The compounds were
isolated from crude latex and resin samples that had been treated with diazomethane,
such that methyl esters la, 2a, and 3a were obtained in each case. For all three, ‘H -'H
COSY and HMBC experiments were used to assemble the farnesyl portion o f the
molecule. ID NOESY experiments showed that, in each compound, a downfield olefinic
proton, (3 to the carboxyl group, had a strong NOE with the terminal methyl group, thus
establishing the Z stereochemistry for all three.

Compound la (Fig. 6 and Table 7) was isolated as an pale yellow oil. The l3C NMR
spectrum showed 29 carbons, 13 of them aromatic or olefinic. DEPT indicated that there
were 10 quaternary carbons, all but one o f which was sp hybridized. In addition, there
were four sp2 methines, eight methylenes, and seven methyls. HREIMS gave a molecular
ion peak at m/z 454.3068, indicating a formula o f C 29H 42O4 (calculated mass = 454.3083)
and nine degrees of unsaturation. The ID *H spectrum showed two aromatic methyl
singlets, a broad aromatic methine singlet and a broad hump centered around £4.3 that
suggested a phenolic proton. An HMBC experiment optimized for 20 Hz coupling
constants showed that this proton correlated with a quaternary carbon at £ 147.1 as well
as the aromatic methine carbon at £ 112.3 and an aromatic methyl through a quaternary
carbon at £ 121.9. In the 'H ^H COSY, long-range coupling between the aromatic
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methine proton, both aromatic methyls, and two methylenes traced a spin system that was
isolated from the isoprenoid portion o f the molecule. The methylenes in this system were

1 -R = H
la -R = CH3

2 -R = H
2a -R = CH3

3 -R = H
3a -R = CH3
Fig. 6. Chemical structures o f C. grandiflora tocotrienoic acid derivatives.
= 'H -’H COSY connectivity; -----► = HMBC correlation,

= NOE.

shown by HMBC to correlate both with the farnesyl moiety and a methyl group through
an sp 3 quaternary carbon. Both this quaternary carbon and the methyl, at 8 1 A.9 and 8
24.1 respectively, had relatively downfield shifts, indicative o f oxygen linkage. The sum
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o f the evidence showed that the fourth oxygen in the molecule must be part o f a second
ring system. HMBC established two sp2 quaternary carbons as likely bridgeheads
between the aromatic and non-aromatic rings. One of these, at 8 145.5, was part of an
ether linkage, thus establishing a tocopherol nucleus. ID NOESY experiments were
employed to determine the substitution order on the aromatic ring. Selective irradiation at
the aromatic methine produced N O E’s at both the C-4 methylene (8 2.51) and C -6
phenolic (8 4.19) proton resonances. Similarly, irradiation o f the phenolic proton
produced N O E’s at the aromatic methine (8 6.15) and at an aromatic methyl (8 2.17).
These data led to the y-tocotriene derivative shown in Figure 1 with assignments listed in
Table 7. Compound 2a (Fig. 6 ) eluted just following compound la during separation on
silica gel. Its structure was determined spectroscopically to be the e-tocotriene shown in
Figure 1, a compound described previously from C. grandiflora fruit latex10. Compounds

la and 2a are the major components o f C. grandiflora trunk latex, comprising,
respectively, 26% and 29% of the chloroform-soluble latex mass.

Compound 3a was isolated as an intensely orange-colored oil. The l3C NM R spectrum
gave 27 peaks while DEPT showed four olefinic methine carbons, eight aliphatic
methylenes, and six methyls. All but one of the ten quaternary carbons were sp2
hybridized and four of these had shifts indicative o f oxygenation. The isoprenoid portion
o f the compound was assembled first. It was found by HMBC to correlate with a
downfield methyl and the single sp quaternary carbon. Since these were analogous to
centers found in compound la, it was assumed that 3a was similar to a tocotriene. Unlike
a tocol, neither the IR nor the 'H NMR spectrum gave any evidence o f a phenolic proton.
'H -'H COSY showed two isolated linkage groups in the ring system, one involving the
methylenes at C-3 and C-4; the other a methine proton and a methyl group. HMBC
showed correlations between the methylenes and quaternary carbons at 8 112.1 and 8
160.4, again analogous to la. In addition, the C-4 methylene correlated with a carbonyl
center at 8 177.5. A second carbonyl at 8 180.1 correlated with the methine-methyl
linkage group. These data were only consistent with an ortho-quinone structure for the A-
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ring (Figure 6 and Table 7). Regiochemical questions were addressed using a ID NOESY
experiment. Irradiation of the C-2 methyl (£.87) produced an NOE at the C -8 methyl,
yielding the structure shown in Figure 1 and the assignments listed in Table 1. Compound

3a comprises approximately 15% of male resin and 5% of female resin.

