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For the past year, contributors to New Synthesis have explored conceptual
and technological frontiers that promise to stretch the field of Chemical
Ecology in new directions. One such opportunity is the integration of
chemical signals and chemoreception into community ecology. Studies of
“food web” networks have revealed the disproportionate importance of
“keystone” species, the resiliency of certain interactions (e.g., generalized
herbivores or pollinators with their hosts) to species turnover or disturbance,
and the context dependence of network structure, with direct impacts on
resource management and conservation as well as ecological theory.

At first glance, there would appear to be little common ground between
chemical and community ecology, as scientists in these fields tend to employ
differentmethodological approaches to their craft. For example, the chemical,
physiological and behavioral assays used to study the pollination of sexually
deceptive orchids by bees usually are not utilized by teams of ecologists
measuring links between the same bee species and tens of other flowering
plant species that they visit for nectar or pollen. Indeed, the null models used
in some food web studies begin with the assumption that all species are
equally likely to interact. Though heuristically useful, this assumption strikes
many chemical ecologists and behaviorists as unreasonable. When “links”
are found to be stronger or weaker than null expectations, biological explan-
ations are sought. Until recently, community ecologists have beenmore likely
to invoke habitat use, phenology, or population density than specific pheno-
typic or behavioral traits to explain how food webs are constructed.

How might chemistry explain link strength – or its absence - in
ecological networks? Three recent or ongoing studies illustrate the dialec-
tical potential between chemical ecology and community ecology. At the
simplest (agricultural plot) scale, Poelman et al. (2009) have documented
the effects of compositional variation in plant resistance compounds (glu-
cosinolates) on herbivore diversity and abundance, using different cultivars
of Brassica oleracea and wild B. nigramustard plants in The Netherlands.
Total glucosinolate concentration has no effect on insect diversity indices,
whereas cultivars high in glucoiberin content but low in glucoraphanin
host fewer aphids and caterpillars. Subsequent bioassays revealed at least
two non-competitive mechanisms for this result: low oviposition and poor
larval performance on high-glucoiberin cultivars by specialist (Pieris
rapae) and generalist (Mamestra brassicae) lepidopterans. Additional
work by the Wageningen group has revealed the bottom-up effects of
specific glucosinolates on higher trophic levels in this agroecosystem
network, including parasitoid and hyperparasitoid wasps. Thus, leaf

chemistry has strong predictive power in the food web that stretches across
a field of Brussels sprouts.

At a more complex (floral marketplace) scale, Junker and colleagues
(2010) studied a network of 35 flowering plant species and 164 flower-
visiting insect species in a German meadow. Most observed links deviated
significantly from null model expectations, either more frequently (“hot
links”) or less frequently (“cold links”) than expected, and several of these
links were investigated using behavioral choice assays, through the use of a
field-portable olfactometer. Interestingly, hot links between specific polli-
nators and flowers usually coincided with significant olfactory preference
(either innate or learned) for that flower’s scent, and the few testable cold
links were reinforced by actual repellence, rather than indifference. This is
the first community-level demonstration that floral volatile chemistry
underlies both positive and negative network links, as an ecological filter.

At the most complex (landscape-ecosystem) scale, Zimmer and Ferrer
(2007) suggest that toxins of microbial origin can propagate through food
webs due to their powerful effects on predation and energy flow, and might
profitably be considered “keystone molecules”. Tetrodotoxin (TTX) and
saxitoxin (STX) are potent neurotoxins that block sodium channels, often
resulting in paralysis or death. Marine, riparian, and some terrestrial com-
munities are heavily structured by the uptake and use of TTX as a defense
compound (e.g., by newts), and the degree to which their predators (e.g.,
garter snakes) can tolerate such compounds. Similarly, marine food webs
structured around kelp beds are strongly impacted by sea otter predation on
urchins or butter clams, a decision that is directly impacted by the presence
of STX in clams (and ultimately, on dinoflagellates as the source of STX).

Thus, diverse organic compounds ranging from simple ubiquitous
volatiles (e.g., monoterpenes) to more complex defense compounds (glu-
cosinolates and herocyclic alkaloids) do more than mediate the binary
organismal interactions studied by chemical ecologists in the first half
century of our field’s history. They lend structure to the food webs through
which abiotic sources of energy enter and flow through the biosphere.

References

POELMAN, E. H., VAN DAM, N. M., VAN LOON, J. J. A., VET, L. E. M.,
and DICKE, M. 2009. Chemical diversity in Brassica oleracea
affects biodiversity of insect herbivores. Ecology 90:1863–1877.

JUNKER, R. R., HÖCHERL, N., and BLÜTHGEN, N. 2010. Responses to
olfactory signals reflect network structure of flower-visitor inter-
actions. Journal of Animal Ecology 79:818–823.

ZIMMER, R. K. and FERRER, R. P. 2007. Neuroecology, chemical defense
and the keystone species concept. Biological Bulletin 213:208–225.

R. A. Raguso (*)
Cornell University,
Ithaca, NY 14853, USA
e-mail: rar229@cornell.edu

J Chem Ecol (2012) 38:441
DOI 10.1007/s10886-012-0128-4



Chemical Mediation of Ternary Interactions Between Marine
Holobionts and Their Environment as Exemplified by the Red
Alga Delisea pulchra

Tilmann Harder & Alexandra H. Campbell &
Suhelen Egan & Peter D. Steinberg

Received: 28 February 2012 /Revised: 5 April 2012 /Accepted: 6 April 2012 /Published online: 25 April 2012
# Springer Science+Business Media, LLC 2012

Abstract The need for animals and plants to control micro-
bial colonization is important in the marine environment with
its high densities of microscopic propagules and seawater that
provides an ideal medium for their dispersal. In contrast to the
traditional emphasis on antagonistic interactions of marine
organisms with microbes, emerging studies lend support to
the notion that health and performance of many marine organ-
isms are functionally regulated and assisted by associated
microbes, an ecological concept defined as a holobiont.
While antimicrobial activities of marine secondary metabo-
lites have been studied in great depth ex-situ, we are beginning
to understand how some of these compounds function in an
ecological context to maintain the performance of marine
holobionts. The present article reviews two decades of our
research on the red seaweed Delisea pulchra by addressing:
the defense chemistry of this seaweed; chemically-mediated
interactions between the seaweed and its natural enemies; and
the negative influence of elevated seawater temperature on
these interactions. Our understanding of these defense com-
pounds and the functional roles they play for D. pulchra
extends from molecular interactions with bacterial cell

signaling molecules, to ecosystem-scale consequences of
chemically-controlled disease and herbivory. Delisea pulchra
produces halogenated furanones that antagonize the same
receptor as acylated homoserine lactones (AHL)—a group
of widespread intercellular communication signals among
bacteria. Halogenated furanones compete with and inhibit
bacterial cell-to-cell communication, and thus interfere with
important bacterial communication-regulated processes, such
as biofilm formation. In a predictable pattern that occurs at the
ecological level of entire populations, environmental stress
interferes with the production of halogenated furanones, caus-
ing downstream processes that ultimately result in disease of
the algal holobiont.
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Introduction

Historically, the field of marine chemical ecology has fo-
cused mainly on binary intra- and interspecific chemical
signal-mediated processes in marine animals and plants.
Typically, studies have focused on the coordination of mate
recognition, synchronization of reproduction, specific site
selection of motile propagules, competition for space, de-
tection of prey items, defense against predators and patho-
gens, and control of microbial colonization (reviewed in
Hay, 2009). The need for animals and plants to control
microbial colonization is particularly evident in the marine
realm with its typically high densities of microscopic prop-
agules, and seawater as an ideal mode of their dispersal
(Harder, 2008). Unlike air, the average milliliter of seawater
contains up to 107 viruses, 106 bacteria, 103 fungi and
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microalgae, and 10–100 larvae and spores of marine inver-
tebrates and plants, all of which exert significant selective
pressures on marine animals and plants (reviewed in Davis
et al., 1989; Engel et al., 2002; Paul et al., 2007).

Although marine microbes and higher eukaryotes have
coevolved for millions of years, marine animals and plants
have variable relationships with microbial propagules. Their
interactions can be either beneficial or detrimental to the
host organism (van Oppen et al., 2009). Past studies in the
field of defense against marine microbes have led to a solid
understanding that many marine microbes pose a risk, and
that marine animals and plants use a range of secondary
metabolites against microbial foulers and pathogens
(Pawlik, 1993; Kushmaro et al., 1996; Engel et al., 2002).

In contrast to the traditional emphasis on antagonistic
interactions of marine animals and plants with microbes,
there is an emerging field of studies lending support to the
notion that health, performance, and resilience of marine
animals and plants are functionally regulated and positively
assisted—at least in part—by microbial propagules such as
bacteria, diatoms and viruses (Williams et al., 1987; Croft et
al., 2005; Matsuo et al., 2005; van Oppen et al., 2009;
Phelan et al., 2012). Such facilitative interactions have only
recently emerged in consideration of the factors that impact
populations and communities, although they may play a
critical, but underappreciated role in ecological communities
(Stachowicz, 2001). Functional assistance implies that epi-
and endobiotic microbes form an associational entity with
their host, an ecological concept coined “holobiont”
(Rohwer et al., 2002). Only recently have the modern se-
quencing methods and metagenomic tools (Giovannoni and
Rappe, 2000; Simon and Daniel, 2011), which made char-
acterizing the holobiont possible, been employed systemat-
ically to study the associated microbes living in and on
marine animals and plants, such as corals, sponges, and
macroalgae (Thomas et al., 2010; Webster et al., 2010;
Barott et al., 2011). In some cases, the astounding diversity
of bacterial phyla associated with these marine organisms
seems to be host-specific and well maintained in space and
time (Longford et al., 2007; Lachnit et al., 2011). In others,
the bacterial community composition is highly variable but
instead functionally redundant (Burke et al., 2011a, b), i.e.,
different bacteria play equivalent roles. Besides these de-
scriptive studies, all of which lend strong support to the
functional holobiont concept, it is virtually unknown how
mutualistic interactions between marine hosts and microbes
are mechanistically established or regulated.

It is now recognized that many animals and plants not
only live in close association with thousands of different
microbial species, but also that a considerable percentage of
bacterial genomes is dedicated to shaping the organisms’
habitats and maintaining their community and niche in the
ecosystem (Phelan et al., 2012). In many cases, the number

of associated microorganisms and their combined genetic
information far exceeds that of their host. Examples of well-
studied functional holobionts span several marine phyla
(corals, sponges, macroalgae, cephalopods), terrestrial
insects, the rhizo- and phyllosphere, and the vertebrate gut
(reviewed in Rosenberg and Zilber-Rosenberg, 2011).

All these findings support a novel and holistic perception
of general species function and performance. The question
arises then, what role does chemical ecology or chemical
signaling play in the maintenance—or disruption—of the
holobiont? The chemical ecology of the holobiont is main-
tained through a diverse chemical communication network.
Not only does the host modulate and control its associated
microbiota through bioactive metabolites, but on small
scales, epibiotic bacteria coordinate and express their vari-
ous traits through intercellular communication signals (auto-
inducers), a process known as quorum sensing (QS) (Miller
and Bassler, 2001). This interactivity and communication
extends beyond microbes on host interfaces. This research
field has expanded drastically with the realization that bac-
terial QS signals can cross into the eukaryotic domain—a
process dubbed inter-kingdom signalling (Rumbaugh,
2004). This has led to discoveries that eukaryotes eavesdrop
on bacterial autoinducers to locate bacterial biofilms (Joint
et al., 2007), or specifically interfere with QS-regulated
bacterial traits, such as biofilm formation (Dobretsov et al.,
2011), by modulating bacterial gene expression (Hughes
and Sperandio, 2008).

Quorum sensing modulation between hosts and their asso-
ciated microflora is only one means by which holobionts may
regulate the association between the different players. Given
the complex species composition of any holobiont and its
sophisticated communication network, it is challenging to
identify, trace, and categorize all the chemically mediated
interactions and the underlying semiochemicals with classical
concepts and definitions of chemical ecology. Instead, a more
integrated perception is needed to account for these commu-
nication networks within an organism and their interaction
with the environment, and vice versa.

The present article reviews two decades of research on
arguably one of the best-investigated holobionts in the liter-
ature, the seaweed Delisea pulchra, with regard to chemi-
cally mediated interactions between the seaweed, epiphytic
bacteria, and environmental parameters, which in turn are
tightly linked to the state of chemical defense and a disease
phenomenon in this seaweed.

Ternary Interaction Between Chemical Defenses,
Environmental Influences, and Natural Enemies

To integrate the effect of environmental stress on host resil-
ience and the pathogenicity of microbes, the ternary
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interactions between marine hosts, host-associated micro-
biota, and environmental parameters need to be unraveled.
This requires a better knowledge of the microbes, their
identity and function, and the molecular signals exchanged
between hosts and microbes. Our ability to look more close-
ly into these interactions has drastically improved with the
recent advent of modern and affordable sequencing methods
and genomics.

The interaction between marine host surfaces and micro-
bial pathogens represents an ideal site to study and integrate
the chemical ecology of marine eukaryotes and microbial
propagules, as these interactions often result in clearly ob-
servable, macroscopic changes of the host. Typical exam-
ples for such changes are disease phenotypes, such as
wasting disease in seagrass (Short et al., 1987), the range
of band diseases in corals (Bourne et al., 2009), and bleach-
ing of crustose and fleshy marine algae (Campbell et al.,
2011; Webster et al., 2011). Environmental influences, such
as those linked to climate change (IPCC, 2007), have been
suggested to play a major role in the increased frequency
and severity of disease (Lafferty et al., 2004; Harvell et al.,
2009; Harvell and Hewson, 2010), by either lowering the
resistance of the host or by increasing the virulence of
microbial pathogens (Konkel and Tilly, 2000). The impact
and consequences of disease in natural systems are topical,
given pathogens can cause the disappearance of entire eco-
systems over large spatial scales (Short and Neckles, 1999).

Seaweeds

Seaweeds are the dominant habitat-forming organisms in
temperate marine rocky reefs, and play similar important
ecological roles as corals do in tropical reefs, or trees in
rainforests. They are important primary producers and major
foundation species, i.e., they structure a community by
creating locally stable conditions for other species and thus
stabilize fundamental ecosystem processes (Ellison et al.,
2005). As seaweeds are in constant contact with abundant
and ubiquitous marine microorganisms, lack an advanced
immune system, and have no physical means to escape
enemies, many seaweeds have evolved chemically-
mediated processes that defend them against and also facil-
itate mutualistic associations with marine microorganisms
(Matsuo et al., 2005).

Research into the chemical ecology of seaweed holobiont
functioning and maintenance is highly topical and timely
given that evidence of seaweed decline is emerging from
many parts of the world, and disease has been suggested as a
potential cause (Vairappan et al., 2001; Edwards and Estes,
2006; Gachon et al., 2010; Vargas-Angel, 2010). However,
these suggestions rarely have been confirmed or investigat-
ed further, and overall we have very limited knowledge of
the chemical ecology, and the molecular mechanisms and

interaction patterns of marine organisms with regard to a
changing environment, stress, increased bacterial virulence,
and the modes of molecular defense against these
challenges.

A significant proportion of seaweed research has focused
on characterizing and understanding chemical defenses
(reviewed in Paul et al., 2011; Amsler, 2008; Goecke et
al., 2010) and their ecological functions (e.g., Lane et al.,
2009; Lachnit et al., 2010; Persson et al., 2011). Much of
our own research has centered on Delisea pulchra, a
chemically-defended foliose red seaweed that occurs com-
monly around temperate Australian, New Zealand, and
Antarctic rocky reefs. This seaweed has been a model or-
ganism in our laboratory with respect to its defense chem-
istry and the interactions between this organism and its
natural enemies, which are often chemically-mediated. Our
growing understanding of these defense compounds and the
functional roles they play for D. pulchra extends from
molecular interactions with bacterial cell signal molecules,
to the ecosystem-scale consequences of chemically-
mediated disease and herbivory. This system, thus, provides
a useful example to review in the context of marine chem-
ical ecology, showcasing the ternary interaction pattern be-
tween algal defense, bacterial infection, and environmental
stress.

Halogenated Furanones—The Chemical Defense of Delisea
pulchra

Delisea pulchra produces 21 derivatives of halogenated
furanones (Fig. 1) that mediate a variety of ecological inter-
actions for the alga (Pettus et al., 1977; De Nys et al., 1993).
These compounds are enclosed in specialized gland cells
(Dworjanyn et al., 1999), which are present internally and at
the surface of the thallus. Delisea pulchra is a low prefer-
ence food for local herbivores (Steinberg and Van Altena,
1992; Williamson et al., 2004; Wright et al., 2004) and often
is unfouled in situ (Maximilien et al., 1998). Consistent with
these observations, halogenated furanones have a broad
range of biological activity against natural enemies, deter-
ring local herbivores (Williamson et al., 2004; Wright et al.,
2004), eukaryote fouling organisms (De Nys et al., 1995;
Dworjanyn et al., 2006), marine epiphytic bacteria
(Maximilien et al., 1998), and potential bacterial pathogens
(Manefield et al., 1999, 2000).

The mode of action of halogenated furanones present in
D. pulchra against bacteria is a classical example of how
eukaryotic organisms can interfere with prokaryotic com-
munication signals. Halogenated furanones occupy the same
specific receptor binding sites of acylated homoserine lac-
tones (AHL, Fig. 1)—one class of many intercellular com-
munication signals among bacteria that mediate quorum
sensing (QS) (Fuqua et al., 1994)—thereby inhibiting
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AHL-mediated QS among bacteria (Givskov et al., 1996;
Manefield et al., 1999). In bacteria, AHL-mediated QS
controls the expression of many traits relevant to host inter-
actions, such as surface colonization, biofilm formation, and
disease (Rice et al., 2007; Fernandes et al., 2011). Thus, the
ability of D. pulchra to specifically interfere with these
bacterial traits via the production of halogenated furanones
represents a powerful algal defense strategy.

Health and Disease

Globally, there is emerging evidence of the decline of kelp
forests (Steneck et al., 2002; Thibaut et al., 2005; Edwards and
Estes, 2006; Coleman et al., 2008; Connell et al., 2008).
Large-scale die-offs have been observed in many seaweeds,
and disease—often manifested as a bleaching phenomenon—
has been suggested as a potential cause of massive declines of
the habitat-forming Ecklonia radiata in New Zealand (Cole
and Babcock, 1996), of Laminaria religiosa in Japan

(Vairappan et al., 2001), and of coralline algae throughout
the Pacific (Littler and Littler, 1995).

Natural populations of D. pulchra on the east coast of
Australia undergo seasonal bleaching (Campbell et al.,
2011), characterized by white patches of algal fronds that
have lost the typical red pigmentation (Fig. 2). This bleach-
ing phenomenon is prevalent in summer and correlates
strongly with elevated seawater temperatures rather than
increased levels of ultra-violet (UV) irradiation (Campbell
et al., 2011). The direct consequences of bleaching include
reductions in growth and fecundity of the seaweed
(Campbell, 2011). Bleaching, however, also has indirect
ecological effects, with bleached individuals attracting
higher densities of herbivores and being consumed at greater
rates (Campbell, 2011).

Seaweeds affected by bleaching characteristically have
reduced concentrations of halogenated furanones (Campbell
et al., 2011). In a long-term study over 3 years, levels of
halogenated furanones were consistently the lowest when
bleaching was most prevalent (Campbell et al., 2011). While

Vibrio fischeri

Pseudomonas aeroginosa

 R1 R2 R3

1 OH CH3 OH
2 OH OCH3 CH2I
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Fig. 1 Halogenated furanones
produced by the red alga
Delisea pulchra and
representative acyl-homoserine
lactone autoinducers used by
Gram-negative bacteria
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bleached individuals had significantly lower levels of halo-
genated furanones than healthy conspecifics, the reduction
in chemical defenses was evident across the entire thallus of
bleached seaweed, i.e., not limited to visibly bleached sec-
tions (Campbell et al., 2011). These observations were in-
dicative that other, more complex mechanisms were
involved in D. pulchra bleaching.

Protective Role of Halogenated Furanones Against Disease

To test if halogenated furanones were involved in the pro-
tection of D. pulchra from bleaching, we experimentally
inhibited the production of these defense compounds in
cultured sporelings (Dworjanyn et al., 2006; Case et al.,
2011) and exposed these to natural seawater in the field. In
this series of experiments, sporelings deficient in halogenat-
ed furanones bleached significantly more than unmanipulat-
ed conspecifics, demonstrating that these compounds play
an important protective role against bleaching (Campbell,
2011; Campbell et al., 2011; Case et al., 2011).

Given concurrent observations of bleaching and furanone
depletion and the experimentally demonstrated protective
role of halogenated furanones against bleaching, we hypoth-
esized that bleaching may be the result of an opportunistic
bacterial infection in susceptible (i.e., furanone-depleted)
seaweed. To further test if the early stages of bleaching were
associated with shifts in the surface-associated microbial
communities on the seaweed, we characterized these com-
munities with the molecular fingerprinting technique of
terminal restriction fragment length polymorphism. This
analysis clearly revealed that bleached sections of D. pul-
chra supported a different community of associated bacteria
than healthy conspecifics. This pattern was consistent across
locations and depths and throughout time (Campbell et al.,
2011). Unbleached sections adjacent to visibly bleached
parts supported a ‘transition community’ that was statisti-
cally similar to both ‘bleached’ and ‘healthy’ microbial
communities, suggesting that the microbial community
composition shifted in response to the depletion of haloge-
nated furanones in algal tissues, prior to visible bleaching.

The Role of Water Temperature and Bacterial Infection
in the Outbreak of Disease in D. pulchra

To test the hypothesis that bleaching was a temperature-
mediated bacterial infection that could be prevented by
chemical defense mediated by halogenated furanones, we
exposed defended (furanone-containing) and undefended
(furanone-depleted) sporelings of D. pulchra to water tem-
peratures representing low and high summer temperatures
and to high and low bacterial abundances (Campbell et al.,
2011). This experiment revealed that sporelings maintained
in natural seawater containing ambient bacterioplankton
bleached more frequently and severely than conspecifics
maintained in sterile seawater. Moreover, bleaching was
more severe in sporelings lacking halogenated furanones
than in defended seaweed (Campbell et al., 2011). These
results were consistent with the premise that bleaching was
the result of a bacterial infection. This bacterially-mediated
disease was more common and severe at elevated water
temperatures.

We have isolated a large number of epiphytic bacteria
from the surface of D. pulchra and screened them in vitro
for their capability to induce a bleaching phenotype similar
to that observed in the field. The bacterial strain Nautella sp.
R11 (formally Ruegeria sp. R11) is to date the best studied
bacterial pathogen capable of infecting D. pulchra (Case et
al., 2011; Fernandes et al., 2011). Nautella sp. R11 colo-
nizes and subsequently forms pronounced biofilms on
chemically undefended sporelings. Subsequent to coloniza-
tion and at elevated temperatures, Strain R11 has been seen
to penetrate the algal tissue and invade individual algal cells
(Case et al., 2011). Colonization and invasion coincides

Fig. 2 Top panel: Diseased (bleached) and healthy thallus sections of
Delisea pulchra. Bottom panel: Healthy D. pulchra in the natural
environment (Botany Bay, Sydney). Photos: Alexandra Campbell
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with localized bleaching of the thallus, however, whether
invasion occurs prior to bleaching is not yet known.

While details of the virulence mechanism of Nautella sp.
R11 are yet to be elucidated, genome analysis of this strain
suggests a role for QS-dependent regulation of virulence
genes (Fernandes et al., 2011). Such regulation is not un-
common among bacterial pathogens where QS signals are
used to control concerted bacterial traits, such as virulence
gene expression to mount a co-ordinated attack on the host
(von Bodman et al., 2003; Atkinson and Williams, 2009).
While in this particular case, we have not yet determined a
direct effect of elevated temperature on virulence and path-
ogenicity of Nautella sp. R11, a positive correlation between
the expression of virulence genes and temperature has been
observed in a broad range of other bacterial pathogens
(Konkel and Tilly, 2000).

The extent to which Natuella sp. R11 causes bleaching in
the field is yet to be determined. However, recent evidence,
using in vitro infection assays with D. pulchra sporelings,
suggests that there may be many more bacterial strains
capable of causing disease in this alga. Indeed, we now have
a collection of over six marine strains observed to induce
disease symptoms ranging from bleaching to invasion of
host cells (Fernandes, 2011). Interestingly, one of these
strains appears capable of causing disease also on chemical-
ly defended sporelings, suggesting that in at least some
cases furanone-mediated defense alone may not be suffi-
cient to protect D. pulchra from disease (Fernandes, 2011).

To summarize our studies of the seaweed Delisea pul-
chra, we provide a comprehensive picture of the QS-based
chemical ecology between marine bacteria and their sea-
weed host. The pool of D. pulchra-generic halogenated
furanones competes with and inhibits bacterial cell-to-cell
communication, and thus interferes with important QS-
regulated processes ranging from biofilm formation and
bacterial surface colonization to the expression of virulence
genes in pathogenic bacteria. Thus, the lowering of furanone
levels in the seaweed at elevated seawater temperatures
results in a chemically mediated ternary interaction among
algal defense, bacterial infection, and environmental stress
(in this case elevated water temperature) (Fig. 3). This
interaction pattern is highly predictable and occurs at the
ecological level of populations and communities.

Due to the identified interaction mechanisms, the entire
community of surface-associated bacteria on the seaweed
host shifts in response to changes in levels of halogenated
furanones. These changes have been demonstrated to be
systemic, that is furanone levels and the bacterial assem-
blage of the entire diseased alga are the same and distinct
from that of healthy algae, even though only a small portion
of the seaweed shows signs of disease. While the QS-based
interaction helps to mechanistically explain the ternary in-
teraction pattern, potentially many other chemically-

mediated influences of halogenated furanones and other
seaweed metabolites will also influence these interactions.

Other Marine Invertebrate Holobionts

Systemic changes of the entire community of associated
microbiota on healthy vs. diseased marine invertebrates are
common in marine invertebrate holobionts, such as corals,
sponges, and bryozoans (Breitbart et al., 2005; Pantos and
Bythell, 2006). Similar to our observations in the seaweed
D. pulchra, these community changes often result from
environmental stress caused by elevated seawater tempera-
ture, or changes in nutrient levels or UV irradiation, and can
manifest themselves in disease and surface fouling (Glynn,
1996; Short and Neckles, 1999; Webster et al., 2008;
Cebrian et al., 2011).

Similar to D. pulchra, where disease and fouling are
controlled by host-produced QS-inhibitory compounds
against pathogenic bacteria and fouling organisms, a range
of other marine organisms is suggested to rely on a similar
mode of action against potential pathogens. A screening of
284 extracts of marine organisms from the Australian Great
Barrier Reef with a LuxR-derived QS reporter strain dem-
onstrated that roughly a quarter of these species yielded
organic solvent extracts with QS-inhibitory properties
(Skindersoe et al., 2008).

The genes for quorum sensing signaling systems have
been found in many bacterial genomes to date (Miller and
Bassler, 2001). Given the important role of QS-regulated
mechanisms in the beneficial or pathogenic outcomes of
host-microbe associations, compounds that specifically
mimic or interfere with bacterial QS are likely to be com-
mon in any form of eukaryote-prokaryote interactions.
Beyond the marine realm, there is documented evidence
for the presence of these compounds in freshwater algae
(Teplitski et al., 2004) and higher plants (Teplitski et al.,

Fig. 3 Ternary interaction between the holobiont and microbial prop-
agules. Solid arrows indicate chemically mediated interactions, dashed
arrows indicate indirect effects on chemically mediated interactions
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2000; Gao et al., 2003), although the identity of these
compounds is still unknown.

In summary, holobiont functioning and maintenance is
achieved through a communication network between the
host and microbial mutualists, and among the microbial
components. As outlined for the Delisea pulchra holobiont,
many of these communication lines are maintained by
chemical signals. In the seaweed example, we have mecha-
nistically identified how environmental stress interferes with
signal production, causing downstream processes that ulti-
mately result in disease of the holobiont. It is currently
unclear how other prominent marine holobionts, such as
corals and sponges, maintain their synergy through chemical
signaling. Since these phyla suffer from extreme disease
phenotypes that result in drastic shifts of their associated
microbiota, they will make ideal models to study the chem-
ical ecology of holobionts.
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Abstract Diseases of marine organisms, and sponges in
particular, are increasingly reported worldwide. Prior re-
search indicates that the survival of sponges on reefs is
due largely to their production of biologically active sec-
ondary metabolites that provide protection from a diversity
of stressors. Aplysina Red Band Syndrome (ARBS) is an
emerging disease affecting Caribbean rope sponges (Aplysina
spp.), but it is not known whether secondary metabolites play
a role in disease susceptibility and resistance. To investigate
whether differences in secondary metabolites may explain
variability in susceptibility to ARBS in Aplysina cauliformis,
we used high performance liquid chromatography (HPLC) to
generate chemical profiles from healthy tissue in both healthy
and diseased sponges, and quantified peak areas for 15 metab-
olites. Analyses of healthy and diseased sponges revealed
qualitative and quantitative differences in their chemical pro-
files. Aplysamine-1 and fistularin-3 were produced in signifi-
cantly higher concentrations by healthy sponges, whereas

aerothionin and 11-oxoaerothionin were found only in diseased
sponges. At natural concentrations, extracts from both healthy
and diseased sponges deterred feeding by an omnivorous reef
fish. Fistularin-3 deterred feeding at concentrations found in
healthy sponges, but not at concentrations found in diseased
sponges. Aerothionin deterred feeding at concentrations found
in diseased sponges, and may at least partially replace the loss
of fistularin-3 as a feeding deterrent compound following path-
ogenesis, suggesting a trade-off in the production of feeding
deterrent compounds. Extracts from healthy and diseased
sponges inhibited bacterial growth, and both aplysamine-1
and fistularin-3 displayed selective antibacterial activity. De-
spite differences in secondary metabolite production between
healthy and diseased sponges, the stress associated with ARBS
does not appear to compromise the ability of A. cauliformis to
maintain defenses against some of its natural enemies.

Keywords Sponge disease . Chemical defense .

Antimicrobial . Inducible defense . Aplysina cauliformis

Introduction

Emerging diseases of marine invertebrates are among the
major causes of the accelerating destruction of Caribbean
coral reef systems (Hughes, 1994; Aronson and Precht,
2001; Porter et al., 2001; Miller et al., 2009). Diseases
affecting natural populations threaten biodiversity, resil-
ience, and the ecological balance of communities, as well
as the ecological services they provide (Knowlton, 2001).
To date, most disease reports have focused on scleractinian
corals, however, reports of sponge diseases also have in-
creased across the globe (Webster, 2007). In only a few
cases have the etiologic agents of sponge diseases been
identified. For example, tissue necrosis in Geodia papyracea
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from Belize resulted from the sponge’s own symbiotic cyano-
bacteria multiplying faster than the host could control their
numbers under thermal stress (Rützler, 1988). A spongin-
boring alpha-proteobacterium was identified as the etiologic
agent of disease in Rhopaloeides odorabile from the Great
Barrier Reef through the fulfillment of Koch’s postulates
(Webster et al., 2002). Various other bacteria (Vacelet et al.,
1994; Cervino et al., 2006), fungi (Galstoff et al., 1939), and
cyanobacteria (Olson et al., 2006) also have been postulated as
sponge pathogens.

Aplysina Red Band Syndrome (ARBS) affects Caribbean
branching rope sponges of the genus Aplysina. First
reported affecting Aplysina cauliformis in the Bahamas in
2004 (Olson et al., 2006), ARBS has since been observed at
sites throughout the wider Caribbean basin (Gochfeld et al.,
2007; Wulff, 2007). Visible signs of ARBS include rust-
colored leading edges, with a following area of necrotic
tissue. The lesion eventually forms a continuous band
around the sponge branch and then progresses along the
length of the branch. Recovery of lesions rarely has been
observed, although lesion growth may stop and the red band
may disappear. ARBS reduces sponge growth and weakens
the sponge skeleton, which often breaks at the site of the
lesion (Olson et al., 2006; Gochfeld et al., 2012).

Allocation of limited resources to multiple physiological
processes is one of the basic tenets of optimal defense theory
(Rhoades, 1979; Zangerl and Bazzaz, 1992). The underlying
assumption is that there are energetic costs associated with
producing or maintaining defenses that compete with meta-
bolic requirements for growth or reproduction, and there-
fore, defenses should be allocated preferentially towards
tissues that are more likely to be consumed and/or represent
the greatest fitness potential. Under stressful conditions
(e.g., pathogenesis), the costs of defense may be magnified,
and the ability to produce defenses may be compromised.
Costs of defense may be direct (e.g., the biosynthetic cost of
producing a particular defensive metabolite), or indirect
(e.g., reduced investment in growth), and are notoriously
difficult to measure (Zangerl and Bazzaz, 1992). Inducible
defenses are theorized to provide a cost-saving alternative to
the constant (constitutive) production of defensive metabo-
lites, being produced only when the risk of attack (i.e., by
predators, pathogens, fouling organisms, or competitors) is
high (Karban and Myers, 1989; Tallamy and Raupp, 1991;
Karban and Baldwin, 1997; Tollrian and Harvell, 1999;
Gochfeld, 2004).

Like plants, sessile soft-bodied marine organisms rely
heavily on chemical defenses to provide protection from
predators, competitors, pathogens, and fouling organisms
(Hay, 1996; McClintock and Baker, 2001; Paul et al.,
2007), and such compounds are necessary for the survival
of these species. Sponges, in particular, produce a diversity
of secondary metabolites that play important roles in their

survival (Paul et al., 2006; Pawlik, 2011). Sponges of the
genus Aplysina produce a large number of bromotyrosine-
derived metabolites that serve multiple ecological functions.
In A. cauliformis, secondary metabolites exhibit feeding
deterrence (Pawlik et al., 1995; Waddell and Pawlik,
2000), antimicrobial activity (Kelly et al., 2005), and have
allelopathic effects on corals and other sponges (Engel and
Pawlik, 2000; Pawlik et al., 2007). In plants, exposure to
pathogens can induce the production of secondary metabo-
lites, which may provide protection from the pathogens
themselves, and from other natural enemies (Fritz and
Simms, 1992; Tollrian and Harvell, 1999; Restif and Koella,
2004). In the marine environment, few studies have exam-
ined chemical responses to pathogenesis; however, there is
evidence from hard corals (Gochfeld et al., 2006; Gochfeld
and Aeby, 2008; Mydlarz et al., 2009), octocorals (Slattery,
1999; Kim et al., 2000; Dube et al., 2002), and sponges
(Webster et al., 2008; Angermeier et al., 2011) that second-
ary chemistry varies with colony condition. Intraspecific
variability in disease susceptibility also has been observed,
with diseased colonies found immediately adjacent to unaf-
fected conspecifics (Gochfeld et al., 2006), thus suggesting
variability in resistance to infection. Differences in levels of
defenses within and between genotypes or phenotypes may
help explain these local patterns of disease occurrence on reefs.

ARBS currently affects approximately 10% of A. cauli-
formis on reefs near Lee Stocking Island, Exuma Cays,
Bahamas. To assess whether this patchy distribution is due
to differential resistance by individual sponges, we tested
the hypothesis that healthy and diseased A. cauliformis
produce different types or concentrations of secondary
metabolites. Such differences could result either from
pathogen-induced defenses in the diseased sponges or be-
cause healthy sponges have differential chemical resistance
to pathogenesis. We also investigated whether differences in
chemical profiles alter the susceptibility of diseased sponges
to predators or pathogens. Since induced defenses are most
likely to occur adjacent to the region of damage, and intra-
colony variation in chemical defenses is known to occur in
sponges (Schupp et al., 1999), we also predicted that there
would be a gradient of response in chemical defenses to ARBS
infection with distance along the affected sponge branch.

Methods and Materials

Sample Collection Healthy and ARBS-affected (diseased)
A. cauliformis were collected using SCUBA from a depth of
5 m at North Norman’s Reef (N 23° 47.388, W 76° 08.273)
near Lee Stocking Island (LSI), Exuma Cays, Bahamas.
Sponges were collected into individual resealable plastic
bags underwater and immediately frozen upon return to
the lab at the Caribbean Marine Research Center/Perry
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Institute for Marine Science. Frozen sponges were trans-
ported to the National Center for Natural Products Research
(NCNPR) at the University of Mississippi. To obtain volu-
metric concentrations, displacement volume was measured
for each sponge piece prior to lyophilization. Following
extraction (see below), the crude extract was dried, weighed,
and a volumetric concentration (g extract/ml sponge) was
calculated. Overall extract yields (g extract/g sponge dry
weight) for organic and aqueous extracts from healthy and
diseased sponges were compared using unpaired t tests.

Chemical Profiles Differences in chemical profiles between
healthy and diseased A. cauliformis (N010 of each) were
examined by comparing chemical fingerprints generated by
high performance liquid chromatography (HPLC). For the
diseased sponges, only tissue that appeared healthy was
used. Frozen sponges (10–15 cm in length) were freeze-
dried, and extracted using an Accelerated Solvent Extractor
(Dionex) with 1:1 methanol:methylene chloride (MeOH:
CH2Cl2), followed by 80% MeOH:water, to produce organ-
ic and aqueous extracts, respectively. Aqueous extracts were
used only in feeding assays, as described below. The organic
extracts were concentrated under vacuum, redissolved to a
concentration of 5 mg/ml, and filtered through a 0.45 μm
PolyTetraFluoriEthylene (PTFE) filter. Chemical finger-
prints of the organic extracts were generated by injecting
10 μl of the filtered solution onto an analytical HPLC
system (Alliance 2695, Waters, Milford, MA, USA) coupled
to a Waters 2998 Photodiode Array detector. Analysis was
achieved on a Phenomenex 5 μ C18 250×4.6 mm column
using a gradient system consisting of 0.05% trifluoroacetic
acid (TFA) in water and 0.05% TFA in acetonitrile. Chro-
matograms were extracted at 254 nm from the data collected
across the 210–400 nm wavelength range. Areas under the
curve for each of 15 peaks were integrated and compared
using multivariate analysis of variance (MANOVA), fol-
lowed by unpaired t tests for each peak to assess differences
between sponge conditions (healthy vs. diseased). Overall
chemical constituent profiles in healthy and diseased
sponges were compared using analysis of similarity
(ANOSIM).

To determine whether chemical defenses are induced in
tissues adjacent to the ARBS lesion or systemically, frozen
diseased sponges (N010) were cut into 1 cm sections, start-
ing immediately adjacent to the active band, and progressing
away from the lesion. Organic extracts from the 1st, 2nd,
4th, and 8th cm of healthy tissue in either direction from the
lesion were chemically fingerprinted using the HPLC tech-
nique described above. For comparison, a similar analysis
was performed on healthy sponges (N010), starting at the
tip of the sponge. In healthy sponges, we quantified the
amount of each peak in the 1st, 5th, 10th, and 14th cm
sections from the tip. Areas under the curve for each of 15

peaks were integrated, and one-way analyses of variance
(ANOVA)were used to assess differences in the concentration
of each peak with distance along the length of the sponge.

Isolation and Quantification of Pure Compounds The sec-
ondary metabolites in Aplysina spp. sponges are well character-
ized (Ciminiello et al., 1999; Putz et al., 2009; Sacristán-Soriano
et al., 2011a). Thus, most of the peaks that we quantified are
probably known compounds. We isolated and identified four of
the largest and most well-separated peaks for use as marker
compounds. From healthy sponges, peaks 1 and 14 were iden-
tified as aplysamine-1 and fistularin-3, respectively (Fig. 1). We
also isolated two compounds found only in the diseased
sponges, 11-oxoaerothionin (peak 11) and aerothionin (peak
12; Fig. 1).

For isolation of aplysamine-1 and fistularin-3, a bulk
sample of healthy sponges was lyophilized and extracted
3× with 1:1 MeOH:CH2Cl2. The combined extracts were
concentrated under vacuum leaving a gummy organic resi-
due. The extract was fractionated with reversed-phase vac-
uum liquid chromatography using 0.05% TFA in water and
0.05% TFA in MeOH. Fraction III was subjected to
reversed-phase HPLC (RP-HPLC) to yield aplysamine-1.
Fraction V was subjected to RP-HPLC to yield fistularin-
3. For isolation of aerothionin and 11-oxoaerothionin, ex-
tract from a pooled sample of healthy portions from diseased
sponges was injected directly into RP-HPLC. Compound
identification was verified by comparison of NMR and mass
spectrometry data with published values (aplysamine-1:
Xynas and Capon, 1989; fistularin-3: Gopichand and Schmitz,
1979; Rogers et al., 2005; aerothionin: Fattorusso et al., 1970;
11-oxoaerothionin: Acosta and Rodriguez, 1992). Chemical
structures of these compounds are shown in Fig. 1.

For each of the pure compounds, we developed a stan-
dard curve to calculate actual concentrations in the healthy
and diseased sponge extracts and in specific sections along
the length of healthy and diseased sponges. Overall concen-
trations of the pure compounds in healthy and diseased
sponges were compared using unpaired t tests. Concentra-
tions of the pure compounds along the length of the sponge
were analyzed using one-way ANOVAs.

Feeding Assays To determine whether pathogenesis
changes the efficacy of chemical defenses, we compared
the effects of natural concentrations of extracts from healthy
and ARBS-affected sponges in feeding assays using the
omnivorous pufferfish Canthigaster rostrata. Other species
of Canthigaster have been used as model predators to test
feeding deterrence in Pacific benthic organisms (Pennings et
al., 1994; Slattery et al., 2008; Rohde and Schupp, 2011),
and C. rostrata exhibits similar behavioral patterns and feed-
ing ecology (Gochfeld, unpubl. data). Individual pufferfish
were maintained in separate 9.5 L flow-through tanks and fed
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a maintenance diet of squid paste for several days prior to the
feeding assays. Squid paste consisted of a puree of 1:1 by
volume of cleaned, skinned squid mantle and distilled water,
to which 2% sodium alginate was added (Pawlik et al., 1995).
Food pellets were produced by extruding the squid paste
through a 100 μl Wiretrol pipette into a 0.25 M calcium
chloride solution, where it hardened into a long strand. The
strand then was removed and cut into small pellets. Crude
organic and aqueous extracts from healthy and diseased
sponges (N05–7) were added to 300 μl of squid paste at
natural volumetric concentrations. The mixture was stirred
vigorously to homogenize and then pipetted into calcium
chloride. After a few minutes, the food was removed and
chopped into small pellets. Control pellets lacking extracts
were prepared similarly, however, food coloring was added to
match the color of extract-treated pellets. Although we recog-
nize that target predators may be exposed to a subset of
compounds within a crude extract, the use of crude extracts
as a starting point to characterize active secondary metabolites
is a standard method in chemical ecology (e.g., Pawlik, 1993,
2011; Hay, 1996). Each fish was fed 5–10 squid paste pellets
prior to the assay to ensure that consumption of the treated
pellets was representative of taste rather than hunger. A con-
trol and treated pellet then were offered sequentially to eachC.
rostrata. Pellets were either consumed (i.e., the pellet was
swallowed) or rejected (i.e., the pellet was ingested and then
spit out). Following rejection of the treated pellet, a second
control pellet was offered to confirm that fish had not ceased
feeding. A rejection was scored when both control pellets
were eaten and the treated pellet was not; if the second control
pellet was rejected, the fish was excluded from the assay.
Trials were continued with additional fish to ensure that
ten fish were used in each assay. McNemar’s tests were
used to test whether the palatability of treated pellets
was significantly reduced compared to control pellets
(Becerro et al., 2006).

To determine whether there were differences in feeding
deterrence along the length of the sponges, both organic and
aqueous crude extracts from tips vs. 11-cm away from the
tips in healthy sponges, and from 1-cm and 5-cm away from
lesions in diseased sponges, were added to squid-paste
pellets at natural volumetric concentrations, and feeding
assays were performed as described above. McNemar’s tests
were used to determine if the pure compounds were
significantly deterrent relative to control pellets, and
paired t tests were used to compare the relative palat-
ability of extracts from different distances along the
sponge for each extract type.

Feeding assays with the isolated pure compounds were
conducted in the same way. Using the mean healthy and
diseased concentrations of each compound calculated from
the HPLC analysis, both volumetric concentrations of each
compound were tested in the feeding assays. McNemar’s

tests were performed to determine the palatability of each
compound relative to the control food.

Antimicrobial Assays In addition to predator deterrence,
many secondary metabolites have antimicrobial activities,
and in sponges, this is probably the major source of patho-
gen immunity (McClintock and Gauthier, 1992; Newbold et
al., 1999). Disk diffusion assays were used to test the pres-
ence of antibacterial activity in the organic extracts of
healthy and ARBS-affected sponges, and pure compounds
of A. cauliformis, against a panel of 8 bacteria. Since the
etiologic agent for ARBS has not yet been elucidated, we used
known coral pathogens (Aurantimonas coralicida, Serratia
marcescens, Vibrio corallyticus, V. shiloi), human enteric bac-
teria that have the potential to enter near-shore waters and can
survive in the marine environment (Yersinia enterocolitica),
and bacteria related to those that have been isolated from the
surfaces of corals (Klebsiella pneumoniae, Pseudomonas nau-
tica, V. agarivorans) (Gochfeld and Aeby, 2008). All organ-
isms were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH
(DMSZ, Braunschweig, Germany). Extracts of healthy and
diseased sponges (N04 of each) were added to 4-mmdiameter
paper disks at natural volumetric concentrations. Aplysamine-
1 and fistularin-3 were added to disks at mean natural healthy
concentrations. A 24-h culture of the test bacteriumwas plated
onto marine agar (A. coralicida, P. nautica, V. agarivorans,V.
corallyticus, V. shiloi), nutrient agar (K. pneumoniae), or
trypticase soy agar (S. marcescens, Y. enterocolitica), and
disks impregnated with the organic extracts and pure com-
pounds were placed on the plate. A positive control (Cipro-
floxacin; 1 mg ml−1) was included in each assay. All assays
were performed in triplicate. Following a 24-h incubation
period, the zones of inhibition surrounding each disk were
measured. Since extracts should diffuse through the same
media at similar rates, we compared the zones of inhibition
for organic extracts against the five bacterial strains grown on
marine agar (A. coralicida, P. nautica, V. agarivorans, V.
corallyticus, V. shiloi) using a two-way ANOVA, with sponge
condition and bacterial strain as the factors. Although it is not
possible to compare the activity of aplysamine-1 and
fistularin-3 directly due to potential differences in diffusion
rates through the media, the activity of each compound against
the five strains grown on marine agar was compared using a
one-way ANOVA.

Results

Overall yields of both aqueous and organic crude extracts
were similar in healthy and diseased A. cauliformis. Aque-
ous extract yields were 0.148±0.018 g g−1 sponge dry
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weight for healthy sponges, and 0.145±0.016 g g−1 sponge
dry weight for diseased sponges (unpaired t test, P00.90).
Organic extract yields were 0.228±0.066 g g−1 sponge dry
weight for healthy sponges, and 0.225±0.0053 g g−1 sponge
dry weight for diseased sponges (unpaired t test, P00.73).

Chemical fingerprints differed significantly between
healthy and diseased sponges, with qualitative differences
easily observed when comparing HPLC chromatograms
(Fig. 1a), and striking quantitative differences shown by
ANOSIM (R00.989, P00.001), non-metric multidimen-
sional scaling (Fig. 2), and MANOVA (P<0.001). When
measuring relative peak areas at 254 nm, 7 out of 15 com-
pounds occurred in higher concentrations in the healthy
sponges (unpaired t tests, P<0.05), and 6 occurred in higher
concentrations in diseased sponges (unpaired t tests, P<
0.05; Fig. 3). Only peaks 3 and 6 occurred in similar con-
centrations in healthy and diseased sponges (unpaired t
tests, P00.16 and 0.051, respectively). Some compounds
were present only in either healthy (e.g., peaks 8, 9) or
diseased (e.g., peaks 10, 11, 12, 13, 15) sponges, indicating
not only quantitative but also qualitative differences in
chemical constituents. In healthy sponges, peaks 2, 3, 4,
and 14 (fistularin-3) showed a significant effect of distance
from the tip of the sponge (one-way ANOVAs, P<0.003),
and in all of these cases, the tip had the highest concentra-
tion (Fig. 4a). In diseased sponges, there was no significant
effect of distance from the lesion on concentrations for any
of the peaks (one-way ANOVAs, P>0.05; Fig. 4b).

Overall, aplysamine-1 and fistularin-3 occurred in signifi-
cantly higher concentrations in healthy sponges (healthy: 22±
3 μg mg−1 organic extract, diseased: 0.92±0.11 μg mg−1 or-
ganic extract for aplysamine-1; healthy: 124±14.6 μg mg−1

organic extract, diseased: 3.4±0.28 μg mg−1 organic extract
for fistularin-3; unpaired t tests, P<0.001 for both com-
pounds), although they did occur in diseased sponges as well.

In contrast, aerothionin (healthy: 0±0 μg mg−1 organic extract,
diseased: 18.6±1.82 μg mg−1 organic extract; unpaired t test,
P<0.001) and 11-oxoaerothionin (healthy: 0±0 μg mg−1 or-
ganic extract, diseased: 76±19.2 μg mg−1 organic extract;
unpaired t test, P00.003) were not found in the healthy
sponges. Aplysamine-1 did not vary along the length of the
sponge for either healthy (P00.22) or diseased (P00.58)
sponges (Fig. 5a). The concentration of fistularin-3 declined
with increasing distance from the tip of healthy sponges
(one-way ANOVA, P00.015; Fig. 5b), but did not vary with
distance from the lesion in diseased sponges (one-way
ANOVA, P00.88). Aerothionin and 11-oxoaerothionin did
not vary with distance from the lesion in diseased sponges
(P00.95 and 0.81, respectively; Fig. 5c, d).

Organic and aqueous extracts from both healthy and
diseased sponges were deterrent to C. rostrata (McNemar’s
test, P<0.05; Fig. 6a). Healthy and diseased sponges did not
differ in levels of feeding deterrence for either aqueous
(unpaired t test, P00.96) or organic (P00.15) extracts. In
healthy sponges, organic extracts from the tip were more
deterrent than 11 cm from the tip (paired t test, P00.008),
although this was not the case for aqueous extracts (paired t
test, P>0.05). There was no difference in feeding deterrence
with distance from the lesion in diseased sponges (paired t
tests, P>0.05).

When tested at mean concentrations found in the healthy
and diseased sponges, aplysamine-1 was not feeding deter-
rent at either of the concentrations tested (McNemar’s test,
P>0.05; Fig. 6b), even though the healthy concentration
was 25-fold higher than the diseased concentration.
Fistularin-3 was feeding deterrent at the concentration found
in the healthy sponges (McNemar’s test, P00.002), but not

Stress: 0.08

Fig. 2 Non-metric multi-dimensional scaling plot showing differences
in chemical diversity in healthy (open triangles) and diseased (filled
triangles) Aplysina cauliformis
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Fig. 3 Relative concentrations (mean±1 SE absorbance units) of 15
peaks from HPLC chromatograms of healthy (white) and diseased
(black) Aplysina cauliformis. Significantly different concentrations of
all peaks except peaks 3 and 6 were observed between healthy and
diseased sponges (unpaired t tests, P<0.05)
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at the much lower concentration found in the diseased
sponges (McNemar’s test, P00.19; Fig. 6b). Aerothionin
and 11-oxoaerothionin were not found in the healthy
sponges, so those pellets were effectively the same as the
controls, but aerothionin was feeding deterrent at the con-
centration found in the diseased sponges (McNemar’s test,
P<0.001; Fig. 6b).

In disk diffusion assays, the positive control ciprofloxa-
cin produced large (>4.1 mm) zones of inhibition against all
of the bacteria tested. Ciprofloxacin is omitted from Fig. 7 to
enhance visibility of the extracts’ activity. Natural volumet-
ric concentrations of organic extracts from both healthy and
diseased A. cauliformis produced zones of inhibition against
the eight environmental bacteria tested (Fig. 7). Zones of
inhibition against the five bacteria grown on marine agar did
not vary significantly for organic extracts based upon either
sponge condition (two-way ANOVA, P00.82) or bacterial
strain (two-way ANOVA, P00.18). Aplysamine-1 and
fistularin-3 exhibited selectivity in their activity at mean nat-
ural concentrations found in the healthy sponges (Table 1).
Both compounds inhibited the growth of V. corallyticus more
than the other bacteria; this trend was not statistically signif-
icant for aplysamine-1 (one-way ANOVA, P00.072), but was
a significant difference for fistularin-3 (one-way ANOVA,
P<0.001).

Discussion

Variability in Chemical Profiles with Sponge Health Aplysina
cauliformis infected by ARBS exhibit both qualitative and
quantitative differences in the production of secondary
metabolites, relative to healthy sponges. These differences
may be due to: (1) induced responses to invasion by path-
ogen(s) and/or opportunistic symbionts; (2) changes in the
sponge-associated microbial community; or (3) trade-offs in
defense production as a result of stress. The higher concen-
trations of certain compounds in healthy sponges suggest
that some of these compounds may be involved in antimi-
crobial defense of these sponges. The presence of unique
compounds in the diseased sponges suggests a possible
inducible response to pathogenesis. Alternatively there
may be genotypic differences in chemical profiles and,
therefore, pathogen resistance among individual sponges.

The diverse secondary metabolites found in Aplysina spp.
are hypothesized to be produced by the sponge, although the
process may involve some collaboration from microbial con-
stituents (Sacristán-Soriano et al., 2011a). Variability in both
secondary metabolite production and the composition of Aply-
sina-associated bacterial communities has been observed across
a variety of spatial and temporal scales (Friedrich et al., 2001;
Gerçe et al., 2009; Sacristán-Soriano et al., 2011a, b).
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Differences in chemical profiles and microbial communities
between healthy and diseased individuals have been demon-
strated previously for Aplysina aerophoba (Webster et al.,
2008). In contrast, apparently healthy tissue adjacent to lesions
in Xestospongia muta affected by Sponge Orange Band (SOB)
disease showed quantitative but not qualitative changes in
secondary metabolites (Angermeier et al., 2011). However,

to date, a cause-and-effect relationship has not been demon-
strated between SOB pathogenesis and secondary metabolite
production.
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The presence of activated defenses in response to tissue
wounding in Aplysina spp. has been reported (Teeyapant
and Proksch, 1993; Ebel et al., 1997; Thoms et al., 2006,
although see Puyana et al., 2003 for a dissenting view). This
conversion is due likely to the breakdown of cellular com-
partmentalization as a result of tissue maceration (Teeyapant
and Proksch, 1993; Thoms et al., 2006). Wounding of A.
aerophoba catalyzes the production of aeroplysinin-1 and
dienone to concentrations known to be bioactive (Weiss et
al., 1996; Ebel et al., 1997), and it has been suggested that
this response might protect injured cells that have an increased
probability of penetration by pathogens (Thoms et al., 2006).
However, this process is unlikely to provide any beneficial
defensive advantage to the sponges since extensive tissue
damage is required for this activation process to occur.
Nonetheless, we standardized our extraction techniques
and minimized damage to fresh tissue so that any poten-
tial chemical changes due to handling should be similar
in all samples. Thus, differences in chemical profiles and
biological activity observed in this study are due to
inherent differences in the sponges themselves, rather
than to sampling artifacts.

Optimal defense theory predicts that there should be a
trade-off between defense production and other processes,
including wound healing (Zangerl and Bazzaz, 1992).
ARBS infection results in localized tissue necrosis that can
spread along the branch of the sponge, causing partial or
complete mortality. Stress to the sponge may result from
direct effects of ARBS or other opportunistic pathogen(s) on
cellular function, or from the loss of biomass available for
filter feeding and photosynthesis. Aplysina cauliformis con-
tains high numbers of photosymbiotic cyanobacteria that
contribute to host sponge nutrition (Freeman and Thacker,
2011). Resource allocation trade-offs have been demonstrat-
ed for chemical defense in sponges with respect to wound
healing (Walters and Pawlik, 2005), growth (Becerro et al.,
1997; Leong and Pawlik, 2010), recruitment (Pawlik et al.,
2008), and reproduction (Becerro et al., 1997). Thus, in
addition to defense against its natural suite of enemies, a
diseased sponge must expend energy fighting off the path-
ogen(s), as well as healing the wound. In diseased sponges
that we have monitored over time, we have seen lesions in
which the active bands have disappeared and the lesion
remains, but does not expand (Gochfeld, unpubl. data). In
these cases, it is possible that the ARBS pathogen(s) sen-
esced, the sponge was successful in its defense against the
pathogen(s), or another environmental factor limited the
infection. On rare occasions, we have also seen lesions heal
completely (Gochfeld, unpubl. data), indicating that A. cau-
liformis has the potential to mount an effective defense
against ARBS.

Intracolony Variation in Secondary Metabolites Variation in
secondary metabolite concentration occurs within A. cauli-
formis, particularly in the tips of healthy sponges. Aplysina
cauliformis does not contain spicules and derives its struc-
ture from a fibrous skeleton along with sponge and micro-
bial cells. The growing tips of healthy A. cauliformis have
fewer structural fibers (Thacker, pers. obs.) and are softer
than the rest of the sponge, so it is possible that the sponge
invests in greater chemical defense at the tip to make up for
the lack of structural defense, although the utility of struc-
tural components of sponges as defenses has been ques-
tioned (Chanas and Pawlik, 1996). Additionally, the tips of
A. cauliformis contain a greater proportion of ectosome
relative to choanosome due to their tapered morphology,
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Fig. 7 Zones of inhibition (mean±1 SE mm) surrounding disks
containing organic extracts from healthy (white) and diseased
(black) Aplysina cauliformis in disk diffusion assays against eight
environmental bacteria. AC Aurantimonas coralicida, PN Pseudo-
monas nautica, VA Vibrio agarivorans, VC V. corallyticus, VS V.
shiloi, KP Klebsiella pneumoniae, SM Serratia marcescens, YE
Yersinia enterocolitica

Table 1 Zones of inhibition (mean±1 SE mm) surrounding disks containing mean natural concentrations of aplysamine-1 and fistularin-3 found in
healthy Aplysina cauliformis when tested against environmental bacteria in disk diffusion assays

Aurantimonas
coralicida

Pseudomonas
nautica

Vibrio
agarivorans

V. corallyticus V. shiloi Serratia
marcescens

Yersinia
enterocolitica

Aplysamine-1 0.61±0.61 0±0 0±0 1.03±0.006 0±0 0.16±0.029 0±0

Fistularin-3 0±0 0±0 0.013±0.013 1.26±0.19 0±0 0.27±0.27 0.095±0.068
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and other studies have demonstrated differences in chemical
constituents between these tissue types in other Aplysina
spp. (Freeman and Gleason, 2010; Sacristán-Soriano et al.,
2011a). Webster et al. (2008) reported changes in the pro-
duction of certain secondary metabolites in A. aerophoba
tissue adjacent to lesions caused by another disease, although
other compounds only differed in the diseased tissue itself. In
ARBS-affectedA. cauliformis, there was not a simple gradient
in concentration of compounds with distance from the lesion.
Instead, all of the samples from diseased sponges produced
similar chemical profiles, indicating that this may represent an
example of systemic induced immunity. Aplysina cauliformis
individuals can become very large, with complex branching
structures over 1 m in length. Thus, it is possible that the scale
of 8 cm in either direction from the lesion may be insufficient
to see a localized induced response.

Ecological Consequences of Chemical Variation: Feeding
Deterrence Ecological activity of the extracts from healthy
and diseased sponges was similar, suggesting that while
there may be different compounds involved, the net effect
on ecological interactions remains the same. Aplysina cau-
liformis extracts were previously found to be feeding deter-
rent to the bluehead wrasse Thalassoma bifasciatum (Pawlik
et al., 1995), and to the hermit crab Paguristes puntaceps
(Waddell and Pawlik, 2000). The present study confirms
feeding deterrence of A. cauliformis extracts to the omniv-
orous pufferfish C. rostrata, which includes sponges as a
measurable portion of its diet (Gochfeld, unpubl. data).
Extracts from both healthy and diseased sponges were feed-
ing deterrent, although the compounds responsible for this
activity varied with sponge condition. While other com-
pounds also may play a role in feeding deterrence,
fistularin-3 was deterrent to pufferfish on its own, at con-
centrations present in healthy A. cauliformis. Fistularin-3
was not deterrent at concentrations found in diseased
sponges. Aerothionin, previously found to be feeding deter-
rent to a Mediterranean fish (Thoms et al., 2004), was found
only in the diseased sponges, where it also exhibits feeding
deterrence against C. rostrata. Both aqueous and organic
extracts of A. cauliformis were feeding deterrent to C. ros-
trata, confirming the presence of multiple defensive com-
pounds, but it does appear that the loss of at least one
feeding deterrent compound is compensated for by the pro-
duction of another, even under disease stress. This empha-
sizes the potential importance of predation as a selective
pressure on sponge survival, and suggests that there may be
little cost to the production of these defenses.

Ecological Consequences of Chemical Variation: Antimicro-
bial Activity Both healthy and diseased sponges have similar
levels of antibacterial activity against the environmental bac-
teria that we tested, although there were minor differences in

their activity against certain pathogens. This indicates that
although diseased sponges are clearly susceptible to the
ARBS and possibly associated opportunistic pathogens, they
are not entirely immunocompromised. These sponges produce
antibiotic compounds against a diversity of bacteria, but that
activity is selective in nature. Newbold et al. (1999) also found
that extracts from Caribbean sponges, including Aplysina
lacunosa, exhibited selective antibacterial activity against
the environmental strains that they tested, whereas
Betancourt-Lozano et al. (1998) identified broad-spectrum
and low temporal variability in antibacterial activity of Aplysina
fistularis extracts. Comparable results have been characterized
from other sessile marine invertebrates exposed to infectious
disease. Healthy and aspergillosis-affected individuals of the
sea fan Gorgonia ventalina did not differ in their levels of
antifungal activity (Dube et al., 2002), although healthy and
diseased tissue from the coral Montipora capitata exhibited
variability in antibacterial activity towards A. coralicida and
Y. enterocolitica (Gochfeld and Aeby, 2008), two pathogens
tested in this study. The activity observed in the present study
does not necessarily translate to the etiologic agent(s) or oppor-
tunistic pathogens associated with ARBS specifically, although
the absence of disease in the healthy sponges suggests
the potential inhibitory activity of one or more com-
pounds found in healthy A. cauliformis. Aplysamine-1
and fistularin-3 exhibited selective antibacterial activity
towards the strains tested at natural concentrations found
in healthy sponges. Fistularin-3 has previously shown
antiviral activity (Gunasekera and Cross, 1992), as well
as antibacterial activity against Mycobacterium tubercu-
losis (De Oliveira et al., 2006), and clearly has multiple
ecological functions as well. These compounds are at
least partially responsible for the antibacterial activity
observed. Unfortunately, we obtained limited amounts of
the compounds from the diseased sponges and were, therefore,
unable to test them in assays. The compounds aerothionin and
homoaerothionin in A. fistularis are exuded into the water
column, and are believed to play a role in inhibiting surface
fouling (Walker et al., 1985). The ability of antimicrobial
compounds to be released into the water column in the vicinity
of the sponge surface, or at least to be bioavailable on the
sponge surface likely is crucial to their efficacy in preventing
pathogenesis.

Aplysina cauliformis exhibits phenotypic, and possibly
genotypic, variability in the production of secondary metab-
olites with health status. In spite of this variability, the
ecological function of chemical constituents in diseased A.
cauliformis is maintained. These changes in chemical pro-
files, but not ecological function, suggest that infection by
ARBS impacts the biosynthetic pathways associated with
secondary metabolite production, but indicates that A.
cauliformis produces a diverse arsenal of weapons to
protect it from a variety of natural enemies.
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Abstract Chemical diversity represents a measure of selec-
tive pressures acting on genotypic variability. In order to
understand patterns of chemical ecology and biodiversity in
the environment, it is necessary to enhance our knowledge of
chemical diversity within and among species. Many sponges
produce variable levels of secondary metabolites in response
to diverse biotic and abiotic environmental factors. This study
evaluated intra-specific variability in secondary metabolites in
the common Indo-Pacific sponge Stylissa massa over various
geographic scales, from local to ocean basin. Several major
metabolites were quantified in extracts from sponges collected
in American Samoa, Pohnpei, Saipan, and at several sites and
depths in Guam. Concentrations of several of these metabo-
lites varied geographically across the Pacific basin, with
American Samoa and Pohnpei exhibiting the greatest differ-
ences, and Guam and Saipan more similar to each other. There
were also significant differences in concentrations among
different sites and depths within Guam. The crude extract of
S. massa exhibited feeding deterrence against the omnivorous
pufferfish Canthigaster solandri at natural concentrations,
however, none of the isolated compounds was deterrent at
the maximum natural concentrations observed, nor were mix-
tures of these compounds, thus emphasizing the need for

bioassay-guided isolation to characterize specific chemical
defenses. Antibacterial activity against a panel of ecologically
relevant pathogens was minimal. Depth transplants, predator
exclusion, and UV protection experiments were performed,
but although temporal variability in compound concentrations
was observed, there was no evidence that secondary metabo-
lite concentration in S. massa was induced by any of these
factors. Although the reasons behind the variability observed
in the chemical constituents of S. massa are still in question,
all sponges are not created equal from a chemical standpoint,
and these studies provide further insights into patterns of
chemical diversity within S. massa.

Keywords Porifera . Chemical defense . Geographic
variability . Stylissa . Antimicrobial activity

Introduction

Marine organisms from many phylogenetic groups produce
secondary metabolites that have multiple ecological functions
(Paul, 1992). Secondary metabolites have evolved under the
pressure of natural selection and serve as ecological responses
of organisms to their environment (Paul, 1992; Hay, 1996).
Intra-specific spatial and temporal variation in secondary
metabolites is widely distributed in benthic organisms, includ-
ing algae (Wright et al., 2000; Martí et al., 2004), sponges
(Martí et al., 2004; Page et al., 2005), cnidarians, (Slattery et
al., 2001; Martí et al., 2005; Gochfeld et al., 2006; Slattery et
al., 2008), tunicates and bryozoans (Martí et al., 2005), and
worms (Fielman and Targett, 1995). Chemical variation at a
geographic scale can be essential to understanding the evolu-
tion and function of secondary metabolites, as well as reveal-
ing large scale patterns that are poorly understood (Paul et al.,
2006).
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Marine benthic organisms provide unique opportunities to
investigate patterns in secondary chemistry. Sessile organisms
without effective escape mechanisms are likely to be chemi-
cally defended from predators (Ianora et al., 2006). Sessile
organisms also are under intense pressures to settle and main-
tain space on which to live (Connolly and Roughgarden,
1999), to protect themselves from ultraviolet (UV) radiation
(Stachowicz and Lindquist, 1997; Lotze et al., 2002), or to
prevent fouling of their surfaces by other organisms (Wahl,
1989). Defensive traits can occur either in a constitutive form
(i.e., permanently expressed at a constant level) or can be
generated “on demand” (Karban and Baldwin, 1997; Harvell
and Tollrian, 1999). Saving resources when defenses are not
needed is proposed as a major advantage of inducible
defenses. At the community level, phenotypic plasticity, like
inducible defenses, may dampen population fluctuations and
stabilize the system (Verschoor et al., 2004). The ecological
(Miner et al., 2005) and evolutionary (Pigliucci, 2005) impor-
tance of these mechanisms have recently been highlighted.

Sponges are major components of benthic communities and
among the richest sources of secondary metabolites isolated
from marine organisms (Blunt and Munro, 2009). Many
sponge secondary metabolites are known to deter feeding,
confer competitive advantages, and protect against fouling,
among other ecological roles (Paul et al., 2006). Stylissa massa
is a widely distributed sponge, occurring in the Indo-Pacific
from the Arabian Sea to the Great Barrier Reef (Van Soest et
al., 2010). Stylissa massa belongs to the family Dictyonellidae,
which is one of the better investigated groups of marine
invertebrates from the perspective of natural products chemis-
try, and some of the identified compounds have known eco-
logical roles (Becerro et al., 2003). The most prominent natural
products isolated from S. massa include the alkaloids oroidin,
debromohymenialdisine, hymenialdisine (Tasdemir et al.,
2002), sceptrin (Mohammed et al., 2006), hymenidin
(Kobayashi et al., 1986), and palau’amine (Kinnel et al.,
1993). The aim of this study was to assess the variation in
secondary metabolite production in S. massa at various spatial
scales, including local, regional, and biogeographic. Recogniz-
ing that biotic and abiotic factors of a site could influence the
production of these compounds, we used field and laboratory
experiments to assess the role of phenotypic variation in S.
massa compounds. Specifically, we examined the role of pre-
dation and pathogenesis, and light (with depth as a proxy), to
explain variation in the concentrations of the most common
secondary metabolites produced by S. massa.

Methods and Materials

Collection Sites and Sample Preparation Samples were col-
lected at five reefs around Guam (Fig. 1). Piti (August 2009;
13°28.1′ N; 144°42.0′ E), Gab Gab (July 2009; 13°26.4′ N;

144°38.4′ E), Haps Reef (August 2009; 13°23.4′ N; 144°
39.1′ E), Marine Lab (13°25.3′ N; 144°47.5′ E), Double reef
(July 2009; 13°33.3′ N; 144°49.0′ E), and Toguan (August
2009; 13°17.4′ N; 144°39.4′ E). At all sites, samples were
collected using SCUBA at depths from 7 to 15 m. Repli-
cates (6–12 per site) were collected at least 5 m apart to
avoid collection of clones. With a scalpel, tissue was cut out
of the sponge (ca. 5 ml volume) and transferred to a 15 ml
plastic tube filled with ambient seawater. Samples were
placed on ice in coolers for transportation to the University
of Guam Marine Laboratory (UOGML), where they were
frozen (−20 °C) until further processing.

Samples also were collected at three additional sites across
the Pacific basin (Fig. 1) in April/May in the following years:
Saipan (Commonwealth of the Northern Mariana Islands) in
2002 and 2003, Pohnpei (Federated States of Micronesia) in
2007, and American Samoa in 2004, spanning a distance of
5,746 km. These were compared to samples from Guam col-
lected in May 2003. At these remote sites, fewer samples were
collected from a single reef (N02–5), and over a more narrow
depth gradient (3–6 m depth). The sponges were placed into
individual resealable plastic bags, and immediately frozen for
transport back to the University of Mississippi.

All samples were lyophilized and ground to a fine pow-
der with a mortar and pestle. 150 mg of each sample were
extracted in 10 ml methanol:ethyl acetate (1:1) for 3 h. The
sponge-solvent mixture was centrifuged at 15,000 rpm for
10 min, and the supernatant extract was carefully decanted.
This process was repeated x 3, and the extracts were com-
bined, resulting in 40 ml extract that was filtered and evap-
orated under reduced pressure.

Isolation of Marker Compounds 155 g of freeze-dried pow-
dered sponge material were extracted with (2 L×4) 1:1
dichloromethane:methanol. The extract was filtered and
evaporated to dryness under reduced pressure to produce a
crude extract (11.5 g yield). This extract was subjected to
various chromatographic procedures, including LH-20 and
C18 column chromatography, and high performance liquid
chromatography (HPLC) using a Waters 2695 HPLC with
PDA detector (Waters, Milford, MA, USA), and a C18

column [250×20 mm], using 0.05 % TFA in acetonitrile/
water gradient system. This resulted in the isolation of five
pure compounds (Fig. 2a) representing approximately 90 %
of the HPLC peak area: hymenialdisine, sceptrin, hymeni-
din, oroidin, and palau’amine, which were characterized by
NMR, IR, UV, and MS spectral data, and identified based on
published data.

HPLC Chemical Fingerprinting and Quantification of Alka-
loids All quantitative analyses were performed on a Waters
Acquity UPLC system using a proprietary BEH Shield
RP18 column (100 mm×2.1 mm I.D., 1.7 μm) (Fig. 2b).
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The column and sample temperature were maintained at
40 °C and 25 °C, respectively. The column was equipped
with a LC-18 guard column (Vanguard 2.1×5 mm, Waters).
The mobile phase consisted of water with 0.05 % formic
acid (A), and acetonitrile with 0.05 % formic acid (B) at a
flow rate of 0.2 ml/min, with gradient elution as follows:
0 min, 98 % A/2 % B, hold for 1 min, in next 7 min to 70 %
A/30 % B, in next 1 min to 100 % B, and finally, recon-
ditioning the column with 98 % A/2 % B for 3.5 min after
washing the column with 100 % B for 2 min. The compo-
sition of the mobile phase was changed linearly (Waters
curve type 6). The total run time for analysis was 8 min.
All extracts were prepared at 2 mg/ml, and the injection
volume was 2 μl. Peaks were detected using UV at 270 nm.
The effluent from the LC column was directed into an ESI
probe. Mass spectrometer conditions were optimized to
obtain maximal sensitivity. The source temperature and the
desolvation temperature were maintained at 150 and 350 °C,
respectively. The probe voltage (capillary voltage), cone
voltage, and extractor voltage were fixed at 2.5 kV, 40 V,
and 3 V, respectively. Nitrogen was used as the source of
desolvation gas (650 L/h) and drying gas (25 L/h). Alkaloids
were confirmed in selected ion recording (SIR) mode at 621,
310, 324, 390, 420, and 246 [M+H]+ ions for sceptrin,

hymenidin, hymenialdisine, oroidin, palau’amine, and debro-
mohymenialdisine, respectively. Mass spectra were obtained
at a dwell time of 0.1 sec in SIR and 500 Da/sec of scan rate.
Standard curves of all six compounds were produced using
concentrations from 0.1 to 100 μg/ml to estimate compound
concentrations in the crude extracts. All concentrations were
subsequently calculated as mg per ml sponge volume. For
statistical analyses, data were arcsin-transformed and multi-
variate analyses of variance (ANOVA) were used to determine
whether the concentration of each compound varied by loca-
tion. To estimate the magnitude of variance attributable to sites
or regions, the coefficients of variation were calculated for the
Guam sites and different regions. Analyses of similarity
(ANOSIM) and non-metric multidimensional scaling plots
(MDS) also were used to visualize differences among
locations.

Transplantation Experiment To investigate whether depth/
light had an effect on the chemical profile of S. massa, we
conducted a transplantation experiment at Gab Gab Reef,
Guam, starting in November 2009. From two depths (3–
4 m0shallow; 23–24 m0deep), 20 specimens were collect-
ed by removing the substrate with hammer and chisel. The
specimens, still attached to their substrata, were put into

Fig. 1 Location of all sample sites of this study. a. Locations of the biogeographical scale, SA 0 Saipan, GU 0 Guam, PO 0 Pohnpei, AS 0
American Samoa. b. locations on Guam, PI 0 Piti, GG 0 Gab Gab, HA 0 Haps Reef, TO 0 Toguan, ML 0 Marine Lab
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individual 4-L plastic bags in situ, and then placed in a
cooler filled with seawater for transportation to UOGML.
At UOGML the sponges were placed in a 1500 L outdoor
flow-through seawater tank. Using a scalpel, a small sub-
sample (3 ml sponge tissue) was cut from each sponge and

frozen for further analysis. The following day, the sponge
substrata were glued to individually numbered concrete
blocks (12×10×3 cm) using two-component epoxy (A-788
Splash Zone, Z-Spar), and sponges were redeployed at Gab
Gab. Half of the specimens from each depth were deployed at
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Debromohymenialdisine

b

Fig. 2 a. Secondary
metabolites identified from
Stylissa massa. b.
Representative UPLC
chromatogram at 270 nm
showing retention times of
isolated compounds
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3 m depth, while the other half was placed at 24 m depth. The
concrete blocks were attached with cable ties to 25 cm-long
nails in the reef. To serve as handling controls, an additional
10 specimens of S. massa at each depth were tagged and tissue
samples were collected according to the methods described
above. After 3 mo, tissue samples from all sponges (5 ml
volume) were collected and frozen to determine changes in the
chemical profile over the course of the transplantation exper-
iment. Changes in concentration over time were analyzed
using repeated measure ANOVAs.

UV-Experiment To further determine the effects of UV expo-
sure within the depth/light gradient on secondary metabolite
production by S. massa, we collected 24 specimens of S.
massa, attached to their substrate, from Gab Gab at 5–7 m
depth. The sponges were transported to UOGML as described
above, and placed in a 1500 L outdoor flow-through seawater
tank. The following day, a tissue sample (3 ml sponge tissue)
was collected from each sponge for chemical analysis, and
their substrata were glued onto concrete blocks. Each sponge
was placed individually in a round, clear 18 L plastic container,
which allowed a water level of ca. 10 cm above the sponges.
Ambient unfiltered seawater was pumped continuously in each
tank at a flow rate of 11 Lh−1, and tanks were placed outside
without shading. Half of the containers were covered with UV-
absorbing Lexan sheets (UV-transmission <3 %, General
Electric, Pittsfield, MA, USA), while the other containers were
covered with a plastic mesh (1 cm mesh size) to control for the
slight loss in photosynthetically active radiation (PAR) under
the PVC sheets. Light measurements (LICOR light meter, LI-
250 A, with underwater sensor) in the containers revealed a
9.2%±2.5 light reduction compared to ambient light under the
PVC sheets and a 10.4 %±1.7 light reduction under the plastic
mesh, resulting in comparable PAR regimes in all tanks (t-test,
P00.91). After 4 wk, another tissue sample of each sponge
was collected for chemical analysis. Changes in concentration
were analyzed using a repeated measure ANOVA. To compare
the data from this UV-experiment with natural UV-exposed
and non UV-exposed specimens of S. massa, we collected
further tissue samples from Gab Gab in June 2010. Ten speci-
mens were sampled in very shallow water (<1 m) and 10
specimens in deep water (20 m). Collection, transport, and
fingerprinting of samples were conducted as described above.
Differences in metabolite concentrations between shallow and
deep samples were analyzed with an unpaired t-test.

Caging Experiment To estimate the effect of predation on the
secondary metabolites of S. massa, a caging experiment was
conducted on a reef in Apra Harbor, Guam (13°26.5′ N; 144°
40.0′ E). At a depth of 8–10 m, 36 specimens of S. massawere
tagged by attaching numbered aluminum washers nearby.
Tissue sampleswere collected as described above, and sponges
were assigned randomly to the following three treatments: (1)

Control: the sponges were left uncovered, allowing access to
all potential predators; (2) Caged: plastic mesh cages (30×30×
30 cm, 1 cm mesh size) were installed around the sponges to
deny access to predators; (3) Cage Controls: cages with two
adjacent sides removed were installed allowing predator ac-
cess, but imitating light and water flow regimes inside the
fully-closed cages. After 10 wk, another tissue sample from
each sponge was collected. Changes in concentration were
analyzed using a repeated measure ANOVA.

Feeding Assays To further investigate the potential mecha-
nisms of feeding deterrence in S. massa, we examined chem-
ical defenses against a fish predator, the omnivorous pufferfish
Canthigaster solandri in laboratory feeding assays. Can-
thigaster solandri has been used previously as a model pred-
ator to test feeding deterrence in Pacific benthic organisms
(Pennings et al., 1994; Slattery et al., 1998, 2008; Slattery
and Paul, 2008; Rohde and Schupp, 2011). Ten individual
pufferfish (7.1–7.6 cm total length) were maintained in sepa-
rate 70 l flow-through tanks and fed for several days prior to
the feeding assays to avoid the loss of preference patterns
(Cronin and Hay, 1996b). The crude extract of 2 ml sponge
tissue was mixed with 0.06 g alginic acid and 0.1 g of freeze-
dried, powdered squid mantle. Distilled water was added to
yield a final volume of 2 ml (Pawlik et al., 1995). The mixture
was stirred vigorously to homogenize the extract with the squid
powder, and then this was poured into a 0.25 M solution of
calcium chloride. After a few minutes, the resulting pellet was
rinsed in seawater, and chopped into 5×5 mm pellets with a
scalpel. Control pellets were made the same way, but without
the addition of extract; however, food coloring was added to
match the color of extract-treated pellets. A control and treated
pellet were offered sequentially to each C. solandri. Pellets
were either consumed (i.e., the pellet was swallowed) or
rejected (i.e., the pellet was spit out). Following rejection of
the extract pellet, a second control pellet was offered to confirm
that fish had not ceased feeding. A rejection was scored when
both control pellets were eaten and the treated pellet was spat
out at least three times. Fisher’s exact tests were used to test
whether the palatability of treated pellets was significantly
reduced compared to control pellets.

Feeding assays with pure compounds also were con-
ducted. Using the mean concentrations of each compound
calculated from the HPLC analysis, both the highest and
lowest volumetric concentrations of each compound were
tested in the same pufferfish assay. In addition, following
isolation of the pure compounds, the remaining extract was
tested for feeding deterrence at natural concentrations.

Antibacterial Assays The antibacterial activity of S. massa
and its secondary metabolites was assessed using disk dif-
fusion assays, which tested the presence of antibacterial
activity in the crude extract and pure compounds of S.
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massa against a panel of 8 bacteria (Gochfeld and Aeby,
2008; Gochfeld et al., 2012, this issue), including known
coral pathogens (Aurantimonas coralicida, Serratia marces-
cens, Vibrio corallyticus, V. shiloi), human enteric bacteria
that have the potential to enter near-shore waters and can
survive in the marine environment (Yersinia enterocolitica),
and bacteria that have been isolated from the surfaces of
Indo-Pacific corals (Klebsiella pneumoniae, Pseudomonas
nautica, V. agarivorans). While this panel may be more
appropriate for corals than sponges, the lack of any known
sponge pathogenic bacteria necessitate this compromise
(and many microbes have the capacity to “jump” between
species). All organisms were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and
Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH (DMSZ, Braunschweig, Germany). Extracts were
added to paper disks at natural concentrations, and the solvent
was allowed to evaporate completely. A 24-hour culture of the
test bacterium was plated onto the relevant growth medium,
and disks impregnated with the mean natural concentrations
of the crude extract and pure compounds were placed on the
plate. Following a 24-h incubation period, the zones of inhi-
bition surrounding each disk were measured. All assays were
performed in triplicate. Disks impregnated with ciprofloxacin
were used as positive controls.

Results

The concentrations of the major metabolites in S. massa
were highly variable over all samples, and ranged from
0 % to 63 % by weight of the crude extract (Table 1). The
sum of the five compounds analyzed typically accounted for
over 95 % of the crude extract. On a local scale, samples
from different reefs around Guam revealed great differences
in metabolite concentrations. Multivariate ANOVA indicated
significant differences in hymenidin (P00.03), sceptrin (P<
0.01), and oroidin (P<0.01) concentrations among reefs
(Fig. 3a). Palau’amine was not found in any sponges from

Guam, and dibromohymenialdisine and hymenialdisine
did not differ between reefs (P>0.05). Sponges from Haps
and Toguan reef were characterized by extremely low
concentrations of all analyzed compounds, which only
accounted for 4 and 10 % of the crude extract, respectively
(Fig. 3a). Marine Lab sponges had the highest concentra-
tions of hymenidin, sceptrin, and oroidin, while Double
Reef was characterized by high debromohymenialdisine
concentrations. The distributions of compounds in sponges
from Piti, Marine Lab and Double reef sites were similar
and tightly clustered, while sponges from Haps and Toguan
showed significantly higher levels of variability in the
concentrations of these compounds (ANOSIM, P00.001;
Fig. 4a).

Multivariate ANOVA demonstrated significant variability
among locations across the Pacific for oroidin (P00.05),
sceptrin (P00.03), palau’amine (P<0.001), and debromo-
hymenialdisine (P00.029), but not for hymenialdisine or
hymenidin (P>0.05; Fig. 3b). ANOSIM confirmed signifi-
cant overall variability in the distribution of these com-
pounds among sponges from different locations (P0
0.001). At this ocean basin scale, palau’amine was detected
only in samples from American Samoa, and at low concen-
trations (<5 %). Samples from American Samoa contained
the highest concentrations of oroidin. Sponges from Pohn-
pei were characterized by the highest concentrations of
sceptrin and debromohymenialdisine. Hymenialdisine oc-
curred in highest concentrations in sponges from Saipan.
When all of the compounds are considered together in a
MDS plot, sponges from Pohnpei and American Samoa
segregated by site, and sponges from Guam and Saipan
had overlapping distributions of chemical constituents
(Fig. 4b). The coefficients of variation were used to compare
the magnitude of variation between sites on Guam and
across regions (Table 2). The variation of all compounds
except dibromohymenialdisine was 2–3 time higher be-
tween Guam sites than across regions. Dibromohymenialdi-
sine concentrations were the most consistent around Guam,
but varied highly across regions.

Table 1 Concentrations of pure compounds in Stylissa massa from the Pacific. Data are calculated as mg/ml sponge volume

Crude extract weights
(mg/g dryweight)

Hymenidin Sceptrin Oroidin DBHa Hymenial-disine Palau’amineb

Mean 488.86 2.403 2.184 3.196 3.728 0.704 0.635

Standard deviation 86.82 2.030 2.247 1.960 3.273 0.766 0.280

Variance 7536.89 4.121 5.049 3.842 10.716 0.587 0.078

Minimum 253.78 0.005 0.032 0.006 0.080 0.004 0.293

Maximum 836.56 13.123 13.752 11.879 14.524 4.633 1.061

n 162 152 153 154 154 160 7

aDBH debromohymenialdisine
b Palau’amine only found in samples from American Samoa
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The initial samples from 2 to 24 m depth in the transplanta-
tion experiment showed no difference in content of hymenialdi-
sine, sceptrin, oroidin, and debromohymenialdisine. However,
the hymenidin concentrations were significantly higher in the
sponges collected from the deep reef than from the shallow reef
(deep: 15.6±2.6 %, shallow: 9.8±0.83 %; unpaired t-test,
P00.04). Consequently, only the change in hymenidin concen-
tration over the course of the transplantation experiment was
analyzed. During the transplantation experiment, the concentra-
tions of hymenidin varied over time (repeated measure ANOVA,
P<0.01), but transplantation depth had no significant effect on
the concentrations (repeated measure ANOVA, P00.15; Fig. 5).
Even though the effect was not significant, the hymenidin con-
centrations decreased in sponges transplanted from shallow to
deep. Interestingly, field samples from 1 to 20 m depth revealed
higher concentrations of hymenidin at 20 m depth (unpaired
t-test, P<0.001). During the UV experiment, hymenidin, scep-
trin, and oroidin decreased in concentration over time (repeated
measureANOVA,P<0.01), while hymenialdisine and debromo-
hymenialdisine did not change (P>0.25). However, sponge

exposure to, or protection from, UV radiation had no effect on
the concentrations of any compounds in this experiment (re-
peated measure ANOVA, P00.24).

In the caging experiment, predation had no effect on me-
tabolite concentrations. While concentrations of hymenialdi-
sine, sceptrin, and debromohymenialdisine changed over
time, there was no consistent pattern (repeated measure
ANOVA, P<0.01), and caging had no effect (repeated measure
ANOVA, P00.09; Fig. 6).

The feeding assays revealed that the crude extract of S.
massa was deterrent against feeding by C. solandri (3 out of
10 pellets consumed; Fisher exact test, P<0.05). However,
none of the pure compounds, nor a mixture of the pure
compounds combined, deterred feeding at either the highest
or lowest natural concentrations (8–10 out of 10 pellets
consumed; Fisher exact test, P>0.05).

Antimicrobial activity of S. massa was highly selective.
Against the panel of potential marine pathogens, zones of
inhibition were observed for the crude extract, oroidin, and
palau’amine against Klebsiella pneumoniae and for the
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crude extract, debromohymenialdisine and oroidin against
Yersinia enterocolitica (Table 3). Neither the extracts nor the
pure compounds exhibited activity against the 6 other bac-
teria tested in disk diffusion assays.

Discussion

Intraspecific Variability – From Local to Biogeographic
Scale Stylissa massa is a common sponge in the Indo-
Pacific region and due to its massive morphology and bright
orange color, it is highly apparent on the reef. With a broad
geographic distribution, S. massa is of both ecological and

potential biotechnological importance on Indo-Pacific reefs.
The variability of secondary metabolite production in sponges
can be pronounced both on an inter- and intraspecific level
(Turon et al., 1996; Betancourt-Lozano et al., 1998; Turon et
al., 2009). Intraspecific production of secondary metabolites
may vary among populations or even among individuals
(Turon et al., 1996; Page et al., 2005). Many biological or
environmental factors can affect these patterns. Marine organ-
isms can modify their levels of secondary metabolites in re-
sponse to predation (e.g., Cronin and Hay, 1996a; Rohde et al.,
2004), but other factors including nutrient availability, light,
UV radiation, and temperature can also influence this plasticity
(Uriz et al., 1995; Becerro and Paul, 2004; Turon et al., 2009).

Fig. 4 Non-metric
multidimensional scaling plots
showing the similarity of
chemical constituents for
sponges from a. five sites in
Guam, and b. four locations
across the Pacific. Circles
represent significant groupings
by ANOSIM

Table 2 Coefficents of variation
as a measure of spatial metabo-
lite variation

aDBH debromohymenialdisine

Hymenidin Sceptrin Oroidin DBHa Hymenialdisine All compounds

Between Guam sites 67.86 57.20 97.50 22.10 61.60 33.02

Across regions 19.65 27.66 41.36 57.92 24.95 11.53
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Investigations on the variability of secondary metabolites
within a sponge species are scarce and controversial. Some
studies have observed a low variability in sponge metabolite
concentrations. The brominated pyrrole alkaloids hymenial-
disine, debromohymenialdisine, dibromophakellin, and 3-
bromohymenialdisin occur in similar concentrations within
specimens of the sponge Axinella carteri, collected from
sites over 2000 km (Supriyono et al., 1995). In contrast, a
recent study on bromotyrosine derivatives from Aplysina
fulva demonstrated chemical variability among specimens
collected in multiple locations in Brazil and the United
States (Nunez et al., 2008). The concentration of brominated
compounds in specimens of the sponge Aplysina aerophoba
collected around the Canary Islands varied significantly
(Teeyapant and Proksch, 1993). In more detail, Soriano et
al. (2011) showed that some brominated alkaloids of the same

species vary most between sites less than 500 m apart, while
others varied most between regions over 2500 km apart. This
study follows a similar trend. Compounds varied most
between sites, while only dibromohymenialdisine varied
more across regions. Thus, small scale spatial variation
seems to affect the metabolite concentrations of S. massa
more profoundly than large scale variation. However, as
discussed, other studies on sponges have reported
controversial results, and studies on other species and phyla
have produced a diverse pattern regarding metabolite
concentrations as a function of location (Puglisi et al., 2000;
Slattery et al., 2001; Fahey and Garson, 2002; Jumaryatno et
al., 2007). Studies on biogeographical variation face the
constraint that many factors such as water temperature, food
availability, and light exposure vary highly between locations
and could affect the production of secondary metabolites
sponges, or other organisms. Moreover, temporal variation
such as seasonal patterns can confound a spatial analysis
(Turon et al., 1996; Page et al., 2005; Abdo et al., 2007).
Within-species variation of secondary metabolites can be so
high as to hinder the identification of extrinsic factors (Targett
et al., 1992), and whether the variability in secondary metab-
olites is genetically or environmentally controlled is still un-
known. The high overall variation of metabolite concentration
in this study, even within sites, indicates at least partially a
genetic control, while the changes over time in the transplant
and caging experiments demonstrate an environmental effect,
even though the specific controlling factors could not be
resolved. However, so far nearly all studies on spatial and
temporal variation of metabolite concentration are restricted to
the identification and quantitative analysis of variation. The
causing factors of spatial and temporal variation are virtually
unstudied. Correlative studies will indicate potential relations
of environmental or biotic factors with secondary metabolites,
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but more experimental studies are necessary to prove vigor-
ously what the causes for metabolite variation are.

Defenses Against Abiotic Stressors The chemical profiles of
S. massa from deep and shallow waters were quite similar.
Although not quantified in this study, it was observed that
environmental conditions such as light, water movement, or
predator density vary between deep and shallowwater habitats.
Nonetheless, there were only slight changes in the chemical
profiles with depth, indicating that the variability in environ-
mental factors was small over the depth range studied, or that
the expression of metabolite production is conserved over the
range of environmental conditions experienced. Only hymeni-
din concentration was higher in deeper samples compared to
shallow water sponges. Several previous studies found that
secondary metabolite production did not vary significantly
with depth in sponges (Becerro and Paul, 2004; Abdo et al.,
2007; Putz et al., 2009). A transplantation experiment along a
depth gradient with the sponge Aplysina cavernicola also
revealed no changes in the metabolite profile in transplanted
sponges (Thoms et al., 2003). However, the composition of
diterpenes in Rhopaloeides odorabile varied with environmen-
tal factors such as light intensity and depth (Thompson et al.,
1987). The present study suggests that hymenidin may behave
similarly, although it was not induced over the 3-month dura-
tion of the transplantation study, suggesting that such metabol-
ic changes may occur more slowly.

Some marine organisms produce metabolites that are sug-
gested to provide protection against UV radiation (Pavia et al.,
1997; Dunlap and Shick, 1998) and their levels could be
adjusted to changing intensities of UV radiation. It is known
that the photosymbionts of corals produce mycosporine-like
amino acids (MAAs) (Shick et al., 1999), thus providing UV-
protection for the coral host. Symbiotic cyanobacteria also are
known to produce MAAs (Gröniger et al., 2000), and MAAs
have been found in marine sponges (Bandaranayake et al.,
1996, 1997; McClintock and Karentz, 1997). Additionally,
Steindler et al. (2002) found a higher abundance of photosym-
biotic sponge species in the intertidal compared to the subtidal
and hypothesized that this may be related to a higher necessity

for symbiont-derived substances that provide protection from
UV radiation. However, no induced changes in UVabsorbing
compounds in response to an increased UV radiation have
been found in sponges so far. We hypothesized that the
metabolites hymenialdisne and debromohymenialdisine
might serve similar purposes as MAAs, since their UVmax
is between 350 and 355 nm. However, sponges from very
shallow water (<1 m) had similar concentrations of hymenial-
disine and debromohymenialdisine compared to sponges from
deeper (20 m), UV-protected habitats. Additionally, the exper-
imental removal of UV radiation did not affect the concentra-
tion of these metabolites, indicating that an induced defense
against UV radiation is not expressed in S. massa. In concor-
dance with the depth transplant experiment, the concentration
of hymenidin was significantly higher in sponges from 20 m,
however, the reason for difference remains unknown.

Defenses Against Biotic Stressors Not surprisingly, given its
conspicuousness on the reef, S. massa is known to deter
predation (Becerro et al., 2003). The major compounds found
in S. massa’s crude extract have been described from other
sponge species and have demonstrated feeding deterrent ac-
tivities. Oroidin was isolated from the Caribbean sponge
Agelas clathrodes and deterred feeding by the bluehead
wrasse Thalassoma bifasciatum at natural concentrations of
0.7 mg ml−1 (Chanas et al., 1996). Slightly less deterrence
against this species was shown by Lindel et al. (2000), who
found that the deterrent concentration of oroidin was greater
than 1 mg ml−1. Sceptrin, isolated from the Caribbean sponge
Agelas conifera, deterred feeding by T. bifasciatum at concen-
trations of 1 mg ml−1 (Assmann et al., 2000), and hymenidin
from the Mediterranean sponge Axinella verrucosa deterred
feeding by the shrimp Palaemon elegans at 3 and 5 mg ml−1

but not at 1 mg ml−1 (Haber et al., 2011). A combination of
oroidin and sceptrin at natural concentrations found in the
sponge Agelas conifera was also deterrent to the damselfish
Stegastes partitus (Richelle-Maurer et al., 2003). Even though
the crude extract from S. massa was highly deterrent in our
feeding assays, none of the pure compounds had deterrent
effects on feeding of the pufferfish Canthigaster solandri

Table 3 Zone of growth inhibition (MM) of Stylissa massa crude extracts and pure compounds in disk diffusion assays

Aurantimonas
coralicida

Klebsiella
pneumoniae

Pseudomonas
nautica

Serratia
marcescens

Vibrio
agarivorans

V. corallyticus V. shiloi Yersinia
enterocolitica

Ciprofloxacin 4.19±0.26 5.29±0.47 3.91±0.02 9.93±0.65 3.83±0.17 5.90±0.54 3.40±0.20 4.85±0.94

S. massa crude extract 0±0 0.07±0.07 0±0 0±0 0±0 0±0 0±0 0.35±0.35

Debromohymenialdisine 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0.32±0.32

Hymenialdisine 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0

Sceptrin 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0

Oroidin 0±0 0.03±0.03 0±0 0±0 0±0 0±0 0±0 0.76±0.76

Palau’amine 0±0 0.20±0.11 0±0 0±0 0±0 0±0 0±0 0±0
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when tested in isolation at either the highest or lowest natural
concentrations found in our sponge samples. A combination
of the major metabolites at natural concentrations also had no
deterrent effect. Canthigaster solandri is a common omnivore
on the reefs around Guam, feeding on sponges, ascidians,
other invertebrates and benthic algae (Amesbury and Myers,
1982), and congruent results of feeding patterns with field
feeding assays in a recent study corroborate the use of C.
solandri as a bioassay organism for feeding preferences of
benthic reef fishes (Rohde and Schupp, 2011). In contrast to
these results from C. solandri in Guam, sceptrin deterred
feeding by Canthigaster rostrata in the Bahamas, when tested
using the same feeding assays at 1, 3, and 5 mg ml−1 (Goch-
feld, unpublished data). The lack of deterrent activity in the
analyzed metabolites in the present study suggests that either
the metabolites are not generally active against all predators,
they are active at a greater extreme of concentrations than
typically found in S. massa, or they are active only in combi-
nation with other metabolites that were not isolated in this
study. These results emphasize the importance of characteriz-
ing bioactive metabolites using bioassay-guided isolation
rather than assuming the major compounds are of the ones
of ecological relevance.

Many sponges produce chemicals that inhibit the settle-
ment or growth of microorganisms that may foul their
surfaces or act as pathogens (Slattery and Gochfeld, 2012).
These same compounds often possess potential pharmaco-
logical activity when tested again microorganisms of bio-
medical relevance. When tested at natural concentrations
against environmental bacteria, the crude extract of S. massa
exhibited moderate antimicrobial activity against two
strains. The observed activity against K. pneumoniae may
be due, at least in part, to oroidin and palau’amine, which
also inhibited bacterial growth. Activity against Y. enter-
ocolitica may be due to oroidin and debromohymenialdi-
sine. In contrast to our assays, using disk diffusion assays
against human opportunistic pathogens, Richelle-Maurer et
al. (2003) observed minor activity of sceptrin at 100–200 μg
per disk, a concentration two orders of magnitude greater than
that used in the present study. Haber et al. (2011) found that
hymenidin exhibited antibacterial activity against certain lab-
oratory and environmental bacterial strains, but not against
several other strains tested, and the authors concluded that
hymenidin plays a role in the antibacterial defense of the
sponge in nature, but is not the sole compound responsible
for its antibacterial defense. Oroidin and sceptrin inhibited
bacterial attachment at natural concentrations, and sceptrin
inhibited bacterial attachment at 50 % of natural concentration
(Kelly et al., 2003). The limited activity observed in these
assays suggests that antibacterial activity in S. massa is highly
selective. This selectivity may serve to establish natural
sponge-microbial associations, while inhibiting settlement or
growth of potential pathogens. Similarly, the crude extract of

S. massa and its pure compounds exhibited selective activity
against a diversity of biomedical pathogens (unpublished
data).

Although some temporal variability in concentrations of
certain secondary metabolites was observed in our experi-
ments, overall there was no evidence of inducible defenses
in S. massa in response to changes in depth, UV, or predation
levels. While the presence of inducible defenses in sponges
has been postulated due to the complexity and presumed cost
of the secondary metabolites that they produce, few studies
have investigated the presence of inducible defenses in
sponges by using manipulative experiments. Richelle-
Maurer et al. (2003) found a rapid increase in oroidin and
sceptrin in response to simulated predation, but there was no
overall change in these compounds in a longer-term
predation-exclusion experiment. Likewise, activated defenses
have been postulated in Aplysina spp. (Teeyapant and
Proksch, 1993; Ebel et al., 1997), however, longer predation
studies have not been performed. There were no major differ-
ences in the abundance of spongivorous fishes at the locations
sampled in the present study. The question of whether sponges
produce inducible defenses in response to changing environ-
mental conditions, thus, remains unanswered.

This study used chemical profiling to demonstrate that S.
massa exhibits intra-specific chemical diversity over a variety
of both temporal and spatial scales. Although chemical con-
stituents were similar at the population scale, differences in
concentrations were observed among sites on Guam. At the
geographic scale, not only did concentrations vary, but there
was greater variability in overall metabolite composition, with
palau’amine being present only in samples from American
Samoa. We tested the effects of depth, UV, predation, and
microbial growth as potential selective factors on the pure
compounds in S. massa, but did not find specific responses
to these factors, indicating that other selective pressures may
be acting on these compounds. These possibilities include
water temperature, light conditions (as they relate to an energy
source for photosymbionts), water quality (including both
nutrient and pollution levels), and food availability. Alterna-
tively, differences may represent population-specific constitu-
tive defenses that represent the local defensive needs of S.
massa on reefs throughout the Indo-Pacific. Manipulative
experimental studies on metabolite variation are rare but
needed to identify causing factors and generally valid ecolog-
ical patterns.
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Abstract Phyllospheric bacteria were isolated from micro-
sites around essential-oil-containing glands of two oregano
(Origanum vulgare subsp. hirtum) lines. These bacteria, 20
isolates in total, were subjected to bioassays to examine
their growth potential in the presence of essential oils at
different concentrations. Although there were qualitative
and quantitative differences in the essential oil composition
between the two oregano lines, no differences were recorded
in their antibacterial activity. In disk diffusion bioassays,
four of the isolated strains could grow almost unrestrained
in the presence of oregano oil, another five proved very
sensitive, and the remaining 11 showed intermediate sensi-
tivity. The strain least inhibited by oregano essential oil was
further identified by complete16s rRNA gene sequencing as
Pseudomonas putida. It was capable of forming biofilms
even in the presence of oregano oil at high concentrations.
Resistance of P. putida to oregano oil was further elaborated
by microwell dilution bioassays, and its topology on oreg-
ano leaves was studied by electron microscopy. When

inoculated on intact oregano plants, P. putida was able not
only to colonize sites adjacent to essential oil-containing
glands, but even to grow intracellularly. This is the first time
that such prolific bacterial growth inside the glands has been
visually observed. Results of this study further revealed that
several bacteria can be established on oregano leaves, sug-
gesting that these bacteria have attributes that allow them to
tolerate or benefit from oregano secondary metabolites.

Keywords Antimicrobial activity . Bacterial epiphytes .

Pseudomonas putida . Phyllosphere . Essential oil .

Origanum vulgare subsp. hirtum.

Introduction

Bacteria are by far the most abundant dwellers of the phyllo-
sphere, often found in numbers averaging 106 to 107 cells
cm−2 leaf area (Lindow and Brandl, 2003). Epiphytic bacterial
populations are unevenly distributed; they differ largely in size
not only among plant species, individuals of the same species,
and adjacent leaves of the same individual, but even among
microsites of the same leaf (Hirano and Upper, 1989;
Andrews, 1996; Yadav et al., 2004; Karamanoli et al.,
2005). To a large degree, this variation is attributed to the
rapid and pronounced alterations in the physical and nutrition-
al characteristics of the phyllosphere (Lindow and Brandl,
2003; Beattie, 2007).