Table 7. ]H and b C N M R D ata for Tocotrienes ( la ) and (3a) in C6D6
#
2
2a
3
4
4a
5
6
7
7a
8
8a
8b
r
T
y
4’
5‘
6’
7’
8’
9’
10’
11’
12’
12’a
13’
14’
15’
OMe

8 'H
1.19 s
1 .5 7 o , 1.51 0
2.51 t

la
J (Hz)

7.0

6.13 br s
4.31
2.25 s

2.14 s
1 .69o, 1.55 0
2 .1 7 o
5.24 m
2.05 0
2 .1 4 o
5.26 m
2.05 0
2.75 q
5.78 qt

1.87
1.58
1.60
3.38

q
br s
br s
s

7.4
7.4, 1.5

1.5

3a
5 13C
74.9
24.1
31.6
22.6
117.8
112.3
147.1
125.6
12.1
121.9
145.5
12.2
40.0
22.6
124.8
134.7
39.5
26.9
125.0
134.2
39.9
28.4
143.4
126.9
167.7
20.9
15.9
15.9
50.8

5 'H

J(H z)

,87 s
1.17 0 , 1.11 0
2.33 m, 2.26 m

5.76 br s

1.53 br s
1.39 0 , 1.34 0
1.90 0
5.14 t

7.2

2.10 0
2.17 0
5.28 t

6.3

2 .1 0 o
2.76 t
5.76 td

7.4
7.4, 1.4

1.88
1.61
1.57
3.39

q
br s
br s
s

1.4

5 l3C
80.0
23.2
29.3
15.8
112.1
177.5
180.1
126.7
148.4
17.3
160.4
39.7
22.2
123.8
135.4
39.9
26.8
124.7
134.6
39.5
28.4
143.2
126.9
167.5
20.9
16.0
15.9
50.7

Legend: s = singlet, d = doublet, t = triplet, q = quartet, m = m ultiplet, o = overlap,
br = broad.

At the time of writing this description, there is an unresolved discrepancy between the
NMR and the HREIM spectra of 3a. The former, including a unambiguous DEPT
spectrum, lead to the structure shown in Figure 1 with the molecular formula C 2xII3x0 5.
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HREIMS, however, gives a molecular ion peak at mlz = 456.235, consistent with a
molecular formula of C 28H 40O 5. An unavoidable post-ionization disproportionation
artifact may have lead to this result (T. P. Clausen, pers. comm.). An experiment is
planned in which the quinone functionality will be reduced to the di-phenol. This product
will then be re-characterized by NMR and mass spectroscopy.

E xperim ental Section
G eneral E xperim ental Procedures. IR spectra were recorded with a Nicolet 560 FTIR spectrometer. Mass spectra were determined using a Finnigan MAT 95 spectrometer
operating at a resolution of 10,000. Both 'H and l3C spectra were acquired on a Varian
300 MHz spectrometer using QDf, as solvent and TMS as an internal reference.

P lant M aterial. Resins and latexes from C. grandiflora were collected in the Parque
Nacional Canaima in southeastern Venezuela in October and November o f 1997.
Voucher specimens of both male and female plants are deposited with the Herbario
Nacional de Venezuela in Caracas, Venezuela, (accession numbers VEN 294991, VEN
294992) and at the Herbario Regional de EDELCA in San Ignacio Yuruani, Bolivar,
Venezuela.

E xtraction and Isolation of la , 2a, and 3a. Resin was collected by scraping the
material from glandular tissues with a spatula. Latex was collected by scoring trunk tissue
and then scraping the material as it oozed from the wound. Both resin and latex were
transferred to Teflon-stoppered glass vials and returned to the University o f Alaska
Fairbanks for analyses. Methylations o f resin and latex were performed by dissolving
crude material in a CH 2N2-saturated ether solution and allowing the mixture to react for
30 minutes. Excess ether/ CH 2N 2 were evaporated under nitrogen. Separations o f all
compounds were carried out by flash CC with 40 |j.m silica gel as the solid phase. Latex
samples were filtered through glass wool. For both latex and male/female resin samples,
initial separations of the compounds described in this paper were performed using
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dichloromethane with 1% -» 2 0 % acetone and final separations were effected using
benzene/acetone, 98:2. From 450 mg o f latex were obtained 99 mg of la and 110 mg of

2a. From 395 mg of male resin were obtained 61 mg of 3a and from 408 mg of female
resin w'ere obtained 19 mg of 3a.

la: [methyl-13-(6-hydroxy-2,7,8-trimethylchroman-2-yl)-2, 6 , 10-trimethyltrideca2.6.10-trienoate], Oil. IR: film-vmax cm ’1 2925, 1718, 1700,1644, 1584, 1435. HREIMS
70 eV, m/z (rel. int.) 454.3068 [M]+.