Temperature, water content, and solar radiation are prone
to dramatic fluctuations within short time intervals. As a
result, only strains easily adapted to contrasting environ-
mental conditions have the ability to become successful
epiphytes (Sundin and Jacobs, 1999). As leaf imprint studies
suggest (Leben, 1988; Yadav et al., 2010) and leaf surface
micrographs confirm (Lindow and Brandl, 2003; Monier
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and Lindow, 2004; Baldotto and Olivares, 2008), bacterial
epiphytes do not occur in a uniform pattern across leaf
surfaces, yet they tend to be localized in particular micro-
sites. Leaf surface structures such as stomata, veins, tri-
chomes, and epidermal cell wall junctions are among them
(Surico, 1993; Lindow and Brandl, 2003; Baldotto and
Olivares, 2008). These potential habitats apparently consti-
tute stress-protected and rich-in-water and nutrients sites,
thus enabling bacterial growth (Leveau, 2006).

In this bacteria-plant interplay, the role of plant secondary
metabolites has not yet been fully elucidated. It is widely
accepted that such compounds, both constitutive and induc-
ible, play an important role in plant life by mediating inter-
actions between plants and other organisms (Bednarek and
Osbourn, 2009). The role of constitutive metabolites (known
as phytoanticipines) in particular, is believed to be rather
important, since their accumulation on plant surfaces allows
direct contact with pests and pathogens at the time of attack. In
this context, plant appendages such as secretory cavities,
ducts, or glandular trichomes (glands) are ideally positioned
to provide toxic exudates as a first line of defense against
attacking organisms, possibly offering time for the activation
of more efficient induced defenses (Wagner et al., 2004).

Glandular trichomes are found on the surface of about 30%
of vascular plants. These epidermal protuberances are sites of
secretion and accumulation of different compounds, such as
Ca, Na, Mn, and Pb ions (Wagner et al., 2004), defensive
proteins (Shepherd et al., 2005), and secondary metabolites.
The latter are usually mixtures of various low molecular
weight molecules, such as monoterpenoids, sesquiterpenoids,
and phenylpropanoids (Hallahan, 2000; Duke et al., 2000). In
the glandular trichomes of aromatic plants, essential oils are
accumulated and further released from head cells in a species-
dependent manner. Their contribution to leaf-bacteria interac-
tions is not clear yet; they are considered both favorable sites
for bacterial colonization, possibly due to local accumulation
of nutrients (Lindow and Brandl, 2003), and hostile micro-
environments for microbes due to the production of potent
toxic metabolites (Wagner et al., 2004). The controversial role
that glandular trichomes may play in microbial colonization
could be of particular importance for determining the structure
of epiphytic bacterial communities.

Previous studies by our research group have demonstrat-
ed that epiphytic bacterial populations of the aromatic plants
Lavandula angustifolia, Rosmarinus officinalis, Salvia fru-
ticosa, and Origanum vulgare subsp. hirtum, all growing at
neighboring sites, are significantly different. Among them,
L. angustifolia exhibited the highest bacterial colonization,
being at the same time poor in drastic phenolic and isopren-
oid constituents (Karamanoli et al., 2000). In contrast, when
leaf bacterial populations of several perennial plants of a
Mediterranean ecosystem were examined, the essential oil
content of Myrtus communis L., Lavandula stoechas L.,

Calamintha nepeta (L.) Savi, and Melissa officinalis L.
was not proven to be a major determinant of bacterial
colonization (Yadav et al., 2005).

This study is a contribution to understanding the factors that
determine bacterial colonization of the phyllosphere and, more
specifically, those of aromatic plants that abound in the Med-
iterranean environment. It focuses on a widely used and well
studied aromatic plant, the Greek oregano [Origanum vulgare
subsp. hirtum (Link.) Ietswaart)] and examines (a) the impor-
tance of its dense leaf glandular trichomes in bacterial coloni-
zation, (b) whether minor differences in oregano essential oil
generate different effects on microbes, (c) the predictability of
bacterial colonization of oregano phyllosphere on the basis of
microbial sensitivity to oregano essential oil, as evidenced in
laboratory bioassays, and (d) features that may enable bacteria
to become successful colonizers of aromatic plants.

Methods and Materials

Plant Material Greek oregano is a species of the Labiatae
family, with a strong aromatic character. As holds true for
many members of this family, its leaves are covered with
trichomes, both glandular and non glandular (Bozabalidis,
2002). The major constituents of the essential oil accumulated
in oregano glands are the monoterpenoid phenols, thymol and
carvacrol (Vokou et al., 1993). These two isomers are potent
antimicrobial agents, having both antifungal and antibacterial
activity in laboratory bioassays (Karamanoli et al., 2000;
Vokou, 2007; Kadoglidou et al., 2011). Plants from two
different oregano lines, GrO and O-5, were used, kindly
provided by Ecopharm Hellas S.A. and the research team of
Professor Kalidas Shetty, respectively; O-5 is a phenolic-rich
oregano clone originated from a single heterozygous seed
(Eguchi et al., 1996; Shetty et al., 1996).

Essential Oil Analysis Essential oil analysis was performed
as previously described (Karamanoli et al., 2000). In brief,
leaves (100 g) from the two oregano lines were steam distilled
in a Clevenger apparatus for 3 hr. The isolated essential oil
was dried over sodium sulfate and analyzed in anHP 5890 gas
chromatograph coupled with a VG Trio Mass Spectrometer.
The column was an HP-5MS capillary column. Conditions
were the following: linear velocity 31.9 cm sec−1, oven tem-
perature programmed from 60 to 240 °C at a 38 °C min−1 rate
of increase, electron energy 70 eV, and split ratio 1:20.

Reference Bacterial Strains and Media Two bacterial
strains, Pseudomonas syringae van Hall strain BPIC 5 and
Erwinia amylovora strain BPIC 980 were kindly provided
by the Benaki Phytopathological Institute, Athens Greece.
They were used as reference epiphytic organisms in all
bioassays. Nutrient Agar Medium (NAG) supplemented
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with 0.3 % of the fungicide natamycin (Gist-Brocades,
Delft, The Netherlands) was used as a standard growth
medium. Rifampicin (100 μg ml−1) was added in the NAG
rif media (Karamanoli et al., 2005).

Isolation of Bacteria from the Vicinity of Oregano Glandu-
lar Trichomes To obtain bacteria with potential resistance to
the oregano essential oil, samples from the area around
active glandular trichomes on leaves of both oregano GrO
and O-5 lines were collected under the stereoscope by using
sterile wooden sticks. Samples were aseptically transferred
on NAG-containing plates and incubated for 48 to 72 hr at
22–24 °C. Bacterial colonies grown on the plates were then
transferred to fresh agar plates to obtain pure cultures.

Characterization of the Isolated Bacteria The morphology
(shape and color) of the isolated bacterial colonies as well as
their biochemical characteristics (Gram stain, oxidase and
catalase response) were determined. The morphology of
single colonies on NAG media was observed under a light
microscope. Gram staining of bacterial isolates was imple-
mented according to Vincent (1970). Oxidase and catalase
tests were performed as described by Steel (1961) and
MacFaddin (1980), respectively.

The bacterium isolate that exhibited the highest resis-
tance to essential oils was sub-cultured on NAG plates.
After 72 hr of growth at 22–24 °C, bacterial cells were
harvested with 1 ml sterile dd H2O and pelleted by centri-
fugation. Their DNA was then extracted using the Nucleo-
spin Tissue kit (Macherey-Nagel, Germany). The 16S rRNA
gene of the bacterial isolates was amplified using the uni-
versal bacterial primers 8 f – 1512 r as described previously
(Karpouzas et al., 2010). The product obtained was purified
(Nucleospin II clean-up kit, Macherey-Nagel, Germany),
cloned into plasmid vector pGEM®-T (Promega, Madison,
USA), and transformed into Escherichia coli (DH5a Com-
petent Cells, Invitrogen, USA) following standard proce-
dures (Sambrook et al., 1989). Three clones were
sequenced according to manufacturers’ instructions using a
PRISM BigDye Terminator Cycle Sequence reaction kit
(Applied Biosystems, UK). In all cases, the products were
sequenced in both directions to derive the full length se-
quence of the 16S rRNA gene. Sequences were deposited in
the European Molecular Biology Laboratory (EMBL) data-
base under accession number FR725962. Similarity compar-
isons to known 16S rRNA gene sequences were performed
using the Basic Local Alignment Search Tool (BLAST).

Evaluation of Bacterial Isolate Resistance to Oregano Es-
sential Oils—Disk Diffusion Bioassays To initially evaluate
the ability of bacterial isolates to grow in the presence of
oregano essential oils, disc diffusion bioassays were used.
Essential oils from GrO and O-5 oregano plants were

applied (5 μl per disc) as previously described (Karamanoli
et al., 2000). Pseudomonas syringae strain BPIC 5 and
Erwinia amylovora strain BPIC 980 also were examined
in the bioassays as reference microorganisms.

MIC and MBC Assessment of Oregano Essential Oil The
bacterial isolate showing the highest resistance to oregano
essential oil in the disc diffusion bioassay was further ex-
amined for its response to a range of essential oil concen-
trations by applying a microwell dilution bioassay.
Minimum inhibition concentration (MIC) and minimum
bactericidal concentration (MBC) values of the essential oils
from the two oregano lines were determined. The bioassays
were performed in 96-well microtiter plates where oregano
essential oils at different concentrations were applied. Fresh
overnight bacterial cultures in NG broth (Karamanoli et al.,
2000) were inoculated in each well. The essential oil con-
centrations tested were 0, 0.625, 1.250, 1.875, 2.5, 3.125,
3.75, 4.375, 5.0, and 10.0 μl ml−1 broth. Bacterial inhibition
was recorded by measuring the optical density (OD) at
600 nm. The MIC value was assigned to the lowest essential
oil concentration that totally inhibited bacterial growth. The
MBC value was determined as follows: From the content of
the wells where zero OD was recorded, 30 μl were inocu-
lated onto NAG-containing plates. The MBC value was
assigned to the lowest concentration of the essential oil at
which no bacterial growth was recorded in the plates fol-
lowing a 48-hr incubation at 22–24 °C. Each treatment had
six replicates, and each bioassay was run twice. P. syringae
strain BPIC 5 and E. amylovora BPIC 980 also were exam-
ined in these bioassays as reference microorganisms.

Evaluation of the Colonization Ability of Selected Bacteria
on Oregano Plants Two bacterial strains were tested for
their ability to colonize intact plants: (i) the isolated strain
that exhibited the highest resistance to oregano oil in the
bioassays described above, and (ii) the least tolerant refer-
ence strain. Rifampicin resistant strains of these two bacteria
were prepared as described previously (Andersen et al.,
1991; Karamanoli et al., 2005), and each was inoculated
on five O-5 oregano plants. Inoculation of oregano plants
was performed by spraying leaves to run off with aqueous
suspensions of each bacterial culture. Following inocula-
tion, plants were placed in a moist chamber, and bacterial
colonization was evaluated an hour after spraying (0 time)
and at 24 hr intervals thereafter over a 72 hr period, as
described elsewhere (Karamanoli et al., 2005). Recovery
of bacteria from non-inoculated oregano plants was evalu-
ated as well on rifampicin containing plates.

Visualization of Bacterial Colonization Topography Bacte-
rial topography on oregano leaves, especially in the vicinity
of glandular trichomes was studied by scanning electron
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microscopy (SEM) 48 hr after plant inoculation. Two sam-
ples (0.5–1.0 cm2) from each of 5 oregano plants were
scanned. Both the abaxial and adaxial leaf blade surfaces
were examined. Preparation of leaf segments for SEM was
performed as described by Karamanoli et al. (2005). In
brief, small pieces of oregano leaves were initially fixed
for 3 hr with 5 % glutaraldehyde in 0.05M phosphate buffer
(pH 7.0). Post-fixation was performed with 1 % osmium
tetroxide, similarly buffered (5 °C, 4 hr). After dehydration
in an alcohol series, the specimens were critical point dried
on a Balzers CPD 030 device, coated with carbon in a JEE-
4X vacuum evaporator and observed with a JSM 840-A
scanning electron microscope at 20 kv.

Biofilm Formation Assay The ability of the bacterial isolate
with the highest resistance to oregano oil to form biofilms was
evaluated. The reference bacteria Pseudomonas syringae strain
BPIC 5 and Erwinia amylovora strain BPIC 980 also were
included in the study for comparison purposes. The method
applied was the one described by Nakhamchik et al. (2008)
with minor modifications: Fresh overnight bacterial cultures
grown in NG broth were inoculated into 96-well microtiter
plates (10 μl broth per culture). Essential oils were added to
each well at concentrations of 0, 0.625, 2.5, and 5 μl ml−1.
Following a 48 hr incubation at 22–24 °C, bacterial growth was
recorded by measuring optical density (OD cells) at 600 nm.
The broth was removed carefully and the wells were washed (×
3) with phosphate buffer. The wells then were air-dried, and
stained with a 0.3 % crystal violet (CV) solution. The plate was
subsequently washed once more with phosphate buffer, and the
wells were air-dried. Ethanol (200 μl) was added to the wells to
dilute the dye, and the OD (OD CV) was recorded at 600 nm.
The OD CV:OD cells ratio was calculated to determine the
relative level of biofilm formation. Six replicates per treatment
were used and the bioassay was performed twice.

Statistical Analysis Statistical analysis was conducted with
SPSS Statistics 19.0 software package (SPSS, Inc. Chicago,
IL, USA). Bacterial growth in the presence of O-5 and GrO
oregano oil, as evaluated in the disc diffusion and microwell
dilution bioassays, was analyzed using a three-way analysis of
variance, with oil concentration, oil origin, and bacteria as
factors. Biofilm production from the different bacteria in the
presence of oregano oil was analyzed using a two-way anal-
ysis of variance with oil concentration and strain as factors. In
all statistical tests, significance was determined at P<0.05.

Results

Composition of Leaf Essential Oils The overall yield of
essential oil (2.3±0.1 ml oil per 100 g dry leaf material)
did not differ between the two oregano lines. GC-MS

analysis revealed that the isomers carvacrol and thymol
were the main essential oil constituents accounting for
77.3 and 65.8 % of the GrO and O-5 oil, respectively
(Table 1). In both essential oils, oxygenated compounds
were by far more abundant than hydrocarbons, their con-
centration in the O-5 was higher than in the GrO oil by
approximately 20 %. The O-5 oil contained only monoter-
penoids, whereas the sesquiterpenes β-caryophyllene, γ-
murolene, and β-bisabolene were in addition, detected in
the GrO oil.

Isolation of Bacteria from Glandular Trichomes—Initial
Assessment of Resistance Forty bacterial colonies were
obtained from microsites around glandular trichomes of
oregano O-5 and Gr-O leaves. After incubation and sub-
culturing, twenty were macroscopically recognized as dif-
ferent bacterial isolates and were further grown in mono-
cultures. The morphological and biochemical characteristics
of these isolates are summarized in Table 2. Half of the
isolates were Gram positive and half were Gram negative.

Table 1 Qualitative and quantitative composition of essential oils
from the two oregano lines, O-5 and GrO

Compounds RI O-5 GrO

α-thujene 930 0.35 0.98

α-pinene 939 – 0.53

camphene 954 – 0.19

sabinene 975 – 0.15

1-octen-3-ol 979 2.89 0.15

β-myrcene 991 0.20 1.50

3-octanol 993 0.55 –

α-phellandrene 1003 – 0.19

α-terpinene 1017 – 1.06

p-cymene 1025 7.71 13.20

γ-terpinene 1060 0.52 10.16

cis-sabinene hydrate 1070 0.66 0.54

linalool 1097 0.40 –

borneol 1159 0.91 0.58

terpinen-4-ol 1177 0.49 0.30

thymol methyl-ether 1235 3.40 –

thymoquinone 1252 0.67 –

thymol 1286 0.27 10.43

carvacrol 1295 76.98 55.38

β-caryophyllene 1412 – 0.81

γ-muurolene 1475 – 0.20

β-bisabolene 1501 – 2.98

Total (%) 96.00 99.33

Hydrocarbons (%) 8.78 31.95

Oxygenated compounds (%) 87.22 67.38

RI retention index

J Chem Ecol (2012) 38:476–485 479



All isolates were found catalase positive, and among the
Gram negative isolates all but four were oxidase negative.

Disc diffusion bioassays were applied in order to test
the ability of isolates to grow in the presence of the two
oregano essential oils. At an application dose of 5 μl
essential oil per disc (extracted from either oregano
line), the inhibitory zone was negligible (<5 mm) for
only one of the isolates (no 21), very narrow (6 mm)
for three isolates, <10 mm for 11 isolates, and of
considerable size (>10 mm) for the remaining five iso-
lates (Table 2, exemplified with O-5 oregano oil). The
two reference strains differed considerably in their sen-
sitivity: the inhibitory zone for P. syringae was only
6 mm, whereas that for E. amylovora was 20 mm.

The isolate exhibiting the highest resistance to oregano
essential oil was further identified. Sequencing of its 16S
rRNA gene showed highest sequence homology to Pseudo-
monas strains and maximum sequence identity (99.7 %) to
the 16S rRNA gene of a Pseudomonas putida strain (Ac-
cession Number EU275363).

MIC and MBC Determination of Oregano Essential Oil-
s Resistance of the P. putida isolate 21, obtained from
oregano leaves, to oregano oil extracted from O-5 and
GrO plants, was further studied and compared to that of E.
amylovora and P. syringae. A three-way ANOVA of the
results obtained from the microwell dilution bioassay
revealed that the level of essential oil concentration and
the type of bacteria tested (P. putida isolate 21, E. amylo-
vora and P. syringae) had a significant effect on bacteria
survival (P<0.001). In contrast, the origin of the essential
oil (GrO or O-5 plants) did not significantly affect bacterial
survival (P>0.05) and, therefore, respective data were
pooled. Interactions between essential oil concentration
and bacteria also were significant (P<0.001, in all cases).

Minimum inhibitory concentrations and MBC of oregano
essential oils are presented in Fig. 1 (a–c). Pseudomonas
putida isolate 21 was the most resistant bacterium: its MIC
and MBC values were significantly higher than the
corresponding values of the other two bacteria tested (P<
0.001). MIC and MBC values were 5 and 10 μl of oregano
essential oil ml−1 broth respectively for P. putida isolate 21
(Fig. 1a), 4.4 μl and 5.0 μl for P. syringae (Fig. 1b), and
only 1.8 μl and 2.5 μl for E. amylovora (Fig. 1c).

Colonization of Oregano Plants by P. putida Isolate 21 The
most resistant among the bacterial isolates, P. putida isolate
21 was selected, inoculated on O-5 oregano plants, and its
growth studied. GrO plants were not used in this assay, since
no differences in antibacterial activity between the essential
oils of the two plant lines were detected in bioassays previ-
ously described. The colonization ability of the P. putida
isolate 21 was compared to that of E. amylovora. Pseudo-
monas putida populations on oregano leaves 24 hr after
inoculation were more than a hundred fold higher than those
of E. amylovora (5.8×104 vs. 8×106 CFU leaf−1), a differ-
ence persisting at 48 and 72 hr after inoculation. No bacteria
were detected at any time on samples from non-inoculated
oregano plants (controls).

Leaf segments of oregano plants were cut and subse-
quently prepared for SEM at 48 hr after inoculation with
P. putida isolate 21. Examining the topography of bacterial
growth in the area of glandular trichomes, bacterial cells
almost attached to intact glandular trichomes could be seen
(Fig. 2 a,b). Bacterial growth was even more pronounced in
dissected glandular hairs (Fig. 3 a–d). No bacterial cells
were detected in the vicinity of glandular trichomes of
leaves inoculated with E. amylovora.

Biofilm Formation by P. putida Isolate 21 In order to ex-
plore possible mechanisms for the successful colonization
and attachment of the P. putida isolate 21 cells on the
glandular trichomes, the bacterium ability to form biofilms
in the presence of different concentrations of oregano

Table 2 Morphological and biochemical characteristics of the 20
isolates inhabiting glandular trichome sites of oregano leaves, and size
of the inhibition zone in a disk diffusion bioassay following exposure
to 5 μl of O-5 oregano essential oil

No of
bacterial
isolate

Gram
stain

Cell
shape

Oxidase Catalase Ιnhibition
zone (mm)

1 − coccus − + 6.0±0.3

2 + rod + + 6.0±0.7

3 + rod − + 6.0±0.1

4 + rod − + 7.5±0.7

5 + coccus − + 8.0±0.6

6 − coccus − + 8.0±0.5

7 − coccus + + 8.5±0.5

8 + coccus − + 9.0±0.3

9 + coccus − + 9.0±1.3

10 + coccus − + 9.0±0.5

11 + rod + + 9.0±0.5

12 − irreg. coccus + + 9.0±0.7

13 − rod − + 9.5±0.1

14 − coccus + + 9.5±0.5

15 − coccus − + 10.5±0.6

17 − coccus − + 11.5±0.5

18 − rod − + 11.0±0.7

19 + rod + + 14.0±0.5

20 + rod − + 21.5±1.5

21 − rod + + 4.5±0.3

Pseudomonas
syringae

6.0±0.3

Erwinia
amylovora

20.0±0.5
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essential oil was evaluated. Biofilm formation by the refer-
ence strains P. syringae and E. amylovora also was exam-
ined. Among the three bacteria tested, P. putida isolate 21
was the most efficient in biofilm formation (P<0.05). In the
absence of essential oil, P. putida was able to produce 3.5×
more biofilm compared to the other two bacteria tested
(Fig. 4). In addition, P. putida was able to produce signifi-
cantly more biofilm compared to the other strains at least at
essential oil concentration approaching the MIC value
(5 μl ml−1) determined for this strain.

Discussion

Essential oils of the two oregano lines differed qualitatively.
Participation of oxygenated compounds in the essential oil
from O-5 plants was about 20 % higher than from GrO
plants, whereas participation of sesquiterpenes was detect-
able only in GrO plants. Despite the differences in chemis-
try, there were no substantial differences in antibacterial
activity. Both oils had a high content (>65 %) of the pheno-
lic volatiles carvacrol and thymol, which are well known for
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Fig. 1 Bacterial growth of
Pseudomonas putida isolate 21
(a), P. syringae (b), and
Erwinia amylovora (c) in the
presence of essential oil
extracted from leaves of O-5
and GrO oregano lines, at dif-
ferent concentrations. Arrows
indicate the MIC and MBC
values
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their biological potency (Kubo et al., 1992; Karamanoli et
al., 2000; Cristani et al., 2007; Vokou, 2007). For example,
the two isomers showed strong activity against Erwinia and
Pseudomonas strains, as exemplified by their MIC and
MBC values (Karamanoli et al., 2000). GrO oil had pres-
ently a lower content (65.8 %) of the two isomers than the
O-5 oil (77.3 %) but a higher representation of the isomers’
precursors, p-cymene and γ-terpinene. All together, the four
highly related compounds made up the bulk of the two
essential oils (85.5 % for O-5 and 87.4 % for GrO plants).
They probably acted synergistically (Ultee et al. 2000,
2002), thus minimizing composition differences and leading
to similar bioactivities of the two oils.

Several studies have suggested that glandular trichomes are
included among the favorable sites for bacterial growth, prob-
ably because they provide protection from environmental

Fig. 2 Bacterial populations in the vicinity of an intact peltate glan-
dular trichome (subcuticular space filled with essential oil) of oregano
leaf. Scale bars: a 50 μm and b 20 μm

Fig. 3 a–d Intracellular
colonization of bacteria
observed within head cells of
broken oregano peltate
glandular trichomes. Periclinal
cell wall of head cells is
removed. Scale bars: a–c
20 μm, d 10 μm
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Fig. 4 Biofilm formation by Pseudomonas putida isolate 21, Erwinia
amylovora strain 980 and P. syringae strain BPIC 5 as quantified by
OD Crystal Violet: OD cells ratio following a 48 hr incubation in the
presence of oregano essential oil at different concentrations
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stresses and/or food through nutrient release to bacteria. This
has been reported for leaf glands of Phaseolus vulgaris
(Lindow and Brandl, 2003), Cucumis sativus and Leonurus
sibiricus (Baldotto and Olivares, 2008), i.e., for glands located
on leaves of crop plants. In their case, most of the trichome-
derived metabolites have been lost during domestication
(McDowell et al., 2011). However, this is not the case for
glands and metabolites of aromatic plants; the glandular tri-
chome is a feature desired and preserved in domesticated
aromatic plants, hence, the associated activity of their metab-
olites also is preserved.

In the present study, six out of the ten Gram-negative
bacteria isolated from the vicinity of leaf glandular tri-
chomes of both O-5 and GrO oregano lines were found
oxidase negative, suggesting members of Enterobacteraceae
as successful colonizers of sites around oregano glands. This
is not surprising, since strains of Enterobacteraceae along
with strains belonging to the family of Pseudomonadaceae
are common members of the phyllosphere microbial com-
munity (Hunter et al., 2010; Vokou et al., in press). Regard-
less of Gram-staining, the 20 bacteria isolated from sites
adjacent to grandular trichomes were all found catalase
positive. This indicates that only bacteria armed with mech-
anisms that enable them to cope with oxidative stress may
survive in sites around glands.

The bacterial isolate no 21 that was the most resistant to
oregano oil was identified as a P. putida strain by sequenc-
ing its 16S rRNA gene. Bacteria belonging to P. putida are
common saprophytes in well-aerated soil and water systems
(Timmis, 2002) and can reach leaf surfaces through splash-
ing or aerosols. Moreover, they are characterized as meta-
bolically versatile microorganisms that can recycle different
organic compounds including those with aromatic rings
(Loh and Cao, 2008). For example, a P. putida strain,
isolated from the soil, was capable of using essential oil
constituents as carbon and energy sources (Vokou et al.,
2002). Thus, the ability of P. putida isolate 21 to colonize
sites inside or adjacent to essential-oil-containing glands,
when inoculated on intact oregano plants, may be attributed
to a large degree to its efficacy in utilizing essential oils as
food sources. Regarding the intracellular colonization suc-
cess of P. putida, it is not clear whether the strain could
cause or trigger the rupture of the gland after its internal
growth, or if it grew in large numbers in an already broken
gland. Whatever the case, this is the first time that bacteria
are shown to have such a prolific growth inside glandular
hairs of aromatic plants.

The ability of bacterial isolates to form biofilms is of
great importance for the colonization of solid surfaces. Few
studies have addressed the characteristics and the particular
function of biofilms on leaf surfaces (Warner et al., 2008).
However, it is generally acknowledged that microbial cells
within biofilms have better chances of adaptation and

survival due to the protection from the biofilm matrix
(Mah and O’Toole, 2001; Loh and Cao, 2008). In the
present study, P. putida isolate 21 was able to form biofilms
in the presence of oregano essential oil, even at high oil
concentrations. This could be an additional attribute that
allows this bacterium to efficiently colonize leaves and
glands of oregano plants.

Sensitivity of the 20 strains isolated from glandular tri-
chome sites to oregano oils was tested in disc diffusion
bioassays. Not all 20 isolates were found tolerant, as one
might have expected from the field observation: only one
bacterial strain (no 21) grew almost normally, and another
three strains tolerated oregano oil efficiently. The rest
showed intermediate (11 strains) to high (5 strains) sensitiv-
ity. Unless most of these strains are not true colonizers, this
suggests that the estimated sensitivity in lab experiments
does not fully represent real conditions in situ; else, non-
tolerant strains should not have survived on oregano leaves,
particularly in the area of leaf glandular hairs.

It should be noted that previous studies regarding bacte-
rial colonization of aromatic and non-aromatic Mediterra-
nean plants led to inconclusive results; Yadav et al. (2004,
2005, 2008) showed that aromatic plants did not support
less abundant or less diverse microbial communities in
comparison to other co-existing plants, whereas Karamanoli
et al. (2000) found the epiphytic microbial abundance of
aromatic plants to be related, at least to a certain degree, to
the concentration and activity of the leaf secondary metab-
olites that they contained. Such results raised the issue of
how comparable laboratory experiments and field trials are,
and how predictable the relationship between bacteria and
aromatic plants in situ is. It is evident from the results of this
study that the high antibacterial activity of oregano essential
oil observed in laboratory bioassays, is not fully verified in
the field. Apparently, several bacteria have attributes that
allow them to tolerate these secondary metabolites or even
benefit from them under field conditions. The ability to be
protected from oxidative stress or to form biofilms possibly
is among them, along with other yet unidentified attributes.
On the other hand, differences in content and composition of
essential oils, as well as in density of glandular trichomes
may be important factors and should be taken into consid-
eration when studying and interpreting bacterial coloniza-
tion of the phyllosphere in situ.

The present study shows that bacterial epiphytes, identi-
fied as belonging to P. putida, are able to colonize sites
adjacent to or even inside oregano leaf glands and to grow
there prolifically. It also shows that oregano plants can be
colonized in the field by bacteria that have been found
sensitive to oregano oil in laboratory tests. These results
demonstrate that the prediction of the identity and localiza-
tion of bacteria in nature is not a simple task, and that
laboratory sensitivity tests are not always adequate
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predictors of the microbial colonization on aromatic plant
phyllosphere.
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Abstract Locoweeds (Astragalus and Oxytropis) are legumi-
nous plants that are toxic due to a symbiotic association with the
endophytic fungus Undifilum oxytropis. The fungus produces
the alkaloid swainsonine, an α-mannosidase-inhibitor that
causes serious damage to mammals when consumed. A real-
time PCR technique was developed to quantify the colonization
extent of Undifilum in locoweeds and to compare it to the
swainsonine concentration in the plants. Amplification of the
endophyte nuclear ITS region allowed reliable quantification of
Undifilum DNA from field plants and in vitro cultures. Swain-
sonine concentration was highly correlated (ρ00.972, P<
0.001) with the proportion of Undifilum DNA during the first
4 weeks of in vitro culture growth. Species of Astragalus and
Oxytropis were sampled seasonally in New Mexico and Colo-
rado for two years. High swainsonine concentration in plant
samples was associated with high levels of endophyte DNA,
except in plant reproductive tissues.

Keywords Undifilum . Quantitative PCR . Swainsonine

Introduction

Locoweeds are toxic legumes in the genera Astragalus and
Oxytropis (Marsh, 1909; Patterson, 1982; James and Panter

1989). They are toxic because of a mutualistic association with
the endophytic fungus Undifilum oxytropis (Braun et al., 2003;
Ralphs et al., 2008; Pryor et al., 2009). The fungus produces
swainsonine, an indolizidine alkaloid that inhibits α-
mannosidases causing serious damage to mammals when con-
sumed. Animals often develop behavioral changes after repeat-
ed consumption of locoweed, as they becomemore intoxicated.
Different types of physiological damage result from swainso-
nine consumption, including changes in serum enzyme levels
and intracellular vacuolation in various tissues, which results in
neurological disorders and reproductive complications (Ralphs
et al., 1993; McLain-Romero et al., 2004; Stegelmeier et al.,
2005).

Astragalus species tend to be annuals depending on precip-
itation, whereas Oxytropis species tend to have a perennial life
cycle (Ralphs et al., 2003). Locoism outbreaks of major eco-
nomic importance caused by A. lentiginosus, A. emoryanus, A.
wootonii, A. whawhaepensis, and A. pubentissimus have been
recorded in North America (Williams et al., 1979; Molyneaux
and James, 1982; Davis et al., 1984; Pfister et al., 2003; Ralphs
et al., 2003), some of which occur after heavy rainfall years.
Locoweed seeds can remain viable for decades and currently
are the only known dispersal mechanism for both the plant and
the endophyte (Ralphs et al., 2003). Undifilum colonizes the
seed coat while in the ovary (Oldrup et al., 2010), and embryo
colonization occurs later on, during germination. Although
U. oxytropis does not appear to induce disease to North Amer-
ican locoweeds, recent reports describe a related fungus,
Embellisia astragali, causing disease in A. adsurgens and A.
sinicus in China (Li and Nan, 2007a, 2007b).

Rangeland management and exposure avoidance have
been crucial in decreasing the economic impact of locoism
on the cattle industry (Ralphs et al., 1984, 1993; James et al.,
2005). Swainsonine concentration is measured using liquid
chromatography-mass spectrometry (LC-MS) and/or gas
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chromatography–mass spectrometry (GC-MS) (Gardner et al.,
2001). Undifilum can be detected by isolation or PCR (Ralphs
et al., 2008), but these techniques do not produce quantitative
information on how much endophyte biomass is present in
locoweed tissues. Quantitative PCR could be used to better
explain the processes that link endophyte colonization with
seasonal fluctuations in the swainsonine content of locoweeds.

Quantitative PCR or real-time PCR (qPCR) has been useful
to describe the extent of colonization of toxigenic fungi in plant
tissues. Targeting single or low copy number genes through
qPCR makes it possible to quantify Alternaria DNA in plant
tissue, having a lower detection limit of about one picogram of
pathogen DNA or one genome copy per reaction (Gachon and
Saindrenan, 2004; Andersen et al. 2006). By targeting two
different single copy genes in the fescue endophyte Neotypho-
dium, the lower detection limit of qPCR assays was established
at 20 genome copies per reaction (Rasmussen et al., 2007); this
quantitative data was used to study the relationship between the
extent of endophyte colonization and the synthesis of different
alkaloids in the plant-endophyte system.

Here, we present the development of qPCR assays to assess
the colonization level ofUndifilum in locoweeds.We compare
the extent of endophyte colonization to the swainsonine con-
tent in plants grown in vitro, as well as plants collected from
wild populations in New Mexico and Colorado.

Methods and Materials

In Vitro Grown Plants. Oxytropis sericea plants infected with
U. oxytropis were cultured in vitro as described in Oldrup
et al. (2010), on baseline, acidified and PEG ULT-0 media.
Groups of 6 plants were grown in 25 mm deep Petri dishes.
Eighteen plants coming from three dishes were pooled and
considered an individual sample. Five replicates were used per
media type per week during 4 wk. Three independent trials of
the experiment were performed. Plants were incubated in a
growth chamber at 28°C and 550 μmoles m-2 s-1 continuous

light. Samples were ground to a fine powder with a mortar and
pestle using liquid nitrogen. A subsample was immediately
processed for DNA extraction using the DNeasy Plant Mini
Kit (Qiagen, Inc., Germany), and the rest was desiccated at
50°C for 48 h in a drying oven. The dried material was ground
a second time with a mortar and pestle to homogenize the
particle size prior to swainsonine extraction.

Field Plant Collections A minimum of 7 healthy-looking
locoweed plants were sampled from wild populations in
New Mexico and Colorado (Table 1). Plants were flagged
and coded for non-destructive sampling throughout eight sea-
sons, from the summer of 2006 to the summer of 2008. Each
sample consisted of 5 leaves, 5 inflorescences, or 5 infrutes-
cences collected at the midpoint of each season. Stem samples
were gathered only when plants were senescent and were not
expected to be found alive the next season. Taxonomic iden-
tification was done according to Fox et al. (1998) and under
the guidance of Dr Kelly Allred (Department of Animal and
Range Sciences, NMSU).

DNAwas extracted from a composite mixture of leaflet and
petiole fragments, pooled from 5 leaves per each plant. The
same procedure was used for inflorescences and infrutescences.
The rest of each sample was desiccated as mentioned before.
Dry samples were ground with a Wiley® mini-millgrinder,
sieved through a 0.45 mm mesh screen, and processed for
swainsonine extraction.

Real-Time PCR Assays The DNeasy Plant Mini Kit was
used to extract DNA from Undifilum oxytropis isolated
from A. mollissimus and O. sericea. Primers ITS5
(GCAAGTAAAAGTCGTAACAAGG) (White et al.
1990), OR1 (GTCAAAAGTTGAAAATGTGGCTTG),
EqR4 (CTGACGCTGATTGCAATTACA), SARF4
(GAGAACTCCAGGAGAACTTG), and SARR3
(GTGGCAAGATCCTATCCTTC) were used in qPCR
assays as follows. Primer set ITS5-OR1 targets the ITS region
and produces a 580 bp fragment and was used for field plants

Table 1 Locoweed populations sampled

Field site - County, State (Habitat) Coordinates and Elevation Sampled area (m2) Species

Jornada del Muerto - Doña Ana Co.,
NM (Chihuahuan Desert)

32 °31'46.02"N 106 °46'04.94"W 1333 m 2400 Astragalus mollissimus
var. bigelovii

City of Rocks - Grant Co., NM
(Chihuahuan Desert/Grassland)

32 °34'42.05"N 107 °58'21.35"W 1581 m 4000 Astragalus mollissimus
var. bigelovii

Capulin - Union Co., NM
(Short grass prairie)

36 °38'14.55"N 103 °56'25.63"W 2062 m 290 Astragalus mollissimus var.
mollissimus

Black Range - Grant Co., NM
(Montane Conifer Forest)

32 °53'03.97"N 107 °51'48.34"W 2075 m 300 Oxytropis lambertii
var. bigelovii

Capulin - Union Co., NM (Short grass prairie) 36 °38'14.55"N 103 °56'25.63"W 2062 m 290 Oxytropis sericea

Virginia Dale - Larimer Co., CO
(Short grass prairie)

40 °54'16.82"N 105 °18'23.15"W 2042 m 400 Oxytropis sericea
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only. ITS5 is a universal forward primer and OR1 is a reverse
primer that amplifies both Undifilum and Embellisia. Since
the ITS5/OR1 amplicon is larger than is commonly used for
qPCR, we designed the reverse primer EqR4 to be paired with
ITS5. This primer set produces a 234 bp amplicon from
Undifilum DNA and can also amplify templates from other
ascomycetes. Since ITS5/EqR4 was used for in vitro plants

only, specificity was not a concern. The primer set SARF4/
SARR3 was designed to target the U. oxytropis saccharopine
reductase gene (sr) (GeneBank HQ010362; Mukherjee and
Creamer, unpublished data), producing a 96 bp amplicon
under the same qPCR conditions as ITS5/EqR4.

Twenty microliter reactions were prepared using the DyNA-
mo SYBR® Green qPCR kit (Finnzymes, Finland), containing

Table 2 Weather stations in New Mexico and Colorado

Field site Weather station Coordinates Dataa Distance (km) Source

Jornada J. Exp. Range 32 °37'00.00"N 106 °43'60.00"W Temp/Ppt 10.43 NE NOAA

City of Rocks Faywood 32 °37'60.00"N 107 °52'00.00"W Temp/Ppt 12.28 NE NOAA

Capulin Capulin 36 °43'60.00"N 103 °59'60.00"W Temp/Ppt 12.23 NW NOAA

Black Range McKnight cabin 33 °00'00.00"N 107 °52'01.20"W Temp 13.42 N NMCC

Mimbres Ranger STN 32 °55'60.00"N 108 °01'00.00"W Ppt 15.41 NW NOAA

Virginia Dale Virginia Dale 7 ENE 40 °58'00.00"N 105 °13'00.00"W Temp/Ppt 10.13 NE NOAA

a Temperature (Temp); Precipitation (Ppt)

15

20

25

30

35

40

C
(t

)

15

20

25

30

35

40

C
(t

)

Log10 Undifilum DNA (ng/μl)

0

200

400

600

800

1000

1 0.1 0.000001 0

15

20

25

30

35

40

C
(t

)

0

200

400

600

800

1000

Δ(
R

F
U

)/
ΔT

Δ(
R

F
U

)/
ΔT

Δ(
R

F
U

)/
ΔT

1 0.25 0.00006 0

0

200

400

600

800

1000

-8 -6 -4 -2 0

-8 -6 -4 -2 0

60 70 80 90

-8 -6 -4 -2 060 70 80 90

60 70 80 90

Temperature (°C)

1 0.1 0.01 0

IT
S

5/
O

R
1

IT
S

5/
E

qR
4

S
A

R
F

4/
S

A
R

R
3

A

B

C

D

E

F

Fig. 1 Real-time PCR
quantification of Undifilum
DNA standards using primer
sets ITS5/OR1 (A,D),
ITS5/EqR4 (B,E) and
SARF4/SARR3 (C,F): Melting
curves (a, b and c) produced
by the two highest working
concentrations (in ng/μl), the
lowest one at which
quantification was attainable
and from a control with no
template. Quantification range
(d, e, and d) and regression
curves (solid line) used to
calculate Undifilum DNA
concentration. Confidence
intervals (dashed lines) for
quantification were
estimated with α00.05

488 J Chem Ecol (2012) 38:486–495



2.5 mM MgCl2, 0.625 μM primers, and 1 μl of DNA extract.
Assays were carried out in an iQ5 thermal cycler (BioRad,
USA). The temperature profile for the reactions consisted of
10min at 95°C for initial denaturation, followed by 45 cycles of
94°C/10 sec, 54.5°C/20 sec, 72°C/25 sec, and fluorescence
acquisition. This was followed by an extension step at 72°C/
10 min, and melting curve acquisition from 65°C to 95°C,
reading fluorescence every 0.5° with a hold time of 0.5 sec. A
final extension step at 72°C/10 min completed the pro-
gram. The fluorescence threshold was automatically ad-
justed by the iQ5 Optical System Software 2.0 for every

plate. DNA extracted from Undifilum cultures was used
to prepare concentration standards; a four-fold dilution
series from 1 ng/μl to 61 fg/μl for primer set ITS5/OR1
and a ten-fold dilution series from 1 ng/μl to 100 ag/μl
for primer sets ITS5/EqR4 and SARF1/SARR3. The
relationship between the Undifilum DNA concentration
in the standards and their C(t) was used to build a linear
equation relating both variables. The C(t) from locoweed
DNA samples was used in the equation to solve for
Undifilum DNA concentration in each sample. Since the total
DNA concentration is variable between extracts, the Undifi-
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lum DNA concentration was divided by the total DNA con-
centration for each individual extract resulting in a ratio we

call “UD” for simplicity. We use the UD ratio as an estimation
of the extent of Undifilum colonization in plant tissue.

Table 3 Phenological composition of locoweed populations

Species (location) Season n Phenological composition (%)

Va Flb Fl/Fr Frc

Astragalus mollissimus var. bigelovii Summer 06 12 100 - - -

(Jornada del Muerto, NM) Fall 06 10 100 - - -

Winter 07 10 90 10 - -

Spring 07 10 50 - 20 30

Summer 07 2 100 - - -

Astragalus mollissimus var. bigelovii Summer 06 14 100 - - -

(City of Rocks, NM) Fall 06 14 100 - - -

Winter 07 13 92 8 - -

Spring 07 9 - 11 67 22

Summer 07 4 100 - - -

Fall 07 1 100 - - -

Astragalus mollissimus var. mollissimus Summer 06 7 43 - 29 29

(Capulin, NM) Fall 06 7 100 - - -

Winter 07 5 100 - - -

Spring 07 5 - 100 - -

Summer 07 7 100 - - -

Fall 07 1 100 - - -

Winter 08 2 100 - - -

Oxytropis lambertii var. bigelovii Summer 06 8 25 75 - -

(Black Range, NM) Fall 06 8 25 - - 75

Winter 07 8 100 - - -

Spring 07 8 100 - - -

Summer 07 8 - 75 25 -

Fall 07 7 100 - - -

Winter 08 6 100 - - -

Spring 08 6 100 - - -

Oxytropis sericea Summer 06 7 100 - - -

(Capulin, NM) Fall 06 7 100 - - -

Winter 07 7 100 - - -

Spring 07 7 - 100 - -

Summer 07 7 100 - - -

Fall 07 7 100 - - -

Winter 08 5 100 - - -

Spring 08 2 50 50 - -

Oxytropis sericea Summer 06 4 100 - - -

(Virginia Dale, CO) Fall 06 8 100 0 - -

Spring 07 8 100 - - -

Summer 07 8 100 - - -

Fall 07 7 100 - - -

Winter 08 6 100 - - -

Spring 08 7 71 29 - -

a Vegetative (V), b Flowering (Fl), c Fruiting (Fr)
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Swainsonine Extraction and Quantification Swainsonine
was extracted by cationic exchange chromatography
(CEC) and quantified by LC-MS (Gardner et al., 2001).
Two hundred milligrams of ground plant material were used
for the extractions. Two hundred microliters of swainsonine
extract were evaporated in HPLC vials and rehydrated prior
to LC-MS analysis. Swainsonine concentration in the extracts
was transformed to “μg of swainsonine per gram of dry plant
matter”.

Weather Data Precipitation and temperature at the field loca-
tions were compared to the swainsonine concentration and the
UD. Data were downloaded from public records at the National
Oceanic and Atmospheric Administration (NOAA, 2006a, b,
2007a, b, 2008a, b, c, d), SNOTEL-Natural Resources Conser-
vation Service (NRCS) and the New Mexico Climate Center
(NMCC) (Table 2).

Statistical Analysis Undifilum DNA concentration (ng/μl)
and swainsonine concentration (μg/ml) were both calculated
in the qPCR and LC-MS instruments using line equations
derived from linear regression. These equations were calcu-
lated automatically by the software of each instrument based
on the readings of serial dilutions of a known standard con-
centration. The experiment was set up following a three-by-
four factorial design. Results were analyzed by two-way
ANOVA, using the GLM procedure in SAS 11. Data from
the in vitro study were subjected to Non-Parametric Pearson
correlation analysis to analyze the relationship between Undi-
filum DNA and swainsonine contained in the samples.

Significant differences were established atα00.05. All swain-
sonine and endophyte DNAmeasurements from field samples
are presented as mean±standard error of the mean (SEM).

Results

Undifilum DNA Quantification Endophyte DNA quantifica-
tion using the primer set ITS5/OR1 produced a melting curve
with a main peak at 85.5°C and a secondary peak at 81.5°C
(Fig. 1A). The secondary peak could be caused by the length
of the PCR product and the presence of a high G/C rich region
within it. The regression curve calculated from the standards
followed a linear trend (r>0.99 in most runs) across the
concentration range used to construct it (Fig. 1D). The lower
quantification limit for this primer set was 61 fg/μl. Amplifi-
cation of lower template concentrations can be achieved, but it
was not consistent enough for quantification. Replacing OR1
with EqR4 improved amplification sensitivity about a hun-
dred fold, detecting Undifilum DNA down to 100 ag/μl
(Fig. 1E). However, the linearity of the relationship between
template concentration and C(t) is not maintained over the
lower concentrations. Therefore, we established a quantifica-
tion limit of 1 fg/μl with the latter primer set. The melting
curve produced by this amplicon has a single peak at 85.5°C
(Fig. 1B). The sr amplicon produced a melting curve with a
single peak at 85°C (Fig. 1C) but the fluorescence signal was
lost around 10 pg/μl (Fig. 1F), leaving too narrow a range
for quantification.
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In vitro O. sericea. The Undifilum colonization increased
over time, as indicated by the UD, reaching levels around 1 pg
Undifilum DNA/ng of total DNA on all three media at the end
of the fourth week (Fig. 2A). Plants grown in acidified and
PEG ULT-0 showed colonization levels as high on the second
week as plants grown in regular ULT-0 did on the fourth week.
In general, UD was quite variable during the first three weeks,
but it became more stable by the fourth week. Swainsonine
concentration also increased over time, and it was even more
influenced by the different media than endophyte colonization
(Fig. 2B). Interestingly, the acidification of the media resulted
in extremely low swainsonine content during the four weeks.
Correlation between Undifilum DNA and swainsonine con-
tent shows that in general, higher levels of colonization trans-
late into higher swainsonine content (Fig. 3). However, this
correlation was high and significant only in plants grown on
ULT-0 (ρ00.972, P<0.001).

Field Plants Locoweeds were found in the vegetative state
throughout most of the sampling seasons (Table 3); however,
most individuals did produce seed as indicated by empty pods
found still attached to the plants during summer and fall. The
sample size decreased over time as some plants senesced and
died, which occurred earlier and more extensively with Astra-
galus when compared to Oxytropis. The extent of endophyte
colonization in leaves ranged from approximately 0.1 to 10 pg
UndifilumDNA/ng of total DNA (Fig. 4). Colonization can be
stable and be maintained within the same order of magnitude

as inO. lambertii and A.mollissimus var.mollissimus (Fig. 4B
and C). It can also change as much as a hundred fold within
two seasons as in O. sericea and A. mollissimus var. bigelovii
(Fig. 4 A and D). The seasonal changes in swainsonine
content hinted at more of an annual cycle, with ranges more
properly defined by the specific locoweed-endophyte associ-
ation (Fig. 5). Astragalus mollissimus var. bigelovii from
Jornada del Muerto exhibited a highly significant strong cor-
relation between colonization and swainsonine content (ρ0
0.5439; P<0.001), where as O. lambertii and O. sericea from
Virginia Dale exhibited significant, however moderate corre-
lations (Table 4). The coefficients indicate that colonization is
far from fully explaining the content of swainsonine in a plant.
The average daily temperature was found to be strongly
correlated with the average swainsonine content in leaves of

Table 4 Non-parametric correlation analysis between Undifilum coloni-
zation and swainsonine content in field plants

Population n ρ1 P value

Oxytropis lambertii var. bigelovii (BR) 65 0.3008 0.0149

O. sericea (C) 45 0.0586 0.7020

O. sericea (VD) 40 0.3989 0.0108

Astragalus mollissimus var. bigelovii (JM) 41 0.5439 0.0002

A. mollissimus var. bigelovii (CR) 60 0.0923 0.4830

A. mollissimus var. mollissimus (C) 27 0.2076 0.2989

1 Spearman’s correlation coefficient
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O. lambertii (ρ0−0.8743; P00.004) and A. mollissimus var.
mollissimus (ρ00.9; P00.038), outlining seasonal swainso-
nine content cycles for these two populations (Table 5 and
Fig. 6).

Discussion

Using sr to quantify Undifilum DNA results in a qPCR assay
sensitive down to picograms per microliter, which is similar to
what is used to detect Alternaria or Neotyphodium using low
or single-copy genes (Gachon and Saindrenan, 2004; Ander-
sen et al. 2006; Rasmussen et al., 2007). In the case of
Alternaria, such a detection limit is roughly equivalent to
eighty genome copies per reaction (Andersen et al. 2006).
Unlike sr, the ITS region occurs in hundreds of copies per
genome in fungi (Kobayashi, 2011), which allowed us to
design qPCR assays orders of magnitude more sensitive,
and just as accurate. The two assays we developed allow
accurate quantification down to the order of femtograms of
Undifilum DNA per reaction. Considering the data on Alter-
naria (Andersen et al. 2006), we speculate that this quantifi-
cation limit could be equivalent to just a fraction of a genome

per reaction. If correct, that would explain the successful but
inconsistent amplification of endophyte DNA between 100
attograms and 10 femtograms per reaction.

This is not the first time the ITS region has been used to
infer fungal biomass in plant tissues. Glynn et al. (2007)
designed competitive PCR assays to quantify Fusarium and
Microdochium infection in wheat seeds. The assay they
designed is just as sensitive as that presented here; however,
it requires two primer sets per reaction as well as visualiza-
tion of the PCR products to interpret the outcome. Recently,
Cook et al. (2009) reported a qPCR assay to quantify Undi-
filum DNA in locoweeds, also based on ITS amplification.
They pointed out the need for an assay more sensitive than
10 pg Undifilum DNA per microliter, which we provide here
by three orders of magnitude.

The concentration of endophyte DNA in the plant tissues
appears to be a good indicator of the extent of the endophyte
colonization. In the in vitro assays, colonization in O. sericea
increased in the first four weeks after germination, independent
of the stress that was simulated. Similarly, swainsonine in-
creased over time, and it was detected at levels above baseline
between the second and fourth week of development. In plants
grown on baseline medium, the synthesis of swainsonine can
be directly attributed to increasing fungal biomass. However,
when plants were grown inmodified media, the correlation was
lost, and swainsonine production seemed to be delayed. Be-
sides this lag, the relationship between colonization and the
swainsonine content in the plant tissue was overall positive. At
week four, the swainsonine concentration reached the maxi-
mum of 67.71±15.51μg/g dry weight, similar to the 73 μg/g
reported in eight-week-old plants grown under similar condi-
tions (Oldrup et al., 2010).

The swainsonine content range in the populations sam-
pled is similar to previous reports (Braun et al., 2003;
Valloton and Sterling, 2007; Parker, 2008; Ralphs et al.,
2008). The populations that showed the highest swainsonine
content were from varieties known to be highly toxic. In
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Table 5 Non-parametric correlation between the average daily
temperature at the sampling sites and the average swainsonine content
in leaves

Population n ρ1 P value

Oxytropis lambertii var. bigelovii (BR) 8 −0.8743 0.0045

O. sericea (C) 7 0.6071 0.1482

O. sericea (VD) 7 0.3214 0.4821

Astragalus mollissimus var. bigelovii (JM) 5 −0.7000 0.1881

A. mollissimus var. bigelovii (CR) 6 −0.5429 0.2657

A. mollissimus var. mollissimus (C) 5 0.9000 0.0378

1 Spearman’s correlation coefficient
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addition, during this sampling period, they were subjected to
the most extreme environmental temperature differentials
within the group. Water deficiency has been considered a
likely elicitor of the swainsonine production pathway, but
although rainfall was low in both years, the swainsonine
content in A. mollissimus var. mollissimus was below the
concentration Valloton and Sterling (2007) associate with
drought stress.

Here, an annual cycle for toxicity in the field is proposed
based on the data on leaf tissue of A. mollissimus var. mollis-
simus and O. sericea from Capulin, NM. Overwintering
leaves have the lowest swainsonine concentrations; swainso-
nine content then increases during the spring as snow melts
and the plants awaken from dormancy. Plants develop new
foliage and start blooming early in the spring, then develop
fruits that ripen before mid-summer. Meanwhile, swainsonine
content increases in the leaves, without a major change in the
extent of endophyte colonization, reaching amaximum swain-
sonine concentration around mid-summer, after seed dispers-
al. Frosts and cold wind sweep the pasture and leaves start
senescing during the first half of fall, but they stay attached to
the plant. Dead dry leaves and petioles protect the few leaves
produced in the middle of the plant at the end of summer. The
swainsonine content in the last leaves of summer is lower
compared to the fully developed leaves around them, but the
endophyte colonization is not different. During winter snow
covers, the ground and the plants stay dormant, with few
primordial leaves alive. Those overwintering leaves have the
lowest swainsonine content throughout the year, but they are
the same leaves that were produced at the end of summer,
surviving through the fall. Since swainsonine was there at the
beginning, it is potentially being degraded, transformed, or
translocated to the underground tissues. The cycle is restarted
as winter progresses onto spring and plants awaken from
dormancy, and they either produce more swainsonine, translo-
cate it from underground tissues or both.

It was not a surprise to find that locoweed toxicity changed
over time, in part because toxicity data exist for those varieties
and because research has been done over the last two decades
on some of the populations we analyzed. Not only is the extent
of endophyte colonization variable, but it also appears to be
responsive to environmental cues. Using the amount of Undi-
filum DNA as a fair representation of the endophytic biomass,
we are reporting a range of ten to a hundred-fold the amount of
the symbiont biomass inside hosts belonging to the same
population.

Swainsonine synthesis is influenced by the extent of endo-
phyte colonization in the weeks following germination. The
extent of plant colonization found at the end of the fourth
week is similar to that found in mature plants from the field.
This suggests that geographic location and/or weather condi-
tions influence swainsonine production by locoweeds very
early in plant development. Additional work will be necessary

to elucidate the role of weather parameters such as tempera-
ture extremes on swainsonine production.
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Abstract We investigated the pattern and potential adaptive
value of phenolic concentrations in galls induced by the
aphid Hormaphis hamamelidis on leaves of Hamamelis
virginiana. By the time that founding females began repro-
duction, galls had higher concentrations of condensed tan-
nins and lower concentrations of hydrolyzable tannins than
leaves. Galled and ungalled leaf laminas never differed
significantly in any phenolic measure. Condensed tannin
concentrations also were positively related to the number
of offspring per gall when gall dry weight, another impor-
tant correlate of fecundity, was accounted for. This could
indicate the prior sink strength of the gall. Polyphenols may
act as a repository for excess carbon drawn to the gall by
increased sink strength, or be an indication of the fundatrix’
ability to manipulate host physiology. This study is the first
to demonstrate a tangible, quantitative association between
phenolic accumulation in galls and gall-former reproductive
performance, and illustrates that condensed tannins may
play roles other than plant defense.

Keywords Gall-former . Herbivory . Host manipulation .

Polyphenols . Source-sink metabolism . Condensed tannin

Introduction

Gall-formers manipulate their hosts (Flaherty and Quiring,
2008; Detoni et al., 2010) and many galls have altered levels
of phenolic metabolites (Ikai and Hijii, 2007), but the adap-
tive value of these chemical alterations is uncertain (Janzen,
1977; Inbar et al., 2009). Speculation regarding the role of
altered phenolics in galls has included a potential defensive
role against natural enemies (Schultz, 1992) or as a correlate
of gall-former success at manipulating host quality (Nyman
and Julkunen-Tiitto, 2000).

We tested two hypotheses in this study. H1: Galls formed
by the aphid Hormaphis hamamelidis have altered levels of
phenolic metabolites. Our findings of elevated condensed
tannins in galls led to the second hypothesis. H2: Aphid
fecundity is positively associated with concentrations of
condensed tannins in galls.

Methods and Materials

Research System Thewitch hazel cone gall aphid,Hormaphis
hamamelidis (Fitch), forms 7–10 mm tall conical galls on
witch hazel leaves. The fundatrix bears the second generation
parthenogenetically within the gall; all the aphids feed from
phloem inside the gall. The number of second-generation
aphids provides a fecundity measure for each fundatrix.

Study Site Witch hazel trees from a single site in Pennsylvania,
USA, (centered at 40° 45′ 22″ N latitude and 77° 44′ 10″ W
longitude) were used.
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Chemistry Time Course: Material Collection Leaves were
collected on 17 May, 28 May, 6 June, and 8 July 1997.
Respectively, these dates corresponded to fundatrices being
1st, 2nd, and 3rd instar nymphs, then adults just beginning
reproduction in fully grown galls. Six to twelve single-
galled and ungalled leaves each were taken from each of 3
trees on the first three collection dates and from 6 trees on
the last collection date. Our sample size was relatively small
because we sought only a tissue level measure of phenolic
concentrations. Each gall was opened with a sterile scalpel,
and the fundatrix was removed by suction with a Pasteur
pipette. Leaves and galls were flash frozen in liquid nitrogen
and kept on dry ice until storage at −80 °C.

Chemistry Time Course: Phenolic Assays Tissues were
lyophilized, ground in a mortar and pestle under liquid N2,
then extracted as in Adams et al. (2009). Methods used were
Folin-Denis, potassium iodate, and n-butanol-HCl for total
phenolics, hydrolyzable tannins, and condensed tannins,
respectively, and quantification was based on standard
curves generated with purified witch hazel tannins (Adams
et al., 2009).

Gall Dry Weight, Fecundity and Phenolic Content On 25
July 1999, 120 galls were collected (30/tree × 4 trees). The
mean number of offspring per gall was at its peak on that
date (Rehill and Schultz, 2001). Galls were collected, stored,
and handled as above. Only galls without signs of attack
from natural enemies were used (N070).

Statistical Analyses All statistical analyses were performed
with SAS Version 8 (SAS Institute, Cary, NC, USA).

Results

Chemistry Time Course Folin-reactive phenolics decreased
in leaves between 6/6/97 and 7/8/97, and concentrations in
galls exceeded those in leaves on 7/8/97 (Fig. 1a; date:
F3,609.76; P00.010; tissue: F2,406.71; P00.053; date by
tissue: F4,801.67; P00.248).

Galls had higher concentrations of condensed tannins
than leaves, and condensed tannins increased over time in
all tissues (date: F3,60133.5; P<0.001; tissue: F2,4079.79;
P<0.001; date by tissue: F4,805.47; P00.020). The con-
centrations in galls increased between the last two dates
whereas those in leaves did not (Fig. 1b).

Hydrolyzable tannin concentrations started the same in
all tissues (Fig. 1c), but diverged between 6/6/97 and 7/8/97
when galls contained lower concentrations than galled
leaves due to an increase in the galled leaves (date: F3,60
8.81; P00.013; tissue: F2,401.68; P0.295; date by tissue:
F4,804.61; P00.032). For all three phenolic measures, there

were never significant differences between galled and
ungalled leaves.

Gall Dry Weight, Fecundity and Phenolic Content Phenolic
concentrations in individual galls were largely independent
of one another and gall dry weight. Condensed tannin
concentrations were not significantly correlated with Folin-
reactive phenolic or hydrolyzable tannin concentrations
(both: P>0.2), but Folin-reactive phenolics and hydrolyz-
able tannins were correlated (rp00.56; P<0.001).

Considered together with gall dry weight, condensed
tannin concentrations positively affected reproductive
output. In a stepwise regression, the effects of dry weight
(P<0.001) and condensed tannin concentration on fecundity
were significant (P00.005), but Folin-reactive phenolics
were not (P00.230). In a regression that included only
the significant factors, condensed tannin concentration
explained 7.4 % of the variation of and was positively
related to offspring per gall [#offspring0−14.6+3.00(dry
weight (mg)]+0.52 [condensed tannin concentration
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(% tannin equivalents)]; R200.380; F2, 67020.52; P<0.001;
coefficients for dry weight and condensed tannins; P<0.01).
Similar to prior experiments, dry weight explained 30.6 %
of the variation in offspring per gall. Thus, for a gall of a
given dry weight, fecundity increased with increasing
condensed tannin concentrations.

Discussion

Galls induced by Hormaphis hamamelidis fundatrices have
markedly different phenolic concentrations from the adja-
cent leaf laminas. When galls reach full size and the funda-
trices begin to reproduce parthenogenetically, galls have
nearly twice the concentration of condensed tannins, but
two thirds the hydrolyzable tannins of leaves. Furthermore,
galled and ungalled leaves never differ in any of the mea-
sured phenolic metabolites, and thus, the changes seen in
gall tissue are consistent with manipulation by the aphid, not
the choice of leaf. Furthermore, these drastic alterations in
phenolic metabolism occur due to the interaction of the
fundatrix with the host tissue, as opposed to her offspring,
since the changes begin long before they appear. Thus, the
evidence suggests that Hormaphis hamamelidis fundatrices
manipulate phenolic metabolism of their galls.

Hormaphis hamamelidis galls accumulated substantial
concentrations of condensed tannins, like many other arthro-
pod galls. Interestingly, we found a positive relationship
between condensed tannin concentration and the reproductive
performance of fundatrices. Condensed tannins, typically
thought of as defenses, could in fact reflect nutritional enhance-
ment. Galls are physiological sinks, and Hormaphis hamame-
lidis galls have upregulated sink metabolism (Rehill and
Schultz, 2003). Increased sink strength draws additional pho-
tosynthate to a site, thus, condensed tannins might accumulate
in these galls as enhanced sink strength—providing increased
nutrient flow to the aphids—draws additional substrates for
phenolic metabolism to the gall. Alternatively, by first inducing
greater condensed tannin synthesis, fundatrices could induce
sink enzyme activity to meet this demand. Enhanced nutrition
could, thus, be a secondary effect of tannin induction.

Other explanations for phenolic accumulation in galls
include defense for the gall inhabitants. Caterpillars rarely
eat Hormaphis galls; folivory often extends up to or even
surrounds the uneaten gall (Schultz, 1992, B. Rehill,
pers.obs.). Since a gall dies once the fundatrix perishes,

we only measured phenolic concentrations of inhabited
galls, thus we cannot determine if gall-former survival was
related to gall phenolic content.

Regardless of mechanism(s), the positive relationship
between condensed tannins and gall-former performance
demonstrates adaptive value other than plant defense. To
our knowledge, this study is the first to demonstrate a
relationship between condensed tannin concentrations in
insect gall tissues (vs. galled leaves) and gall-former repro-
ductive performance. Thus, these data suggest that regard-
ing condensed tannins only as defenses in plant–animal
interactions may be misleading in some cases.
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Abstract The emerald ash borer (Agrilus planipennis,
EAB) is an invasive wood-borer indigenous to Asia and is
responsible for widespread ash (Fraxinus spp.) mortality in
the U.S. and Canada. Resistance and susceptibility to EAB
varies among Fraxinus spp., which is a result of their co-
evolutionary history with the pest. We characterized consti-
tutive phenolic profiles and lignin levels in the phloem of
green, white, black, blue, European, and Manchurian ash.
Phloem was sampled twice during the growing season,
coinciding with phenology of early and late instar EAB.
We identified 66 metabolites that displayed a pattern of
variation, which corresponded strongly with phylogeny.
Previously identified lignans and lignan derivatives were
confirmed to be unique to Manchurian ash, and may con-
tribute to its high level of resistance to EAB. Other com-
pounds that had been considered unique to Manchurian ash,
including hydroxycoumarins and the phenylethanoids

calceolarioside A and B, were detected in closely related,
but susceptible species, and thus are unlikely to contribute to
EAB resistance of Manchurian ash. The distinct phenolic
profile of blue ash may contribute to its relatively high
resistance to EAB.

Keywords Agrilus planipennis . Fraxinus . Wood-borer .

HPLC . Host plant resistance . Plant–insect interactions .

Invasive species . Emerald ash borer . Coleoptera .

Buprestidae

Introduction

Emerald ash borer [(EAB), Agrilus planipennis Fairmaire
(Coleoptera: Buprestidae)] is an invasive wood-boring bee-
tle indigenous to Asia that has caused widespread mortality
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of ash (Fraxinus spp.) trees in the U.S., Canada, and Russia
(Poland and McCullough, 2006; Baranchikov et al., 2008;
Smith et al., 2009). Larvae feed on the phloem and outer
xylem, disrupting translocation of nutrients and water and
ultimately causing tree death (Herms et al., 2004; Cappaert
et al., 2005; Poland and McCullough, 2006). Black (F. nigra
Marshall), white (F. americana L.), green (F. pennsylvanica
Marshall), and European (F. excelsior L.) ash have all ex-
perienced extensive mortality, while in one study blue ash
(F. quadrangulataMichaux.) was less extensively colonized
than white ash, suggesting that it may be more resistant to
EAB (Cappaert et al., 2005; Poland and McCullough, 2006;
Anulewicz et al., 2007; Rebek et al., 2008). Observations in
Asia suggest that Manchurian ash (F. mandshurica
Ruprecht), which has coevolved with EAB, is not aggres-
sively attacked unless stressed (Wei et al., 2004; Liu et al.,
2007). These observations were confirmed experimentally
in a common garden experiment where Manchurian ash was
found to be much more resistant to EAB than green and
white ash, supporting the hypothesis that Asian species
possess defenses by virtue of their evolutionary history with
EAB (Rebek et al., 2008).

Resistance of deciduous trees to wood-boring, phloem
feeding insects is hypothesized to result from a combination
of constitutive and induced physical and chemical defenses
(Dunn et al., 1990; Eyles et al., 2007). The secondary
chemistry of the genus Fraxinus is highly diverse (Kostova
and Iossifova, 2007). Recently, it was noted that constitutive
phenolic compounds, including hydroxycoumarins and phe-
nylethanoid glycosides (calceolariosides A and B), were
found in phloem tissue of Manchurian ash but not in green
and white ash. These compounds were hypothesized to
contribute to the high resistance of Manchurian ash to
EAB (Eyles et al., 2007; Cipollini et al., 2011).

Identification of resistance mechanisms inferred from
interspecific comparisons of resistant and susceptible spe-
cies can be confounded by phylogenetic variation in traits
that do not contribute to variation in host quality (Agrawal,
2011). Within the genus Fraxinus, green and white ash are
phylogenetically distant from Manchurian ash, and some of
the previously documented variation in their phenolic pro-
files (Eyles et al., 2007; Cipollini et al., 2011) may be the
result of evolutionary divergence that is not related to their
differences in resistance to EAB. Black and European ash
are phylogenetically closely related to the resistant Man-
churian ash, with all three species belonging to the section
Fraxinus, but both of the former species are highly suscep-
tible to EAB (Wallander, 2008). Variation in the phloem
chemistry of these closely related resistant and suceptible
species may have resulted from differential selection pres-
sure imposed by EAB. Hence, we conducted an extensive
metabolite profile characterization of interspecific variation
in the constitutive phenolic chemistry of the phloem of ash

species, with the prediction that closely related Manchurian,
black, and European ash would be more similar to each
other than to green, white, and blue ash, and that compounds
unique to Manchurian ash might be related to its resistance
against EAB. Trees were sampled twice during the growing
season to coincide with the phenology of early and late
instar EAB. We also quantified interspecific variation in
lignin concentrations, a phenolic polymer that can also
contribute to insect resistance (Coley, 1986; Wainhouse et
al., 1990; Kurokawa et al., 2004; Borg-Karlson et al., 2006),
but that showed little variation among a number of Fraxinus
species in an earlier study (Cipollini et al., 2011).

Methods and Materials

Experimental Design and Sampling Ash trees were grown
in an experimental plantation that included Manchurian ash
cv. ‘Mancana’, green ash cv. ‘Patmore’, and white ash cv.
‘Autumn Purple’, all of which are clonally propagated culti-
vars. The plantation also included blue, green, and European
ashes that were propagated as open-pollinated seedlings.
The three cultivars and three open-pollinated species were
planted in a common garden in November 2007 in Bowling
Green, OH, USA in a randomized complete block design with
eight blocks. Each of the six taxa was replicated four times
within each block (4 individual tree replicates × 6 taxa 0 24
trees per block). Thirty-two black ash cv. ‘Fallgold’ trees were
planted in a plot adjacent to the original common garden
plantation on 1 May 2008. On 2 June 2008, the mean stem
diameter (measured 15 cm above ground) of Manchurian ash
cv. ‘Mancana’, black ash cv. ‘Fallgold’, green ash cv. ‘Pat-
more’, white ash cv. ‘Autumn Purple’, and seedling-
propagated green ash, blue ash, and European ash were 3.1±
0.06 cm (SEM), 2.6±0.06, 3.0±0.05, 3.0±0.1, 2.5±0.1, 1.7±
0.09, and 1.8±0.08, respectively. A previous study has shown
that ash trees of this size, including some of the same cultivars,
are readily colonized by EAB under field conditions in a
common garden in Michigan, while exhibiting differences in
resistance to EAB attack (Rebek et al., 2008), withManchurian
ash cv. ‘Mancana’ clearly being resistant. The relative resis-
tance of Manchurian ash cv. ‘Mancana’ to EAB attack was
confirmed in a follow-up to this study in which our common
garden was exposed to augmented populations of the insect in
the year following this investigation (Whitehill, 2011).

Trees were sampled at each of two time points, 2 June
and 6 August 2008, with one tree for each taxon per block
randomly selected for the sampling. All samples were from
unique trees except for one case in which the same white ash
tree was sampled and analyzed in both June and August.
Phloem tissue was sampled for phenolic analyses on those
dates to correspond phenologically with the beginning of
egg hatch and the presence of mature larvae (3 rd and 4th
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instars), respectively (Cappaert et al., 2005). Two-yr-old
branches were pruned from trees, placed on ice and trans-
ported to the lab where phloem tissue was excised immedi-
ately from the branch, frozen in liquid nitrogen, and stored
at −80 °C until sample extraction.

Phenolic and Lignin Extraction Soluble phenolics were
extracted according to Eyles et al. (2007) and Cipollini et
al. (2011). Extracts were stored at −20º C and used in
subsequent HPLC analyses within 3 wk following extrac-
tion. Lignin was extracted and measured according to Bone-
llo and Blodgett (2003).

Analysis of Phenolic Compounds HPLC-UVanalyses of phe-
nolic extracts were performed on an Alliance 2690 separation
module (Waters, Milford, MA, USA) equipped with an auto-
sampler and a 996 Photodiode Array Detector (PDA). The
autosampler and column temperatures were set to 4 and
30 °C, respectively. Chromatographic separations were accom-
plished using a Waters Xterra™ RP18, 5 μm, 4.6×150 mm
column and a Waters Xterra™ RP18, 3.9 μm, 3.0×20 mm
guard column. The binary mobile phase consisted of water/
acetic acid (A) (98:2, v/v) and methanol/acetic acid (B) (98:2, v/
v), with a flow rate of 1 ml/min. The elution program followed
that of Eyles et al. (2007). The injection volume for all samples
was 10 μl. Samples were passed through the PDA (scanning
range, 200–400 nm) with individual peaks quantified at
280 nm. The absorbance limit for detection was set to a
minimum peak area of 9,000 in the processing parameters
prior to data export. Individual peaks were included in subse-
quent statistical analyses if theymet the following criteria: 1) a
peak height greater than 0.02 AU, 2) a clearly discernible UV
spectrum that could be matched to known phenolic com-
pounds and/or could be interpreted in conjunction with MS
data, and 3) consistent detection in at least three individual
trees within a taxon.

For each sampling date, phenolic extracts from each taxon
also were analyzed using an HPLC-ESI-MS (Varian 500 MS;
Palo Alto, CA, USA) in parallel with a PDA detector. For
detailed methods used in the qualitative identification of phe-
nolic compounds see Supplemental Materials and Methods.

Individual compounds were quantified following the
methods of Eyles et al. (2007). Matching standards were
used for compound quantification when available. In cases
where no matching standard was available, standard curves
generated by using related compounds were used for rela-
tive quantification. For detailed methods used in compound
quantification see Supplemental Materials and Methods.

Statistical Analyses Principal component analysis (PCA)
was used to investigate the overall relationships between
phenolic metabolites and species through dimensionality
reduction and feature extraction (Johnson and Wichern,

2002). The PCAwas conducted using R software (R Devel-
opment Core Team, 2011) for both species and metabolites.
PCA was run twice in order to better visualize relationships
between species. The second PCA was based on data
obtained from a cluster analysis of species and metabolites
following the first PCA. Cluster analysis was run to support
the grouping of variables obtained in the PCA. The cluster
analyses were carried out using the “pvclust” routine in the
pvclust package in R (Suzuki and Shimodaira, 2006). The
pvclust package generates approximately unbiased (AU) con-
fidence values for the clusters using the bootstrap resampling
technique to assess their reliability (Efron et al., 1996; Suzuki
and Shimodaira, 2006). A total of 1,000 bootstrap replications
were generated for each cluster, and the AU confidence values
were used to assess the uncertainty. The significance level of
the clusters was set to 95. A larger confidence value is indic-
ative of a “true” cluster (Efron et al., 1996). In this study, we
also used biplots constructed with R to identify the relation-
ship between species and metabolites.

Individual peak areas and mg g−1 FW concentrations for
lignin were compared among species using univariate anal-
ysis of variance (ANOVA). Exploratory analyses of data and
Levene’s test were used to evaluate variance equality and
normality requirements of residuals. Square-root and loga-
rithmic transformations were used to meet normality
requirements of residuals and homogeneity of variance.
Following significant F-tests, means were separated using
the LSD test (α00.05). All data were analyzed with IBM
SPSS Statistics v. 19 (SPSS Inc., 2010).

Results

A total of 66 individual phenolic compounds (Figs. 1, 2 and 3)
were selected for analysis from all seven taxa, including the
clonally and seedling-propagated green ash, from the com-
bined June (Table S1) and August (Table 1) datasets. Only
August data are presented in the paper (Tables 1 and 2), while
the June data are presented in supplemental materials (Tables
S1 and S2). Classes of phenolic compounds that we found in
ash phloem include simple phenolics, phenolic acids, hydrox-
ycoumarins, lignans, secoiridoids, phenylethanoids, flavo-
noids, and coumarin-secoiridoids. These compounds are
similar to the phenolic metabolites previously described for
the genus Fraxinus (Eyles et al., 2007; Kostova and Iossifova,
2007; Cipollini et al., 2011). Qualitative patterns of phloem
chemistry among the taxa reflected their phylogenetic rela-
tionships, and quantities of phenolic compounds tended to
increase from June to August (Tables 1 and 2; Figs. 1, 2, 3
and 4; Tables S1 and S2; and Fig. S1, S2, S3, S4 and S5).
Detailed information regarding fragmentation patterns of phe-
nolic metabolites identified in this study and data analysis,
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interpretation, and presentation of qualitative and quantitative
differences in phenolic profiles can be found in Supplemental
Results.

Lignin Lignin concentrations tended to be higher in August
than in June and were consistently higher in phloem of blue
ash and black ash cv. ‘Fallgold’ than in the other species
(Tables 2 and S2). European ash had the lowest concentration
of lignin in both June and August (Tables 2 and S2).White ash
cv. ‘Autumn Purple’ and Manchurian ash cv. ‘Mancana’ had
consistently higher lignin concentrations than green ash cv.
‘Patmore’ and seedling-propagated green ash.

Discussion

Manchurian ash cv. ‘Mancana’ is much more resistant to
EAB than North American green ash cv. ‘Patmore’ or white
ash cv. Autumn Purple’, perhaps due to targeted selection
imposed by its co-evolutionary history with EAB (Liu et al.,
2007; Rebek et al., 2008; Whitehill, 2011). Earlier charac-
terization of the constitutive phenolics in the phloem of
these three cultivars revealed several compounds unique to
Manchurian ash, including several hydroxycoumarins and
two phenylethanoid compounds, calceolariosides A and B.
These compounds were hypothesized to contribute to
Manchurian ash resistance to EAB (Eyles et al., 2007;
Cipollini et al., 2011). However, we detected hydroxycou-
marins and calceolariosides A and B in the constitutive
phloem of susceptible black and European ash in quantities
comparable to or greater than those found in Manchurian
ash, contradicting previous studies that were focused on

differences between Manchurian, green, and white ash
(Eyles et al., 2007; Cipollini et al., 2011). Of the ash species
and cultivars we compared in this study, the qualitative phe-
nolic profile of Manchurian ash cv. ‘Mancana’ differed most
from green ash cv. ‘Patmore’ and white ash cv. ‘Autumn
Purple’, which makes the comparison of these species the
least informative when attempting to identify compounds
potentially involved in resistance. This pattern is consistent
with their distant phylogenetic relationship (Figs. 1, 2, 3 and
4) (Wallander, 2008). While some of the variation in the
phenolic chemistry of Manchurian, white, and green ash
may contribute to their differential resistance to EAB, much
of their phytochemical variation may be the result of evolu-
tionary divergence unrelated to selection imposed by EAB.

Black and European ash, which are highly susceptible to
EAB, belong to the same section (Fraxinus) as Manchurian
ash, and thus provide a phylogenetically-controlled com-
parison for identifying compounds that might be involved
in EAB resistance . We found that phloem of black ash cv.
‘Fallgold’ and European ash contained a diverse array of
hydroxycoumarins. Given their presence in the highly sus-
ceptible black and European ash, it is unlikely that these
compounds play an important role in resistance of
Manchurian ash to EAB. A role for hydroxycoumarins in
resistance to EAB (Eyles et al., 2007) is not supported by
our data.

Eyles et al. (2007) also hypothesized that calceolario-
side A and B contributed to Manchurian ash resistance
to EAB. However, we found ca. three-fold higher con-
centrations of calceolarioside A in black ash cv. ‘Fall-
gold ’ , and two-fo ld higher concent ra t ions of
calceolarioside B in European ash, than in Manchurian

Fig. 1 Representative HPLC
chromatogram at 280 nm of
phloem tissue extracts from
blue ash seedlings—a member
of the section Dipetalae
(Wallander, 2008). The
chromatogram represents a pool
consisting of equal aliquots
(100 μl each) of phloem extract
from eight individual trees
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Fig. 2 Representative HPLC
chromatograms at 280 nm of
phloem tissue extracts from Eu-
ropean ash seedlings, black ash
cv. ‘Fallgold’, and Manchurian
ash cv. ‘Mancana’—all members
of the section Fraxinus (Wal-
lander, 2008). Each chromato-
gram represents a pool
consisting of equal aliquots
(100 μl each) of phloem extract
from eight individual trees

J Chem Ecol (2012) 38:499–511 503



Fig. 3 Representative HPLC
chromatograms at 280 nm of
phloem tissue extracts from green
ash cv. ‘Patmore’, green ash
seedlings, and white ash cv. ‘Au-
tumn Purple’—all members of the
section Melioides (Wallander,
2008). Each chromatogram rep-
resents a pool consisting of equal
aliquots (100 μl each) of phloem
extract from eight individual trees
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Table 2 Contents of individual phenolic compounds and lignin in
susceptible white ash cv. ‘Autumn Purple’, green ash cv. ‘Patmore’,
green ash seedling, blue ash seedling, European ash seedling, black ash
cv. ‘Fallgold’, and the resistant Manchurian ash cv. ‘Mancana’ in
samples collected on August 8th, 2008. Compounds are separated into
groups by phenolic compound class, while species are separated into

the sections to which they belong within the genus Fraxinus (Wal-
lander, 2008). Contents are expressed in mg g−1 FW±SEM (n08).
Different letters within a row indicate significantly different means by
the protected LSD test (α00.05). Black ash data appear in bold and are
separate from the other species because it was not part of the original
experimental design, but can be visually compared to the other species

Peak
#

Compound name Melioides Dipetalae Fraxinus

White Green
‘Patmore’

Green
Seedling

Blue European Manchurian Black

Phenolic acids/simple phenolics

1 Hydroxytyrosol
hexoside

0.4±0.03 b NDa 0.4±0.1 b 1.1±0.1 a 0.5±0.1 b 1.2±0.1 a 1.0±0.04

2 Vanillic acid hexoside
acetate adduct A

ND ND 0.1±0.02 b ND 0.1±0.01 b 1.0±0.04 a 0.8±0.1

3 Tyrosol hexoside 0.6±0.1 b 0.5±0.04 bc 0.4±0.1 c ND 1.2±0.2 a 0.5±0.05 bc ND

5 Vanillic acid hexoside
acetate adduct B

ND ND 0.4±0.1 ND ND ND ND

23 3-Caffeoyl-quinic acid
(Chlorogenic acid)

ND ND ND ND 1.2±0.4 ND 0.2±0.03

Coumarins

7 Esculetin A ND ND ND 0.4±0.1 b 1.2±0.3 a 0.1±3e−3 c 0.9±0.1

10 Esculetin B ND ND ND 0.4±0.2 a ND 0.1±3e−3 b ND

12 Esculin ND ND ND 63.0±5.0 a 1.0±0.2 c 1.3±0.1 b 15.0±0.3

13 Esculetin C ND ND ND 1.5±0.3 a 0.2±0.1 b 0.2±0.01 b 1.0±0.1

14 Unknown Coumarin 1 ND ND ND ND ND ND 0.1±0.04

16 Fraxidin A ND ND ND ND 1.6±0.3 a 1.3±0.2 a 2.0±0.2

18 Fraxin ND ND ND 8.7±0.9 b 8.6±1.7 b 22.5±1.6 a 16.0±0.6

19 Fraxidin B ND ND ND ND 0.7±0.1 a 0.7±0.1 a 0.9±0.1

20 Esculetin ND ND ND 0.2±ND ND ND ND

21 Mandshurin ND ND ND ND 1.1±0.1 b 5.0±0.5 a 6.9±0.8

22 Fraxetin ND ND ND ND ND ND 1.6±0.5

54 Fraxin Related
Compound

ND ND ND ND ND ND 0.7±0.1

59 Unknown Coumarin 2 ND ND ND ND ND 1.1±0.1 1.2±0.1

60 Unknown Coumarin 3 ND ND ND ND ND 0.7±0.1 ND

Monolignol

15 Syringin 7.3±1.2 b 7.6±0.6 a 11.4±1.4 a 0.6±0.4 c ND ND ND

Lignans

24 Unknown Lignoid 1 ND ND ND ND ND ND 1.6±0.2

25 Pinoresinol dihexoside +
2H2O

ND ND ND ND ND 1.7±0.3 ND

28 (+)-1-
Hydroxypinoresinol-
4′-O-glucoside + 2H2O

ND ND ND 1.3±0.4 ND ND ND

39 Pinoresinol 3.5±0.7 b 2.7±0.3 b 2.5±0.4 b 3.4±0.6 b 9.5±1.7 a 10.1±0.7 a 7.0±0.4

Phenylethanoids

32 Calceolarioside C ND ND ND ND ND 3.7±0.4 3.0±0.2

34 Forsythoside A O-
glucoside

7.2±2.6 a 3.9±0.2 a 3.8±0.6 a ND ND ND ND

42 Calceolarioside A ND ND ND 10.1±1.4 b 6.5±1.6 b 26.3±1.8 a 34.6±1.1

45 Verbascoside 4.3±1.2 a 4.2±0.3 a 1.7±0.2 b ND 5.0±1.4 a 1.7±0.2 b ND

46 Verbascoside A 1.2±0.3 ND ND ND ND ND ND

50 Calceolarioside B ND ND ND 3.0±1.4 b 0.7±0.2 c 25.2±2.6 a 21.2±1.3

53 Verbascoside B 3.9±0.5 a ND 0.3±0.1 c ND ND 1.1±0.1 b ND

63 UnknownPhenylethanoid 1 0.4±0.1 ND ND ND ND ND ND
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ash cv. ‘Mancana’. The high concentrations of these
compounds in black and European ash make it unlikely
that calceolariosides are involved in Manchurian ash
resistance to EAB.

Of the 27 phenolic compounds that we identified in the
phloem tissue of Manchurian ash cv. ‘Mancana’, only pinor-
esinol dihexoside (25), and a compound tentatively identi-
fied as a coumarin derivative (60), were unique to this
cultivar. Because the other 25 compounds were also
detected in susceptible ash species, they are unlikely to
contribute to EAB resistance, unless they act synergistically
with compounds unique to Manchurian ash.

Eyles et al. (2007) detected high concentrations of pinor-
esinol dihexoside in dormant tissue ofManchurian ash relative
to green and white ash and suggested that it may play a role in
EAB resistance. We confirmed that concentrations of this
compound remained high during the growing season on dates
highly relevant to the phenology of EAB larvae, as did
Cipollini et al. (2011). Pinoresinol dihexoside is a lignan
(phenylpropane dimer) (Strack, 1997), and its aglycone
(pinoresinol) has antifeedant and growth/molt inhibiting ac-
tivities against several insect species (Miyazawa et al., 1994;

Cabral et al., 2000; Garcia et al., 2000). A recent proteomic
analysis of ash phloem showed that a phenylcoumaran
benzylic ether reductase (PCBER) is expressed constitutively
at >25-fold higher levels in phloem of Manchurian ash cv.
‘Mancana’ than in black ash cv. ‘Fallgold’, green ash cv.
‘Patmore’, and white ash cv. ‘Autumn Purple’ (Whitehill et
al., 2011). PCBER is an enzyme involved in the biosynthesis
of lignans, providing further support for a potential role of
lignans in resistance of Manchurian ash cv. ‘Mancana’ to
EAB.

Our inability to identify conclusively the coumarin deriva-
tive (60) precludes informed speculation about its putative
role in EAB resistance. The functions of this compound could
be tested by bioassays with EAB larvae in a phloem-free
artificial diet (Keena et al., 2010), with compounds tested at
biologically relevant concentrations (Tables 2 and S2).

Lignin can act as an indirect chemical defense (Borg-
Karlson et al., 2006), or as a dose-dependent physical de-
fense against wood-boring insects (Wainhouse et al., 1990).
However, we found little evidence that variation in lignin
concentration of phloem contributes to interspecific varia-
tion in EAB resistance, confirming earlier observations by

Table 2 (continued)

Peak
#

Compound name Melioides Dipetalae Fraxinus

White Green
‘Patmore’

Green
Seedling

Blue European Manchurian Black

Secoiridoids

27 Ligustroside A ND 2.5±0.2 a 1.6±0.3 b ND ND ND ND

29 Oleuropein Related
Compound 1

3.0±0.4 ND ND ND ND ND ND

31 Unknown Secoiridoid 1 ND ND ND 1.7±0.2 ND ND ND

33 Ligustroside B ND ND ND 2.6±0.3 ND ND ND

36 10-Hydroxyoleuropein 3.4±0.3 d 9.4±0.8 a 5.2±0.5 c 7.5±0.9 b 4.1±0.6 cd 5.4±0.3 c 4.5±0.2

38 Dimethyoleuropein ND ND ND ND ND ND 3.0±0.5

44 Oleuropein A 3.2±0.2 b 5.4±0.7 a ND ND ND ND ND

51 Oleuropein 1.8±0.1 d 5.1±0.5 c 19.2±2.7 b ND 6.9±0.8 c 26.2±2.1 a 20.7±2.0

56 Oleuropein Related
Compound 2

ND ND ND ND ND 1.3±0.1 4.0±0.5

57 Ligustroside 10.4±1.7 b 14.8±1.2 a 9.8±1.1 b ND 8.1±1.2 b 3.9±0.4 c 1.4±0.5

62 Unknown Secoiridoid 2 ND ND 0.8±0.3 ND ND ND ND

Coumarin-Secoiridoid

47 Escuside ND ND ND 2.1±0.2 ND ND ND

Flavonoids

58 Apigenin glucoside 0.2±0.01 ab 0.2±0.02 a 0.1±0.02 b ND ND ND ND

61 Kaempherol galactoside ND ND ND ND 0.3±0.1 ND ND

65 Luteolin 0.1±8e−3 a ND 0.04±6e−3 b ND ND ND ND

66 Apigenin 0.1±6e−3 b 0.1±0.01 a 0.1±0.01 a ND ND ND ND

Phenolic polymer

Lignin 18.5±1.0 b 14.6±1.2 c 13.6±1.0 c 21.6±0.8 a 5.8±0.8 d 18.1±1.2 b 20.5±1.0

aND 0 not detected
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Cipollini et al. (2011). Lignin concentrations in phloem of
Manchurian ash cv. ‘Mancana’ were similar to those in
white ash cv. ‘Autumn Purple’ and lower than in black ash
cv. ‘Fallgold’, which are both highly susceptible. The high
levels of lignin in blue ash were similar to the levels found
in the highly susceptible black ash cv. ‘Fallgold.’

Four of the taxa (black ash cv. ‘Fallgold’, green ash cv.
‘Patmore’, white ash cv. ‘Autumn Purple’, and Manchurian
ash cv. ‘Mancana’) that we compared were clonally propa-
gated cultivars, and thus their chemistry may not be repre-
sentative of their respective species as a whole. However,
their relative resistance to EAB is well characterized, so they
provide relevant samples of these taxa to compare in the
search for EAB resistance mechanisms. The other three taxa
that we examined (blue, European, and green ash) were
propagated as open-pollinated seedlings. We observed ex-
tremely high phytochemical similarity between the green
ash clone and the seedling-propagated green ash population,
as did Cipollini et al. (2011). We also observed high con-
vergence in the phenolic profiles between species in the
same taxonomic section (Fig. 4).

Blue ash, which is endemic to North America, has been
colonized by EAB at lower levels than other North Ameri-
can species in the field (Anulewicz et al., 2007) and in a
common garden study (Herms et al., unpublished). The very
distinct phenolic chemistry of blue ash that we observed
relative to that of green, white, and black ash cultivars may

contribute to this resistance. Hence, blue ash may be a
source of allopatric resistance (e.g., Harris and Frederiksen,
1984) that could be introgressed into the more susceptible
North American congeners. However, the highly divergent
phylogenetic relationships among these taxa (Jeandroz et
al., 1997; Wallander, 2008) could complicate efforts to
hybridize blue ash with more susceptible species.

The identification of resistant green and white ash geno-
types could be important for host plant resistance breeding
programs. A small proportion of ‘lingering’ green and white
ash continue to survive in areas of high EAB-induced ash
mortality, but further work is needed to establish their level of
genetic resistance and to identify markers that could be used
in programs to screen or breed for resistance (Koch et al.,
2010). Pinoresinol dihexoside or unknown coumarin (60)
may represent two of such biomarkers. Indeed, pinoresinol,
the aglycone of pinoresinol dihexoside, was detected in all
species we investigated. If a resistance role for pinoresinol is
confirmed, the requisite genetic machinery for its production
exists in susceptible North American ash species.

In summary, our broad-based interspecific survey of the
phenolic profiles of ash phloem has confirmed that previ-
ously identified lignans and lignan derivatives may contrib-
ute to the high level of resistance of Manchurian ash cv.
‘Mancana’ to EAB. However, functional studies and/or bio-
assays are required to confirm the role of these compounds
as deterrents or toxins for EAB larvae.

Fig. 4 Relationship between
PC1 and PC2 scores for
individual peak areas for 59
compounds, but excluding the
most characteristic compounds
(12, 15, 18, 21, 42, 50, and 51)
that were associated with
individual ash species (see
Figs. 1, 2 and 3). Black dots
represent the mean of eight
biological replicates within a
given taxon. The taxa cluster
according to phylogenetic
placement into the three groups
Meliodes (green and white ash),
Dipetalae (blue ash), and
Fraxinus (Manchurian,
European, and black ash)
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Abstract The bark beetle Dendroctonus rhizophagus is
endemic to northwestern Mexico where it kills immature
pines<3 m tall. We report the first investigation of the
chemical ecology of this pest of forest regeneration. We used
GC-EAD to assess olfactory sensitivity of this species to vol-
atile compounds from: resin of a major host, Pinus arizonica;
mid/hindguts of single, gallery-initiating females; and mate-
paired males within galleries of attacked host trees in the field.
Antennae of both sexes responded to monoterpenes α-pinene,
β-pinene and 3-carene as well as to the beetle-derived oxygen-
ated monoterpenes fenchyl alcohol, myrtenal, cis-verbenol,
trans-verbenol, verbenone, and myrtenol. These monoterpenes
were quantified from pre-emerged D. rhizophagus adults
forced to attack host tissue in the laboratory, and from individ-
uals dissected from naturally-attacked hosts at different stages
of colonization. In both bioassays, myrtenol and trans-verbenol

were the most abundant volatiles, and trans-verbenol was the
only one produced in significantly greater quantities by females
than males in a naturally-colonized host. Two field experiments
were performed to evaluate behavioral responses of D.
rhizophagus to antennally-active monoterpenes. Results show
that 3-carene was significantly attractive either alone or in a
ternary (1:1:1) combination with α-pinene and β-pinene,
whereas neither α-pinene nor β-pinene alone were attractive.
None of the beetle-associated oxygenated monoterpenes en-
hanced the attractiveness of the ternary mixture of monoter-
penes, while verbenone either alone or combined with the other
five oxygenated terpenes reduced D. rhizophagus attraction to
the ternary mixture. The results suggest that attraction of D.
rhizophagus to the host tree P. arizonica is mediated especially
by 3-carene. There was no conclusive evidence for an aggre-
gation or sex attractant pheromone.

Keywords Coleoptera . Curculionidae . Scolytinae .

Monoterpenes Pinus arizonica . Semiochemical . Gas
chromatography-electroantennographic detection
(GC-EAD) . Pest management . Host location . Mate
finding . trans-verbenol

Introduction

Bark beetles are importantmortality agents of conifers inNorth
and Central America (Wood S. L. 1982). Populations can
remain at endemic levels for many years; however, changes
in abiotic or biotic variables can lead to outbreaks that result in
substantial host plant mortality (Bentz et al., 2010) and can
consequently result in serious economic losses in the forest
industry and disturbances to forest ecosystems.
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Dendroctonus rhizophagus Thomas & Bright is a bark
beetle species endemic to the Sierra Madre Occidental in
northwestern Mexico that colonizes 11 different species of
pine, particularly Arizona pine (Pinus arizonica Engelm.),
Apache pine (Pinus engelmannii Carr.), Chihuahua pine
(Pinus leiophylla Schlecht and Cham.), and Durango pine
(Pinus durangensis Martínez) (Salinas-Moreno et al., 2004,
2010; Mendoza et al., 2011). This bark beetle has had
significant impact on natural and commercial regeneration
of pine in the region. For example, from 1977 to 1983, this
beetle killed 2 million young trees in Mesa del Huracán,
Chihuahua (29 ° 38′ N, 108 °14′ W) across an infested area
of approximately 12,000 ha (Estrada-Murrieta 1983). The
total land area susceptible to infestation by this beetle is
estimated to be 100,000 ha (SEMARNAT, 2005).

Dendroctonus rhizophagus is a typical primary bark beetle
species in that it can successfully attack apparently healthy
pine trees and kill them (Cibrián-Tovar et al., 1995). It is
morphologically similar to the red turpentine beetle, D.
valens LeConte (Wood S. L. 1982), however, these sibling
species differ substantially in their behavior. Dendroctonus
rhizophagus infests only young hosts, ranging in size from
seedlings (≥1.5 cm diam. base) to saplings (< 8 cm diam. at
1.4 m height and<3 m tall), whereas D. valens resembles
most other members of the genus in colonizing mature hosts
(> 20 cm diam. at 1.4 m height and >20 m tall), including
>40 species of pine present in its extensive native range
within North America (Wood S. L. 1982). Furthermore, D.
rhizophagus is atypical of its genus in that generally just one
or two pairs (rather than tens to thousands of pairs) colonize
and kill a single host (Estrada-Murrieta 1983; Cibrián-Tovar
et al., 1995). Thus, this species does not conspicuously
aggregate or rely on mass attacks of conspecifics for
neutralizing constitutive tree defenses (Sánchez-Martínez
and Wagner, 2009), whereas many other tree-killing bark
beetles extensively use mass attack as a host colonization
strategy (Raffa et al., 1993). Each pair excavates a gallery
under the bark of the tree’s root collar where eggs are laid;
as the larvae develop, they mine downward and feed in the
roots where they subsequently pupate within ovoid cham-
bers that penetrate the root wood. The species is univoltine,
with brood adults emerging from the roots to attack new
hosts during the onset of the rainy season in summer
(Estrada-Murrieta 1983).

While numerous studies have examined the chemical
ecology of sibling species D. valens and D. terebrans
Olivier (Phillips et al., 1989; Hobson et al., 1993; Sun et
al., 2004; Zhang and Sun, 2006; Erbilgin et al., 2007; Shi
and Sun, 2010), the semiochemistry of D. rhizophagus has
not previously been investigated. We, therefore, performed
studies on D. rhizophagus to identify compounds of the host
tree and the beetle that might mediate host and mate location
for this species and possibly provide chemical baits for its

management. Since both attractive and inhibitory semio-
chemicals play a key role in mediating host location and
colonization by aggressive Dendroctonus and other bark
beetles, we hypothesized that the host colonization behavior
of D. rhizophagus would be associated with an atypical
semiochemical system. In particular, we predicted the ab-
sence of an aggregation pheromone in this bark beetle.

To identify volatile host and beetle-associated compounds
that are olfactorily perceived byD. rhizophagus, we first used
coupled gas chromatography-electroantennographic detection
(GC-EAD) analysis of extracts of host resin and beetle guts.
Further, we investigated whether release of volatiles by D.
rhizophagus is dependent on the beetle’s sex and life history
stage, since such dependencies often signify pheromone com-
ponents. We quantified individual volatiles released by female
and male insects before and after host attack and pairing, and
under both laboratory and natural field conditions. Finally, we
evaluated behavioral responses by this species to devices that
release electrophysiologically-active host and insect-produced
volatiles in the field.

Methods and Materials

Insects Adult bark beetles used in bioassays were collected
from roots and root collars of naturally-infested Arizona
pine, Pinus arizonica Engelm., in San Juanito, Bocoyna
Municipality, Chihuahua State (27º55′54.9″N, 107º35′
54.6″W; 2452 m elevation), Mexico. Two categories of
insects were tested: “pre-emerged” beetles were fully-
melanized brood adults present beneath the cortex of roots
of dead trees colonized the previous year; “emerged” beetles
were those found within new galleries under the bark of live
hosts. Beetles were collected from the colonized pine by
carefully shaving the bark away with a knife and removing
each insect individually with soft forceps. Beetles were
housed in vented plastic containers with moistened paper
at 4°C for up to 3 d before use. Insects were sexed according
to the shape of the seventh abdominal tergite (Lyon, 1958).

Electrophysiological Assays Olfactory sensitivity of D.
rhizophagus to volatile compounds in the resin of P.
arizonica and guts of emerged adults was studied with
GC-EAD. Resin from young P. arizonica (< 2 m height)
was collected by removing a 7 cm2 section of bark with a
hatchet and installing aluminum, “V”-shaped collector be-
neath the wound to funnel exuded resin into a 5 ml glass vial
(Smith 2000). After 24 hr, 100 μl of the resin were sub-
sampled with a Drummond capillary pipette (Scientific Co.,
Broomall, Pa., USA) and placed into a vial with 900 μl
hexane (95 % n-hexane, HPLC purity, Baker, Phillipsburg,
N.J., USA) and stored at 4°C. Gut volatiles were sampled
from 38 solitary females before oviposition and 38 paired
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males; the beetles were excised from naturally-attacked P.
arizonica trees in August 2009. Immediately after excision
of the beetles, the hindguts of males and females were
pulled and extracted separately in 1 ml hexane (Sullivan,
2005). The extracts of each sex then were concentrated to
0.3 ml under nitrogen. Dilute resin and gut extracts were
stored at −20°C.

The GC-EAD apparatus consisted of a model 8610 gas
chromatograph (SRI instruments, Torrence, CA, USA) fitted
with a helium ionization detector (HID). A high flow rate of
makeup helium (~80 ml/min) carried the HID effluent
through a PTFE transfer line (0.8 mm i.d., 50 cm long)
and into a stainless-steel pipe (8 mm diam., 14 cm long)
that delivered a constant flow (400 ml/min) of purified,
humidified air over the antennal preparation. This arrange-
ment (i.e., with the HID and EAD in series) resulted in a
1–2 s lag time in response of the EAD relative to the HID.
Voltages from antennal electrodes were pre-amplified on a
Syntech PRS-1 probe (Hilversum, North Holland, The
Netherlands); the output was fed directly into an input on
the multi-channel detector amplifier circuitry of the GC.
HID and EAD traces were collected simultaneously and
examined subsequently with PeakSimple software (SRI
Instruments). The antennal preparation procedure was large-
ly identical to that used in previous studies of D. frontalis
Zimmermann (Sullivan, 2005). For each assay, a glass pi-
pette Ag/AgCl reference electrode (containing Beadle-
Ephrussi saline and 0.5 % polyvinylpyrrolidone) was
inserted into the foramen of a beetle’s excised head. The
tip of a similar recording electrode was cut to match the
diameter of the antennal club; the club then was laid flat
against the electrode opening so that one entire side made
contact with the saline. One microliter of dilute resin or 2 μl
of hindgut extract were injected (split 1/10) into the
GC-EAD equipped with a polyethylene glycol phase micro-
capillary column (HP-INNOWax 60 m x 0.25 mm x 0.25 μm
film, Agilent Technologies,Wilmington, DE, USA). The oven
program was 50°C for 1 min, 16°C/min to 80°C, then 7°C/
min to 218°C, and then hold for a final 5 min. Antennae of
8–10 emerged individuals of each sex were assayed with each
of the three volatiles samples (i.e., resin, male gut extract, and
female gut extract). The HID and EAD data streams were
converted to ASCII format and subjected to baseline filtering
and summing in Microsoft Excel (Slone and Sullivan, 2007).
Olfactory stimulants (i.e., HID peaks associated consistently
with an EAD response) were subsequently identified by
matching GC retention times to those of commercially
obtained standards [fenchyl alcohol (96 % purity, Sigma-
Aldrich Corp. Milwaukee, WI, USA), myrtenal (98 % purity,
Sigma-Aldrich Corp.), myrtenol (95 % purity, Sigma-Aldrich
Corp.), cis-verbenol (95 % purity, Sigma-Aldrich Corp.),
trans-verbenol (95 % purity, PheroTech {now ConTech
Inc.}, Delta, BC, Canada), and verbenone (99 % purity,

Sigma-Aldrich Corp.)] and by analyzing the samples on a
coupled gas chromatograph-mass spectrometer (GC-MS; see
details below) operating under the same conditions as the GC
of the GC-EAD. Olfactory activity of the identified com-
pounds was confirmed through GC-EAD analyses of com-
mercially obtained standards with antennae of 10 female and
10 male pre-emerged adults of D. rhizophagus. Pre-emerged
beetles were used for these analyses due to their greater
availability.