3a: [methyl-13-(6-hydroxy-2, 8-dimethyl-5,6-dioxo(3,4-dihydro-2H-chromen-2-yl))2.6.10-trimethyltrideca-2,6,10-trienoate]. Oil. IR: film-vmax cm ' 1 3458, 2927, 1718, 1683,
1644, 1629, 1584, 1435.
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G EN ERA L SUMMARY

Secondary Metabolite Pathway Evolution in Clusia grandiflora

The neo-tropical tree species Clusia grandiflora produces two major pools o f secondary
metabolites. One o f these is a constitutively-maintained latex that is stored internally and
presumably serves a defensive function against herbivore attack. The other is an
ephemeral pollinator reward that is deployed externally and is highly attractive to one
group of insects, the resin-collecting apid bees. Despite the entirely distinct ecological
roles played by these two pools of metabolites, there is considerable overlap in their
chemical compositions. Latex and resin share two classes of compounds, poly
isoprenylated benzophenones and tocotrienoic acid derivatives, as major or minor
components. This is likely not a chance occurrence but rather a result of the evolutionary
relationship between the pathways that produce these two pools o f metabolites.

Benzophenones are of mixed biosynthetic origin with shikimate, acetogenin and
isoprenoid features. Though widespread and structurally diverse in the Clusiaceae, their
taxonomic distribution is limited to this family alone (Henry et al., 1999). Data presented
here demonstrate that certain benzophenones found in C. grandiflora have potent
bactericidal activity and that this activity is associated with the presence o f a ring-bound
enol functionality. Bioactive benzophenones are found both in C. grandiflora latex and
floral resins where they comprise approximately five percent and fifty percent of the total
pool masses respectively. The benzophenone profiles o f latex and female resin are
similar: each contains a single strongly bioactive form, chamone I in latex and
nemorosone II in resin. These have nearly complete structural affinity, differing only in
the presence o f an additional isoprene unit in the latex compound.

C. grandiflora tocotriene acids are similarly o f mixed biosynthetic origin with both
shikimate and isoprenoid moieties. They bear a close structural resemblance to the
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primary metabolite tocopherol which is a ubiquitous chloroplast membrane component
(Hess, 1993). No antimicrobial activity has been detected in C. grandiflora tocotriene
components though they may play a role in stabilizing reactive benzophenones in whole
latex and resins. Tocotrienoic acids comprise more than 50 percent o f latex mass and 15
and five percent of male and female resin masses respectively.

The general picture of C. grandiflora secondary metabolic chemistry that emerges from
this work is that resin and latex are structurally similar but that they have inverse
compositions: where tocotrienoic acids are major components in latex, they are minor
ones in resin and where benzophenones are major components in resins, they are minor
ones in latex. In addition, latex has a minor aqueous component that resin does not.

Latex production is a general characteristic in the Clusiaceae (Robson, 1985) and it is
reasonably assumed that, in Clusia, this defensive system is ancestral to the resin
pollinator reward. Clues as to the nature o f the evolutionary connection between latex and
resin as well as to the reason for the differences in their chemical makeup are provided by
resin-collecting bee behavior. Latex exuding from damaged Clusia tissues is very
attractive to meliponines who readily gather and carry it off (pers. obs.; V. Bittrich, pers.
comm.). Latex occurs in all plant tissues, flowers included. Bittrich and Amaral (1997)
have proposed that ancestral apids may have visited Clusia to wound soft floral tissue and
abscond with the defensive latex. In this case, there would likely have been strong
selective pressure on plants to provide a mechanism for protecting the flower. The first
resin pollinator rewards may have merely been the result of a novel defense strategy, an
externally-deployed latex. Initially, the resin reward and defensive latex would have been
chemically identical. Once this step had been reached, resin-collecting bees that were
efficient pollinators could have begun providing the selective pressure to shape resin
chemistry through selection on resin functional characteristics. The result o f this selection
can be seen in the chemical compositions of modem resins and latex reflect the differing
nature o f the selective forces to which they have been exposed. Though mechanical
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differences between resin and latex are difficult to assess, particularly from the
perspective o f a nest-building bee, differences between resin and latex antimicrobial
activity are more apparent. Both contain bactericides which are demonstrated to be highly
toxic to Paenibacillus larvae and P. alvei, the obligate honeybee pathogens that were
used as general models of apid bee pathogens in this research. But benzophenones occur
in C. grandiflora resins in 10-fold greater concentration than in latex. In addition, the
most bioactive resin benzophenone has been structurally modified such that it has greater
mobility in aqueous phase than the one bioactive latex benzophenone. These data suggest
that the resin reward has evolved under selection for enhanced antibacterial activity and
provide support for the hypothesis that the resin biosynthetic pathways are derived,
having arisen through modifications of primitive latex pathways. These modifications
were selected for because resin-collecting bees experienced a fitness gain through use o f
antimicrobial substances in their nests.