Quantification of Volatiles from Individual Beetles at Dif-
ferent Colonization Phases Volatiles were quantified from
individual male and female D. rhizophagus in two different
bioassay settings.

Bioassay 1 Pre-emerged adult males and females were
sampled in three different treatments in the laboratory: 1)
denied contact with fresh host bark, 2) solitary and ac-
tively mining after being confined on host bark for 24 hr,
and 3) paired 24 hr following introduction of the male to
a treatment 2 female gallery. Treatment 2 insects were
confined within gelatin capsule halves secured over
~6 mm diam. holes drilled through the outer bark of bolts
of healthy, immature P. arizonica (30 cm long, 6–10 cm
diam.) following Sullivan (2005). These treatments were
intended to simulate the normal colonization sequence
involving female establishment of a nuptial chamber in
the phloem followed by pairing with a subsequently ar-
riving male; they also represent the life history periods of
greatest pheromone production in bark beetles (Wood D.
L. 1982). Females are the sex that initiates the construc-
tion of the gallery in D. rhizophagus (authors’ pers. obs.)
as in other species of Dendroctonus. Ten to fifteen repli-
cates were collected for each sex and treatment.

Bioassay 2 Beetles of D. rhizophagus were sampled direct-
ly from naturally-colonized, 0.5 to 1.5 m-tall P. arizonica in
July 2009 in San Juanito, Bocoyna Municipality, Chihuahua
State, Mexico. The trees had single attacks and were iden-
tified by the presence of a pitch tube and boring dust on the
soil surface near the root collar. Colonization stages sampled
were: 1) solitary female boring a nuptial chamber into the
bark, 2) paired male and female in a new gallery prior to
beginning oviposition, 3) paired male and female during
oviposition, and 4) solitary female inside a completed gal-
lery system containing eggs (i.e., after the male had presum-
ably left). Four to sixteen replicates were collected for each
sex and treatment.

In both bioassays, volatiles were sampled by confining
insects individually inside 100 μl-capacity, conical-interior
glass vials containing≈0.3 mg of clean Super Q adsorbent
(80–100 mesh; Alltech, Deerfield, IL, USA) during a 24 hr
period at room temperature (Sullivan, 2005). Following the
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aeration interval, each insect was removed from its vial,
and the hindgut of each was dissected and placed imme-
diately back into the original conical vial together with
50 μl hexane [spiked with 3.5 ng/μl of cycloheptanone
(99 purity, Sigma-Aldrich Corp.) as an internal quantita-
tive standard]. The hindgut was macerated against the
inside vial wall with the tip of the forceps, and then the
vial was capped, and the contents was extracted passively
for 15min at room temperature. The hindgut/adsorbent extract
was removed, and then the vial contents were further rinsed
with 50 μl non-spiked hexane that was subsequently com-
bined with the original extract. Negative control extracts also
were collected from conical vials to which no beetles had been
introduced.

Three microliters of each extract were analyzed by GC-MS
(Hewlett-Packard model G1800C, Palo Alto, CA, USA) in
splitless mode with the same column used for GC-EAD
assays; the oven temperature was 40°C for 1 min, 16°C/min
to 80°C, then 5°C/min to 240°C for a final 8 min. Compounds
were quantified relatively against the internal standard and
then converted to nanogram amounts based on response
curves calculated from analyses of sequential dilutions of
known quantities of synthetic standards (mentioned in elec-
trophysiological assays section) plus the sample internal stan-
dard (Supplemental Data Fig. 1). The absence of co-eluting
compounds that might confound the analysis of each analyte
and the standard was confirmed by examining mass spectra of
each component in the analysis (Supplemental Data Fig. 2).

Field Trials Two trapping experiments were performed in
the field to evaluate behavioral responses of D. rhizophagus
to olfactory stimulants identified in the GC-EAD studies.
Experiments were conducted from 26 June to 31 August,
2010, in a stand of natural P. arizonica regeneration at San
Juanito, Bocoyna Municipality, Chihuahua. Both experi-
ments had a randomized complete block design, in which
each experimental block consisted of a line of traps equal in
number to the treatments, with a unique bait treatment
randomly assigned to each trap in the line. The first exper-
iment examined beetle responses just to the EAD-
stimulating host monoterpenes and compared five treat-
ments within six blocks: 1) unbaited control, 2) α-pinene, 3)
β-pinene, 4) 3-carene, and 5) a 1:1:1 mixture of all three
compounds. The second experiment tested the effect of
beetle-identified, EAD-stimulating oxygenated monoterpenes
on beetle responses to an attractive blend of host-produced
hydrocarbon monoterpenes (α-pinene, β-pinene, and
3-carene). Ten treatments were assayed within ten blocks: 1)
unbaited control, 2) 1:1:1 mixture of α-pinene, β-pinene, and
3-carene, 3) 2 plus myrtenal, 4) 2 plus trans-verbenol, 5) 2
plus verbenone, 6) 2 plusmyrtenol, 7) 2 plus cis-verbenol, 8) 2
plus fenchyl alcohol, 9) 2 plus all six oxygenated monoter-
penes, and 10) 9 without verbenone. Baits were supplied by

Chemtica International (S.A. San José, Costa Rica) with pu-
rity, enantiomeric ratios, bait construction, and release rates
given in Table 1.

The traps used in this study consisted of a series of identical
black plastic funnels aligned vertically over a collection cup
(Lindgren, 1983) as commonly used for bark beetles; howev-
er, they were constructed with smaller than typical funnels and
deployed at ground level to better imitate the appearance of
stems of the preferred host ages for D. rhizophagus.

Each trap was composed of six conical funnels (each
13.5 cm diam. at top, 6 cm diam. at bottom, and 7.0 cm
height) with an overlap of 2 cm between them, a collec-
tion cup (9 cm diam. x 18 cm height), and a plastic cover
(30 cm diam.) placed 20 cm above of the first funnel. The
trap total length was≈80 cm. The last funnel was attached
directly to the mouth of the collection cup, which was
buried in the ground. Traps were suspended from a wood-
en post and positioned >1 m from the closest suitable host
tree. Traps within a single block were spaced>5 m apart,
whereas traps in adjacent blocks were >10 m apart. Trap
collection cups contained the insecticide 2-isopropoxy
phenyl methylcarbamate (Baygon, Chemagro Corpora-
tion, Kansas City, Mo., USA) to kill trapped insects. Baits
were hung within the upper funnel to protect them from
rain. Trapped D. rhizophagus were collected weekly,
counted, sexed, and preserved in 70 % ethanol.

Statistical Analysis

Bioassay 1 Five of the analyzed compounds (fenchyl alcohol,
myrtenal, cis-verbenol, trans-verbenol, and verbenone) did

Table 1 Baits used in trapping tests of electrophysiologically active
compounds identified from host resin and mid/hindguts of host-
attacking Dendroctonus rhizophagus males and females

Chemical
name

Purity
(%)

Chirality
(%)

Device Release rate
(mg/d±SE)a

α-Pinene 97.4 75 (+) polysleeve
bag

672.6±97.5

β-Pinene 97.5 95 (−) polysleeve
bag

673.6±97.0

3-Carene >92 92.5 (+) polysleeve
bag

670.3±97.9

Fenchyl Alcohol >95 99 (+) bubble cup 8.00±1.91

Myrtenal >95 99 (−) bubble cup 3.75±0.92

cis-Verbenol 99.5 92 (S) bubble cup 3.33±1.35

trans-Verbenol 97.3 92 (S) bubble cup 2.83±1.24

Verbenone >93 92 (−) bubble cup 6.33±0.76

Myrtenol >95 99 (−) bubble cup 3.66±1.27

a Measured gravimetrically in a fume hood at room temperature
(mean≈26°C).
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not exceed the GC-MS threshold of detection in more
than half of the sampled insects. This invalidated con-
ventional methods (e.g., parametric and nonparametric
rank-based ANOVAs) for comparing mean quantities of
compounds produced by the insects. Therefore, within
each treatment and sex, the number of insects in which
a compound was/was not detected was calculated as a
binomial frequency, and these frequencies were sub-
jected to contingency table tests with computation of
exact P- values (SAS PROC FREQ). These P-values
were adjusted by Bonferroni method in cases of multi-
ple pairwise comparisons. A single compound (myrtenol) was
detected in the great majority of samples, and in this
instance the quantities detected in each insect were log
transformed and subjected to a mixed-model ANOVA
(PROC MIXED) with treatment and sex as fixed factors
and experimental units as the random source of replica-
tion. In treatment categories 1 and 2, each sampled
insect was an experimental unit, but in treatment 3,
due to pairing of males and females, the insect pair
was considered the experimental unit. All pairwise tests
were performed on significant fixed factors by using LSD
with Bonferroni adjustment (α00.05).

Bioassay 2 Log transformed quantities of each compound
were subjected separately to a mixed-model ANOVA
(PROC MIXED) with insect sample category (i.e., each
sex and colonization stage) included as a fixed factor and
gallery system nested within colonization stage included as a
random factor. Nine pairwise contrasts were performed
(between females in all four stages, between males of stages
2 and 3, and between males and females of stages 2 and 3)
using LSD with Bonferroni correction (α00.05).

Total catches of male and female D. rhizophagus in each
trap (all weeks summed) were transformed [log10(X+1)] to
allow the data to meet the assumptions of parametric tests,
and were then subjected to a mixed-model ANOVA
(PROC MIXED) with fixed effects treatment, sex, and
treatment/sex, and random effects block and block/treat-
ment. If a significant interaction was detected between sex
and treatment (α00.05), then a 2-way ANOVA (PROC
GLM) was performed on each sex individually with treat-
ment and block as factors; otherwise, catches of males
and females were summed, transformed, and subjected to
this same type of 2-way ANOVA. For trapping experi-
ment 1, treatment means were subjected to all pairwise
comparisons with Tukey’s test (α00.05). For trapping

Fig. 1 Electrophysiological
responses (GC-EAD) of
antennae from emerged female
(a) and male (b) Dendroctonus
rhizophagus adults to
compounds from Pinus
arizonica resin. EAD 0
electroantennographic
detection; HID 0 Helium
ionization detection. Antennal
traces represent the combined
responses from 8 individual
insects (single EAD traces were
digitized in a spreadsheet to
produce a composite race).
Compounds eliciting consistent
antennal voltage spikes were α-
pinene (1), β-pinene (2), and 3-
carene (3)
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experiment 2, mean catches of all other bait treatments
were contrasted against mean catches by the blank (the
negative control) and the hydrocarbon monoterpene mix
(the positive control) using LSD with a Bonferroni cor-
rection for 17 contrasts. All analyses were performed with
SAS (SAS Institute 1989).

Results

Electrophysiological Assays The antennae of emerged
female and male D. rhizophagus responded consistently to
α-pinene, β-pinene, and 3-carene (Fig. 1) present in the
constitutive resin of P. arizonica, and to fenchyl alcohol,
myrtenal, cis-verbenol, trans-verbenol, verbenone, and myr-
tenol (Fig. 2) present in guts of host-attacking D. rhizophagus
females and males. GC-EAD tests with commercially obtained

standards of these compounds confirmed their electrophysio-
logical activity in both sexes.

Quantification of Volatiles from Individual Beetles at Dif-
ferent Colonization Phases Bioassay 1 In root-collected
adults that had not been allowed to feed on fresh host tissue,
all six EAD-active oxygenated monoterpenes were either
undetectable or present in sub-nanogram quantities, whereas
myrtenal, cis-verbenol, trans-verbenol, and verbenone were
detected in nanogram or greater levels from such beetles
after mining in a pine log (Table 2, Fig. 3). Fenchyl alcohol
was detected in merely a few unfed females. The quantity of
myrtenol detected varied significantly by treatment category
(F054.54, df02, 47.2, P<0.001) but not by sex (F01.59,
df01, 49.1, P00.214), although there was a strong sex by
treatment interaction (F06.33, df02, 37.8, P00.004). In soli-
tary mining males, we detected significantly more myrtenol

Fig. 2 Electrophysiological
responses (GC-EAD) of
antennae from emerged female
(a) and male (b) Dendroctonus
rhizophagus adults to
compounds in mid and hindgut
extracts of 38 conspecifics.
EAD 0 electroantennographic
detection; HID 0 Helium
ionization detection. Antennal
traces represent the combined
responses from 8–10 individual
insects (single EAD traces were
digitized in a spreadsheet to
produce a composite race).
Compounds eliciting consistent
antennal voltage spikes were
fenchyl alcohol (1), myrtenal
(2), cis-verbenol (3), trans-
verbenol (4), verbenone (5),
and myrtenol (6). *Fenchyl
alcohol was identified
tentatively on the basis of a
retention time match to a
standard and presence of major
diagnostic ions
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than in males from mining pairs, and both groups had more
than unfed males; furthermore, paired and solitary mining
females contained more myrtenol than unfed females
(Fig. 3). The remaining five compounds were detected in an
insufficient proportion of the sampled insects; no statistical
analysis of quantities was possible.

An analysis of the frequencies of beetles containing
these five compounds revealed no differences between
the sexes (Table 2). The frequency of solitary mining
beetles that contained detectable levels of myrtenal,
cis-verbenol, trans-verbenol, or verbenone was significant-
ly greater than the frequency of unfed beetles that
contained these compounds. Furthermore, cis-verbenol,
trans-verbenol, and verbenone were detected from a great-
er proportion of solitary mining beetles than of paired
mining beetles (Table 2).

Bioassay 2 Five of the olfactory stimulants that were isolat-
ed from laboratory-sampled beetles and identified in the
EAD studies also were detected and quantified from adult
beetles sampled in different stages of colonization of
naturally-infested pines in the field: cis-verbenol, trans-
verbenol, verbenone, myrtenal, and myrtenol. Quantities of
trans-verbenol (F08.84, df05, 41.4, P<0.001) and verbe-
none (F03.51, df05, 43.4, P00.009) in these beetles varied
significantly according to the sex and infestation stage clas-
sification, but not quantities of cis-verbenol (F02.38, df05,

42.9, P00.055), myrtenol (F01.48, df05, 41, P00.218), or
myrtenal (F00.83, df05,43, P00.534). The fenchyl alcohol
was detected in both sexes but in insufficient quantities for
its analysis. In pairwise comparisons, females in the four
attack stages did not significantly differ in quantities of any
one of the five compounds, nor did quantities differ signif-
icantly in males from preoviposition or ovipositing pairs
(Fig. 4). However, females from either pre-oviposition
(t03.53, df020.2, adjusted P00.019) or ovipositing
(t05.02, df020.2, adjusted P00.001) pairs contained signif-
icantly greater quantities of trans-verbenol than their male
counterparts.

Field Trials In trapping experiment 1, there was no signif-
icant interaction detected between sex and treatment
(F02.63, df04, 25, P00.058). Therefore, the sexes were
pooled and reanalyzed. The presence of single (α-pinene,
β-pinene, 3-carene) monoterpenes or their mixture in baits
significantly affected catches of D. rhizophagus (F012.2,
df04, 20, P<0.001). Baits composed of either 3-carene
alone or the mix of all three hydrocarbon monoterpenes
were attractive to D. rhizophagus; baits composed of
α-pinene or β-pinene alone trapped insects but not in numb-
ers significantly greater than the blank (Fig. 5). The 3-carene
bait was superior to the α- and β-pinene baits, and the
addition of these two monoterpenes did not significantly
alter responses to 3-carene alone. In trapping experiment

Table 2 Proportion of Dendroctonus rhizophagus adults containing detectable quantities of EAD-active compounds; adults were collected from
roots and sampled in the laboratorya

Unfed Mining, solitary Mining, paired

Females Males Females Males Females Males

Fenchyl Alcohol* 5/15b 0/15 ad 0/14 0/14 a 0/9 0/9 a

(13.5-25.5)c – – – – –

Myrtenal 0/15 0/15 a 11/14 8/14 b 5/9 2/9 b

– – (11.5-83.5) (13–68.5) (23–48.5) (9–17.5)

cis-Verbenol 0/15 0/15 a 10/14 8/14 b 1/9 1/9 a

– – (29–363) (32.5-357) (45) (38)

trans-Verbenol 4/15 1/15 a 12/14 12/14 b 4/9 1/9 a

(24.5-45) (30.5) (15.5-496) (1–1364.5) (26.5-114.5) (84)

Verbenone 0/15 0/15 a 4/14 4/14 b 0/9 0/9 a

– – (17–107) (26.5-53.5) – –

a Beetles were either sampled directly (“unfed”) or first confined on the bark of a pine log to force them to initiate galleries. “Mining, solitary”
beetles had mined singly in the log for ~24 hr; “mining, paired” beetles were paired in a gallery for 24 hr, with the male introduced to the log 24 hr
after the female. Table includes only those compounds that were detected in fewer than half of the sampled insects.
b Numerator is the number of insects from which the compound was detected; denominator is the total number of insects sampled.
c Quantity range (ng) detected from individuals producing the compound.
d Treatment categories associated with the same letter were not significantly different in the proportion of individuals producing detectable
quantities of the compound (sexes pooled; all-pairwise Fisher exact tests with Bonferroni adjustment, α00.05).

*Fenchyl alcohol was identified tentatively on the basis of a retention time match to a standard and presence of major diagnostic ions.
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2, a significant interaction was detected between sex and
treatment (F02.94, df09, 90, P00.004); therefore, the
sexes were reanalyzed separately. No effect of bait
treatment on catches of female D. rhizophagus
(F00.62, df09, 81, P00.78) was detected, but there was a
difference for males (F04.18, df09, 81, P<0.001). The
hydrocarbon monoterpene mix alone or combined with
either myrtenal or trans-verbenol was significantly attrac-
tive to male D. rhizophagus (Fig. 6). Addition of either
verbenone or the full blend of the six oxygenated mono-
terpenes significantly reduced male responses to the hy-
drocarbon monoterpene mix, and none of the individual
oxygenated monoterpenes significantly enhanced attrac-
tion to the hydrocarbon monoterpene mix. No species of
Dendroctonus other than D. rhizophagus were trapped in
either experiment.

Discussion

Our field investigations revealed that 3-carene produced by
host trees is attractive to both sexes. These results suggest
that this compound may mediate both host location and
contact between the sexes for mate finding. The bicyclic
monoterpene 3-carene also has been identified as a primary
attractant for the closely related D. valens (Hobson et al.,
1993; Erbilgin et al., 2007), and as an aggregation phero-
mone synergist in D. ponderosae Hopkins (Conn et al.,
1983; Miller and Borden, 2000). In addition to 3-carene,
two other monoterpenes in the resin of D. rhizophagus host
trees, α- and β-pinene, stimulated olfactory receptors of
both sexes, but it is unclear whether either has a behavioral
function since they failed to significantly alter beetle
responses to traps (Fig. 5). These findings for α- and
β-pinene must be viewed cautiously because the statistical
power of the trapping test was low due to low catches.

Our results did not provide evidence of a secondary
attractant in D. rhizophagus, although we did identify sev-
eral compounds in the gut of beetles with qualities sugges-
tive of a possible role as pheromone components. Antennal
receptors of both sexes were sensitive to six oxygenated
monoterpenes in gut extracts of D. rhizophagus that had
been initiating galleries (Fig. 2), the stage in the life history
of bark beetles that is associated with production of attrac-
tant pheromones (Borden, 1982; Wood D. L. 1982). Two of
these compounds, cis- and trans-verbenol, are aggregation
or synergistic attractants for species of Dendroctonus
(Borden, 1982; Skillen et al., 1997). However, these com-
pounds did not enhance D. rhizophagus responses to an
attractive combination of host monoterpenes (Fig. 6).
Despite this, our evidence that trans-verbenol is detected
disproportionately by females during preoviposition and
oviposition stages suggests that this compound should be
investigated further as a possible secondary attractant.

Our studies of the question whether the presence of
olfactory stimulating compounds in the gut ofD. rhizophagus
adults depends on the life history stage or sex of the
beetles did not reveal clear patterns. The major compo-
nents of bark beetle aggregation or sex pheromones gen-
erally are detectable in only one sex or are produced in
different quantities by the sexes (Borden, 1982; Blomquist et
al., 2010). However, all six beetle-derived olfactory stimulants
were detected in both sexes ofD. rhizophagus, and there were
no significant differences between the sexes, except for trans-
verbenol, which was produced by beetle pairs infesting pines
in nature (Fig. 4). The quantity of trans-verbenol detected in
females was approximately 3–5 times greater than males
occupying the same galleries in the trees. This sexual dimor-
phism was not detected in beetles that were collected from
roots prior to emergence and forced to infest the host tissue in
the laboratory (Table 2, Fig. 3). In addition, it is known that

Fig. 3 Quantities (mean±SEM) of myrtenol isolated from Dendrocto-
nus rhizophagus adults excised from roots in the laboratory and either
sampled directly (“unfed”) or first confined on the bark of a pine log to
force them to initiate galleries. “Mining, solitary” beetles had mined
singly in the log for ~24 hr whereas "mining, paired" beetles had been
paired in a gallery with a mate for 24 hr, with the male introduced to
the log 24 hr after the female. For females (respectively, males), bars
labeled with the same lower case (respectively, upper case) letter
indicate no significant difference (LSD with Bonferroni adjustment,
α00.05). ANOVA and contrasts were performed on log transformed
data; the data shown here are the back-transformed means and back-
transformed standard error bars. The fractions indicate detections of
myrtenol/number of insects sampled
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over the course of host colonization, bark beetles exhib-
it large quantitative variation in the production of their
major pheromone components, i.e., increasing during
gallery initiation (coinciding with aggregation and pair-
ing) and then terminating or declining rapidly afterwards

(Borden, 1982; Wood D. L. 1982). However, quantities
of the six olfactory stimulants detected in D. rhizopha-
gus males and females attacking pines in nature did not
differ significantly before or after gallery construction
(Fig. 4).

Fig. 4 Quantities (mean±SEM) of olfactory stimulants isolated from
Dendroctonus rhizophagus individuals found in successive coloniza-
tion stages of pines in the field: myrtenal (a), cis-verbenol (b), trans-
verbenol (c), verbenone (d), and myrtenol (e). For females (respective-
ly, males), bars associated with the same lower case (respectively,
upper case) letter indicate no significant difference. An asterisk indi-
cates a significant difference between males and females within a pair

type (i.e., preoviposition or ovipositing) with respect to the quantities
produced (α00.05). ANOVA and contrasts were performed on log
transformed data; the data shown here are the back-transformed means
and back-transformed standard error bars. The olfactory stimulant,
fenchyl alcohol, that had been detected in laboratory-collected beetles
(Table 2) was not detected in this analysis
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All six of the olfactory stimulants detected in the beetles
have been isolated from and demonstrated behavioral activ-
ity as attractants, arrestants, or inhibitors with one or more
species of Dendroctonus bark beetles (Skillen et al., 1997;
Sullivan, 2005; Blomquist et al., 2010). Five of these com-
pounds (myrtenol, myrtenal, verbenone, and cis- and trans-
verbenol) were found previously in association with bark
beetle attacks on conifers. They are generated through the
oxidation of α-pinene either spontaneously by the exposure
of tree resin to the air or by oxidases from beetles or their
associated microorganisms (see Seybold et al., 2006 and
citations therein).

The beetle’s enzymatic oxidation of host-produced
α-pinene to these more water-soluble forms is a detoxifica-
tion mechanism which helps protect the beetles from this
defensive compound (Pierce et al., 1987; Tittiger et al.,
2005). Exposure to α-pinene vapors stimulates the ap-
pearance of these oxidation products in the adult midgut
and hindgut of several species of Dendroctonus including
D. rhizophagus and its sibling species, D. valens (Hughes,

1973, 1975; Renwick et al., 1973; Shi and Sun, 2010;
López et al., 2011). Given that the quantities of myrtenal,
myrtenol, verbenone, and verbenol did not differ signifi-
cantly in D. rhizophagus during colonization of a natural
host (Fig. 4), and that their production was stimulated in
both sexes by contact with the host (Table 2, Fig. 3), their
presence in D. rhizophagus most likely represents the
detoxification of α-pinene encountered during invasion
of the host tissues (Pierce et al., 1987; Byers, 1995). This
hypothesis is consistent with the overexpression that some
CYP genes shown in the D. rhizophagus pre-emerged
beetles gut exposed to α-pinene vapors and with our
observation that juvenile hormone III, a stimulant of pher-
omone production in bark beetles (Blomquist et al.,
2010), did not elicit the synthesis of these or any other

Fig. 5 Total numbers of Dendroctonus rhizophagus caught in funnel
traps baited with any of three electrophysiologically-active host mono-
terpenes (α-pinene, β-pinene, and 3-carene) or a 1:1:1 mixture of all
three. No interaction between sex and treatment was detected (ANOVA
on transformed data), and bars associated with the same letter indicate
no significant difference for total beetles trapped (i.e., sexes summed;
α00.05; Tukey’s test on log transformed data). The test was replicated
six times

Fig. 6 Total number of Dendroctonus rhizophagus caught in funnel
traps baited with a tertiary mixture of three hydrocarbon monoterpenes
(“Mix”; i.e., α-pinene, β-pinene, and 3-carene in a 1:1:1 ratio) either
alone or in combination with one or more beetle-derived,
electrophysiologically-active oxygenated monoterpenes [myrtenal,
trans-verbenol, verbenone, myrtenol, cis-verbenol, and fenchyl alcohol
(fenchol)]. A significant interaction between sex and bait treatment was
detected (ANOVA on log transformed data) but there were no treat-
ment effects on female catches. For males, data associated with (*)
were significantly different from the blank (an unbaited trap); those
with (+) were significantly different from the hydrocarbon monoter-
pene mix alone (LSD with Bonferroni correction for 17 contrasts; i.e.,
α00.003). The test was replicated ten times
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volatile compounds in hindguts of this species (authors’
unpublished data).

One of the olfactory stimulants isolated from the beetle’s
gut, verbenone, was found to elicit behavioral activity of the
beetles. It significantly reduced responses by male D.
rhizophagus to attractive baits (Fig. 6). Verbenone inhibits
responses by many bark and ambrosia beetles to attractants,
and has been classified an antiaggregation pheromone (e.g.,
Borden, 1996; Skillen et al., 1997; Lindgren and Miller,
2002a,b; Dodds and Miller, 2010). This compound likely
has received more effort at practical development as a tree
and stand protector than any other identified bark beetle
“repellent”. Dendroctonus rhizophagus does not aggregate
(Sánchez-Martínez and Wagner, 2009), and therefore, ver-
benone cannot be considered an ‘antiaggregation phero-
mone’ in this species. However, it could potentially
perform a parallel function, serving as an indicator that a
host has been fully utilized and is no longer suitable for
(further) colonization, as has been suggested for many bark
and woodboring beetles (Byers et al., 1989; Lindgren et al.,
1996; Lindgren and Miller, 2002a). Verbenone concentra-
tions associated with conifer host tissue tend to increase
following bark beetle infestation, likely due to the greater
exposure of α-pinene to the air and the action of oxidative
enzymes from beetles and associated microorganisms that
invade host tissues attacked by the beetles (Leufven and
Birgersson, 1987; Birgersson and Bergstrom, 1989; Hunt
et al., 1989; Hunt and Borden, 1990).

Our data indicate that the semiochemical system of D.
rhizophagus is very similar to that of its sibling species, D.
valens. As with D. rhizophagus, in D. valens: (1) both sexes
produce the oxygenated monoterpenes myrtenal, myrte-
nol, verbenone, and cis- and trans-verbenol during in-
festation of a host (Zhang and Sun, 2006; Shi and Sun,
2010); (2) myrtenol and trans-verbenol are the two most
abundant compounds produced by host-infesting beetles
(Shi and Sun, 2010); (3) the bicyclic acetals frontalin
and brevicomin, which are major components of Den-
droctonus aggregation pheromones, are undetectable in
beetles; (4) the host monoterpene 3-carene is an effective
trap bait either alone or in combination with α- and
β-pinene (Hobson et al., 1993; Sun et al., 2004; Erbilgin
et al., 2007); and (5) verbenone inhibits beetle response
to attractive host odors (Rappaport et al., 2001; Gillette
et al., 2006; Sun et al., 2006). Noteworthy differences
include: (1) greater production of trans-verbenol by fe-
male thanmale beetles that we observed inD. rhizophagus but
which was not detected in D. valens (Shi and Sun, 2010), and
(2) a modest enhancement of attractiveness of a host mono-
terpene lure by trans-verbenol and myrtenol was observed in
D. valens (Zhang and Sun, 2006), but not inD. rhizophagus in
the present study. Thus, the host/mate location semiochemis-
try of both species is characterized by a host-produced

primary attractant but apparently not by a potent pheromonal
compound.

This evidence for the overall similarity of the semio-
chemical systems of D. rhizophagus and D. valens contrasts
sharply with the conspicuous differences in their respective
host utilization and colonization behaviors. In D. rhizopha-
gus, only one or a few pairs of beetles kill and colonize
sapling-sized tree (Sánchez-Martínez and Wagner, 2009),
whereas D. valens colonizes mature trees; tree death is not
needed for successful reproduction (Wood S. L. 1982).

Despite their apparently differing requirements regarding
host tree death, D. valens and D. rhizophagus resemble one
another insofar as they can attack and reproduce in appar-
ently vigorous hosts without aggregating. Consequently,
selective pressures that have presumably favored the evolu-
tion and retention of aggregation pheromones in other ag-
gressive bark beetles species are similarly lacking in both D.
valens and D. rhizophagus. In D. rhizophagus as in other
species of its genus, females are the sex that locates and
establishes attacks on new hosts, whereas males must locate
established female galleries to reproduce. While females
presumably are attracted to 3-carene when locating a suit-
able host, the attraction of males by sex pheromone must be
investigated.

In summary, our results support the following prelimi-
nary outline for the semiochemical system of D. rhizophagus.
Host seeking females as well as mate seeking males are
guided to hosts by 3-carene and possibly additional host-
produced hydrocarbon monoterpenes. Secondary attractants
released by the beetles probably do not play an important role
in guiding beetles to hosts. However, the detection of greater
quantities of trans-verbenol in females suggests that this com-
pound must be investigated further as a possible secondary
attractant for males. Additionally, an attraction inhibitor pro-
duced by both sexes, verbenone, may function in signaling
unsuitability of colonized hosts to host- or mate-seeking D.
rhizophagus. Confirmation of these results will require in situ
field tests of attractive responses by D. rhizophagus to infested
and uninfested trees. Regarding practical applications of our
findings, 3-carene baits in conjunction with the trap design
and deployment methods described here may prove valuable
for the detection and monitoring of D. rhizophagus popula-
tions. Furthermore, the attraction inhibitor verbenone shows
potential for possible use in protecting trees and stands from
D. rhizophagus infestation.
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Abstract Sequestration of plant secondary metabolites is a
widespread phenomenon among aposematic insects. Sarmen-
tosin is an unsaturated γ-hydroxynitrile glucoside known from
plants and some Lepidoptera. It is structurally and biosyntheti-
cally closely related to cyanogenic glucosides, which are com-
monly sequestered from food plants and/orde novo synthesized
by lepidopteran species. Sarmentosin was found previously in
Parnassius (Papilionidae) butterflies, but it was not known
how the occurrence was related to food plants or whether

Parnassius species could biosynthesize the compound. Here,
we report on the occurrence of sarmentosin and related com-
pounds in four different Parnassius species belonging to two
different clades, as well as their known and suspected food
plants. There were dramatic differences between the two
clades, with P. apollo and P. smintheus from the Apollo group
containing high amounts of sarmentosin, and P. clodius and P.
mnemosyne from the Mnemosyne group containing low or no
detectable amounts. This was reflected in the larval food plants;
P. apollo and P. smintheus larvae feed on Sedum species
(Crassulaceae), which all contained considerable amounts of
sarmentosin, while the known food plants of the two other
species, Dicentra and Corydalis (Fumariaceae), had no detect-
able levels of sarmentosin. All insects and plants containing
sarmentosin also contained other biosynthetically related
hydroxynitrile glucosides in patterns previously reported for
plants, but not for insects. Not all findings could be explained
by sequestration alone and we therefore hypothesize that Par-
nassius species are able to de novo synthesize sarmentosin.

Keywords Parnassius (Papilionidae) . Sarmentosin .

Hydroxynitrile glucosides . Cyanogenic glucosides .

Sequestration . Biosynthesis

Introduction

Almost all plants and insects contain characteristic allelo-
chemicals with defensive properties. The chemical interac-
tions of insects and their food plants are variable and hard to
predict, and are dependent on types of chemicals, and the
insects’ ability to sense and avoid, sequester, degrade/trans-
form, or excrete chemicals as well as cost-benefit involved for
the plants and the insects. Sarmentosin is an unsaturated γ-
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hydroxynitrile glucoside (γ-HNG) (Fig. 1) known from plants
as well as butterflies and moths (Nishida, 1994; Nishida et al.,
1994; Nishida and Rothschild, 1995; Bjarnholt et al., 2008).
The importance and biological function of the compound is
not understood, although it is found in significant amounts in
both types of organisms, i.e., 500–650 μg/insect (Nishida
et al., 1994; Nishida and Rothschild, 1995) and up to 75 %
of total HNG content in a given plant (Bjarnholt et al., 2008).
In plants, sarmentosin is derived from the amino acid isoleu-
cine (Ile), and most often co-occurs with other Ile-derived
HNGs (Nishida, 1994; Bjarnholt et al., 2008) (Fig. 1). Com-
monly known are the α-HNGs, also denoted cyanogenic
glucosides (CNglcs) because they release hydrogen cyanide
(HCN) upon hydrolysis of the glucosidic bond. The HNGs are
mainly β-glucosides, and most plants that harbor CNglcs also
contain a β-glucosidase (BGD) committed to hydrolyzing the
compounds upon herbivore attack causing HCN release. The
CNglcs are thus considered to be part of the plants’ chemical
defense (Morant et al., 2008). Many CNglc-containing insects
have been reported to be cyanogenic, and some have been
shown to contain a correspondingβ-glucosidase (Franzl et al.,
1989), which may be released along with the CNglcs as a
defense mechanism. Insects that contain either sarmentosin or
the leucine (Leu)-derived analog sutherlandin are generally
known to be deterrent to many predators, and sutherlandin
itself has been reported to be deterrent to predating ants
(Braekman et al., 1982; Aldrich et al., 1990; Nishida et al.,
1994).

In Lotus japonicus, the six co-occurring Ile-derived α-, β-,
and γ-HNGs (Fig. 1) share the first step of the biosynthetic
pathway where Ile is converted to its corresponding oxime by a
cytochrome P450, CYP79D3 (Takos et al., 2011) (Fig. 2).
Furthermore, the presence or absence of the five non-
cyanogenic HNGs in this plant is determined by a single

recessive genetic trait, demonstrating a tight biosynthetic con-
nection between these compounds further downstream in the
pathway as well (Bjarnholt et al., 2008). Subsequent investiga-
tion of the pathway in L. japonicus has led to the proposed
pathway seen in Fig. 2 (Saito et al., 2012), however, some key
enzymes remain unknown. Sarmentosin is not present in L.
japonicus, but the typical co-occurrence with the remaining Ile-
derived HNGs in other plants renders it a likely product of
rhodiocyanoside A hydroxylation. Sarmentosin is, therefore,
presumably also biosynthetically linked to CNglcs and other
HNGs in plants (Fig. 2). The CNglcs are widespread in the
plant kingdom (Bak et al., 2006) and are also present in some
insects, especially butterflies and moths (Zagrobelny et al.,
2008). Insects either sequester the compounds from their food
plants or biosynthesize the compounds themselves, and some
are even able to do both (Zagrobelny et al., 2008). It is possible
that the situation is the same for sarmentosin (Nishida, 1994). It
has recently been established that the individual steps in CNglc
biosynthesis are the same in plants and insects, although cata-
lyzed by members of different subfamilies of the involved
cytochrome P450s and glucosyl transferases (Jensen et al.,
2011). Furthermore, the pathway of sequestration from plant
to insect appears to be the same for cyanogenic and non-
cyanogenic HNGs, as demonstrated for the larvae of the burnet
moth Zygaena filipendulae. These larvae naturally sequester
linamarin and lotaustralin from the food plant Lotus cornicula-
tus, which does not contain non-cyanogenic HNGs. When
reared instead on L. japonicus, Z. filipendulae also sequestered
the remaining HNGs found in this plant (Zagrobelny et al.,
2007a). In addition, the zygaenid moth Pryeria sinica was
reported to contain sarmentosin as well as linamarin and lotaus-
tralin, all of which also were found in its larval food plant
Euonymus japonicus (Nishida, 1994). This indicates that it
sequesters all HNGs from the food plant. On the other hand,
theMagpiemothAbraxas grossulariata (Geometridae) appears
to be able to de novo synthesize sarmentosin. The compound
was found in pupae as well as adults regardless of whether the
food plant was a Prunus species (only known to contain
phenylalanine-derived HNGs) or E. japonicus (Nishida et al.,
1994; Nishida and Rothschild, 1995). Several other Abraxas
moths have also been found to contain sarmentosin, most of
them after being reared on E. japonicus, but interestingly none
were reported to contain other HNGs (Nishida, 1994).

Sarmentosin was additionally found in two species of
Parnassius (Papilionidae) butterflies, P. apollo and P. smin-
theus1 (Nishida, 1994; Shepard and Manley, 1998). These
species are reported to feed on Sedum plants, which are

Fig. 1 Structure of sarmentosin and related cyanogenic and non-
cyanogenic glucosides described in this study

1 At the time of sampling P. smintheus was considered to be P. phoebus
and the results reported at such (Nishida, 1994). Later, the two species
were separated. Given the reported host plant and because P. phoebus
does not exist in the state of Washington, USA, where the butterflies
were sampled, the species investigated must have been P. smintheus
(Shepard and Manley, 1998).
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likely to contain sarmentosin, as the compound was first
isolated from S. sarmentosum (Lechtenberg and Nahrstedt,
1999) and subsequently found in S. stenopetalum (Nishida,
1994). There are no reports on other HNGs occurring in the
butterflies or the plants. In order to shed some light on the
possible co-occurrence and sequestration or biosynthesis of
various cyanogenic and non-cyanogenic HNGs in these
insects, we here report on the content of HNGs in four
different species of Parnassius butterflies and larvae, and
in their known and suspected food plants. Around 50 spe-
cies of Parnassius butterflies are known, mostly occurring in
areas in Central Asia, the Himalayas, and western China at
high altitudes. Based on phylogenetic analyses, they are
divided into eight clades (Michel et al., 2008; Omoto
et al., 2009). The species examined here belong to two clades
(Fig. 5): European P. apollo and North American P. smintheus
represent the Apollo group (subgenus Parnassius s.str.) feed-
ing onCrassulaceae, while European P. mnemosyne and North
American P. clodius represent the Mnemosyne group (subge-
nus Driopa) feeding on Fumariaceae.

Methods and Materials

Samples and Sampling Procedure To elucidate the presence
of sarmentosin and related compounds in Parnassius butterflies
and their respective food plants, four butterfly species (P.
smintheus, P. mnemosyne, P. apollo, P. clodius) and four plant
species representing Crassulaceae (S. telephium ssp. maximum,
S. lanceolatum) and Fumariaceae (Dicentra uniflora,Corydalis
solida) were sampled as summarized in Table 1. All samples
were collected alive in the field, where they were frozen quick-
ly and subsequently transported on dry ice to Copenhagen
University. Here, the samples were kept at −80°C until they
were extracted and analyzed according to the procedures
below.

Extraction Procedure Metabolites were extracted from fro-
zen samples with 55 % MeOH containing 0.1 % formic acid
and 0.044 mM amygdalin (phenylalanine derived CNglc) as
internal standard. Butterfly samples were crushed with a mor-
tar and pestle (in some cases with wings and body as separate

Fig. 2 Biosynthesis of Ile-derived HNGs and linamarin as known
from plants and insects. Lj0Lotus japonicus, Me0Manihot esculenta,
Zf0Zygaena filipendulae, CYP0cytochrome P450, FMO0flavin
monooxygenase, OGDD02-oxoglutarate-dependent dioxygenase.
CNglc pathway in plants and insects: The first cytochrome P450
catalyzes the conversion of amino acids to oximes, and the second
converts oximes to α-hydroxynitriles, most likely via a nitrile interme-
diate. The α-hydroxynitriles are glucosylated to CNglcs by family 1
UDP-glycosyl transferases (Takos et al., 2011). In L. japonicus, the
pathway for non-cyanogenic HNGs share the first step with the CNglc

pathway (Bjarnholt et al., 2008), the second step is catalyzed by an
unknown cytochrome P450 converting the Ile-derived oxime to the
corresponding nitrile (Saito et al., 2012). The following steps towards
the β- and γ-hydroxynitriles are unknown but hypothesized to be
catalyzed by any of the mentioned oxygenases or combinations of
them (Saito et al., 2012), and the putative UGT(s) finally producing
the β- and γ-HNGs has not been identified yet either. In sarmentosin
producing plants, the extra hydroxylation can take place before or after
glucosylation and may be catalyzed by CYPs or FMOs
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samples), while plant samples were crushed in an eppendorf
tube with a plastic pestle. Both sample types were subsequent-
ly passed through an anopore 0.45 mm filter (Whatman).

LC-MS Analyses The extracts were analyzed by LC-MS in
their year of collection and subsequently stored at −20°C. All
extracts were re-analyzed together in 2011 to be able to
compare samples from different years, and the resulting chro-
matograms had not changed during storage of extracts (data
not shown). All samples were diluted four times with water
before analysis by LC-MS. Analytical LC-MS was carried out
using an Agilent 1100 Series LC (Agilent Technologies, Ger-
many) coupled to a Bruker HCT-Ultra ion trap mass spec-
trometer (Bruker Daltonics, Bremen, Germany). A Zorbax
SB-C18 column (Agilent; 1.8 μM, 2.1 × 50 mm) was used
at a flow rate of 0.2 ml/min. The oven temperature was
maintained at 35°C. The mobile phases were: A, water with
0.1 % (v/v) HCOOH and 50μM NaCl; B, acetonitrile with
0.1 % (v/v) HCOOH. The gradient program was: 0 to 0.5 min,
isocratic 2%B; 0.5 to 7.5 min, linear gradient 2 to 40%B; 7.5
to 8.5 min, linear gradient 40 % to 90 % B; 8.5 to 11.5
isocratic 90 % B; 11.60 to 17 min, isocratic 2 % B. The flow
rate was increased to 0.3 ml/min in the interval 11.2 to
13.5 min. The mass spectrometer was run in positive electro-
spray mode. Mass spectral data were analysed with the native
DataAnalysis software. Sodium adducts of sarmentosin (m/z
298, retention time (rt) 1.8 min), linamarin (m/z 270, rt
2.6 min), rhodiocyanoside A (m/z 282, rt 4.6 min), lotaustralin
(m/z 284, rt 5.5 min), β-HNGs (ribesuvanins and rhodiocya-
nosides D+E)(m/z 282+284, rt 4.0-4.5 min) and amygdalin

(m/z 480, rt 6.6 min) (Fig. 3) were detected and compared to
standards of linamarin, lotaustralin, and sarmentosin. Total
amounts of HNGs were estimated based on peak areas and
quantified by injection of known amounts of linamarin,
lotaustralin, and sarmentosin. As the ionization efficiency of
linamarin, lotaustralin, and rhodiocyanoside A under these
analytical conditions is the same (Bjarnholt et al., 2008), all
rhodiocyanosides and ribesuvanins were quantified using the
standard curve for lotaustralin.

Estimation of P. apollo Larval Leaf Consumption The food
and energy budget of P. apollo reared in the semi-natural
colony was experimentally estimated in 1996, 1997, and
2003 as described in detail for 1996 (Kędziorski et al.,
1997). These numbers were used to calculate the esti-
mated average amount of sarmentosin ingested by larvae
(Table 2). Only the two last instars were considered, as
the amount of food consumed at earlier instars is relatively
small.

Results

Four different species of Parnassius butterflies were analyzed
for their content of linamarin, lotaustralin, and the suite of
known Ile-derived HNGs, including sarmentosin. The speci-
mens of P. apollo had been reared in a semi-natural open-air
colony and fed with food plants freshly collected in their
natural biotopes, whereas the remaining three species origi-
nated from three different native habitats. In the cases of P.

Table 1 Summary of insect and plant sampling

Parnassius sp. Food plant Year No of specimens Locality

Insectsa Plantsb

P. apollo ssp. frankenbergeric Sedum telephium ssp. maximum 2010 7(L), 8(A,M),
5(A,F)

16 (l)d Poland: Pieniny National Park,
semi-natural colony

P. clodius Dicentra uniflora (Du) 2009 3(A,M), 3(A,F) 2(Sl)(l+f) USA:Moran, WY

S. lanceolatum (Sl) 2010 5(A,M)),
3(A,F) 1(L)

3(Sl)(l),
3(Du)(l)

2011 8(A,M)

P. mnemosynee Corydalis solida 2010 - 10 (l) Poland: Pieniny National Park

2011 2(A,M) 8 (l)

P. smintheus S. lanceolatum 2011 8(A) 10 (l) Canada: Jumpingpound Ridge,
Alberta, (50.95 °N, 114.91 °W)

a Insects 0 larvae (L), adults (A), males (M), females (F)
b Plants 0 leaves (l), flowers (f)
c According to permission of the Ministry of Environment (DOP/pn–4102–285–13235/10/RS) and General Director for Environmental Protection
(DOPozgiz-4200/I-28/1261/10/km)
d Half of the samples were undamaged by insects and half had grazing marks
e According to permission of the Ministry of Environment (DOP/pn–4102–243–14230/11/RS) and General Director for Environmental Protection
(DOP.OZGIZ-6401.01.81.2011.JRO)
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apollo and P. clodius, it was possible to analyze both larvae
and adults, while only adults were available from the other
species. Samples of plants known to or suspected to have
served as the food plants of the larvae were also analyzed.
The results on the overall occurrence of the compounds are
shown in Table 3 (for details on number of replicates etc., see
Table 1). Corydalis solida did not contain any of our com-
pounds of interest, and in P. clodius from 2009 and 2010 we
found only linamarin and lotaustralin. In the remaining plant
and insect species, we found lotaustralin co-occurring with
sarmentosin and/or the other Ile-derived HNGs, and/or some-
times with linamarin. Although it is not surprising that these
compounds co-occur, this is the first report of rhodiocyano-
sides and ribesuvanins found in insects reared on a natural diet.
Some of these compounds were found previously in Z. fili-
pendulae, but only when larvae were reared on a species of
Lotus, which was not their natural food plant (Zagrobelny
et al., 2007a). To our knowledge, this is also the first report
of CNglcs in the Fumariaceae (D. uniflora). The analyzed
Sedum plants (Crassulaceae) had similar amounts of sarmen-
tosin, lotaustralin, rhodiocyanoside D, and ribesuvanins across
years and continents, but at least in the USA S. lanceolatum
has the ability to produce linamarin and rhodiocyanoside A as
well. Also, to the best of our knowledge, presence of linamarin

has not been reported previously in the Crassulaceae, although
several members of this order contain Ile-derived HNGs
(Bjarnholt and Møller, 2008).

Sarmentosin was found in three of the four analyzed
Parnassius species (Table 3). In P. smintheus and P. apollo,
the levels were respectively 602±74 and 845±151 μg per
individual adult. It is noteworthy that the P. smintheus imagi-
nes were on average approximately one third the size of the P.
apollo imagines (130 vs. 420 mg). This means that the con-
centrations found in P. smintheus were almost three times
higher than those found in P. apollo, as can be seen from
Fig. 4. The total amounts are in accordance with the previous-
ly reported levels of 460 μg per individual for P. smintheus
[Clade I (Omoto et al., 2009)], whereas the amount of sar-
mentosin found in P. apollo has to our knowledge not been
published (Nishida, 1994; Nishida and Rothschild, 1995).
Furthermore, the reported levels in various Abraxas moths
are 270–670 μg per individual, and in one species of Ypono-
meuta moth 120 μg per individual (Nishida, 1994; Nishida
et al., 1994). On the other hand, we found no sarmentosin in
any individuals of P. mnemosyne from 2011, and in P. clodius
the occurrence varied among the 3 years they were collected;
furthermore, when sarmentosin was present, the level was very
low (~0.5 μg/individual).

Fig. 3 Extracted ion
chromatograms from LC-MS
analyses of Sedum lanceolatum
from 2009 USA illustrating the
peaks of HNGs. The peak with
a retention time of approxi-
mately 4 min and the same m/z
value as sarmentosin is an
unidentified glucoside
(as determined by MS/MS-
analysis, data not shown)
which was not found
in the insects

Table 2 Estimated average
larval leaf consumption for late
instars of Parnassius apollo
(Kędziorski et al., 1997)

aEarly 0 larvae hatched in
February; Late 0 larvae
hatched mid March

Series Sex Energy budget (kJ) Sedum telephium (kJ/g FW) Consumption (g FW)

L4 L5 L4 L5 L4+L5

I (early)a F 5.8 47.7 1.392 4.2 34.3 38.4

M 4.6 29.5 1.392 3.3 21.2 24.5

II (late)a F 7.2 25.3 1.392 5.2 18.2 23.3

M 8.8 25.6 1.392 6.3 18.4 24.7
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The larvae that gave rise to the examined P. apollo adults
were from a batch of early hatched larvae, and their average
leaf consumption can be estimated to be approximately 25 g for
males and 38 g for females (Table 2). The difference is mainly
due to sex differences in duration of the last instar
(Kędziorski et al., 1997). The sarmentosin content of 25 g of
S. telephium is approximately 1000 μg [40 μg/g FW (Fig. 4)],
which is within the confidence interval (P<0.05) for the
amount found in P. apollo adults (roughly 850 μg/individual
±150 μg). The “concentration factor” from larval food plant to
imago was 55 (data from Fig. 4: CP. apollo : CS. telephium02.2 μg/
g : 0.04 μg/g). Interestingly, this factor for the other species
containing high sarmentosin amounts was essentially the same
(CP. smintheus : CS. lanceolatum05.9 μg/g : 0.1 μg/g059). As seen
from Fig. 4, the remaining HNGs were not concentrated from
food plant to butterflies.

For S. telephium and C. solida, intact leaves as well as
leaves that had been damaged by larval feeding were ana-
lyzed. There were no differences in the amount of HNGs due
to grazing stress (data not shown), and this had also previously
been observed in S. lanceolatum in Canada for sarmentosin
only (our unpublished results). This is consistent with the
traditional perception that CNglcs – and possibly also the
other HNGs – are phytoanticipins, and that the plants’ induc-
ible defense involves different compounds. There were no
differences in the type or amounts of compounds between
males and females in P. apollo and P. clodius (data not
shown), although differences between the sexes were previ-
ously shown for linamarin and lotaustralin in Z. filipendulae

adults (Zagrobelny et al., 2007b). Adult specimens of P.
apollo and P. clodius from 2010 were divided into wings
and body, which were extracted separately, and it was evident
that 30–40% of the sarmentosin content of the entire P. apollo
butterflies was present in the wings (Table 4). Since the body
is much heavier than the wings, wings actually contain up to
10 times as much sarmentosin per mg fresh weight. This was
shown previously to also be the case for P. phoebus from the
US (Nishida and Rothschild, 1995).