Diversification in secondary metabolic pathways is a common theme in plant evolution,
particularly when the products of these pathways have the potential to mediate
interactions with other plants or animals (Cooper-Driver et al., 1998; Harborne, 1990).
The overlap in chemical makeup of reward resins and defensive latex in C. grandiflora
may well reflect the insect-mediated evolution of secondary metabolic pathways in this
species. The evidence presented here is admittedly correlative but it serves as a starting
point for further study in this system by providing detailed chemical evidence for shifts in
pathway functions.

Structural Divergence in Male and Female C. grandiflora Pollinator Rewards

Male and female C. grandiflora plants from several dispersed populations in southeastern
Venezuela exhibit a stable dimorphism in pollinator reward chemistry. The chemical
differences in male and female resin underlie differences in both their mechanical and
their biological characteristics. Though both resins behave as viscous liquids in the
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flower, female resins tend to crystallize rapidly upon removal while male resins remain
pliable for at least several weeks (pers. obs.). The resins of both sexes are bactericidal but
disk-diffusion assays show female resins to be markedly more potent than male resins.

The chemical dimorphism observed between male and female C grandiflora resins is best
understood as it relates to benzophenone content. Both sexes produce approximately
equal quantities o f resin reward with benzophenones as major components. Female C.
grandiflora resin contains just one structural type o f benzophenone, nemorosone, in its
two tautomeric forms. This compound comprises between 40 and 50 percent o f the total
female resin mass. The enhanced female resin bioactivity was entirely accounted for by
its single benzophenone component. Male resin, in sharp contrast to female resin,
includes a considerable array of benzophenone variants. Nemorosone is among them, but
it is a minor component and it is found in a single tautomeric form only, comprising
approximately three percent o f the total male resin mass. Three additional male-resin
benzophenones, the arepanones, were isolated and rigorously characterized. Several
others were observed but not in a sufficiently pure state to permit complete structure
elucidation.

Based on the structural evidence obtained, there is a pattern to the diversity of
benzophenone forms in C. grandiflora resins. Though nemorosone occurs as a major
component in female resin, it is a minor one in male resin. Nemorosone was the only
resin benzophenone characterized in which the isoprenoid B-ring is formed (Fig. 7). The
other male benzophenones, the arepanones, all possess a 10 -carbon isoprenoid moiety
similar to nemorosone, but it has not ring-closed to form the bicyclic ring-structure
characteristic o f nemorosone. Instead, an analog o f one o f the nemorosone gem-dimethyl
carbons is a terminal methylene (Fig. 7).
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Fig. 7. Nemorosone II from male and female resin and arepanone I from male resin.
Arepanone I is a logical intermediate in a putative biogenesis o f nemorosone (Fig. 8 ). Its
occurrence in male resin alone suggests that benzophenone structural diversity has been
augmented in the male reward through kinetic modulation at the ring-closure step in the
pathway. This has allowed the arepanone intermediate to accumulate. Further diversity
may be generated at this point through oxidations at a terminal methyl, designated R in
Fig. 7., to yield arepanones I-III (Chapter Two).
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Fig. 8 . Proposed prenylation sequence o f arepanone I and nemorosone II.
A = arepanone I, B = nemorosone II.
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In Chapter One of this thesis, two evolutionary scenarios are proposed that could account
for the observed dimorphism in C. grandiflora pollinator rewards. The first involves
female resin diverging from the ancestral type and the second involves male resin
diverging from then ancestral type. Chemical data obtained in the course of this research
tend to support the latter proposal based on the following two assumptions. First, resin
evolved from a latex-like evolutionary antecedent. This assumption is supported by the
chemical findings discussed in the section above. The second assumption is as follows.
Subsequent to their divergence, resin evolution was substantially more rapid than was
latex evolution. This assumption is reasonable because the nature o f insect attack against
which latex defends has likely changed very little since the inception o f the resin
pollinator reward. The early, latex-like reward on the other hand, constituted a novel
deployment of a group o f secondary metabolites that had evolved under selection for a
defensive function. This group of metabolites were not, therefore, evolutionarily
optimized as a pollinator reward and were likely subject to steep selection gradients. The
differing rates of latex and resin evolution imply that the form o f modern latex is closer to
that o f ancestral latex than is modern resin. Intra-specific comparisons of Clusia latexes
would be useful in evaluating the validity o f this assumption but data are lacking

Based on these two assumptions, comparisons of C. grandiflora resin and latex chemistry
indicate that the benzophenone profiles o f female resin and latex are more similar than
those o f male resin and latex. Female resin and latex each contain a single strongly
bioactive benzophenone that show a high degree of structural affinity. Male resin, in
contrast, is comprised of an array of benzophenones, the form o f which suggests that they
may be intermediates in the biogenesis of the end-product benzophenone shared by male
and female resin. Based on this evidence, male resin is the more derived o f the two. One
major effect o f this sexual dimorphism is that female resin hardens and male resin does
not. These data support the proposal in Chapter One that male resin chemistry diverged
under selection for a less viscous resin as a result of pollinator selection for progressively
earlier flowering times. At the same time, the data do not dispute the possibility that an
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entirely different selective force may be at work on the female reward. The high level of
bioactivity in female resin may be a reflection of this. Comparisons o f C. grandiflora
chemistry and bioactivity with those of neighboring congeners will be instructive.

The secondary metabolic pathways that synthesize latex and resin compounds in C.
grandiflora are ubiquitous in the plant kingdom. It is not possible to apply the findings
presented here to the genus Clusia as a whole. However, the chemical make-up of the
two major secondary metabolite pools in C. grandiflora suggest that the plant, and
perhaps the genus as a whole, have considerable flexibility in responding to novel
selection environments. This flexibility appears to arise from three sources: structural
modification of individual components, modulation of the pathways that produce them
and evolutionary plasticity in the mode o f deployment. Furthermore, the potency of the
antibacterial effect in the resin reward is compelling evidence that Clusia resins serve a
vital ecological role for neotropical apid bees. Proposed field studies will hopefully
clarify both the broader question of resin evolution in genus Clusia and the role o f resin
in controlling bacterial pathogens o f an important class of insect pollinators.
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Appendix: Spectroscopic data for 2-ene-2-methoxy nemorosone II

c#

5

1

79 .4

2

194.
126.

8 'H
-

3
4

173.

-

5

6 0 .0

-

6

4 0 .4

2.03 (1H , dd, 7 = 12.6, 3 .6 H z. eq).
1.46 (1H , t, 7 = 12.6 H z, ax)

7

4 3 .9

1.70 (1H , o v erlap )

8
9

4 9 .0
20 7 .

-

10

193.

-

11

137.

-

12

128.

7.45 ( 1H , dm , 7.8 Hz)

-

13

127.

7.23 (1H , tin, 7.8 H z)

14

132.

15

127.

7.39 (1H , tt, 7.8 , 1 Hz)
7.23 (1H , tm , 7.8 H z)

16

128.

7.45 (1H , dm , 7.8 H z)

23 .5

3.25 (1H , dd, .7 = 15.0, 6.6 H z),
3 .1 6 (1 H , dd, .7 = 15.0, 6 .6 H z)
5.03 ( l H o )

17
18

121.

19

133.

-

20

18.1

1.65 (3 H o)

21

2 5 .7

1.63 (3 H o)

22

3 0 .0

2 .6 0 (1 H , dd, 14.1, 6 .6 H z)
2 .4 4 (1H , dd, 14.1, 7.2 H z)

23

119.
134.

5.03 (1H o)

24
25

2 6 .2

1. 67 ( 3 H o )

26

18.3

1. 67 ( 3 H o )

27

2 3 .6

1.36 (3 H s)

28

15.9

1.13 (3 H s)

29

2 6 .9

2.15 ( l H m ) 1.70 (1 H o v erlap )

30

122.

5.00 ( l H o )

31

133.

-

32

2 6 .0

1.67 (3 H o)

-

33

18.0

1.56 (3 H s)

OMe

62 .6

4.02 (3H , s)