Discussion

Many Lepidoptera are strongly associated with poisonous
plants and sequester toxic compounds instead of or in addition
to manufacturing their own (Nishida, 1994, 2002; Opitz and
Muller, 2009). The potential of insects to take up, transport, and
sequester plant derived defense compounds to their own benefit
probably derives from their general nutrient uptake system,
which has a broad selectivity for transport of plant glucosides.
If food plants provide compounds that match the substrate
profile of the larval transport systems, the larvae have a high
probability of adopting compounds into their defense system
(Kunert et al., 2008; Zagrobelny and Møller, 2011). At first
sight, the results of our study present a case of sequestration, in
that the patterns of compounds found in larvae and butterflies
roughly reflect those found in the food plants. However, some
specimens contained “extra compounds” (Table 3). Larvae of
the P. apollo ssp. frankenbergeri feed almost exclusively on S.

Table 3 Occurrence of HNGs in butterflies and their known and suspected food plants

Butterfly/plant Year Sarmentosin Rhodio Aa β-HNGsb Lotaustralin Linamarin

USA

Parnassius clodius adults 2009 - c - - + (+)

adults/larva 2010 −/− −/− −/− (+)/+ (+)/-

adults 2011 + + - + +

Dicentra uniflora leaves 2010 - + + + +

Sedum lanceolatum flowers/leaves 2009 + + + + +

leaves 2010 + (+) + + -

Poland

P. apollo adults/larvae 2010 +/+ +/+ +/+ (+)/(+) -

S. telephium leaves 2010 + - + + (+)

P. mnemosyne adults 2011 - + - + (+)

Corydalis solida leaves 2010 - - - - -

leaves 2011 - - - - -

Canada

P. smintheus adults 2011 + + + + -

S. lanceolatum 2011 + - + + -

a Rhodio A 0 rhodiocyanoside A
bβ-HNGs include rhodiocyanoside D and E and the ribesuvanins
c + 0 present; (+) 0 present in a few of the examined specimens; - 0 not detected
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telephium spp. maximum, so this was the only food plant
made available to the specimens in the semi-natural
colony (Nakonieczny and Kedziorski, 2005). The pattern
of compounds found in the insects and the food plant was the
same, except for the presence of rhodiocyanoside A in larvae
and butterflies. As this compound is likely to be the biosyn-
thetic precursor of sarmentosin it could have been present in the

food plant at other time points or in different tissues from the
ones sampled. The same applies for the rhodiocyanoside A
found in the sampled P. smintheus; the Canadian samples of
its food plant S. lanceolatum (Matter et al., 2003) did not
contain this compound, although S. lanceolatum from USA
did. Furthermore, larvae of P. clodius are known to feed on D.
uniflora (Scott, 1986), which did not contain sarmentosin,

Fig. 4 Quantitative CNglc and
β- and γ-HNG contents
of the analyzed butterflies
(Parnassius) (panel a) and
their known and suspected
food plants (Dicentra, Sedum,
Corydalis) (panel b)

Table 4 Distribution of HNGs between body and wings in Parnassius apolloa

Average weight
(mg±s.d.b)

Lotaustralin
(μg±s.d.b)

Sarmentosin
(μg±s.d.b)

Rhodio A
(μg±s.d.b)

β-HNGs
(μg±s.d.b)

P. apollo body 361±120 0.26±0.21 542±155 0.13±0.14 0.38±0.33

% of totalc 88 66

P. apollo wings 48±12 0.06±0.05 279±80 0.05±0.05 0.06±0.04

% of totalc 12 34

a Results for P. clodius were not included in the table since the only detectable compound was linamarin, in very low amounts and not in all samples
bP<0.05
c Percentages were not included when amounts of compounds were very small and standard deviations were high
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whereas P. clodius butterflies from 2011 did. It is also possible
that these plants contain sarmentosin in different tissues from
those sampled here, but other plants are known which produce
rhodiocyanoside A without producing sarmentosin (Bjarnholt
et al., 2008). Because of the limited total biomass available
from the food plant D. uniflora and the co-occurence of S.
lanceolatum at the population site, we wondered whether P.
clodius specimens collected at this location may have supple-
mented their diet with S. lanceolatum. The presence of sarmen-
tosin in S. lanceolatum supports this hypothesis, but it is also
possible that the P. clodius specimens from 2011 have synthe-
sized the compound, either de novo or by hydroxylation of
rhodiocyanoside A sequestered from D. uniflora. The P. mne-
mosyne butterflies contained little or none of our compounds of
interest, and in the food plantC. solida there were no detectable
levels at all. This Parnassius species feeds exclusively on
Corydalis ssp. (Turlin and Malin, 2005), and to our knowledge
there are no other reports of HNGs in Corydalis. The present
results, therefore, indicate that P. mnemosyne can biosynthesize
HNGs, unless the compounds found in the butterflies originate
from tissues orCorydalis species not analyzed. In all cases, it is
theoretically possible that the compounds found in insects, but
not in food plants, were bio-concentrated from undetectable
levels in plants to detectable levels in insects. On the other
hand, the remaining results show that sarmentosin is the only
compound that is concentrated from plant to insect.

Interestingly, in larvae and butterflies of P. apollo and P.
smintheuswhere the sarmentosin content was high, the content
of the remaining HNGs were several orders of magnitude
lower (Fig. 4). This is in stark contrast to the pattern found in
the food plants where the levels of the different HNGs were of
comparable magnitude. Similar HNG levels were previously
also observed in plants from the genera Rhodiola, Ribes, and
Lotus (Bjarnholt et al., 2008). From the report of co-occurring
sarmentosin, lotaustralin, and linamarin in Pryeria sinica, it
seems that the levels of the compounds were more equal in this
species, but there are no exact measurements stated (Nishida,
1994). The dramatic increase in the ratio of sarmentosin to the
remaining HNGs in P. apollo and P. smintheus demonstrates
clearly that there is preferential accumulation in these species.
This could be achieved either by preferential uptake of sar-
mentosin, preferential degradation of the remaining HNGs, or
by de novo synthesis of sarmentosin. As previously men-
tioned, the uptake system in Z. filipendulae larvae does not
appear to discriminate between CNglcs and other HNGs
found in the food plant, and the ratio between the different
CNglcs linamarin and lotaustralin is influenced by the ratio in
the food plant at the larval stage (Zagrobelny et al., 2007a).
During pupation, this changes to almost identical ratios of
compounds in the imagines, irrespective of food plant com-
position (Zagrobelny et al., 2007a). Simultaneously, the total
amount of CNglcs decreases (Zagrobelny et al., 2007a), indi-
cating that the changed ratio is obtained by preferential

degradation, but in P. apollo the preferential accumulation of
sarmentosin appears already at the larval stage (Fig. 4). De
novo synthesis of CNglcs is a widespread phenomenon in
Papilionoidea, where imagines of butterflies from the Helico-
niinae, Acraeinae, Nymphalinae, and Polyommatinae groups
have been shown to accumulate linamarin and often lotaus-
tralin, which is probably achieved by biosynthesis of the
compounds (Engler et al., 2000; Turlin and Malin 2005;
Rebourg et al., 2006). The ability to produce CNglcs has also
been proposed to be present in all species of Zygaenidae
(Zagrobelny et al., 2008). When the biosynthetic pathway
was recently resolved for Z. filipendulae (Jensen et al. 2011),
it was found to be highly similar to the pathways known from
plants (Takos et al., 2011), although clearly convergent. In L.
japonicus, it appears likely that only two more enzymes are
necessary to produce all the non-cyanogenic HNGs, and they
could very well be closely related to the two cytochromes
P450 already known to be involved in the pathway (Bjarnholt
et al., 2008; Takos et al., 2011; Saito et al., 2012). As previ-
ously mentioned, biosynthesis of sarmentosin presumably
only requires an additional hydroxylation of rhodiocyanoside
A, a reaction frequently used by insects to handle sequestered
toxins (Langel and Ober, 2011; Pinto et al., 2011) and possibly
present in P. clodius if it does not feed on S. lanceolatum.
Given the similar structure of the CNglc biosynthetic pathway
in insects and plants, it is likely that some insects could also
possess the few additional enzymes needed to produce the
remaining compounds as suspected for the Abraxas species
(Nishida, 1994; Nishida et al., 1994).

The calculations of larval sarmentosin intake for the two
Parnassius species from the Apollo group are based on esti-
mates of larval leaf intake and variable sarmentosin concen-
trations in plants. However, they show that sequestration
efficiency must be quite high if all the sarmentosin found in
the male insects originate from sequestration during the larval
stage. The literature contains few attempts to quantify seques-
tration of plant secondarymetabolites by insects, but in general
significantly less than 100 % of ingested compounds can be
recovered in the insects. Furthermore, the concentration factors
from larval food plant to imagines are much lower than the
values of 55–60 found for P. apollo and P. smintheus in the
present study. Larvae of Heliconius butterflies sequester
CNglcs derived from the non-protein amino acid cyclopen-
tenyl glycine from their Passifloraceae food plants, and in
some cases possibly also minor amounts of linamarin and
lotaustralin. Some or all of them are also able to biosynthesize
linamarin and lotaustralin. In an extensive study of different
Heliconius species reared on different Passiflora plants, the
concentrations of CNglcs were measured in the butterflies and
the food plants (Engler-Chaouat and Gilbert, 2007). No
attempts were made to quantify sequestration, but the concen-
trations found in butterflies were generally equal to or much
less than concentrations in the food plants, with few examples
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of a 6–10 fold increase.2 Our unpublished results indicate that
Z. filipendulae larvae sequester around 80–85 % of CNglcs
present in the leaves they eat, with the rest being lost due to
degradation andHCN release during chewing. Before reaching
maturity, Zygeana species lose additional CNglcs by at least
two routes: degradation during pupation and degradation dur-
ing the larval stage, where they have been shown to be contin-
uously surrounded by a HCN “cloud” (Witthohn and
Naumann, 1987; Zagrobelny et al., 2007a, b). In the case of
Z. filipendulae, the concentration factor from larval food plant
to adult moth was around 3 when the larvae were reared on
natural food plants (Zagrobelny et al., 2007a). Larvae of The-
ssalia leanira fulvia (Nymphalidae) sequester iridoid glyco-
sides (IGs) from Castilleja integra. Cultured larvae reared on
this food plant contained IGs to the same order of magnitude as
the plant tissue, and so did the larval frass (Mead et al.,
1993), clearly demonstrating less than 100 % sequestra-
tion. Among Papilionidae sequestering non-glucosidic com-
pounds such as aristolochic acids, quinolizidine alkaloids, or
pyrrolizidine alkaloids, the recovery of compounds in larvae
can be estimated to correspond to either 0.5-50 % of ingested
compounds, or up to 1 g of plant material (Montllor et al.,
1990; Vonnickischrosenegk and Wink, 1993; Pinto et al.,
2011).

All in all, it appears somewhat unlikely that the P. apollo
and P. smintheus larvae should have sequestered and retained
all the sarmentosin ingested with their food plant. At the same
time, not all HNGs found in P. clodius and P. mnemosyne can
be unequivocally accounted for by sequestration, and there is
also the question of the presence of rhodiocyanoside A in P.
apollo and P. smintheus. Based on this, we hypothesize that
Parnassius species are capable of biosynthesizing HNGs. We
propose that a pathway for production of all HNGs evolved in
the common ancestor of Zygaenoidea and Papilionoidea
(Fig. 5) or even earlier. This made that ancestor able to
produce all of the different Ile-derived HNGs and also
valine-derived linamarin, which is biosynthesized by the same
enzyme system as lotaustralin in insects and plants (Jensen
et al. 2011; Takos et al., 2011). If the Abraxas moths (Geo-
metridae) are indeed capable of biosynthesizing sarmentosin,
the pathway must have evolved even before this branch was
split from Zygaenoidea and Papilionoidea (Fig. 5). During
evolution, some branches must have specialized to produce
only one or two compounds, and some branches lost the ability
altogether. However, most species in all branches probably
retained the ability to handle and detoxify the compounds,
since HNGs are widespread in plants (Bjarnholt and Møller,

2008), making it easy for species to sequester the compounds
from newly colonized food plants during evolution.

Parnassius butterflies are divided into eight clades
(Omoto et al., 2009) (Fig. 5). Clade I which is the most basal
split on the Parnassius species tree, comprise species feeding
on Crassulaceae, mainly Sedum spp., and in one instance
Saxifragaceae (Michel et al., 2008), with several species from
both plant families having been shown to contain sarmentosin
(Nishida and Rothschild, 1995; Bjarnholt et al., 2008). The
other seven Parnassius clades feed on Fumariaceae, mostly
onCorydalis species, and in one instance on Scrophulariaceae
(Michel et al., 2008), so far not shown to contain sarmentosin.
According to molecular data Parnassius underwent a major
speciation event some 24.3±4.1 MY BP (Omoto et al., 2009)
which probably resulted in a shift from ancestral food-plants
(possibly Aristolochiaceae) onto Crassulaceae and Fumaria-
ceae (Rebourg et al., 2006; Michel et al., 2008). We hypoth-
esize that Parnassius butterflies were able to biosynthesize
HNGs even before they colonized Crassulaceae since the
ability came from a proposed Ditrysian ancestor (Fig. 5). They
were then immediately able to sequester the encountered
compounds, when colonizing Crassulaceae, and this would
have enabled them to conserve energy from the production of
defense compounds. Their own biosynthetic activity may then
have become lower over time, because it was not necessary to
maintain a high activity anymore. The later shift to Fumaria-
ceae as food plant probably entailed a shift in defense com-
pounds as well, as D. uniflora contains poisonous alkaloids
that P. clodius is suspected of sequestering, and C. solida
apparently does not contain HNGs at all, rendering it unfa-
vorable for P. mnemosyne to base its chemical defense on
these compounds. This could be the reason why we found
only trace amounts of HNGs in the Mnemosyne clade and
why P. mnemosyne has apparently lost the ability to perform
the last step of sarmentosin biosynthesis and accumulates
rhodiocyanoside A instead.

Whether the sarmentosin found in P. apollo, P. smintheus,
and P. clodiuswas a result of sequestering and/or biosynthesis,
the high amounts and the comparatively low amounts of the
remaining HNGs found in the two first species clearly show
that sarmentosin is of importance to these larvae and butter-
flies. The observation that the sarmentosin concentrations
were much higher in wings than in the bodies of all analyzed
sarmentosin-containing specimens is consistent with sarmen-
tosin being a defense compound, since wings and their scales
are the first thing a predator comes in contact with when
attacking a butterfly. In addition, P. apollo is avoided by naive
chicks, either initially or after a few attacks (Bohlin et al.,
2008). Likewise, Abraxas moths are known to be deterrent to
a long list of predators (Nishida et al., 1994). The young black
Apollo larvae are hard to detect by predators, while the col-
ored spots appearing later significantly increase larval con-
spicuousness (Bohlin et al., 2008). This could be linked to the

2 The concentrations stated are based on dry weight of insects and
plants. Our calculations of concentration factors are based on the
assumption that butterfly and plant dry matter constitute approximately
20 % and 10 % respectively.
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lower amounts of sarmentosin presumably present during the
first few instars where the larvae have not yet had the opportu-
nity to sequester or biosynthesize as much sarmentosin as
compared to later instars. Larvae ofP. smintheus show a similar
pattern with conspicuous yellow markings generally appearing
after the second instar, whereas P. clodius larvae are more
cryptic in coloration patterns, brown in background color with
small dark brown and cream colored spots. Likewise, P. apollo
and P. smintheus butterflies both have large and distinct red
spots on their wings, suggesting aposematism, whereas the
spots on adult P. clodius are smaller and more variable in color,
and adult P. mnemosyne have no spots at all.

The mechanism by which sarmentosin might work as a
defense compound is not known. In plants, the action of the
non-cyanogenic HNGs is most likely mediated by BGD-

hydrolysis, as L. japonicus contains BGDs committed to
rhodiocyanoside hydrolysis (Takos et al., 2010), and our
unpublished results for eight cultivars of gooseberry show
that sarmentosin is hydrolyzed upon tissue disruption. Insects
may also possess such BGDs, but the γ-hydroxynitrile result-
ing from sarmentosin hydrolysis (Fig. 6) will not release HCN
as do the α-hydroxynitriles derived from CNglcs hydrolysis.
The hypothetical defensive effect of sarmentosin could simply
be related to the reported bitterness of the intact compound
(Nishida et al., 1994), which could also be the cause of the
repellency towards predating ants reported for the Leu-derived
analog, sutherlandin (Braekman et al., 1982). On the other
hand, a number of reaction schemes may also be envisioned to
transform sarmentosin into more potent compounds as de-
scribed in Fig. 6 and the following. First, a related compound

Fig. 5 Overview of
sarmentosin, linamarin and
lotaustralin occurrence in
Ditrysian insects

Fig. 6 Proposed schemes for production of toxic or deterrent compounds from sarmentosin. BGD 0 β-glucosidase, ROS 0 reactive oxygen
species, HNL 0 hydroxynitrile lyase. All enzymes are putative
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has been identified in S. cepaea, namely sarmentosin epoxide
(Fig. 6) (Nahrstedt et al., 1982). The epoxide group can be
hydrolyzed, causing the formation of a free α-hydroxynitrile
moiety (SchemeC, Fig. 6). The reaction has been demonstrated
to be accelerated in the presence of rat liver microsomes con-
taining epoxide hydrolases (Nahrstedt et al., 1982). We inves-
tigated the possibility that the presently analyzed plants or
insects also contained sarmentosin epoxide, but did not find
clear evidence of the compound or its possible degradation
products (scheme C, Fig. 6) being present. However, the com-
pound may represent an activated form of sarmentosin, the
production of which could depend on an enzyme released upon
cell disruption, as is the case for the CNglc-BGD system, or
upon epoxidation by reactive oxygen species. Alternatively, the
action of sarmentosin may depend on BGD-mediated hydroly-
sis, which could lead to defense in several hypothetical ways: 1.
HCN release from γ-hydroxynitriles by an unknown mecha-
nism, probably enzyme-mediated (scheme A, Fig. 6); 2. Tox-
icity or deterrent effects of the γ-hydroxynitrile itself; 3.
Nitrilase-mediated formation of a lactone, isosiphonodin
(scheme B, Fig. 6) as we have previously suggested (Bjarnholt
and Møller, 2008). So far, there is no experimental evidence to
support possibilities 1 and 2, but isosiphondin has been found
in several Yponomeuta larvae (Yponomeutidae) and in small
amounts in E. europaeus on which some of them feed (Fung et
al., 1988). As previously mentioned, one Yponomeuta moth
and E. japonica contain sarmentosin (Nishida, 1994). Isoso-
phonodin was subsequently also found in roots of S. telephium
(Fung et al., 1990), and its glucoside, β-miroside, has been
isolated from a gymnosperm,Prymnopitys ferruginea (Lorimer
et al., 1995). In addition, analogous lactones and corresponding
glucosides suspected to be derived from Leu-derived hydrox-
ynitrile compounds in plants have been found in larvae and
adults of true bugs (Braekman et al., 1982; Aldrich et al., 1990),
and similar lactones and corresponding glucosides have been
identified in various plants (Fung et al., 1988; Lorimer et al.,
1995). Antifungal, antibacterial, and/or cytotoxic activities
have been reported for β-miroside and several of the related
compounds (Fung et al., 1988; Lorimer et al., 1995). We did
not find any evidence of lactones in the analyzed specimens in
this study either, but the analytical method was not optimized
for such compounds. More importantly, if isosophonodin has a
biological activity, sarmentosin could also in this case be the
storage form that is enzymatically activated upon attack by
predators and, therefore, not found in the intact insect.

This study has demonstrated that sarmentosin and related
HNGs can be found in Crassulaceae-feeding Parnassius spe-
cies as well as species feeding on Fumariaceae, albeit in highly
variable amounts. Since the members of the remaining clades
also feed on Fumariaceae species, it is likely that HNGs are
widespread in this genus, just as is the case for sarmentosin in
the Abraxas genus (Nishida, 1994) and for CNglcs in the
Zygeana and Heliconius genera (Engler-Chaouat and Gilbert,

2007; Zagrobelny et al., 2008). Based on the observed discrep-
ancies between occurrence of specific compounds in butterflies
and known food plants, and on the apparently high accumula-
tion of sarmentosin in P. apollo and P. smintheus, we have
hypothesized that Parnassius species possess a biosynthetic
pathway for production of HNGs. This has also been suggested
for Abraxas, and is known to be the case for Zygeana and
Heliconius (Nishida, 1994; Engler-Chaouat and Gilbert, 2007;
Zagrobelny et al., 2008). The presence of such a biosynthetic
pathway remains to be experimentally verified, e.g., by con-
trolled feeding of the larvae or biochemical investigations of
enzymatic activities. If the larvae are not able to de novo
synthesize the compounds, the present study demonstrates a
highly efficient selection for sarmentosin accumulation in spe-
cies of the Apollo clade. Lack of such a biosynthetic pathway
would also indicate that at least the populations of species from
the Mnemosyne clade sampled in this study are or can be
polyphagous since they apparently can not sequester all the
observed compounds from their known food plants. It is of
great interest to researchers from the insect as well as the plant
field to uncover the biological role of sarmentosin and other
non-cyanogenic HNGs, but this is more complicated. As a first
step, it should be determined if any of the schemes in Fig. 6 can
be verified, in order to identify compounds that may be tested
for effects on predators, mates etc.
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Abstract Flavonoids in the hemolymph of European pine
sawfly (Neodiprion sertifer) larvae that were feeding on
Pinus sylvestris needles were identified. HPLC–ESI–MS
analysis revealed that the main components in the hemo-
lymph were flavonol di- and triglucosides and a catechin
monoglucoside. These compounds were isolated from the
larval hemolymph and their structures were established by
HPLC–MS, GC–MS, and NMR spectroscopy. The isolated
flavonoids were identified as (+)-catechin 7-O-β-glucoside,
isorhamnetin 3,7,4′-tri-O-β-glucoside, kaempferol 3,7,4′-
tri-O-β-glucoside, and quercetin 3,7,4′-tri-O-β-glucoside.
The combined concentration of these four compounds in the
hemolymph was 3.7 mg/ml. None of these compounds was
present in the needles of P. sylvestris. Therefore, we propose
that the flavonoid glucosides were produced by the larvae
from flavonoid monoglucosides and (+)-catechin obtained
from the pine needles.

Keywords European pine sawfly . Scots pine .

Hemolymph . Flavonoid glycosides . Hymenoptera .

Diprionidae

Introduction

Plants have evolved several strategies that protect them
against insect herbivores. One option is to produce secondary

metabolites such as alkaloids, phenolic compounds, or terpe-
noids, which may reduce the palatability of plant material or
make it deterrent to herbivores (Langheim, 1994; Wink, 2003;
Bernards, 2010). Scots pine (Pinus sylvestris) is a conifer
species native to large areas of Europe and Asia. The second-
ary metabolites of P. sylvestris include oleoresin that protects
the tree from needle-chewing insects (Larsson et al., 1986;
Mumm and Hilker, 2006; Semiz et al., 2007). Other examples
of secondary compounds in pine needles are phenolics such as
proanthocyanidins (Lavola et al., 2003; Kanerva et al., 2008)
and flavonoid glycosides (Oleszek et al., 2002; Lavola et al.,
2003). Despite these chemicals, many insect herbivores con-
sume P. sylvestris. One of these is the European pine sawfly,
Neodiprion sertifer (Hymenoptera: Diprionidae). Its larvae are
known for outbreaks when tens of thousands of larvae defo-
liate large areas of pine forests. It is unknown how the larvae
ofN. sertifer can have such dramatic outbreaks, but the needle
chemistry and predation pressure on the insect may be impor-
tant factors that control the N. sertifer populations (Larsson et
al., 2000). An insect outbreak also can occur when the insect
population escapes from the regulating influence of its natural
enemies, such as parasitoids (Maron et al., 2001).

Previous studies have reported several plant-derived
chemicals in the hemolymph of different sawfly larvae:
e.g., steroid alkaloids (Schaffner et al., 1994), glucosinolates
(Müller et al., 2001) and furostanol saponins (Prieto et al.,
2007). Additionally, Bowers et al. (1993) found sequestered
iridoid glycosides in the extracted larvae of a sawfly Ten-
thredo grandis. It has been shown that the sawfly larvae can
use different plant chemicals that protect them against pred-
ators (Schaffner et al., 1994; Müller et al., 2002; Opitz et al.,
2010). In our recent study, we found high concentrations of
flavonol oligoglycosides in the hemolymph of birch-feeding
sawfly larvae (Vihakas et al., 2010). These flavonoids were
not present in the larval diet, but were produced by the
insects from the precursor flavonoids in birch leaves. The
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flavonol oligoglycosides were only tentatively identified
based on their mass and UV spectra because we were not
able to isolate the compounds in a sufficient amount for
further analyses. In the present study, we were interested to
see if similar kinds of flavonoid metabolites also were
present in the hemolymph of pine sawflies. We collected
the larvae of N. sertifer from an outbreak area and analyzed
flavonoids from the hemolymph and feces of the insect. The
large number of larvae available for the study allowed us to
isolate and purify four flavonoid glycosides and to charac-
terize their structures.

Methods and Materials

Plant Material Needles of P. sylvestris were collected from
an outbreak area of N. sertifer in Taivassalo, southern Fin-
land, on 29 June 2009. Only second year or older needles
were sampled because the larvae prefer them as food (Larsson
and Tenow, 1984). A needle sample was pooled from 6 trees
from the collection site of the larvae. The needle sample was
frozen, lyophilized, and ground. The needle powder (three
replicates of 10 mg) was suspended in 1 ml of 70 % aqueous
acetone and shaken for 1 hr at room temperature. The extract
was centrifuged, and the resulting pellet was re-extracted three
times. Finally, the acetone was evaporated from the combined
extracts, and the residual water solution was lyophilized. The
dry crude extract was dissolved in 2 ml water, and the water-
insoluble compounds were removed by filtration. The residual
water-insoluble lipophilic compounds were dissolved in
ethanol and filtered. Polar and lipophilic fractions of pine
needle extracts were stored at −25°C for analysis with high
performance liquid chromatography–mass spectrometry
(HPLC–MS).

Insect Material On 29 June 2009, several hundred individ-
uals of N. sertifer larvae were collected from the same trees
as the needle samples. On the collection date, the larvae
were in their 4th to 5th instar. Larvae were taken into the
laboratory where they were reared for 5 d on branches of P.
sylvestris that were collected from the same site as the
larvae. Then, the larvae were dipped into liquid nitrogen
and stored at −82°C until extraction and analysis of the
hemolymph. Feces samples were pooled from several larvae
at the end of the laboratory feeding period. Feces samples
(three replicates) were extracted and stored the same way as
the needle samples. Only the polar phenolic compounds
were measured in the feces.

Hemolymph samples were collected from the insects by
piercing a small hole into the integument of a larva and then
gently pushing out a droplet of hemolymph. The hemo-
lymph from 6 randomly chosen larvae were pooled (80 μl
in total), and three replicates, each comprising 10 μl of this

sample, were applied to a solid phase extraction cartridge
(SPE, Sep-Pak® Plus Short tC18 Cartridge, Waters) that was
preconditioned with methanol and equilibrated with water.
The hemolymph metabolites were fractioned by their elution
from a SPE cartridge with H2O, 40 % aqueous MeOH, and
MeOH. Only the 40 % aqueous MeOH fraction contained
any flavonoids, and methanol was evaporated from this
fraction and the remaining water solution was lyophilized.
The metabolites were re-dissolved in H2O and analyzed
with HPLC–MS.

Isolation of Flavonoid Glycosides from Larvae From the
preliminary HPLC analyses of the hemolymph, we tenta-
tively identified the flavonoid peaks of the hemolymph. In
order to accumulate these compounds for their structure
elucidation we decided not to collect hemolymph from
individual larvae, as this would have been difficult given
the small volume of the hemolymph (10–20 μl) that could
be isolated from each larva. Instead, the flavonoid glyco-
sides were isolated from larval extracts. We established that
the extract contained the same flavonoid glycosides as the
hemolymph samples by comparing the HPLC profiles and
mass spectra of the two sample types. Frozen larvae (109 g,
over 1000 larvae) were thawed and gently broken in a
mortar. The larvae were extracted with 70 % aqueous ace-
tone four times, and the combined extract was filtered and
rotary evaporated to remove the acetone, lyophilized, and
re-dissolved in water. The solution was extracted several
times with hexane to remove lipophilic compounds, and
the water phase was lyophilized.

The lyophilized larval extract was re-dissolved in water
and applied onto a Sephadex LH-20 column that was equili-
brated with water. Flavonoid triglycosides (compounds B–D)
eluted from the column with water, and the catechin mono-
glycoside (compound A) with 50 % aqueous MeOH. Sepha-
dex fractions then were further purified with a semi-
preparative HPLC system (Waters 600 Controller and Waters
Delta 600,Waters Corporation,MA, USA) that was combined
with a photodiode array detector (Waters 2998 Photodiode
Array Detector, Waters Corporation,MA, USA) and a fraction
collector (Waters Fraction Collector III, Waters Corporation,
Japan). A column (25×320 mm) was filled with RP-18 mate-
rial (LiChroprep® RP-18, 40–63 μm, Merck KGaA, Darm-
stadt, Germany). The mobile phases consisted of MeOH and
H2O (compounds B–D) and acetonitrile and 1 % aqueous
formic acid (compound A; the eluents were changed between
samples to improve chromatographic separation and shapes of
the peaks). The elution was started with 1 % aqueous formic
acid/H2O, and the proportion of the organic solvent was
gradually increased until the desired compounds eluted from
the column. The detection wavelength was 280 nm. Four
flavonoid fractions containing compounds A–D were collect-
ed, the organic solvent was evaporated and the fractions were
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lyophilized and weighed: compoundA (8.4 mg),B (17.7 mg),
C (22.1 mg), and D (10.7 mg).

HPLC–MS Analyses Qualitative analyses of phenolic com-
pounds together with their mass spectra and accurate masses
were acquired with an HPLC system combined with a time–
of–flight mass spectrometer (Bruker micrOTOF-Q, Bruker
Daltonics GmbH, Bremen, Germany). The HPLC system
(Agilent Tecnologies 1200 series, Agilent Technologies,
Walbronn, Germany) consisted of a control module, a bina-
ry pump, a degasser, an autosampler, and a diode array
detector. The column was a LiChroCART Purospher STAR
(2×55 mm, 3 μm, Merck KGaA, Darmstadt, Germany) and
the flow rate was 0.3 ml/min. Two solvents were used:
0.1 % formic acid (A) and acetonitrile (B). The elution
profile was: 0–2 min, 100 % A; 2–33 min, 0–30 % B in A
(linear gradient); 33–35 min, 30–70 % B in A (linear gradi-
ent); 35–55 min, column wash and stabilization. The detec-
tion wavelength was 280 nm. ESI (electrospray ionization)
conditions were: capillary voltage +4500 V (positive ioni-
zation mode), end plate offset −500 V, nebulizer gas (N2)
pressure 1.6 bar and drying gas (N2) flow 12.0 l/min and
temperature 200°C. The mass spectra were acquired be-
tween m/z 50 and 2000.

Quantitative analysis of the samples, UV spectra of the
flavonoids and HPLC-chromatograms were acquired with
an ultra high performance liquid chromatography system
(UHPLC, Acquity UPLC®, Waters Corporation, Milford,
MA, USA) combined with a triple quadrupole mass spec-
trometer (Xevo® TQ, Waters Corporation, Milford, MA,
USA). The UHPLC system consisted of a sample manager,
a binary solvent manager, and a diode array detector. An
Acquity UPLC® BEH Phenyl (2.1×100 mm, 1.7 μm,
Waters Corporation, Wexford, Ireland) column was used.
The flow rate of the eluent was 0.5 ml/min. The elution
profile used two solvents, 0.1 % formic acid (A) and aceto-
nitrile (B): 0–0.5 min, 100 % A; 0.5–5.0 min, 0–30 % B in
A (linear gradient); 5.0–5.1 min, 30–90 % B in A (linear
gradient); 5.1–8.5 min, column wash and stabilization. The
detection wavelength was 280 nm and the negative ioniza-
tion mode was used. ESI conditions were: Capillary voltage
2,4 kV, desolvation temperature 500°C, source temperature
150°C, desolvation and cone gas (N2) 1000 and 100 l/h,
respectively, and collision gas was argon. The unknown
compounds were identified by comparing their UVand mass
spectra and retention times with data from the literature and
with the results obtained from authentic standards: (2R,3S)-
(+)-catechin (Sigma Chemical Co., USA), isorhamnetin-3-
O-glucoside, kaempferol-3-O-glucoside, and quercetin-3-O-
glucoside (Extrasynthèse Genay, France). The same stand-
ards were used to quantitate the corresponding flavonoids
from the needle and feces samples. The purified flavo-
noids A–D from the larvae were used to quantitate the

corresponding flavonoids from the hemolymph samples.
For quantitation, external standard solutions were prepared,
and compounds were quantitated from the samples with mul-
tiple reaction monitoring (MRM). For further information
about quantitation, see the Supplemental Information.

GC–MS Analysis Acid hydrolysis was used to break the
glycosidic bonds in the flavonoid glycosides A–D, after
which the hydrolysis products were analyzed with gas chro-
matography–mass spectrometry (GC–MS). Two mg of com-
pounds A–D were dissolved in 50 % aqueous methanol and
hydrolyzed for 1 h at 90°C with 4 M HCl. After hydrolysis,
the eluent was evaporated, and the carbonyl moieties were
protected by using methoxylamine hydrochloride in pyri-
dine (20 mg/ml). TMS-derivatives were prepared by adding
N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA)
with 5 % of trimethylchlorosilane (TMCS).

The TMS derivatives were analyzed with a Perkin-Elmer
GC-MS system (GC Autosystem XL with TurboMass Gold
mass spectrometer, Norwalk, CT, USA). The mass spec-
trometer was used in the electron impact mode (EI+); the
data acquisition time was 0.3 scan/sec, and the scan range
was from 50 to 620m/z. A Perkin Elmer capillary column
(PE-5MS, 30 m, 0.25 mm i.d., film 0.25 μm) was utilized,
and helium was used as a carrier gas with a flow rate of
1.0 ml/min. The injection volume was 1 μl and the split ratio
20:1. The injector temperature was 280°C and the inlet line
and the MS source were held at 290°C and 200°C, corre-
spondingly. The oven temperature program was as follows:
initial temperature 70°C (2.0 min) followed by temperature
increase of 7°C/min up to 290°C, which was held for 4 min,
and then 10°C/min to final temperature 300°C, which was
held for 11.57 min. Total run time of the analysis was
50 min. After automatic deconvolution of the mass spectra
of co-eluting peaks with AMDIS software (Automated Mass
Spectral Deconvolution and Identification System; Halket et
al., 1999), the hydrolysis products were identified by using
reference compounds (glucose and galactose), retention indi-
ces (RI), and mass spectra of GC–MS databases (NIST-2008
and database of plant metabolites of Max-Plank Institute of
Molecular Plant Physiology, Germany, http://csbdb.mpimp-
golm.mpg.de).

NMR Spectroscopy The nuclear magnetic resonance (NMR)
spectra of the isolated compounds were recorded without
sample spinning at 25°C with a Bruker Avance 500 spec-
trometer (equipped with BBI and BBO-5-mm-Zgrad-ATM
probes) operating at 500.13 MHz for 1H and 125.77 MHz
for 13C. Compounds A, B, and D were measured in D2O and
compoundC in CD3OD. Additional NMR spectra of B andD
were recorded in a mixture of D2O and acetone-d6 (1:1). The
chemical shifts of the external standard TSP-d4 (the sodium
salt of 3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionate in
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D2O; 0.00 ppm for both 1H and 13C) were used as reference
values for the D2O samples. For the CD3OD sample, the
solvent residual peaks (1H: 3.31 ppm; 13C: 49.00 ppm) were
used to calibrate the spectra. Standard 1H and 13C {1H}
spectra were measured and analyzed for the isolated com-
pounds. To facilitate a full assignment of the chemical shifts
and complete analysis of the structures, a set of gradient
selected multipulse NMR experiments were recorded for each
isolated compound including 1D-NOESY (Nuclear Over-
hauser Effect Spectroscopy), 1D-ROESY (Rotating Frame
Overhauser Effect Spectroscopy), 1D-TOCSY (Total Corre-
lation Spectroscopy), and various 2D measurements: DQF-
COSY (Double-Quantum Filtered Correlation Spectroscopy),
multiplicity edited f2-undecoupled and fully decoupled HSQC
(Heteronuclear Single Quantum Correlation), and HMBC
(Heteronuclear Multiple Bond Correlation) and CIGAR-
HMBC (constant time inverse-detected gradient accordion
rescaled HMBC, compounds C and D). 1D-TOCSY detected
glucosyl subspectra of compounds B and C were further
analyzed with the aid of PERCH NMR software (Laatikainen
et al., 1996). Finally, the measured NMR data (chemical shifts
and coupling constants) was compared with literature data
(Fossen et al., 1997; Fossen and Andersen, 2006; Raab et
al., 2010). Further information about NMRmeasurements and
the 1H and 13C NMR spectral data of the compounds A–D is
presented in the Supplemental Information and Supplemental
Table 1.

ECD Spectroscopy The electronic circular dichroism (ECD)
spectra of (2R,3S)-(+)-catechin (Sigma Chemical Co., USA,
172.0 μM) and the isolated catechin 7-O-glucoside
(164 μM, compound A) in water were measured over the
range of 180–350 nm at 298 K using a Chirascan™ circular
dichroism spectrometer (Applied PhotoPhysics, Leatherhead,
UK) equipped with a 1 mm path length cell.

Results

This study focused on the secondary metabolites of P. syl-
vestris and one of its severe defoliators, N. sertifer. We
analyzed flavonoids from the pine needles and from the
hemolymph and feces of the insect. Flavonoids were
detected only in the polar fraction of the pine needles. Some
of these compounds were tentatively identified by compar-
ing their retention times, molecular masses, and UV spectra
with authentic standards and data in literature (Roitto et al.,
2003; Karonen et al., 2004; Kang and Howard, 2010). The
main types of flavonoids in needles were flavan-3-ols (cat-
echin and gallocatechin), di- and trimeric proanthocyani-
dins, and flavonols (3-O-glucosides of isorhamnetin,
kaempferol, and quercetin). The feces of the insect
contained the same flavonol 3-O-glucosides as the pine

needles. The feces also contained smaller amounts of other
flavonoid-type compounds and compounds whose struc-
tures were not elucidated in this study.

Flavonoids in Hemolymph In the UHPLC–DAD chromato-
gram of the hemolymph, most of the peaks eluted between
2.2–3.7 min (Fig. 1). The relatively short retention times of
compounds A–H, together with their UV spectral character-
istics, indicated that the hemolymph might contain flavo-
noid oligoglycosides (Vihakas et al., 2010). The mass
spectra of A–H showed a distinctive pattern where a mo-
lecular ion was preceded by ions that differed by 162 Da
from each other (Table 1). This indicated that several hex-
opyranosyl units were attached to the aglycone, and the
aglycones were revealed by their characteristic m/z values.
Compounds E–H were tentatively identified from the he-
molymph as flavonol di- and triglycosides (Table 1). Com-
pounds A–D were isolated from the whole larval extracts for
more detailed characterization (see below).

Acid hydrolysis of the isolated flavonoid glycosides A–D
and GC–MS analysis of the hydrolysis products were per-
formed to determine which sugar units were attached to the
flavonoids. The results of the RI and MS-database searches
and comparisons to the MS data of reference carbohydrates
indicated that the sugar units in the flavonoid glycosides
were glucosyls. This was further confirmed by the NMR
data. The signals of the protons in sugar positions 2″, 3″, 4″,
and 5″ showed large coupling constants (up to 3J09.5 Hz) in
their 1D–spectra and distinctive coupling patterns, which
indicated that these protons were diaxially oriented relative
to their neighboring protons (Bubb, 2003; Roslund et al.,

Fig. 1 An UHPLC–chromatogram of the hemolymph of Neodiprion
sertifer at 280 nm. Interpretation of the symbols: A: (+)-catechin 7-O-
β-glucoside, B: Quercetin 3,7,4′-tri-O-β-glucoside, C: Kaempferol
3,7,4′-tri-O-β-glucoside, D: Isorhamnetin 3,7,4′-tri-O-β-glucoside, E:
quercetin triglycoside, F: isorhamnetin diglycoside, G: quercetin digly-
coside, H: kaempferol diglycosides, I: an unknown non-flavonoid
compound
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2008). Therefore, each proton in the sugar positions 2″, 3″,
4″, and 5″ remained axial, which consequently confirmed
that the sugar units must be glucosyls.

The UV spectrum of A resembled that of a flavan-3-ol
(Table 1; Karonen, 2007), and its mass spectrum showed an
ion at m/z 291, which was interpreted as a protonated
catechin or epicatechin structure. The molecular ion at m/z
453 differed by 162 Da from the catechin ion, which indi-
cated that compound Awas a catechin monoglucoside. This
was further proved by the NMR results (for NMR spectral
data, see Supplemental Table 1). First, the 1H-NMR spec-
trum of A was compared with literature data (Raab et al.,
2010). It was concluded that the aglycone was catechin
since the H–2 signal of A was a doublet with a large
coupling constant (8.2 Hz) and H–3 represented a multiplet
indicating a relative trans-configuration of the substituents
at positions 2 and 3. In epicatechin, with a relative cis-
configuration of the substituents, both H-2 and H-3 would
have showed only small couplings (Hatano and Hemingway,
1997; Abd El-Razek, 2007). The 1D-ROESY and HMBC
experiments indicated that the hydroxyl group in C–7 was
glucosylated. The anomeric proton signal of Awas a doublet
with a rather large coupling constant (3JH1,H2≈7.4 Hz), which
indicated a relative diaxial orientation of the protons in sugar
positions 1 and 2, and consequently a β-linkage to the agly-
cone. Finally, the absolute configuration of the aglycone in A
was determined by comparing its ECD spectrum to the spec-
trum of (2R,3S)-(+)-catechin-7-O-β-D-glucopyranoside
found in the literature (Friedrich and Galensa, 2002) and to
the spectrum of (2R,3S)-(+)-catechin (Supplemental Fig. 1).

The similarity of the spectra, and especially, the broad nega-
tive Cotton effect at ca. 280 nm, which is known to be
indicative of (2R)-configuration (Korver and Wilkins, 1971;
Slade et al., 2005), confirmed that compound Awas (2R,3S)-
(+)-catechin 7-O-β-glucoside (Fig. 2).

The mass spectrum of B showed an ion at m/z 303 as
expected for the flavonol quercetin, and the fragmentation
pattern indicated that B was a triglycoside (Table 1). Also,
the GC–MS data of the hydrolysis products of B indicated
that the aglycone was quercetin. The 1H chemical shifts of

Table 1 Mass and UV spectral data of the flavonoid glycosides from the hemolymph of N. sertifer

Compound Peak λ max (nm) Measured
accurate
mass (Da)

Theoretical
accurate
mass (Da)

Error
(ppm)

m/z values in mass spectra

[M+H]+ [2M+H]+ [M–glyc+H]+ [M-2glyc+H]+ [M–3 glyc+H]+

(+)-Catechin
7-O-β-glucoside

A 203, 227, 278 452.1332 452.1319 2.9 453 905 291 – –

Quercetin 3,7,4′-
tri-O-β-glucoside

B 202, 253, 264, 344 788.2001 788.2011 – 1.3 789 1577 627 465 303

Kaempferol 3,7,4′-
tri-O-β-glucoside

C 195, 265, 319, 338 772.2091 772.2062 3.8 773 1545 611 449 287

Isorhamnetin 3,7,4′-
tri-O-β-glucoside

D 202, 251, 265, 344 802.2187 802.2168 2.4 803 1605 641 479 317

Quercetin
triglycoside

E 265, 347 788.1973 788.2011 – 4.8 789 1577 627 465 303

Isorhamnetin
diglycoside

F 254, 351 640.1628 640.164 – 1.9 641 – 479 317 –

Quercetin
diglycoside

G 265, 344 626.147 626.1483 – 2.1 627 – 465 303 –

Kaempferol
diglycoside

H 265, 323 610.1522 610.1534 – 2.0 611 – 449 287 –

Letters a–h refer to peaks in Fig. 1
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Fig. 2 Structures of (+)-catechin 7-O-β-glucoside (A), quercetin
3,7,4′-tri-O-β-glucoside (B), kaempferol 3,7,4′-tri-O-β-glucoside (C),
and isorhamnetin 3,7,4′-tri-O-β-glucoside (D). The glucosyls are
depicted with D-configuration, as this is most often found for natural
flavonoid glucosides. However, the absolute configurations of the
glucosyls in the isolated compounds were not determined due to
limited sample availability

542 J Chem Ecol (2012) 38:538–546



the aglycone were compared with literature data (Fossen and
Andersen, 2006), which confirmed the interpretation of the
aglycone (Supplemental Table 1). The 1D-ROESY and
HMBC experiments indicated that hydroxyl groups C–3,
C–7, and C–4′ were glucosylated (Fig. 2). Two of the
glucosyls in B were found to be β-linked to the aglycone
(3JH1,H2≈7.5 Hz) in D2O. An exception was observed for
the 4′-O-glucosyl for which 3JH1,H205.7 Hz in D2O. Typi-
cally, the 3JH1,H2 values are in the range of 2–4 Hz for
equatorial anomeric protons of α-linked glycopyranosyls
and 7–9 Hz for axial anomeric protons of β-linked glyco-
pyranosyls (Bubb, 2003; Roslund et al., 2008). However,
the redetection of the 1H-NMR spectrum in a mixture of
D2O and acetone-d6 (1:1) revealed a large 3JH1,H2 value
(7.0 Hz), and thus, the observed intermediate value in D2O
could be due to the influence of the solvent. Finally, the
1JC1,H1 was determined for each glucosyl of B in D2O. It is
well-known for D-glucopyranosides that for an α-linked
anomer the 1JC1,H1≈170 Hz and for a β-linked anomer the
1JC1,H1≈160 Hz (Tvaroska and Taravel, 1995; Grindley,
2008). The observed values for 3-O- (161 Hz), 7-O-
(162 Hz), and 4′-O-glucosyls (161 Hz) in B confirmed that
they all are β-linked to the aglycone. Compound B was thus
characterized as quercetin 3,7,4′-tri-O-β-glucoside (Fig. 2).

The mass spectrum of C showed an aglycone ion at m/z
287 (kaempferol) and a fragmentation pattern that indicated
that C was a kaempferol triglycoside (Table 1). Also, the
GC–MS results of the hydrolysis products of C and the
comparison of the 1H NMR data with the literature values
(Fossen and Andersen, 2006) confirmed that the aglycone
was kaempferol (Supplemental Table 1). Similar to A and B,
the 1D-ROESY and HMBC results showed that glucosyls
were attached to hydroxyl groups C–3, C–7, and C–4′. As
described above, we concluded that all the glucosyls in C
were β-linked to the aglycone (3JH1,H2≈7.5 Hz). The struc-
ture of compound C was thus identified as kaempferol
3,7,4′-tri-O-β-glucoside (Fig. 2).

Compound D had a similar fragmentation pattern in the
mass spectrum to B and C, and it was tentatively identified
as a triglycoside (Table 1). The mass spectral data, GC–MS
results of the hydrolysis products of D and comparison of
NMR literature data indicated that the aglycone part was an
isorhamnetin (Fossen and Andersen, 2006; Supplemental
Table 1). Again, 1D-ROESY and HMBC spectra revealed
that glucosyls were located in positions C–3, C–7, and C–4′.
Intermediate sugar 3JH1,H2 values (6.0–6.9 Hz) were ob-
served for each glucosyl of D in D2O. However, this was
at least partially due to the poor solubility of D in D2O and a
resulting poor resolution in the spectrum. Similarly, as with
B, the redetection of the 1H-NMR spectrum in a mixture of
D2O and acetone-d6 (1:1) revealed large 3JH1,H2 values
(7.0–7.6 Hz) for each glucosyl, which confirmed that they
were β-linked to the aglycone in the used solvent mixture.

Compound D was, therefore, identified as isorhamnetin
3,7,4′-tri-O-β-glucoside (Fig. 2).

Quantitative Data The results from the quantitative analysis
of the needle, fecal, and hemolymph samples are displayed
in Table 2. Flavonoid triglucosides were the most abundant
compounds in the hemolymph, but these compounds were
not detected in the needles or feces. The combined amount
of flavonoid glucosides A–D in the hemolymph was
3.7 mg/ml. The needle and fecal samples contained (+)-cate-
chin and flavonol monoglucosides, but only trace amounts of
these compounds were detected in the hemolymph. Interest-
ingly, the amount of (+)-catechin was rather high in pine
needles but its concentration was lower in fecal samples.

Discussion

In this study, we examined flavonoids extracted from the
larvae of N. sertifer. The most predominant compounds in
the hemolymph of the larvae were 3,7,4′-tri-O-β-glucosides
of quercetin, kaempferol, and isorhamnetin (compounds B–D
in Fig. 2, respectively). In addition to those, the hemolymph
contained (+)-catechin 7-O-β-glucoside (compound A in
Fig. 2) and several compounds that were tentatively identified
as flavonol di- and triglycosides (compoundsE–H in Table 1).
Catechin 7-O-β-glucoside has been reported previously from
several plants (e.g., Foo and Karchesy, 1989; Benavides et al.,
2006; Watanabe and Ayugase, 2009). Kaempferol 3,7,4′-tri-
O-β-glucoside has been detected in saffron (Carmona et al.,
2007), and quercetin 3,7,4′-tri-O-β-glucoside in red onions

Table 2 Concentrations of flavonoids in the needles of P. sylvestris
and in the hemolymph and feces of N. sertifer

Needlesa Hemolymphb Fecesa

(+)-Catechin 2.30 tr 0.04

(+)-Catechin 7-O-β-glucoside
(compound A)

n.d. 0.28 n.d.

Isorhamnetin 3-O-β-glucoside 0.25 tr 0.20

Kaempferol 3-O-β-glucoside 0.23 tr 0.18

Quercetin 3-O-β-glucoside 2.23 tr 1.57

Isorhamnetin 3,7,4′-tri-O-β-
glucoside (compound D)

n.d. 1.11 n.d.

Kaempferol 3,7,4′-tri-O-β-
glucoside (compound C)

n.d. 0.81 n.d.

Quercetin 3,7,4′-tri-O-β-
glucoside (compound B)

n.d. 1.48 n.d.

Values are means of three replicate analyses of pooled needle, hemo-
lymph and feces samples

tr trace amounts; n.d. not detected
a Values are expressed as mg/g dry weight of needle or feces material
b Values are expressed as mg/ml in hemolymph
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(Fossen et al., 1997). Isorhamnetin-, kaempferol-, and quer-
cetin 3,7,4′-tri-O-β-glucosides have been detected in kale
leaves (Schmidt et al., 2010). However, our study reports
these compounds for the first time in insects. In our earlier
study, we found similar flavonol oligoglycosides, including
tri-, tetra-, penta-, and hexaglycosides of kaempferol and
quercetin, in the hemolymph of larvae of several birch-
feeding sawfly species (Vihakas et al., 2010).

None of these flavonoid glycosides was present in the
pine needle diet of the larvae, which indicated that they were
produced by the larvae from simpler flavonoid precursors of
the needle diet. In our experiment, the larvae were fed in
laboratory for five days with pine needles that were collect-
ed from the collection site of the larvae. However, it is
possible that the larvae had consumed needles with different
flavonoid contents before they were collected. The five-day
feeding period might have been too short to eliminate the
effects of earlier consumption on the flavonoid contents of
the hemolymph. Thus, our experimental design allows us to
make only tentative hypotheses about the possible starting
materials of the flavonoid metabolites in the sawfly larvae.
The analyses of the pine needles suggest that the flavonol
3-O-monoglucosides of isorhamnetin, kaempferol, and quer-
cetin were probably used as starting material for flavonol di-
and triglucosides, as flavonol aglycones were absent from the
needles. We came to the same conclusion about the origin of
the flavonol oligoglycosides from birch-feeding sawfly larvae
(Vihakas et al., 2010). The needles of P. sylvestris contained
(+)-catechin as one of the main compounds, and it is presum-
able that the larvae use this compound for the production of
(+)-catechin 7-O-β-glucoside. Similarly, Schopf et al. (1982)
found a catechin glycoside in the larval silk glands of spruce-
feeding sawfly Gilpinia hercyniae, and this compound was
probably formed from the catechin of spruce needles. A recent
study (Crockett and Boevé, 2011) found several flavonoid
glycosides in different body parts of sawfly Tenthredo zonula
feeding on Hypericum plants, but it seems probable that the
larvae had only sequestrated these compounds and not mod-
ified or glycosylated them. The sawfly species presented in the
above examples belong to families Argidae, Cimbicidae,
Diprionidae, and Tenthredinidae, which implies that the
ability to glycosylate or sequester flavonoids may be a com-
mon feature among different sawfly species and families.

The amounts of flavonoids in both the plant and insect
samples were determined by using a pooled sample, which
prevented us from analyzing the interspecific variation of
flavonoids in individual trees or larvae. The amounts of
flavonol monoglucosides and (+)-catechin in pine needles
were in accordance with earlier reports from P. sylvestris
needles (Table 2, Lavola et al., 2003; Roitto et al., 2003,
2005). The concentrations of flavonol monoglucosides in
fecal samples were at the same level as in birch-feeding
sawfly larvae (Lahtinen et al., 2005). Catechin has been

detected earlier in the feces of spruce-feeding sawfly G.
hercyniae (Schopf et al., 1982). Interestingly, fecal concen-
trations of catechin showed a similar trend in both G. her-
cyniae and N. sertifer, as the amount of catechin was lower
in feces than in spruce or pine needles (Table 2). Crockett
and Boevé (2011) found flavonoid glycosides in sawfly T.
zonula, but no flavonoids were detected in the feces of the
larvae.

We estimated that the combined amount of the four main
flavonoid glucosides in the hemolymph of N. sertifer was
3.7 mg/ml hemolymph. The hemolymph also contained
smaller amounts of flavonol di- and triglycosides (com-
pounds E–H in Fig. 1 and Table 1), which means that the
total flavonoid contents of the hemolymph of N. sertifer
may be as high as 4–5 mg/ml. In our study with birch
sawflies, we estimated that the larval hemolymph contained
0.6–12.3 mg/ml of flavonoids, which is consistent with the
present results (Vihakas et al., 2010). Several other plant-
derived secondary compounds (e.g., glucosinolates, steroid
alkaloids, or furastanol saponins) have been quantitated
from the hemolymph of sawfly larvae that use different host
plants (Schaffner et al., 1994; Müller et al., 2001; Prieto et
al., 2007; Opitz and Müller, 2009). In general, the hemo-
lymph concentrations of these compounds seem to be of the
same order of magnitude as in N. sertifer. The amounts of
flavonoid glycosides in the hemolymph of sawfly T. zonula
(larvae and prepupae) were lower than in our study (Crockett
and Boevé, 2011).

Many functions have been attributed to flavonoids in
plants, such as protection against UV-B radiation and acting
as oviposition stimulants for insects (Shirley, 1996; Harborne,
2001). These multiple roles make it difficult to interpret the
precise function of flavonoids metabolites in sawfly larvae.
Some flavonoids (e.g., taxifolin and its glycoside) have either
negative or no effects on the performance of pine-feeding
sawflies (Larsson et al., 1992; Auger et al., 1994). The high
concentrations of flavonoid metabolites in the hemolymph of
N. sertifer imply that these compounds may not be particularly
harmful for the larvae.

It seems improbable that flavonoid glycosides would
have defensive functions against N. sertifer predators, as
flavonoids generally appear to have only limited defensive
roles (Harborne, 2001). Defense mechanisms of N. sertifer
have been well-reported. For example, when approached,
the larvae regurgitate a droplet of resin-containing fluid
from diverticular pouches of the foregut (Eisner et al.,
1974) that deters ants, birds, and spiders (Prop, 1960; Eisner
et al., 1974; Sillén-Tullberg, 1990; Björkman and Larsson,
1991). Some other sawfly species secrete a droplet of he-
molymph containing plant secondary compounds through
the integument of the larvae, and this secretion deters pred-
ators of the larvae (Boevé and Schaffner, 2003; Boevé and
Müller, 2005). However, this hemolymph secretion has not
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been reported for N. sertifer larvae, and was not observed in
our study, which suggests that this species does not use
hemolymph and flavonoid glycosides for defense.

The formation and accumulation of flavonoid glucosides
could be a biochemical mechanism that reserves flavonoids
or glucose for their later use in larval metabolism. Schopf et
al. (1982) speculated that the sawfly G. hercyniae could use
the phenolic compounds (e.g., catechin) of spruce needles in
metabolic processes of the larvae. They proposed that the
consumed catechin is first glycosylated by the larvae and
then stored in silk glands of the insect. The catechin glyco-
side could subsequently be hydrolyzed, and the released
catechin could take part in the sclerotization (tanning) of
the cocoon. We have found flavonoid-type compounds in
the cocoon shells of N. sertifer (unpublished data), which
suggests that the glycosylation of flavonoids could have a
metabolic function in N. sertifer. Further studies are needed
to define how flavonoid glycosides function in N. sertifer
and to identify the metabolic sources of these compounds.
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Abstract The secretions from serial defensive glands of the
Austrian diplopod Allajulus dicentrus (Julidae, Cylindroiu-
lini) were extracted and analyzed by means of gas chroma-
tography – mass spectrometry. In adults, 13 components
from two chemical classes were detected: 1) The common
juliform benzoquinones were represented by four com-
pounds (2-hydroxy-3-methyl-1,4-benzoquinone, 2-
methoxy-3-methyl-1,4-benzoquinone, 2,3-dimethoxy-1,4-
benzoquinone, and 2,3-dimethoxy-5-methyl-1,4-benzoqui-
none). From this series, 2-methoxy-3-methyl-1,4-benzoqui-
none was most abundant, comprising about 40 % of the
whole secretion. 2) All remaining compounds were identi-
fied as aliphatic (E)-alkenals [(E)-2-heptenal, (E)-2-octenal,
(E) -2-nonenal , (E) -2-decenal)] along with their
corresponding alcohols. (E)-2-Octenal was most abundant,
roughly accounting for another 35 % of the secretion. In
juveniles, different stages in the ontogenetic development of
the secretion were observed, with early instars (stadium III
and IV) exclusively containing the benzoquinone fraction.
Alkenols and alkenals were added in later instars (stadium V
and VI), with secretions of stadium VI-juveniles being al-
ready similar to those of adults. Representatives of Spiro-
streptida, Spirobolida, and Julida traditionally have been
considered to produce benzoquinonic secretions only (“qui-
none millipedes”), and information on secretion components

from other chemical classes is still scarce. We here provide
evidence for the participation of non-quinonic compounds
in the defensive exudates of the Cylindroiulini. The occur-
rence of additional, non-quinonic compounds in certain
species within a chemically homogenous, benzoquinone-
producing taxon indicates the rapid adoption of novel exo-
crine compounds, possibly in order to meet the demands in a
changed ecological environment.

Keywords Quinone diplopods . Chemical defense .

(E)-2-octenal . 2-methoxy-3-methyl-1,4-benzoquinone .

Juliformia . Julidae . Cylindroiulini.

Introduction

Diplopods are well-known to produce various kinds of
defensive secretions that include: 1) unusual alkaloidal com-
pounds in the Glomerida and Polyzoniida; 2) mainly cya-
nogenic compounds and their breakdown products,
including hydrogen cyanide, in the Polydesmida; 3) pheno-
lic compounds in the Callipodida; and 4) particularly,
benzoquinone-rich exudates in the Juliformia (Meinwald et
al., 1975; Eisner et al., 1978; Ćurčić et al., 2009; Makarov et
al., 2010; Vujisić et al., 2011; Shear et al., 2011; Shimizu et
al., 2012 and references therein). To describe and character-
ize the secretion chemistry of the latter, Eisner et al. (1978)
introduced the term “quinone millipedes”, implying that
these millipedes mainly or even exclusively produce qui-
nonic secretions. Indeed, this situation was true for most
species hitherto studied, including representatives of all
three juliform orders, Spirostreptida, Spirobolida, and
Julida. Most of these investigations have been conducted
with the Spirobolida and Spirostreptida, which are repre-
sented by many large and conspicuous species in America,
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Africa, and the Indo-Australian region, such as the giant
African species Archispirostreptus gigas (e.g., Smolanoff et
al., 1975) and others (e.g., Eisner et al., 1965, 1998; De
Bernardi et al., 1982; Wood, 1974).

Consistently, there is evidence that quinonic secretions
also are characteristic for the holarctic – mainly European –
Julida. This order of Juliformia is chemically less studied
than the Spirobolida and Spirostreptida. However, at least
some early reports on the defensive chemistry of European
Julida (e.g., Schildkecht and Weis, 1961; Röper and Heyns,
1977) as well as more recent publications (e.g., Huth, 2000)
are available, referring to 16 thus far analyzed species of the
Julidae (Vujisic et al., 2011) and at least one species of
Blaniulidae (Weatherston et al., 1971). In addition, one
report deals with julids from South East Asia (Shimizu et
al., 2012).

All these investigations have underlined the picture of a
widely homogenous, quinonic juliform chemistry (Attygalle
et al., 1993; Williams et al., 1997; Deml and Huth, 2000;
Weldon et al., 2003; Schmitt et al., 2004; Bedoussac et al.,
2007; Wu et al., 2007; Vujisic et al., 2011). The widely-
realized, uniform chemical structure of juliform defensive
exudates appears to be an old, plesiomorphic trait, and
seems to rely on a pool of about 15 different benzoquinones
and related hydroquinones, with toluquinone (2-methyl-1,4-
benzoquinone) and 2-methoxy-3-methyl-1,4-benzoquinone
being the most common.

Only a few studies have indicated the presence of other –
i.e., non-quinonic – components in some groups of the
Juliformia. For example, Wheeler et al. (1964) reported on
the secretion of the spirobolid Rhinocricus insularis that
contained large amounts of the (E)-alkenal, (E)-2-dodece-
nal, together with the common juliform toluquinone. The
secretion of this species is distinct by its anomalous smell.
Additionally, from Julida, examples of chemically unusual
secretions have been published. Weatherston et al. (1971)
found long chain acetates in filter papers loaded with defen-
sive exudates of the blaniulid Blaniulus guttatus, again
together with a benzoquinonic compound. Recently,
Shimizu et al. (2012) identified a series of fatty acid
esters together with benzoquinones from a species of
the East Asian julid Anaulaciulus. There also is evi-
dence that such esters may have a wide distribution
among certain Julidae, possibly together with n-alkanols
(Huth, 2000), but conclusive and comprehensive data are thus
far missing. Such novel groups of compounds in certain taxa,
however, would strongly increase the chemotaxonomic po-
tential of juliform secretions, and could represent important
tools for integrative taxonomy.

We, here, report on the defensive chemistry in the Euro-
pean julid Allajulus dicentrus (Julidae, Cylindroiulini) that
is able to discharge secretions possessing a distinct smell
that is reminiscent of the alkenal-rich exudates of true bugs.

Materials and Methods

Collection of Species Specimens of Allajulus dicentrus
(Latzel) were collected by hand and by means of a soil sifter
from the leaf litter layer at different locations in Austria and
Slovenia (Table 1). As an authentic reference for several
quinones (see Vujisić et al., 2011), we used secretion-loaded
extracts of Cylindroiulus boleti (C.L. Koch), found at the
Gloriette Warte (near Eisenstadt, Austria), and specimens of
Leptoiulus trilineatus (C.L. Koch) from Plana Mt. (near
Pasarel Village, Bulgaria; kindly provided by Boyan
Vagalinski, University of Sofia). Pella cognata (Märkel), a
staphylinid beetle (and a reference for quinones as well, see
below), was kindly provided byMichael Stoeffler (University
of Hohenheim, Germany).

Extraction of Secretions Defensive secretions were either 1)
obtained by dabbing secretions on small filter paper pieces
(2×2 mm) from mechanically stimulated and visibly
secretion-discharging species, followed by extraction of
the secretion-loaded filter papers in 100 μl of hexane, or 2)
bywhole body extraction of single individuals in 50–500μl of
hexane (depending on size of specimens) for about 15 min.
With the latter technique, the defensive secretions were direct-
ly discharged into the solvent, visibly turning it yellow after a
few seconds of extraction. In total, individual extracts of the
A. dicentrus-secretions of 120 specimens were prepared (34
males, 42 females, and 44 juveniles). Juvenile specimens were
allocated to a specific instar or stadium by the number of
podous segments and according to the classification scheme
of Blower (1985) and Blower and Miller (1977). For
A. dicentrus, in analogy to A. nitidus (see Blower and Miller,
1977), we expected adults to occur from stadium VIII (from
36–37 podous segments) on. Particularly, adult specimens of
A. dicentrus that discharged secretions, as well as whole body
extracts, exhibited a smell being redolent of the scent of many
true bugs.

Analysis of Secretions An optimal concentration of com-
pounds for routine analysis was achieved by dilution of
extracts with hexane until only a faint yellow color remained.
Aliquots of diluted extracts (1.5 μl) were subject to gas
chromatography - mass spectrometry (GC-MS), using a Trace
gas chromatograph coupled to a DSQ I mass spectrometer
(MS), both from Thermo (Vienna, Austria). The GC was
equipped with a ZB-5 fused silica capillary column (30 m×
0.25 mm i.d., 0.25 μm film thickness, Phenomenex, Ger-
many). Injection was splitless with helium (at 1.2 ml min−1)
as a carrier gas. The column temperature was programmed
from 50 °C (held for 1 min) to 300 °C at 10 °Cmin−1, and held
at 300 °C for 5 min. The ion source of the MS and the transfer
line were kept at 200 °C and 310 °C, respectively. Electron
impact (EI) spectra were recorded at 70 eV.
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Reference Compounds Authentic (E)-2-heptenal, (E)-2-
octenal, (E)- 2-nonenal, (E)-2-decenal, and their
corresponding alcohols for a comparison of GC-MS data
were purchased from Sigma (Vienna, Austria). As referen-
ces for some remaining compounds, we used natural sources
from which these compounds had already been identified:
Authentic 2-methoxy-3-methyl-1,4-benzoquinone was
found in the extracts of the staphylinid beetle Pella cognata
(Stoeffler et al., 2011) as well as in two julid species,
Cylindroiulus boleti and Leptoiulus trilineatus (Vujisić et
al., 2011). In detail, whole body extracts of specimens of the
mentioned species were prepared, examined by GC-MS,
and were found to contain this compound as a part of extract
patterns as previously described (Stoeffler et al., 2011;
Vujisić et al., 2011). The latter two species also served as
references for authentic 2-hydroxy-3-methyl-1,4-benzoqui-
none, 2,3-dimethoxy-1,4-benzoquinone, and 2,3-dime-
thoxy-5-methyl-1,4-benzoquinone, which occurred in the
extracts exactly in those patterns as reported (Vujisić et al.,
2011). In contrast to A. dicentrus, these two julids exhibited
the common and characteristic quinonic smell of juliform
diplopods.

Quantification of Secretion Components and Statistics Ab-
solute amounts of secretions were evaluated for 17 adult
specimens. These specimens were extracted in a well-
defined hexane volume (mostly 500 μl), and all further dilu-
tions were recorded. Absolute amounts for (E)-2-octenal were
determined using a calibration curve, showing a linear corre-
lation between peak area and absolute amounts of synthetic
(E)-2-octenal across a range from 1.5–500 ng. For the deter-
mination of the amounts of whole secretion per individual, the
relative abundance of (E)-2-octenal per individual extract was
extrapolated, giving a (half-quantitative) measure for the ab-
solute amount of the whole secretion per individual. Secretion
patterns, based on the integration of peak areas in the chro-
matograms and resulting in chemical profiles that express the
relative abundance of each component in % of whole secre-
tion, were calculated for all individuals. For a statistical com-
parison of profiles, we used 2D-non metric multidimensional

scaling (2D-nMDS) and the Gower coefficient of dissimilar-
ity, expressing the distances between individual profiles based
on the weighted mean of the contributions of each variable in
these profiles (Gower, 1967).

Results

Identification of Extract Components Hexane whole-body
extracts of adult individuals of Allajulus dicentrus as well as
extracts of secretion-loaded filter paper pieces exhibited a
consistent GC pattern of 13 compounds (peaks A-M in
Fig. 1, Table 2). Compounds were identified as follows: 9
by comparison of their mass spectra and retention times to
authentic references (compounds A, C, E, H-M), 1 compound
on the basis of comparison of mass spectral data and retention
index (compound D), and the remaining 3 (B, F, G) tentatively
on the basis of their mass spectra only (Table 2).

Four compounds E, J, L, and M appeared to be substi-
tuted benzoquinones, showing abundant molecular ions at
m/z 138, m/z 152, m/z 168, and m/z 182, respectively. A
comparison of their spectra and GC retention times con-
firmed full consistence with authentic 2-hydroxy-3-methyl-
1,4-benzoquinone (compound E), 2-methoxy-3-methyl-1,4-
benzoquinone (compound J), 2,3-dimethoxy-1,4-benzoqui-
none (compound L), and 2,3-dimethoxy-5-methyl-1,4-ben-
zoquinone (compound M).

Compounds A-D, F-I, and K had the spectra of 1) mono-
unsaturated aliphatic aldehydes and 2) monounsaturated
aliphatic alcohols. The aldehyde-series contained seven
compounds (peaks A-C, F-H, K), exhibiting molecular ions
of generally low intensity at m/z 112 (compound A), m/z 126
(compounds B, C), m/z 140 (compounds F, G, H), m/z 154
(compound K), and thus corresponding to a heptenal, two
octenals, three nonenals, and a decenal. The mass spectra as
well as the retention times of compounds A, C, H, and K
fully matched authentic (E)-2-heptenal, (E)-2-octenal, (E)-2-
nonenal, and (E)-2-decenal, respectively. The geometry of
the remaining aldehydes in the extracts (all of which are
minor compounds) remained uncertain. These were

Table 1 Collection of Allajulus dicentrus

Population Location Date

1 Maria Rain (Carinthia, Austria) N 46.54870°; E 14.29704°; 474 m Oct. 15, 2011 7 ♂, 4 ♀

Oct. 22, 2011 9 ♂, 12 ♀

Nov. 6, 2011 8 ♂, 13 ♀, 15 juv.

Dec. 12, 2011 7 ♂, 10 ♀, 10 juv.

2 Rauth – Waidischbach (Carinthia, Austria) N 46.51329°; E 14.33405°; 546 m Dec. 10, 2011 1 ♂, 2 ♀, 18 juv.

3 Rauth – near Dixer (Carinthia, Austria) N 46.51928°, E 14.33133°; 532 m June 3, 2011 1 ♀

4 near Lovnik (Slovenia) N 46.27951°; E 15.56617°; 337 m Aug. 15, 2011 1 ♂

5 near Podplat (Slovenia) N 46.24292°; E 15.57964°; 246 m Aug. 15, 2011 1 ♂
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tentatively identified as a further (isomeric) octenal (0 com-
pound B) and two isomeric nonenals (0 compounds F, G).
With respect to their retention indices (see Table 2), none of
these was (Z)-2-octenal nor (Z)-2-nonenal, respectively.

The alcohol-series included two components (D, I). The
GC retention time as well as the MS fragmentation pattern

of compound I were identical to authentic (E)-2-nonenol.
This component eluted shortly after its corresponding alde-
hyde (compound H 0 (E)-2-nonenal). The remaining com-
pound D appeared to be an octenol (M+ at m/z 142), and
comparably, it eluted shortly after its corresponding alde-
hyde, (E)-2-octenal (0 compound C). Although no authentic
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Fig. 1 Typical gas
chromatographic profile of the
defensive secretion of adult
Allajulus dicentrus. Main
compounds are (E)-2-octenal
(peak C) and 2-methoxy-3-
methyl-1,4-benzoquinone (peak
J). For a complete list of com-
pounds see Table 2

Table 2 Gas chromatographic and mass spectral data to components from extracts of adult Allajulus dicentrus

Peak no. Retention
index RI**

Mass spectrometric fragmentation (m/z) Identified as

A 955 112 (M+, 3), 111(3), 97 (19), 94 (8), 84 (26), 83 (100), 70 (41), 69 (44),
68 (36), 57 (40), 56 (31), 55 (39), 43 (14), 41 (34)

(E)-2-heptenal

B 1023 126 (M+, 1), 111 (2), 108 (1,67), 97 (5), 95 (10), 93 (9), 83 (48), 82 (56),
70 (100), 69 (50), 57 (38), 56 (28), 55 (43), 41 (38)

isomeric octenal*

C 1058 126 (M+, 1), 125 (1), 111 (4), 108 (5), 98 (18), 97 (27), 93 (20), 84 (25),
83 (93), 82 (51), 70 (100), 69 (53), 57 (43), 55 (63), 41 (41)

(E)-2-octenal

D 1067 128 (M+, 1), 110 (9), 95 (19), 82 (40), 81 (41), 69 (22), 68 (42), 67 (36),
57 (100), 55 (33), 43 (24), 41 (27)

(E)-2-octenol

E 1120 138 (M+, 100), 137 (1), 110 (10), 83 (12), 82 (40), 81 (15), 54 (10) 2-hydroxy-3-methyl-1,4-benzoquinone

F 1124 140 (M+, 1), 125 (8), 122 (4), 109 (6), 107 (39), 98 (16), 97 (53), 96 (47),
95 (15), 84 (38), 83 (65), 81 (52), 70 (100), 69 (76), 57 (31), 56 (27),
55 (67), 43 (63), 41 (37)

isomeric nonenal (1)*

G 1133 140 (M+, 1), 125 (2), 122 (2), 111 (3), 109 (6), 107 (12), 97 (19), 96 (33),
84 (52), 83 (88), 81 (29), 70 (100), 69 (41), 57 (28), 55 (59), 43 (32),
41 (34)

isomeric nonenal (2)*

H 1159 140 (M+, 1), 125 (1), 122 (3), 111 (13), 107 (9), 98 (26), 97 (27), 96 (45),
93 (27), 84 (44), 83 (82), 81 (43), 70 (100), 69 (60), 57 (35), 55 (63),
43 (42), 41 (42)

(E)-2-nonenal

I 1168 142 (M+, 3), 124 (2), 99 (7), 96 (24), 95 (48), 82 (51), 81 (40), 69 (22),
68 (39), 67 (44), 57 (100), 55 (23), 43 (31), 41 (21)

(E)-2-nonenol

J 1182 152 (M+, 100), 151 (22), 137 (5), 122 (32), 109 (21), 94 (10), 83 (24), 82
(28), 81 (21), 67 (14), 66 (29), 55 (10), 54 (19), 53 (22)

2-methoxy-3-methyl-1,4-benzoquinone

K 1262 154 (M+, 1), 153 (1), 136 (3), 121 (4), 111 (10), 110 (12), 107 (11), 98
(36), 97 (31), 98 (36), 97 (31), 84 (22), 83 (65), 81 (32), 70 (100),
69 (42), 57 (31), 56 (28), 55 (53), 43 (47), 41 (29)

(E)-2-decenal

L 1319 168 (M+, 100), 153 (50), 139 (4), 125 (15), 123 (83), 122 (25), 97 (12),
95 (19), 94 (13), 82 (34), 69 (53), 54 (22)

2,3-dimethoxy-1,4-benzoquinone

M 1420 182 (M+, 87), 167 (66), 153 (17), 139 (23), 137 (100), 136 (29), 121 (8),
111 (23), 96 (16), 83 (77), 69 (30), 68 (28)

2,3-dimethoxy-5-methyl-1,4-benzoquinone

*tentatively identified on the basis of mass spectral comparison and RI. **RI 0 Retention index, calculated as RIx ¼ 100n0 þ 100tx ��100tn0ð Þ
= tn1 � tn0ð Þ, with x: target compound; tx: retention time of target compound; n0: number of carbon atoms in the alkane directly eluting before x; tn0:
retention time of alkane directly eluting before x; tn1: retention time of alkane directly eluting after x
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sample was available for a direct comparison, we tentatively
suggest compound D to be (E)-2-octenol. A comparison of its
mass spectrum to that of (E)-2-octenol from the NIST-mass
spectral library showed high correspondence (direct matching
factor from NIST library search: SI 9100“excellent match”).
Furthermore, the compound had a retention index (RI) of
1067, matching the RI for (E)-2-octenol reported in the liter-
ature (e.g., Thakeow et al., 2008).

Secretion Profiles in Adults When evaluating chromato-
grams based on the relative abundance of components, most
of the adult individuals showed a stable, homogenous pro-
file, independent of sex and population: The two main
components in all 76 samples were 2-methoxy-3-methyl-
1,4-benzoquinone (44.3±14.8 % of secretion) and (E)-2-
octenal (31.6±12.0 %). All other components occurred in
minor amounts as summarized in Table 3. In order to assess
the range of intraspecific variability of the secretion profile
of adult A. dicentrus, a box plot showing the statistical
distribution of the abundance of single components in the
secretions of all adult individuals analyzed is given in Fig. 2.
Individuals with extreme values in the abundance of certain

compounds could neither be allocated with a specific gender
nor with a specific population, and profiles from males and
females as well as from individuals of different populations
clustered together as shown in a scatter plot obtained by 2D-
nMDS (Fig. 3a, b).

Amounts of Secretion Absolute amounts of secretion were
quantified for 17 adult specimens. Using a calibration curve
for (E)-2-octenal, an average of 219±122 μg of secretion
per individual (span 54 up to 568 μg) was calculated. Based
on this calculation, one pair of glands statistically contained
about 5.7±3.1 μg of secretion.

Secretion Profiles in Juveniles In contrast to adults, the
secretions of early-instar juveniles (10 up to 18 leg-bearing
body segments, corresponding to stadium III and IV)
showed only the benzoquinone-fraction, leading to profiles
consisting to about 95 % of 2-methoxy-3-methyl-1,4-ben-
zoquinone (Fig. 4a). Later instars (with 22–23 podous body
segments, corresponding to stadium V) still exhibited pro-
files dominated by 2-methoxy-3-methyl-1,4-benzoquinone
along with small amounts of (E)-2-octenol (Fig. 4b). Finally,

Table 3 Gas chromatographic profiles of defensive gland secretions in adults and juveniles of Allajulus dicentrus

Peak Compound Adults1 Early instars2 Middle instars3 Late instars4 Late instars5 Late instars6

(stadium III, IV) (stadium V) (stadium VI) (stadium VI) (stadium VI)

A (E)-2-heptenal 1.1±0.5 – – – 0.9 0.6

A’ (E)-2-heptenol – – – – 0.4 –

B isomeric octenal 1.8±0.5 – – – 1.2 1.0

B’ isomeric octenol – – – 0,2 1.3 –

C (E)-2-octenal 31.6±12.0 – – 0,2 18.7 20.8

D (E)-2-octenol 0.8±1.2 – 4.0±2.8 3,0 13.3 2.5

E 2-hydroxy-3-methyl-1,4 benzoquinone 2.7±2.6 0.1±0.3 0.4±0.5 0,6 0.6 0.6

F isomeric nonenal (1) 5.8±1.7 – – – 3.4 3.7

F’ isomeric nonenol – – – 1,2 5.6 2.5

G isomeric nonenal (2) 2.6±0.8 – 0.9±0.6 – – –

G’ (Z)-2-nonenal – – – 0,6 1.5 –

H (E)-2-nonenal 4.6±1.6 – – – 1.9 2.5

I (E)-2-nonenol 0.2±0.3 – 0.6±0.7 0,3 2.6 0.4

J 2-methoxy-3-methyl-1,4-benzoquinone 44.3±14.8 89.5±4.9 88.6±4.1 84,2 43.7 60.8

K (E)-2-decenal 1.7±0.9 – – – 0.6 1.1

K’ (E)-2-decenol – – – – 0.9 –

L 2,3-dimethoxy-1,4-benzoquinone 2.1±0.9 9.6±4.9 4.7±2.2 8,7 2.9 2.8

M 2,3-dimethoxy-5-methyl-1,4-benzoquinone 0.7±0.3 0.8±0.4 0.7±0.1 1,0 0.4 0.6

Compounds in % of whole secretion, calculated from peak areas in the chromatograms. For adults, early and middle instars, mean values ± SD are
given. For late instars of stadium VI, three individual profiles are shown. Main components (>10 % of secretion) in bold
1Males and females (see Fig. 1), N076. 2 Instars with 10 (stadium III) and 16–18 podous segments, showing benzoquinone-rich secretions
(stadium IV; see Fig. 4a), N037. 3 Middle instars with 22–23 podous segments, N04, still showing benzoquinone-rich secretions (stadium V; see
Fig. 4b). 4 One late instar specimen with 28 podous segments (stadium VI) showing a benzoquinonic secretion similar to middle instars. 5 One late
instar specimen with 28 podous segments (stadium VI), showing an intermediate, alcohol-rich secretion along with first aldehydes (see Fig. 4c). 6

One late instar specimen with 29 podous segments (stadium VI), already showing an aldehyde-rich secretion similar to adults (see Fig. 4d)
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secretions of late instars (0 28 and 29 leg-bearing body
segments, corresponding to stadium VI) were found to be
either 1) benzoquinone-rich and similar to stadium V, or 2)
to contain an abundant alkenol-fraction along with medium
amounts of the corresponding alkenals (Fig. 4c). 3) The
profile of one individual of stadium VI was already similar
to the profiles of adults (Fig. 4d). In addition to (E)-2-
octenol (peak D) and (E)-2-nonenol (peak I), the alkenol-
fraction of late instars contained some compounds not found
in adults, namely peak A’ (M+ at m/z 114; tentatively iden-
tified as heptenol), peak B’ (M+ at m/z 128; tentatively

identified as an octenol-isomer), peak F’ (M+ at m/z 142;
tentatively identified as a nonenol-isomer), and peak K’ (M+

at m/z 156; tentatively identified as decenol). For the hepte-
nol and the decenol, we found RI values of 965 and 1268,
corresponding to values given for (E)-2-heptenol and (E)-2-
decenol in literature (http://webbook.nist.gov/chemistry/).
In extracts of certain late instars, a further alkenal, most
likely (Z)-2-nonenal, was detected (compound G’: M+ at
m/z 140; RI 1142: corresponding to literature data of (Z)-
2-nonenal as given in Georgiou et al., 2010). All gas chro-
matographic and mass spectrometric data for these addition-
al compounds of late juvenile instars are summarized in
Table 4. Secretions profiles of juveniles of different stadium
are compared in Table 3. Profiles of some late-instar juve-
niles (as in Fig. 4d) were statistically indistinguishable from
adults and clustered with adult profiles as shown by 2D non-
metric multidimensional scaling (Fig. 5).

Discussion

Evidence for Non-quinonic Compounds in the “Quinone
Millipedes”? Apart from the occurrence of certain esters
and alcohols in a few species of Julidae (Huth, 2000; Shimizu
et al., 2012), our finding of (E)-2-alkenals as a major class of
components in the defensive secretion of Allajulus dicentrus
represents a rare example for non-quinonic compounds in the
“quinone millipedes” (0 Juliformia sensu Eisner et al., 1978).
Along with (E)-2-dodecenal from Rhinocricus insulatus
(Wheeler et al., 1964), this is the second record of the occur-
rence of (E)-2-alkenals in the secretions of juliform
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sexes and from different populations
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Diplopoda, and the first incidence of alkenals in the secretions
of Julida. For other Juliformia, sporadic reports on non-
benzoquinone compounds are available, but these either deal
with probably cuticle-derived components (e.g., Monro et al.,
1962; Weatherston and Percy, 1969), or the identification of
these components is only tentative and/or might need recon-
sideration. For example, analytical data for the identification
of a putative alkaloid, 3,3a,4,5-tetrahydro-1H-pyrrolo-[2,3-b]
pyridine-2,6-dione, from the secretion of R. padbergi are
largely missing (Arab et al., 2003). However, both the molec-
ular weight of this compound (M0152) as well as its

chromatographic characteristics (as indicated in Fig. 1 in Arab
et al., 2003) are reminiscent of the common juliform 2-
methoxy-3-methyl-1,4-benzoquinone.

Regarding the secretion of A. dicentrus, it is interesting to
note that all alkenals found were (E)-isomers. Only one (Z)-
isomer, (Z)-2-nonenal, was present additionally in the extracts
of some late instars (compound G’). Generally, the (E)-iso-
mers of 2-alkenals must be regarded as more stable than (Z)-
isomers, and the predominance of (E)-2-alkenals also is
reflected in the exocrine secretions of other Arthropoda. The
exudates of true bugs, for instance, represent the best known
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Fig. 4 Ontogenetic development of the defensive secretion in Allaju-
lus dicentrus. a Profile 1, as found in early-instars (stadium III, IV),
showing exclusively benzoquionones (peak J: 2-methoxy-3-methyl-
1,4-benzoquinone; peak L: 2,3-dimethoxy-1,4-benzoquinone), but
lacking both (E)-alkenals and (E)-alkenols. b Profile 2, as found in
middle-instar juveniles (stadium V), showing small amounts of (E)-
alkenols (peak D: (E)-2-octenol) in addition to benzoquinones (J, L),
but still lacking (E)-alkenals. c Profile 3, as found in late-instar

juveniles (stadium VI), showing benzoquinones (peaks J, L, M) to-
gether with large amounts of (E)-alkenols [peak A’: (E)-2-heptenol;
peak B’: isomeric octenol; peak D: (E)-2-octenol; peak F’: isomeric
nonenol; peak I: (E)-2-nonenol); peak K’: (E)-2-decenol] and increas-
ing amounts of (E)-alkenals (peaks A, B, C, F, G, H, K: see Fig. 1). For
better visibility, all (E)-alkenol-peaks are underlined. d Profile 4, as
found in late-instar juveniles of stadium VI as well, is already indis-
tinguishable from adults

Table 4 Additional compounds from the secretions of late-instar juveniles (stadium VI) in Allajulus dicentrus

Peak no. Retention index RI Mass spectrometric fragmentation (m/z) Identified as*

A’ 965 114 (M+,2), 96 (13), 86 (14), 81 (64), 72 (11), 71 (24), 70 (9), 68 (31), 67 (18), 57 (100),
56 (14), 55 (34), 54 (19), 43 (11), 42 (16), 41 (22)

(E)-2-heptenol

B’ 1034 128 (M+, 1), 110 (7), 97 (6), 95 (44), 83 (11), 82 (94), 81 (21), 71 (14), 70 (19), 69 (75),
66 (29), 67 (43), 57 (100), 56 (72), 55 (43), 54 (19), 44 (11), 43 (55), 42 (19), 41 (61)

isomeric octenol

F’ 1132 142 (M+, 1), 124 (4), 111 (2), 109 (10), 97 (2), 96 (7), 95 (22), 85 (6), 83 (8), 82 (48),
81 (58), 71 (24), 70 (19), 69 (71), 68 (35), 67 (36), 66 (7), 57 (100), 56 (23), 55 (25),
54 (8), 43 (46), 42 (34)

isomeric nonenol

G’ 1142 140 (M+, 1), 109 (6), 97 (8), 96 (29), 95 (43), 83 (22), 82 (13), 81 (17), 71 (19), 70 (100),
69 (41), 66 (21), 67 (34), 57 (61), 56 (22), 55 (36), 43 (32), 42 (9), 41 (30)

(Z)-2-nonenal

K’ 1268 156 (M+, 1), 112 (12), 110 (4), 109 (9), 108 (3), 97 (6), 96 (27), 95 (17), 84 (9), 83 (21),
82 (56), 81 (47), 71 (33), 69 (36), 68 (41), 67 (57), 66 (6), 57 (100), 56 (20), 55 (44),
54 (24), 53 (7), 44 (14), 43 (37), 41 (30)

(E)-2-decenol

*all components were tentatively identified on the basis of mass spectral comparison; for compound A’, G’ and K’, we additionally found RI values
in literature (http://webbook.nist.gov/chemistry/) that correspond to (E)-2-heptenol, (Z)-2-nonenal, and (E)-2-decenol, respectively (see text)
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natural source for (E)-2-alkenals, and the major alkenal of A.
dicentrus, (E)-2-octenal, is a common component in the secre-
tions of representatives of different heteropteran families as
well (Collins, 1968; Levinson et al., 1974; Farine et al., 1993;
Aldrich et al., 1997; Siljander et al., 2008). (E)-2-Octenal
contributes strongly to the offensive smell of some of these
bug-species, and the characteristic bug-like smell of the Alla-
julus-secretion also relies on the presence of this compound.

In order to exclude the idea that the occurrence of (E)-
alkenals in A. dicentrus was an incidental finding, being true
only for one specific population, we compared individuals
from different populations. Austrian populations 2 and 3
(see Table 1) were several kilometres from our main “pop-
ulation 1” and separated from it by the Drava-river, and
other individuals were even further from populations in
Slovenia (more than 100 km from main population 1, and
separated by the Karavanke-mountains). Indeed, all speci-
mens irrespective of their allocation to populations consis-
tently exhibited an abundant (E)-alkenal-fraction in their
secretions. In these terms, it seems justified to consider the
(E)-alkenals (plus alkenols) as basic and consistent elements
in the defensive chemistry of A. dicentrus. Since a system-
atic screening for these compounds throughout different
taxonomic groups of the Julidae (or even Juliformia) has
never been performed, we cannot conclude whether these

(E)-alkenals represent an autapomorphy of A. dicentrus, or
whether they may show a wider distribution in millipede
secretions. When considering the rather distant relation to
the only other (E)-alkenal producing diplopod species, the
spirobolid Rhinocricus insularis (Wheeler et al., 1964), an
independent evolution of these compounds in juliform secre-
tions seems to be the most likely explanation at this time.

We also provide data for the ontogenetic development of the
secretion chemistry in A. dicentrus, and to our knowledge, this
topic is addressed for the first time for Diplopoda in general.
Interestingly, early instars displayed nearly exclusively 2-
methoxy-3-methyl-1,4-benzoquinone in their secretions, and
(E)-alkenols (such as octenol) were added in later instars.
These findings may indicate the uncoupled biosynthesis of
benzoquinones and (E)-alkenals, with the latter formed during
ontogenesis from their corresponding alcohols by oxidation.
This process may take place during stadium VI, as evidenced
by the three different profiles that we obtained from individuals
with 28 and 29 podous segments. Additionally, the finding of
adults with lesser amounts of alkenals in their secretions may
be attributed to this phenomenon, and we speculate that these
individuals are in a state of glandular refill, as may be possibly
the case in a period shortly after molting. According to Blower
(1985) and Blower and Miller (1977), 13 stadiums can be
observed in the conspecific A. nitidus, and adults occur from
stadium VIII on.

Chemosystematics in the Cylindroiulini? The genus Allaju-
lus is classed with the julid tribe Cylindroiulini (Read, 1990)
from which the secretions of some representatives of
genera Cylindroiulus and Enantiulus have been analysed,
all of them showing the typical toluquinone- and 2-methoxy-3-
methyl-quinone-rich juliform secretion profiles (Schildknecht
and Weis, 1961; Röper and Heyns, 1977; Röper, 1978; Huth,
2000; Vujisic et al., 2011). In a recent paper on the secretion
chemistry of several cylindroiuline species, Vujisic et al.
(2011) pointed out that the similarity of secretion profiles limits
chemosystematic applications – but genus Allajulus may in-
deed be different. Röper and Heyns (1977) previously men-
tioned that the secretion of A. nitidus was exceptional in
displaying only a single component, 2-methoxy-3-methyl-
1,4-benzoquinone, and lacking toluquinone. This lack of tolu-
quinone – also proved for A. dicentrus in the present study –
appears to be characteristic for Allajulus. In a preliminary
analysis of A. groedensis (data not shown), we found the
secretion of this species to be devoid of toluquinone as well,
and mainly made up of 2-methoxy-3-methyl-1,4-benzoqui-
none, hence resembling the secretion of A. nitidus. We have
not yet checked the fourth Austrian Allajulus, A. molybdinus.

The genus Allajulus formerly consisted of about 100
species, most of which have now been transferred to other
genera. According to Read (1990), seven species of “true”
Allajulus are recognized. Interestingly, Read (1990) pointed
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Fig. 5 Statistical discrimination of profiles of different developmental
stages of Allajulus dicentrus by multidimensional scaling (2D-nMDS)
of Gower dissimilarity calculated from individual profiles of juveniles
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cluster together but can be distinguished from individuals of stadium V.
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tions as found in adults
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out that the taxonomy of Allajulus is in a state of confusion
and that Allajulus is probably paraphyletic, with A. dicentrus
possibly being sister to all other Allajulus species plus Enan-
tiulus (see also Enghoff et al., 2011). The special position ofA.
dicentrus is also chemically reflected by its aberrant secretion.
For cylindroiulines such as from genera Styrioiulus and Kry-
phioiulus, no chemical data are available at present.

Evolutionary Development of (E)-Alkenals In regard to the
second (E)-alkenal-producing milliped, Rhinocricus insula-
ris, several analogies to the situation in Allajulus dicentrus
become obvious. For example, no sign of (E)-alkenals was
found in the close relatives of R. insularis (R. padbergi and
other rhinocricidid species such as Acladocricus setigerus
and Anadenobolus putealis: Arab et al., 2003; Bedoussac et
al., 2007; Wu et al., 2007). As in A. dicentrus, this possible
sporadic occurrence of aberrantly-structured secretions
within a chemically homogenous taxonomic group raises
several questions. One of these refers to the selection of
additional non-benzoquinone compounds in an already
well-established and proven system for chemical defense
in the course of evolution. One reason for this may be found
in evolutionary adaptations to novel predators, i.e., although
being defended by benzoquinones, predators from different
taxonomic groups are known to specifically prey on milli-
pedes, in many cases by circumventing the chemical pro-
tection devices of their prey. For instance, the spirobolid
Floridobolus penneri is specifically preyed by a phengodid
beetle larva (Eisner et al., 1998), and in some cases – such as
documented for the spirobolid Pelmatojulus tigrinus – the
originally defensive benzoquinones even act as kairomones
for necrophagous beetles (Schmitt et al., 2004; Bedoussac et
al., 2007) and for an array of other predators such as assassin
bugs (Schmitt et al., 2004). Thus, the scattered occurrence of
aberrant secretions within chemically homogenous,
benzoquinone-producing taxa may indicate the rapid adop-
tion of non-benzoquinonoid compounds in response to ma-
jor changes in the ecological environment of these species.
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Abstract A great diversity of defensive chemicals has been
described in termite soldiers equipped with a unique defen-
sive organ, the frontal gland. Along with the functional
diversity of these compounds, reflecting the evolutionary
history of particular lineages and their defensive strategies,
a considerable degree of chemical variability often occurs
among species and populations. Thus, the chemistry of
termite defense may provide information on the phylogeny
and geographic dispersal of species and populations. In this
paper, we report on the anatomy of the frontal gland and on
the diversity of soldier defensive chemicals in the sand ter-
mite, Psammotermes hybostoma, from nine colonies and five
different localities in Egypt. Using gas chromatography–mass
spectrometry, a total of 30 sesquiterpene hydrocarbons, or
their oxygenated derivatives, were detected, and the chemical
identity of most of them identified. In addition, a ketone, an
ester, and a diterpene were identified in some colonies. Within

colonies, the chemical composition was stable and did not
differ among soldier size categories. However, there were
pronounced quantitative and qualitative differences in frontal
gland chemicals among colonies and geographic locations.
The findings are discussed in a broader comparison with other
termite taxa.

Keywords Termites . Chemical defense . Frontal gland of
soldiers . Rhinotermitidae . Psammotermes hybostoma .

Sesquiterpenes

Introduction

Collective defense is a prominent characteristic of insect
societies, manifested by defendable nests and defensive
adaptations of inhabitants (Crespi, 1994). In termite ancestors,
the caste of soldiers evolved as the first altruistic caste, com-
pletely sterile and fully devoted to defense (Roisin, 2000).
Along with a plethora of anatomic and behavioral adaptations
for mechanical defense, termite soldiers also possess efficient
chemical weaponry, especially for the advanced families
Rhinotermitidae, Serritermitidae, and Termitidae, which
are equipped with a unique defensive organ, the frontal
gland (Deligne et al., 1981; Prestwich, 1984; Quennedey,
1984; Šobotník et al., 2010).

A fascinating diversity of defensive chemicals produced
by this gland has been discovered over the past four deca-
des, with several hundred compounds from various chemi-
cal classes, including alcohols, mono-, sesqui-, di-terpenoid
hydrocarbons, ketoaldehydes, fatty acids, macrocyclic lac-
tones, heterocyclic and aromatic compounds, having being
identified. The functional diversity of these compounds and
their mixtures includes use as irritants, repellents, glues, anti-
healants, and contact poisons (Prestwich, 1984; Šobotník et
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al., 2010). Besides their defensive function, volatiles from the
frontal gland also may be involved in signaling alarm by
fighting or irritated soldiers (Šobotník et al., 2010).

The functional chemistry of the frontal gland secre-
tion co-evolved with structural aspects (anatomy of the
glandular reservoir, the frontal pore, shape of the head
and mandibles, and related behavior) used in association
with defense, into a multitude of defensive strategies,
ranging from contact discharge combined with mandibular
biting, to non-contact delivery by spraying (Quennedey,
1984; Šobotník et al., 2010). Thus, the chemistry and anatomy
of the frontal gland provide information on the evolutionary
history of defensive strategies in particular lineages. At
the same time, several studies have highlighted that
defensive blends often are highly variable at interspecific
and intercolonial scales, both in quality and quantity, thus
making the frontal gland chemistry an interesting tool for
studies on taxonomy and biogeography (see e.g., Goh et al.,
1984; Bagnères et al., 1990; Quintana et al., 2003; Perdereau
et al., 2010).

Psammotermes, Desneux, 1902, is the most arid-adapted
isopteran genus, living in arid areas of the Old World,
namely Arabia, Sahara, and Sahel (P. hybostoma Desneux,
1902; P. assuanensis Sjoestedt, 1912; P. fuscofemoralis
Sjoestedt, 1904; P. senegalensis Sjoestedt, 1924), South
Africa (P. allocerus Silvestri, 1908), Madagascar (P. voeltz-
kowi Wasmann, 1910), and South-West Asia (P. rajasthani-
cus Roonwal & Bose, 1960). The nesting and foraging
habits, as described e.g., by Grassé, (1984) for P. hybos-
toma, are reminiscent of advanced rhinotermitids with
populous colonies that inhabit a large polycalic system of
hypogeal constructions with peripheral centers in the feed-
ing substrate (i.e., various cellulose-containing material,
from dead trees, through wind-blown vegetal debris to ani-
mal feces) (Harris, 1970; Grassé, 1984). Despite their wide
distribution and economic importance as pests of timber and
crops, many aspects of Psammotermes biology remain poor-
ly understood, especially the caste system (only a pro-
nounced size polymorphism of workers and soldiers has
been noted; Clément, 1952; Roonwal, 1988) and chemical
ecology, including the composition of the frontal gland.
Therefore, we are investigating some of these aspects,
namely chemical communication (Sillam-Dussès et al.,
2011), the caste system (Bourguignon, unpublished data),
and the chemistry of defensive compounds from the frontal
gland.

In this study, we report on the anatomy of the frontal
gland and on the chemistry of the frontal gland secretion in
soldiers of the sand termite, Psammotermes hybostoma,
collected from nine colonies in five localities in Egypt. We
compare, among colonies and localities, data on soldiers of
different body sizes, and discuss results in a phylogenetic
context.

Methods and Materials

Insect Origin and Sampling Nine fragments of P. hybostoma
colonies were collected at five different localities (A–E,
see Fig. 1) in the Nile Valley and Egyptian Western
Desert in March 2010. Eight colony fragments were
extracted from tamarisk wood, and one from a palm tree,
and brought live to Prague. The colonies were held under
laboratory conditions in their original wood at 26°C and at
a low relative humidity. The colonies are hereafter
denominated with the locality code (A–E), followed by
the colony number.

Given the pronounced size polymorphism of Psammo-
termes soldiers, we aimed to interpret our findings with re-
spect to body size. The observed variability in soldier size was
extreme, with head widths ranging from 0.9 to 2 mm. There-
fore, we defined three categories based on the head width
(HW): small soldiers (SS; HW<1.1 mm), medium soldiers
(MS; HW01.1–1.5 mm), and large soldiers (LS; HW>
1.5 mm) (Fig. 2).

Fig. 1 Situation of the five localities, A–E, in the Nile Valley and
Western Desert
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Optical and Electron Microscopy Five soldiers of each size
category were removed from colony B1, submerged in a
drop of fixative (2.5 % glutaraldehyde in 0.1 M phosphate
buffer at pH 7.2), and dissected into head (mandibles care-
fully removed), thorax, and abdomen. After 24 h at 4°C, the
samples were washed in 0.1 M phosphate buffer, post-fixed
for 2 h in 1.5 % osmium tetroxide in a 0.1 M phosphate
buffer, dehydrated in an ethanol series, and embedded into
standard Spurr resin. Subsequently, 1 μm-thick sections
were cut with an Ultracut Reichert-Jung, stained with Azure
II solution, and studied using a Carl Zeiss Amplival optical
microscope equipped with a Canon EOS 500D camera.
Ultrathin sections (50–80 nm) were stained using the stan-
dard protocol developed by Reynolds (1963) and observed
with a JEOL 1011 transmission electron microscope. Entire
soldier bodies were desiccated, gold-coated, and observed
with a JEOL JSM-7401F scanning electron microscope.

Extracts Soldiers, freshly removed from colonies, were fro-
zen at −20°C for 5 min. In order to open the frontal gland
reservoir and extract its content, soldiers were dissected into
head and rest of body, and extracted with distilled hexane
(20 μl per soldier). The samples were shaken for 10 min.
and stored at −20°C. Extracts of workers were prepared in
the same way, but without the dissection.

The following extracts were prepared: i) extracts of 10
individual SS from colony A1 and 10 individual LS from
colony E2 for evaluating intracolonial chemical diversity
among soldiers of the same size category; ii) extracts of 5
soldiers of each size category from colony B1, for comparing
chemical diversity among the three categories; iii) extracts of
10 soldiers from each colony, for identification and quantifi-
cation, and intercolonial comparison; and iv) extracts of 10
workers from each of the colonies, to compare the profile of

cuticular hydrocarbons among colonies and, thus, verify that
all collections belonged to the same species; these extracts also
allowed us to discriminate compounds specific to the frontal
gland of soldiers from compounds present on the cuticle.

Gas Chromatography–Mass Spectrometry (GC-MS) Chemi-
cal identification and quantification were carried out by GC-
MS (quadrupole DSQ II, Thermo Scientific) using a DB-5
column (30 m, id 0.25 mm, 0.25 μm film). The oven-
temperature program was 50°C (1 min.) to 320°C (5 min.)
at 7°C.min-1. 1-Bromodecane (40 ng/μl) was added as an
internal standard. Splitless injection was used, with helium
as the carrier gas (1 ml.min-1). Identification of compounds
was based on comparison of retention indices and MS
fragmentation patterns (70 eV, electron impact ionization)
with published data and with synthetic and/or natural
standards, as specified in Table 1. The retention indices of
particular compounds were calculated using the retention
times of n-alkanes (C10–C30).

Solid-Phase Microextraction (SPME) Several standard ter-
penes were extracted by SPME from natural sources: ar-
curcumene and β-elemene were obtained, together with other
sesquiterpenes, from ginger rhizome; valencene was obtained
from Valencia orange peel. The samples (10 g) were heated at
50°C, and the volatile fraction adsorbed for 40 min. on a grey
SUPELCO SPME fiber (50 μm DVB/CAR/PDMS coating)
situated 5 cm above the heated sample. After this, the SPME
fiber was injected into a GC and analysis performed under the
conditions as for the hexane extracts.

Solvents and Standards β-Bisabolene and (E)-α-bisabolene
were synthesized from (Z)-nerolidol (Sigma-Aldrich), using
the same experimental conditions as described for synthesis
from (E)-nerolidol by Svatoš and Attygale (1997). (Z)-γ-
Bisabolene and (E)-γ-bisabolene were obtained from stored
termite imagoes of Prorhinotermes simplex (Piskorski et al.,
2009). Hexane was purchased from Merck and redistilled
prior to use.

Statistics Differences in chemical composition of soldier
extracts were evaluated using the formula of Nei (1972).
The calculation was based on relative abundances of the 33
compounds listed in Table 1; the resulting matrix of Nei
distances then was plotted as a cluster tree with the un-
weighted pair-group average clustering method (performed
with Statistica 8).

Results

Anatomy of the Frontal Gland The frontal pore was located
on the anterior frons, at the beginning of a shallow groove

Fig. 2 A group of Psammotermes hybostoma termites (workers, sol-
diers, one presoldier) foraging in palm tree trunk. Soldiers of the three
size categories considered in this paper are marked with arrows.
Abbreviations: SS, small soldier; MS, medium soldiers; LS, large
soldiers
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leading to the labrum (Fig. 3). The size of the frontal gland
reservoir differed considerably among soldier categories; it
reached as far as to the fourth abdominal segment in SS
(Fig. 4B), while it was confined to the head in MS and LS
(Fig. 4A).

The secretory epithelium consisted entirely of class 1
secretory cells, whereas there was an abundance of class 3
secretory cells around the fontanelle (Figs. 3 and 4A). This
epithelium usually was between 5–20 μm thick (Fig. 4) and
lined with a highly modified cuticle made of fibrous mate-
rial, occurring in electron lucent and electron dense patches

(see Fig. 4D). A single continuous electron-dense layer
(about 25 nm thick) occurred at the cuticle apex. The
apical plasma membrane formed irregular projections
(Fig. 4D) supported with numerous microtubules. The
basement membrane was formed by a single lamina,
0.5–0.75 μm thick, connected to the secretory cells by
numerous focal contacts. Intercellular junctions consisted
of a single apical zonula adherens, followed by a septate
junction; gap junctions were rare. The membranes of
neighboring cells were free in their basal halves. Nuclei
were centrally located, irregular, about 5 μm in the largest

Table 1 List of the frontal gland chemicals of Psammotermes hybostoma soldiers

No. RI Name Ref. Class Colony

A1 A2 A4 B1 LS B1 MS B1 SS C1 C2 D1 E1 E2

1 1188 p-methylacetophenone 1 ketone - - - - - - tr tr + + tr

2 1394 iso-β-elemene 2 sesquiterpene tr tr + + + + + tr tr tr +

3 1402 β-elemene 1,3 sesquiterpene ++ ++ +++ ++++ ++++ ++++ +++ +++ +++ +++ +++

4 1451 2-methylene-5-(1-methylvinyl)-8-
methylbicyclo[5.3.0]decane

4 sesquiterpene + + tr tr tr tr tr tr - - tr

5 1457 selina-5,11-diene 5 sesquiterpene + + tr tr tr tr tr tr - - -

6 1464 α-helmiscapene 6 sesquiterpene +++ +++ ++ ++ ++ ++ + ++ + tr tr

7 1473 unidentified sesquiterpene tr tr - tr tr tr - - - - -

8 1481 unidentified sesquiterpene tr tr tr tr tr tr tr - - - -

9 1488 cis-eudesma-6.11-diene 1 sesquiterpene + + + + tr tr tr tr - - -

10 1489 ar-curcumene 1,3 sesquiterpene - - - - - - - tr + - tr

11 1490 cis-β-guaiene 1 sesquiterpene tr tr tr tr tr tr - - - - -

12 1495 selina-4.11-diene 5 sesquiterpene - - - - - - ++ + ++ + ++

13 1497 aristolochene 1 sesquiterpene + + + + + + - - - - -

14 1500 eremophilene 5 sesquiterpene tr tr tr tr tr tr tr tr - - -

15 1504 valencene 1,3 sesquiterpene ++++ ++++ ++++ +++ +++ +++ +++ +++ ++ + +

16 1515 β-bisabolene 1,7 sesquiterpene - - - - - - + ++ +++ ++ ++

17 1518 germacrene A 1 sesquiterpene tr - tr tr tr + - - - - -

18 1523 (Z)-γ-bisabolene 1,3 sesquiterpene - - - - - - tr tr tr tr tr

19 1532 7-epi-α-selinene 1 sesquiterpene tr tr + tr tr tr + + + tr +

20 1541 (E)-γ-bisabolene 1,3 sesquiterpene - - - - - - +++ +++ +++ +++ +++

21 1549 (E)-α-bisabolene 1,7 sesquiterpene - - - - - - tr tr + + +

22 1631 unidentified oxygenated sesquiterpene - - - - - - tr tr tr tr tr

23 1648 gossonorol 1 oxygenated sesquiterpene - - - - - - tr + + + tr

24 1661 unidentified oxygenated sesquiterpene - - - - - - - tr tr tr tr

25 1668 unidentified oxygenated sesquiterpene - tr + tr tr tr tr tr tr tr tr

26 1679 unidentified oxygenated sesquiterpene - - - - - - - tr tr + -

27 1690 unidentified oxygenated sesquiterpene - - - - - - tr + + + tr

28 1713 nootkatol 1 oxygenated sesquiterpene - tr tr - - - - - - - -

29 1756 unidentified oxygenated sesquiterpene - - - - - - tr tr tr tr tr

30 1796 unidentified oxygenated sesquiterpene - - - - - - tr tr + + tr

31 1824 nootkatone 1 oxygenated sesquiterpene - tr tr - - - - - - - -

32 1986 hexadecenyl acetate 8 ester + - tr + tr tr - - - tr -

33 2036 (E,E)-geranyllinalool 1 diterpene alcohol tr tr tr tr + tr tr tr - tr -

Footnote: tr≤1 %; +≤5 %; ++<10 %; +++<50 %; ++++>50 %. RI – retention index, Ref. – the reference or chemical standard used for
identification, 1 – Adams (2007), 2 – Kilic et al. (2004), 3 – natural standard, 4 – Cheng et al. (2005), 5 – Jouilan and König (1998), 6 – Adio et al.
(2004), 7 – synthetic standard, 8 – Marques et al. (2000)

560 J Chem Ecol (2012) 38:557–565



dimension. Secretory organelles included smooth and
rough endoplasmic reticulum. Secretory vesicles were of
two types, more abundant lipid-like droplets and less fre-
quent electron-lucent vesicles; both originated from a con-
version of large electron-dense granules (up to 3 μm diam.)
and were released at the cell apex. Mitochondria were
moderately abundant and often located next to the secre-
tory vesicles.

Comparison of Cuticular Profiles, Specific Identity of the
Collected Colonies Cuticular hydrocarbons profiles of
workers from all colonies did not differ qualitatively in
chemical composition, and only minor quantitative varia-
tions were observed (Fig. 5A). These results suggested that
all collected colonies belonged to one species, P. hybostoma,
widely distributed and abundant in the Sahara.

Chemical Composition of the Frontal Gland Secretion Sol-
dier extracts were rich in volatiles that were lacking in the
extracts of workers (Fig. 5B). Altogether, 33 compounds
specific to soldiers were detected (Table 1). Most of these
were sesquiterpenes (20) or oxygenated sesquiterpenes
(10). Sesquiterpenes quantitatively dominated (over 95 %
of) the extracts. In addition, a few other compounds, such
as p-methylacetophenone, hexadecenyl acetate, and (E,E)-
geranyllinalool, were identified as minor or trace com-
pounds in some colonies. The method of identification
of particular compounds is specified in Table 1. For most
compounds, characteristic fragmentation patterns of mass
spectra and retention indices allowed unambiguous identifi-
cation based on published data. However, due to the high
similarity of the mass spectra and retention indices of some
sesquiterpenes, the identity of several compounds was con-
firmed using synthetic or natural standards. Nevertheless, the

Fig. 3 Scanning electron microscopy of the head of Psammotermes
hybostoma soldiers. A. Small soldier. The scale bar represents 0.5 mm.
B. Large soldier. The scale bar represents 1 mm. C. Detail of the frontal
pore in a large soldier. The scale bar represents 50 μm. The arrows
mark the frontal pore; the arrowheads mark the openings of class 3
secretory cells

Fig. 4 Structure of the frontal gland in Psammotermes hybostoma
soldiers. A. Sagittal section of a large soldier head. The arrowheads
mark groups of class 3 secretory cells. The scale bar represents 1 mm.
B. Sagittal section of the anterior abdomen of a small soldier. The scale
bar represents 200 μm. C. Transmission electron microscopy of the
frontal gland secretory epithelium in a small soldier. The scale bar
represents 5 μm. D. Detail of the secretory cell apex. Note the electron
lucent and electron dense patches in the cuticle as well as the irregular

projection of the apical plasma membrane supported with microtu-
bules. The scale bar represents 1 μm. E. The basal part of the secretory
cell showing various interstages of secretory vesicle development. The
scale bar represents 2 μm. Abbreviations: 1–4, abdominal segment 1–
4; b, brain; bm, basement membrane; c, cuticle; fb, fat body; fr, frontal
gland reservoir; hg, hindgut; m, mitochondria; mg, midgut; mm, man-
dibular muscles; n, nucleus; ser, smooth endoplasmic reticulum; sg,
suboesophageal ganglium
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identification of β-elemene should be treated with caution,
because of the risk of the possible Cope rearrangement of
germacrene structures to elemenes under GC conditions
(Takeda, 1974).

Total quantities of volatiles in individual soldiers were
relatively high, ranging from tens to hundreds of micrograms
per soldier, reflecting the relatively large size of Psammo-
termes soldiers. However, quantities were highly variable
among individual soldiers, likely because of the differences
in body size and in fullness of the gland reservoir. The
maximum total quantities roughly corresponded to size differ-
ences among soldier categories, large (520 μg), medium
(230 μg), and small soldiers (170 μg), and to the estimated
sizes of their respective gland reservoirs. Hence, the quantities
of particular compounds allowed a reliable relative quantifi-
cation and comparison among individual soldiers.

Intracolonial Chemical Variability Chromatographic pat-
terns of ten individual small soldiers from colony A1 and
ten individual large soldiers from colony E2 were similar
within each colony; the chemical dissimilarity between each
pair of soldiers depicted in Fig. 6 was lower than 0.015 for
both colonies. The same applies for the differences in rela-
tive abundances among large, medium and small soldiers,
evaluated in colony B1. Thus, intracolonial chemical vari-
ability within particular size categories, and among the three
size categories, can be considered as low.

Chemical Variability Between Colonies and Localities While
the chromatographic patterns were alike within individual
colonies, a higher level of variability was recorded among
colonies from the same locality, as shown in Fig. 6 and
Table 1. Colonies A1 and A2 were similar, with their

Fig. 5 Typical gas
chromatograms of
Psammotermes hybostoma
workers and soldiers. A.
Cuticular hydrocarbons of
workers from one colony at
each locality (A–E); for
reference, a chromatogram of
n-alkanes is shown. B. A
characteristic gas
chromatogram of a worker
(colony B1) and of a soldier
(colony E2). C. Gas
chromatograms of soldier-
specific sesquiterpenes, charac-
teristic of the two distinct che-
motypes (top: NV, colony B1,
bottom: WD, colony E2), and
the transitional situation ob-
served in colony C2 (middle).
Abbreviations: A1–E1, colony
codes; IS, internal standard;
NV, Nile Valley chemotype;
WD, Western Desert chemo-
type. Peak numbers correspond
to compounds listed in Table 1.
The circles indicate sesquiter-
penes exclusive to particular
chemotypes
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chemical difference being comparable to intracolonial vari-
ability. All other colonies were different from each other
within the same locality (A1 + A2 vs. A3, C1 vs. C2, and E1
vs. E2), mostly due to quantitative differences in major
compounds or qualitative differences in minor or trace
components. The highest intercolonial chemical difference
was observed between the two colonies from locality C,
owing to the quantitative shift in the two major sesquiter-
penes, β-elemene and valencene (34 and 19 % in C1 vs. 15
and 31 % in C2). Colonies E1 and E2, extracted from the
tamarisk and palm trees, respectively, did not differ more
than other pairs of colonies from one locality.

Fundamental differences were observed among locali-
ties. Quantitative patterns of relative abundances account
for the differences between localities A and B from the
Nile Valley, mostly due to the shift between valencene and
β-elemene, the former being dominant in locality A (62±
3 %) and the latter being the major compound in locality
B (59±5 %). Chemical differences between localities D
and E from the Western Desert were low, a result of slight
quantitative variations. In contrast, locality C can be distin-
guished easily from the two other localities, based on relative
abundances of four major sesquiterpenes, β-elemene, valen-
cene, β-bisabolene, and (E)-γ-bisabolene; i.e., 24±5, 25±6,
5±2, and 24±1 %, respectively, in colonies C1+C2, con-
trasting with 18±4, 4±1, 10±3, and 43±7 % in colonies
D1+E1+E2.

A clear distinction can be made between colonies from the
Nile Valley and those from the Western Desert, representing

two dramatically different chemotypes, hereafter called NV
andWD chemotypes. Each of the chemotypes is characterized
by the presence of exclusive compounds, such as aristolo-
chene and germacrene A in the NV phenotype, and ar-
curcumene, selina-4,11-diene, four bisabolene isomers, and
several oxygenated sesquiterpenes in theWD chemotype. The
differences between the two chemotypes are apparent from the
representative chromatograms depicted in Fig. 5C and peaks
listed in Table 1.

Discussion

The frontal gland of Psammotermes hybostoma is among
the smallest of all Rhinotermitidae (Šobotník et al., 2010).
Along the continuum of soldier body sizes, the gland reser-
voir is developed in two modal forms. In small soldiers, it
reaches deep into the abdomen, as in numerous other Rhi-
notermitidae, while in medium and large soldiers it resem-
bles that of Termitogeton, the only rhinotermitid with the
gland situated only in the head (Quennedey, 1984). The
ultrastructure of the gland corresponds to the description
by Quennedey (1984), and is similar to that in Prorhino-
termes simplex (Šobotník et al., 2004), especially in the
following traits: the structure of the glandular cuticle,
irregular projections of the apical plasma membrane,
scarce secretory organelles, and the process of secretion
formation.

The total amount of defensive volatiles increases with
body size; small soldiers may contain up to 170 μg, while
the largest soldiers may contain as much as 500 μg. How-
ever, the relative quantity of defensive chemicals was much
smaller than in most other rhinotermitids, e.g., Coptotermes
or Prorhinotermes (Waller and La fage, 1987; Hanus et al.,
2006). Despite these dramatic size differences among soldiers,
we did not observe any chemical polymorphism. Therefore,
the size variability is unlikely to be linked with a differential
use of the frontal gland.

We observed a trend in chemical variability among col-
onies and localities. Intercolonial variability at one locality
was usually low. Very similar chemical composition was
recorded in colonies A1 and A2; these two samples likely
represented two fragments of one large colony, given the
distance of only a few tens of meters between the two sites.
Other colonies had slightly different quantitative patterns of
volatiles from each other at the same locality. However, the
five localities showed two fundamentally different chemo-
types. All colonies from the Nile Valley were of the NV
chemotype, while all colonies from the Western Desert
(25 km from the Nile Valley) were the WD chemotype. By
our own sense of smell (unpublished results) we could
distinguish samples from each colony (5 soldiers in a Petri
dish) with respect to chemotype.

Fig. 6 Cluster tree depicting variability in relative abundances of 33
compounds listed in Table 1 among soldiers from nine colonies and
five localities. In colonies A1 and E2, ten individuals were evaluated;
in colony B1, three soldier categories were compared. The tree is
constructed using unweighted pair-group average clustering method
from the matrix of Nei distances
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Aside from the two chemotypes, more subtle trends can be
seen. In colonies C1 and C2, even though they belonged to the
WD chemotype, characteristics of the NV chemotype are
apparent, such as the presence of selina-5,11-diene and cis-
eudesma-6,11-diene, or a higher proportion of valencene. This
introgression of the NV chemotype into the WD chemotype
corresponds well with the central position of locality C. More-
over, this locality was situated in the suburbs of a large Kharga
oasis with a great probability of a passive transport of colony
fragments or alates with human traffic. Colony D1, collected
close to C locality but outside the urban area, corresponded
much better with colonies E1 and E2.

Interspecific differences in frontal gland chemistry are
well known (Šobotník et al., 2010) and, along with cuticular
hydrocarbons, can be used as chemotaxonomic markers
(e.g., Bagnères et al., 1990). Conspicuously different chemo-
types also have been noted within species (e.g., Valterová et
al., 1989) or even within a single chemotype of cuticular
hydrocarbons (Bagnères et al., 1990; Perdereau et al., 2010),
thus allowing the evaluation of another level of chemodiver-
sity when disentangling the relatedness and dispersal history
of populations or sibling species. Our results represent another
example of intraspecific polymorphism in biosynthetic path-
ways of defensive compounds, independent of cuticular hy-
drocarbon chemotypes and feeding substrate, and subject to
genetic mixing among populations.

The richness and variability of the sesquiterpenoid secre-
tion suggest that its defensive potential results from the
complex blend, rather than from the individual compounds.
Among the biological functions attributed to terpenoids,
their use as deterrents, repellents and irritants is widespread
(e.g., Gershenzon and Dudareva, 2007). Multiple explana-
tions have been proposed for the occurrence of terpenoids in
mixtures, including the optimization of physicochemical
properties, enlargement of the spectrum of target organisms,
decreased likelihood of development of resistance to them,
and functional constraints of biosynthetic pathways (Fischbach
and Clardy, 2007; Gershenzon and Dudareva, 2007). It is
interesting to note that the sesquiterpenes characteristic for
each of the two chemotypes typically have a common biogen-
esis, differing only in the final steps; e.g., the bisabolene
isomers and their oxygenated derivatives inWD, or valencene,
nootkatol and nootkatone in NV.

Terpenoid mixtures are common in termite frontal glands
(see Šobotník et al., 2010), and their repellent and toxic
properties have been confirmed experimentally, especially
sesquiterpene hydrocarbons (Scheffrahn et al., 1983) and
oxygenated sesquiterpenes (Wadhams et al., 1974; Zhu et
al., 2003). A strong toxicity has been shown for the diter-
pene geranyllinalool, frequently found in Reticulitermes sp.
(Lemaire et al., 1990) and occurring in trace quantities in
Psammmotermes. Hence, we hypothesize that the sesquiter-
pene mixtures of Psammotermes have a repellent and/or

irritant function, or participate in unpalatability. In addition,
sesquiterpenes can act as alarm pheromones, such as in Pro-
rhinotermes (Šobotník et al., 2008) or Reticulitermes (Reinhard
et al., 2003). Due to the limited survival of Psammotermes in
captivity, we were not able to test their function.

In Rhinotermitidae, sesquiterpenes have been recorded in
soldiers of several Reticulitermes species, as well as in
soldiers and imagoes of Prorhinotermes, always as a mix-
ture with other classes of compounds (Quintana et al., 2003;
Hanus et al., 2006; Piskorski et al., 2007, 2009). Several
recent phylogenetic hypotheses situate Psammotermes as a
sister or closely related taxon to Prorhinotermes (Austin et
al., 2004; Lo et al., 2004; Ohkuma et al., 2004; Inward et al.,
2007). Despite the dramatic differences in ecology, the close
relationship of the two genera is supported by similarities in
anatomy of the frontal gland (Šobotník et al., 2004), by the
unique shape of the nymphal wing buds (Štys and Šobotník,
1999, Bourguignon, unpublished data), and by the primitive
type of caste development, which lacks an early divergence of
a permanent worker caste (Roisin, 1988; Bourguignon, un-
published data).
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Abstract The sex-pairing pheromone of the black winged
subterranean termite, Odontotermes formosanus (Shiraki)
(Isoptera, Termitidae), was investigated using headspace-
SPME, GC-MS, GC-EAD, and attraction bioassays.
Females secrete the pheromone from their sternal gland to
attract males. The sex-pairing pheromone is composed of (Z,
Z)-dodeca-3,6-dien-1-ol and (Z)-dodec-3-en-1-ol, estimated
at 9 to 16.64 ng and 0.2 to 0.54 ng, respectively. Both short-
and long-distance sex attraction bioassays were employed to
show that these compounds act in synergy at long distance,
but only (Z,Z)-dodeca-3,6-dien-1-ol is active at short dis-
tance. The pheromone may be useful in efforts to control
this pest, which is considered one of the most harmful
termite species in Southeast Asia.

Keywords Sternal gland . (Z)-dodec-3-en-1-ol .

(Z,Z)-dodeca-3,6-dien-1-ol . GC-EAD . Olfactometer .

SPME . Isoptera . Termitidae . Macrotermitinae . Pest

Introduction

The establishment of a new colony is a fundamental step in
the life history of termites. In most species, it consists of a
mass exodus of winged reproductive forms during swarming.
This dispersal flight of alates usually is followed by dealation,
and courtship consisting of calling and tandem behaviors with
some important variations among species (Nutting, 1969;
Myles, 1988). Courtship is facilitated by sex-pairing phero-
mones that play a key role in both aspects.

Because of the seasonal occurrence of the swarming,
there have been few studies of termite sex-pairing phero-
mones. However, (Z,Z,E)-dodeca-3,6,8-trien-1-ol, (Z,Z)-
dodeca-3,6-dien-1-ol, and neocembrene have been identi-
fied as sex-pairing pheromones in some termites species
(reviewed in Bordereau and Pasteels, 2011). Recently,
female sex-pairing pheromones of Zootermopsis angusticol-
lis and Z. nevadensis have been identified as (5E)-2,6,10-
trimethylundeca-5,9-dienal, and the male sex-pairing phero-
mones as syn-4,6-dimethyldodecanal (Bordereau et al., 2010).
Even more recently, the major sex-specific compound of
Hodotermopsis sjostedti females was shown to be (5E)-
2,6,10-trimethylundeca-5,9-dienal, while syn-4,6-dimethylun-
decanal, a homolog of syn-4,6-dimethyldodecanal, is the male
sex-pairing pheromone (Lacey et al., 2011). Finally, in Corni-
termes spp. (Z,Z,E)-dodeca-3,6,8-trien-1-ol alone is the sex-
pairing pheromone in C. bequaerti, whereas this compound is
associated with (E)-nerolidol in C. cumulans, and with (E)-
nerolidol and (Z)-dodec-3-en-1-ol in C. silvestrii (Bordereau et
al., 2011).

Interestingly, termite sex-pairing pheromone compounds
often are not species-specific. The parsimonious use of sex-
pairing pheromone components also is evident for worker
trail-following pheromones since many compounds used as
sex-pairing pheromones also are used as trail-following
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pheromones in termites. Moreover, only three exocrine
glands are known to release sex-pairing pheromones: the
sternal gland, the tergal glands, and the posterior sternal
glands (Bordereau and Pasteels, 2011).

Although the mechanical activity of termites has a bene-
ficial effect on renewal of organic matter and the soil envi-
ronment (Holt and Lepage, 2000; Evans et al., 2011), about
two hundred termite species are economically important due
to their damage and subsequent repair costs. Among them,
Odontotermes formosanus is considered one of the most
important termite pests of dykes, dams, plantations, and
forests in China, costing hundreds of millions of dollars
annually. For example, many flood disasters in South China
have been caused by dyke and dam breaks due to this
termite (Huang et al., 2000). Recently, a field study was
performed in order to test the effects of toxic baits on O.
formosanus colonies with promising results (Huang et
al., 2006). An alternative termite pest management tech-
nique could be the use of sex-pairing pheromones in
mass trapping and mating disruption. Therefore, we
investigated the chemical nature of the sex-pairing pher-
omone of O. formosanus using headspace solid phase
microextraction (SPME), gas chromatography (GC), GC-
mass spectrometry (MS), GC-electroantennographic detection
(EAD), and short- and long-distance attraction bioassays.

Methods and Materials

Insects Odontotermes formosanus belongs to the most ad-
vanced termite subfamily, Macrotermitinae, the fungus-
growing termites; it occurs in Southeast Asia, mainly South
China (Huang et al., 2000; Zhong and Liu, 2002; Cheng et al.,
2007). Odontotermes formosanus builds large subterranean
nests with cavities linked by a network of galleries. Swarms
occur every 2 or 3 years (Hu et al., 2007), usually during a
rainy evening from late spring to early summer when the daily
minimum temperature reaches 21 °C (Liu et al., 1985). After
the flight, the female raises her abdomen and exposes her
sternal gland to release sex-pairing pheromone during the
characteristic calling behavior (Fig. 1). Once the male has
found the female, the two reproductives exhibit a tandem

behavior in which the male follows the female (Fig. 2). Dis-
persing alates were collected in the arboretum and at the dykes
at the Nanjing Forestry University (Nanjing, China) using
ultra-violet light traps (360 nm) or nylon sieve traps. Wings
were removed within 1 hr after collection. Unwounded
females and males were kept in separate Petri dishes with
clean damp filter paper at 23 °C in darkness.

Extracts of Females Females were frozen at −40 °C, and the
abdominal integument was cut into three parts using a sterile
scalpel; the 8th to the last abdominal segments (AE), the 2nd
to the 7th sternal segments (S), and the 1st to the 7th tergal
segments (T). The fresh dissections were used directly in
bioassays either on dry or damp (15 μl of bi-distilled water)
filter papers, or were extracted in hexane for 3 hr prior to
bioassays.

Gland Extracts The sternal gland is present in females and
males; they were dissected from cold anesthetized imagoes
under a stereomicroscope with microscissors by gently
pressing the abdomen to expose the glands. The sternites
with the attached gland were removed, and extracted in
hexane for 3 hr prior to bioassays or chemical analyses.

Standards (Z)-Dodec-3-en-1-ol was synthesized by IU-
CHEM chemical company (Shanghai, China), and (Z,Z)-
dodeca-3,6-dien-1-ol was synthesized as described in Robert
et al. (2004).

Solid Phase Microextraction (SPME) Living imagoes were
held under a clean airflow with forceps under a stereomi-
croscope to expose their sternites. A 65-μm PDMS/DVB
fiber (Supelco, USA) was used to rub the inter-sternal space
between 4th and 5th sternites. The fiber then was desorbed
in the injection port of a gas chromatograph (GC) or GC-
mass spectrometer (MS). The same method was used to rub
the inter-tergal space of the abdomen of other imagoes as a
control. A range of synthetic (Z,Z)-dodeca-3,6-dien-1-ol
(1 μl of 0.1, 1, 10, 20, 50, 100, 1000 ng/μl) was used for
quantification of termite (Z,Z)-dodeca-3,6-dien-1-ol. Since
(Z,Z)-dodeca-3,6-dien-1-ol and (Z)-dodec-3-en-1-ol have
similar elemental compositions, the (Z,Z)-dodeca-3,6-dien-

Fig. 1 A dealated Odontotermes formosanus calling female (arrow
indicates the exposed sternal gland)

Fig. 2 An Odontotermes formosanus female followed by a male in
tandem
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1-ol/(Z)-dodec-3-en-1-ol ratios in extracts were calculated,
and the quantities of (Z)-dodec-3-en-1-ol were determined
based on these ratios.

Headspace-SPME One female was placed in a 10-ml vial
with a humidified airflow (1.5 L/min). A 65-μm PDMS/
DVB SPME fiber was inserted into the vial 1 cm from the
female allowing the adsorption of volatile compounds until
calling behavior ceased. Subsequently, the fiber was re-
moved and inserted into the GC or GC-MS. Controls were
performed with non-calling females, and with empty clean
vials following the above procedure. A range (5, 10, 15, 20,
50, 100 ng) of synthetic (Z,Z)-dodeca-3,6-dien-1-ol was
applied to a round piece of filter paper (1.0 cm, od) impreg-
nated with 15 μl of bi-distilled water, and extracted in a time
series (1, 5, 10, 15, 20, 25 min) for quantification. (Z)-
Dodec-3-en-1-ol was not detectable in the headspace extrac-
tion of females; therefore, an estimate was made from the
ratio analyzed by SPME.

Gas Chromatography (GC) GC analyses were carried out
on an HP6890 GC system (Agilent Technologies, US). The
injection port (250 °C) was in the splitless mode, and the
flame ionization detector (FID) was heated to 250 °C. Two
capillary columns were used with N2 (37 cm/s) as carrier
gas; a (5 %-phenyl)-methylpolysiloxane HP-5 column
(30 m×0.32 mm, 0.25 μm, Agilent J&W; 100 °C (1 min)
to 275 °C at 5 °C/min), and a polyethylene glycol DB-WAX
column (30 m×0.32 mm, 0.25 μm, Agilent J&W; 40 °C
(2 min) to 240 °C at 15 °C/min with a 10-min final hold).

Gas Chromatography–Mass Spectrometry (GC-MS) GC-
MS analyses were performed on an HP7890A-5975C sys-
tem (Agilent Technologies, US) with the injector at 250 °C
in the splitless mode. Analyses were performed using an
HP-5ms column (30 m×0.25 mm, 0.25 μm, Agilent Technol-
ogies; 37 cm/s He as carrier gas, temperature programmed
from 40 °C (2min) to 260 °C at 4 °C/min with a 10-min hold),
and a DB-WAX column (30 m×0.32 mm, 0.25 μm, Agilent
J&W; 42 cm/s He as carrier gas, temperature programmed
from 40 °C (2 min), to 240 °C at 15 °C/min with a 10-min
hold). Temperatures of the transfer line, ion source and quad-
rupole were 250, 230, and 150 °C, respectively. Electron
ionization (EI) mass spectra were recorded (with a 4-min
solvent delay) at 70 eV over the range m/z 25 to 350 with
the threshold abundance of 10.

Gas Chromatography Coupled with Electroantennographic
Detector (GC-EAD) A quarter of the head with an antenna
was cut from imagoes, and the terminal flagellum was cut
open vertically with a razor blade. The dissected antenna
was fixed between two Ag/AgCl electrodes. The glass pip-
ettes of the electrodes were filled with saline solution (NaCl

9.0 g/L, KCl 0.71 g/L, CaCl2 0.46 g/L). Polyvinyl pyrroli-
done (20 g/L) was added to the saline solution to prevent
evaporation of water at the tip of the pipettes. The electrodes
were connected to an IDAC-2 (Syntech, NL) data collector
through an EAG Kombi-Probe (Syntech, NL). Samples
were fractionated on an HP6890N GC system (Agilent
Technologies, US). Elution was conducted to FID and
EAD in a 1:1 split ratio. A DB-WAX capillary GC column
(as described above) was used with splitless injection,
programmed from 100 °C (1 min) to 250 °C at 15 °C/min
with a 6-min final hold. FID and EAD transfer-lines were
heated to 250 °C.

Short-Distance Attraction Bioassay Bioassays were con-
ducted at 25 °C, RH>80 % and 130 lux white light illumi-
nation. They consisted of introducing a dealate in a 15-cm
Petri dish containing a piece of round filter paper (1.0 cm,
od). Before the introduction of the dealate, the piece of
paper was impregnated with 15 μl of bi-distilled water
(damp conditions) or not (dry conditions), and then with
5 μl of extract, standard, or hexane control. The paper disc
was placed in the Petri dish after solvent evaporation. The
duration of the first contact of the dealate with the paper was
recorded. Only the first contact was considered so as to
avoid contamination of the paper by the insect. After each
test, the Petri dish was cleaned and a new piece of paper and
new dealates were used for the next test. Results were
analyzed using Student’s T-test. The Tukey’s LSD method
was applied for multiple comparison analysis. Quantifica-
tion of pheromone compounds was performed by compar-
ing behavioral responses to the gland extracts with those to
standards.

Long-Distance Attraction Bioassay These bioassays were
preformed in a Y-shape olfactometer (Fig. 3). The core of
the apparatus consisted of a glass Y-tube, and two odor
source flasks. A silicone rubber tube was used to balance
flow to the arms. The apparatus was placed on sponge
cushions to reduce the vibrations. Teflon tubes were used
to conduct the airflow. Damp rounded pieces of filter paper
(1.0 cm, od) impregnated with 5 μl of an extract, a standard,
or hexane control were placed in the flasks for comparisons.
A dealate was introduced in the inlet chamber made of a
nylon sieve and a glass tube (12 mm, id) to prevent the
individual from moving before the beginning of the exper-
iment. Once the airflow was turned on, the individual was
allowed into the base of the Y-tube, and then to choose one
arm or the other (Fig. 3). The distance traveled from the
starting point to the odor source was 30 cm. Results were
analyzed with a χ2 test. The glass components were cleaned
after each test (ultrasonic washing, 10 times bi-distilled
water washing, and 210 °C heating for 30min). Quantification
of pheromone compounds was performed by comparing the
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behavioral responses to the standards and to the gland
extracts.

Results

Origin of Sex-Pairing Pheromone The origin of the sex-
pairing pheromone was determined by the short-distance
attraction bioassay. Damp sternal extracts (S; 0.1 female-

equivalents) showed a strong attraction toward males (30.9±
10.1 sec,N016), while other extracts (AE and T) did not show
any activity (Fig. 4). Interestingly, males were very excited,
and ran quickly around the Petri dish with S extract at 10 times
higher concentration. Bioassays performed with dry samples
did not show any significant activity. In addition, sternal
glands dissected from females were attractive to males, where-
as abdomens without this gland elicited no attraction (10.4±
2.4 sec, N032, P<0.001).

Chemistry and Electrophysiology Four compounds were
specific to the sternal glands of females (Fig. 5). Co-
injection of the sternal gland extract with a series of n-
alkanes revealed that the Linear Retention Indices (LRI)
(van Den Dool and Kratz, 1963) of the putative active
compounds were 1996, 2012, 2030, and 2047 on the DB-
WAX column. The injection of the standards under the same
condition showed that the compounds 1 (LRI 1996) and 2
(LRI 2047) were (Z)-dodec-3-en-1-ol and (Z,Z)-dodeca-3,6-
dien-1-ol, respectively. The same procedure on a non-polar
HP-5 or HP-5ms column showed that the LRIs of these two
compounds corresponded to (Z)-dodec-3-en-1-ol (LRI
1457) and to (Z,Z)-dodeca-3,6-dien-1-ol (LRI 1449). Their
EI mass spectra were identical to those of the standards (Z)-
dodec-3-en-1-ol (Fig. 6a) and (Z,Z)-dodeca-3,6-dien-1-ol
(Fig. 6b). The mass spectra of the compounds 3 (LRI
2012) and 4 (LRI 2030) had ion peaks with the same m/z
value but not the same proportion as (Z)-dodec-3-en-1-ol and
(Z,Z)-dodeca-3,6-dien-1-ol, respectively, indicating that they
were isomers of these compounds (Fig. 6c,d). These four
compounds were also identified in males (results not shown).

GC-EAD analyses of sternal gland extracts showed that
only two compounds induced reproducible EAD responses
in both females and males (Fig. 7). The compound with a
retention time of 6.81 min (LRI 1996) matched that for (Z)-
dodec-3-en-1-ol, and the compound with a retention time of
7.15 min (LRI 2047) matched that for (Z,Z)-dodeca-3,6-
dien-1-ol. Moreover, the injection of the standards induced
FID peaks and EAD responses at the same retention times as
the two natural products. EAG experiments showed that
imagoes were slightly more sensitive to (Z)-dodec-3-en-1-
ol than to (Z,Z)-dodeca-3,6-dien-1-ol (results not shown).
Responses to extracts were similar between both sexes.

Short-Distance Attraction Males were strongly attracted to
damp papers impregnated with from 0.1 to 1 gland equiv-
alents of extracts from females, (Fig. 8). Interestingly, the
same extract did not show significant activity when applied
on dry papers. The activity threshold of (Z,Z)-dodeca-3,6-
dien-1-ol was 5 pg on damp papers and 50 ng on dry papers.
Moreover, (Z)-dodec-3-en-1-ol was not attractive to males,
and it did not significantly enhance the activity of (Z,Z)-
dodeca-3,6-dien-1-ol.
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Females were not attracted by (Z)-dodec-3-en-1-ol or (Z,
Z)-dodeca-3,6-dien-1-ol except at high concentration (50 ng).
A mixture of (Z)-dodec-3-en-1-ol and (Z,Z)-dodeca-3,6-dien-
1-ol did not significantly attract females (Fig. 9).

Long-Distance Attraction Males were highly attracted by
females or sternal gland extracts from females, but females
were not attracted to males (Table 1). Males were significantly

attracted by (Z,Z)-dodeca-3,6-dien-1-ol and by (Z)-dodec-3-
en-1-ol, with threshold concentrations of 0.5 and 0.05 ng,
respectively. Some synergism was observed between (Z,Z)-
dodeca-3,6-dien-1-ol and (Z)-dodec-3-en-1-ol, since a mixture
of 0.05 ng of (Z,Z)-dodeca-3,6-dien-1-ol and 0.005 ng of (Z)-
dodec-3-en-1-ol was significantly more attractive to males
than the separate compounds at the same quantity as in the
mixture. In choice tests, males showed no preference between
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extracts of 0.1 female gland equivalent and standard samples
of (Z,Z)-dodeca-3,6-dien-1-ol at 5 ng. Males always selected
gland extracts of females rather than (Z)-dodec-3-en-1-ol at
every concentration. Similarly, males always preferred (Z,Z)-
dodeca-3,6-dien-1-ol to (Z)-dodec-3-en-1-ol. In choice tests
between 0.1 female gland extracts and a mixture of 0.5 ng of
(Z,Z)-dodeca-3,6-dien-1-ol and 0.05 ng of (Z)-dodec-3-en-1-
ol, males showed no preference unless the mixture was 10
times higher in concentration (Table 1).

Quantification Analysis Quantification of (Z,Z)-dodeca-3,6-
dien-1-ol and (Z)-dodec-3-en-1-ol from the sternal gland
secretion was performed using several techniques (Table 2).
Based on the combination of these techniques, (Z,Z)-
dodeca-3,6-dien-1-ol and (Z)-dodec-3-en-1-ol in females
were estimated at 9 to 16.64 ng and 0.2 to 0.54 ng, respec-
tively. Moreover, less (Z,Z)-dodeca-3,6-dien-1-ol (0.25–
8.15 ng) and more (Z)-dodec-3-en-1-ol (0.40–1.71 ng) were
present in the sternal glands of males than in those of
females (Table 2). Headspace-SPME showed that non-

calling females released less (Z,Z)-dodeca-3,6-dien-1-ol and
(Z)-dodec-3-en-1-ol (DDE/DOE ratio 15.76±3.64, N021)
than calling females exposing their sternal gland (DDE/DOE
ratio 40.48±19.8, N06).

Discussion

Few compounds have been identified as sex-pairing pher-
omones in termites (Bordereau and Pasteels, 2011). Most of
the trail-following pheromones and sex-pairing pheromones
are apparently compound blends. (Z,Z,E)-Dodeca-3,6,8-
trien-1-ol is the only compound of the sex-pairing phero-
mone in C. bequaerti, but the latter compound is mixed with
(E)-nerolidol in C. cumulans, and with (E)-nerolidol and
(Z)-dodec-3-en-1-ol in C. silvestrii (Bordereau et al.,
2011). The sex-pairing pheromone of Embiratermes festi-
vellus is a mixture of (Z,Z,E)-dodeca-3,6,8-trien-1-ol and
(Z)-dodec-3-en-1-ol (Bordereau and Pasteels, 2011). In
females of Nasutitermes corniger and N. ephratae,
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Fig. 7 GC-EAD responses of imagoes to sternal gland extracts from a
female or a male Odontotermes formosanus on a DB-WAX column.
Peaks corresponding to (Z)-dodec-3-en-1-ol (DOE) and (Z,Z)-dodeca-
3,6-dien-1-ol (DDE) are indicated with the letters O and D, respective-
ly. a Antennae of a male (M) to a gland extract from males (four males
equivalent) (MG) (EAD 0.5 mV/div, FID 5 mV/div). b Antennae of a

female (F) to a gland extract from males (4 male equivalent) (EAD
0.2 mV/div, FID 5 mV/div). c Antennae of a male to a gland extract
from females (10 females equivalent) (FG) using a series of C8-40
alkanes (EAD 1 mV/div, FID 10 mV/div). Details of the active com-
pounds are shown in the box at the top right corner of the figure
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neocembrene and (11E)-trinervita-1(14),2,11-triene are pres-
ent in the tergal glands (Buděšínský et al., 2005; Bordereau
and Pasteels, 2011). Herein, we demonstrated that the sex-
pairing pheromone of O. formosanus is a blend of (Z,Z)-
dodeca-3,6-dien-1-ol and (Z)-dodec-3-en-1-ol, a combination
not previously observed. However, (Z,Z)-dodeca-3,6-dien-1-
ol is the sole compound found as the sex-pairing pheromone
of Ancistrotermes pakistanicus (Robert et al., 2004) and Armi-
termes euhamignathus (Bordereau and Pasteels, 2011), while
(Z)-dodec-3-en-1-ol is the only compound reported as the sex-
pairing pheromone of Syntermes praecellens (Bordereau and

Pasteels, 2011). Interestingly, although only (Z,Z)-dodeca-3,6-
dien-1-ol was present at the surface of the sternal gland of An.
pakistanicus, (Z)-dodec-3-en-1-ol, which was not attractive to
males, also was found in the sternal gland extracts (Robert et
al., 2004). The preference of males for pheromone released
from damp filter papers could be related to the phenomenon of
swarming in rainy evenings. Also, water could reduce the
sorption capacity and/or surface binding ability of the filter
paper, and make the release of the pheromone molecules from
damp filter paper easier than from dry filter paper.

Results reported here highlight once again the conservative
nature of chemical communication in termites. (Z)-Dodec-3-
en-1-ol is the trail-following pheromone of all Kalotermitidae
species studied (Sillam-Dussès et al., 2009) and of some Mac-
rotermitinae (Peppuy et al., 2001a,b), while (Z,Z)-dodeca-3,6-
dien-1-ol is a component of the trail-following pheromone of
An. pakistanicus (Robert et al., 2004), O. latericius, and Ar.
euhamignathus (Bordereau and Pasteels, 2011). Some studies
also showed that both (Z,Z)-dodeca-3,6-dien-1-ol and (Z)-
dodec-3-en-1-ol are the components of the trail-following pher-
omone used by workers in O. formosanus (data not shown).
These results underline the evolutionary parsimony between
the trail-following pheromones of workers and the sex-pairing
pheromones of imagoes (Bordereau et al., 1991, 2010; Robert
et al., 2004; Sillam-Dussès et al., 2011).

In termites, sexual attraction usually occurs at distances
less than 20 cm, (Leuthold, 1975, 1977); the only exception
being Hodotermes mossambicus whose males can attract the
females at a distance of 250 cm with their enlarged sternal
gland (Leuthold and Bruinsma, 1977; Leuthold, 1977). The
very short-distance attraction in termites may be explained
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by the relatively short distance they can fly (5–100 m on
average) (Nutting, 1969; Jones et al., 1988), although some
spectacular distances traversed in some species have been
inferred or recorded (Harvey, 1934; Jones et al., 1988;
García et al., 2002; Messenger and Mullins, 2005). Termite
sex-pairing pheromones are considered to possess a dual
role with the long-distance attraction of females and males,
and the short-distance attraction maintaining tandem behav-
ior (Nutting, 1969; Bordereau and Pasteels, 2011). As
shown in this report, in O. formosanus long-distance attrac-
tion is achieved by (Z,Z)-dodeca-3,6-dien-1-ol and (Z)-

dodec-3-en-1-ol acting in synergy, while (Z,Z)-dodeca-3,6-
dien-1-ol alone is attractive at short-distance.

Reproductive isolation in termites may be mediated by
minor compounds. (E)-Nerolidol and (Z)-dodec-3-en-1-ol
play a role in the species-specificity of the sympatric species
of Cornitermes from South America (Bordereau et al.,
2011). Another example is trinervitatriene secreted by the
sternal gland of Nasutitermes ephratae females, but which is
absent from the sternal gland of the sympatric species N.
corniger in Central and South America (Buděšínský et al.,
2005; Bordereau and Pasteels, 2011). As we have shown,

Table 1 Long-distance attrac-
tion bioassays using Y-shape
olfactometer

Discs of filter paper placed in the
flasks of the olfactometer were
impregnated with (Z,Z)-dodeca-
3,6-dien-1-ol (DDE), (Z)-dodec-
3-en-1-ol (DOE), a mixture of
both compounds, 1 female gland
extract equivalent (FG), 0.1 fe-
male gland extract equivalent,
and 0.1 male gland extract
equivalent (MG), or 5 μl of
hexane. A live female was also
used as an attracting ‘substance’
in experiments. Values were an-
alyzed by χ2 test

Individual
tested

Samples Dosage Stay at the
base

Choose one branch Control N

Sample Control P

Male DDE (ng) 0.005 22 5 3 >0.05 Hexane 30

0.05 0 19 11 >0.05 Hexane 30

0.5 0 23 7 <0.05 Hexane 30

0.5 0 0 15 <0.01 0.1 FG 15

5 4 26 0 <0.01 Hexane 30

5 0 7 8 >0.05 0.1 FG 15

50 2 28 0 <0.001 Hexane 30

DOE (ng) 0.005 16 7 7 >0.05 Hexane 30

0.05 0 30 0 <0.001 Hexane 30

0.5 2 13 0 <0.01 Hexane 15

0.05 0 0 15 <0.01 0.1 FG 15

0.05 0 0 15 <0.01 0.5 ng
DDE

15

0.5 0 0 15 <0.01 0.1 FG 15

0.5 0 2 13 <0.05 0.5 ng
DDE

15

1 0 0 15 <0.01 0.5 ng
DDE

15

DDE + DOE
(ng)

0.005+
0.005

9 16 5 >0.05 hexane 30

0.05+
0.005

3 27 0 <0.001 hexane 30

0.5+0.05 0 6 9 >0.05 0.1 FG 15

5+0.5 0 14 1 <0.01 0.1 FG 15

FG 1 0 15 0 <0.01 hexane 15

Female 1 5 23 2 <0.01 hexane 30

Female 0.1 MG 1 10 3 2 >0.05 hexane 15

Table 2 Estimated quantities of (Z,Z)-dodeca-3,6-dien-1-ol (DDE) and (Z)-dodec-3-en-1-ol (DOE) in sternal glands of females and males (GEQ)

Techniques GEQ DDE (ng) DOE (ng)

Bioassay 0.1 female 5 –

1 female 5 –

SPME 1 female 2.15 to 16.64 (N026) 0.07 to 0.54 (N026)

1 male 0.25 to 8.15 (N014) 0.40 to1.71 (N014)

Headspace-SPME 1 female 9 to 31 (N05) 0.2 to 1.5* (N06)

Values indicated by asterisk were not from detection, but were estimated from SPME ratio analyses of the tested females after headspace-SPME
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(Z)-dodec-3-en-1-ol, in addition to its the orientation effect,
may play a role in species-specific attraction for sympatric
species from Southeast Asia. Odontotermes formosanus is
sympatric in this area with other Macrotermitinae species
(Huang et al., 2000; Zhong and Liu, 2002; Cheng et al.,
2007). Among them, An. pakistanicus secretes a sex-pairing
pheromone comprised of (Z,Z)-dodeca-3,6-dien-1-ol only
(Robert et al., 2004). It is hypothesized that the absence of
(Z)-dodec-3-en-1-ol in the secretion of An. pakistanicus
females could eliminate attraction of O. formosanus males
from a distance; bioassays are needed to confirm this hy-
pothesis. Sex-pairing pheromones in the sympatric Macro-
termes annandalei and M. barneyi also were shown to be
species-specific, but they remain unidentified (Peppuy et al.,
2004). At short distance, (Z)-dodec-3-en-1-ol does not play
any other role in O. formosanus, but cuticular hydrocarbons
may prevent hybridization (Howard and Blomquist, 2005).

The secretion of (Z,Z)-dodeca-3,6-dien-1-ol and (Z)-
dodec-3-en-1-ol in females of O. formosanus involves the
exposure of sternal gland while females are calling.
Headspace-SPME showed that females secrete much more
pheromone during the calling behavior than when they are
not calling; bending and shaking of the abdomen appears to
increase aeration of the pheromone. The sternal gland also is
involved in the tandem behavior, and it is possible that the
sex-pairing pheromone is essentially used as a trail-
following pheromone to help the male to follow the female.
It is usually observed that the female resumes the calling
posture to restore contact if she is disconnected from her
mate. The particular exposure of the sternal gland contrib-
utes to the tandem behavior in imagoes, which has been
demonstrated in other species, such as Pseudacanthotermes
spp. (Bordereau et al. 1991). Other glands are sometimes
involved in termite sexual behavior, such as the tergal gland
(Bordereau et al., 2002, 2011; Hanus et al., 2009) and the
posterior sternal glands (Peppuy et al., 2004). In O. formo-
sanus, only the sternal glands of the female are used for
calling. Interestingly, a male also possesses this gland con-
taining (Z,Z)-dodeca-3,6-dien-1-ol (estimated at 0.25 to
8.15 ng) and (Z)-dodec-3-en-1-ol (0.40 to 1.71 ng), but
which is not involved in sexual behavior according to the
bioassay data reported herein. Thus, the presence of these
compounds may be a vestigial character, since males and
females may attract reciprocally in some basal termites
(Bordereau et al., 2010). A similar phenomenon has been
previously observed in males of An. pakistanicus (Robert et
al., 2004), in males of Pseudacanthotermes spiniger
(Bordereau et al., 1991), and in males of Trinervitermes
bettonianus (McDowell and Oloo, 1984). Possibly, males
and females lay down trails on the ground to mark a
territory to delineate the construction of their new nest.

In termites, pheromones are usually released by females,
rarely by males (Leuthold, 1977; Leuthold and Bruinsma,

1977) or both sexes (Pasteels, 1972; Bordereau et al., 2010).
The presence of a sternal gland in males could be explained
as a primitive vestigial occurrence from the multiple glands
in Mastotermes darwiniensis (Ampion and Quennedey,
1981; Quennedey et al., 2004). An analogous situation
occurs in Prorhinotermes simplex since both females and
males have tergal glands but only females are chemically
attractive (Hanus et al., 2009). InO. formosanus, homosexual
tandems between males was observed, but they did not last
long (15.6±2.4 sec, N030) in comparison to heterosexual
tandems (47.1±12.1 sec, N014, P<0.001). Males never were
seen being followed by females. Homosexual tandems have
been observed in many species (Buchli, 1960; Bordereau et
al., 1991; Hanus et al., 2009). It could arise because the male
secretion also contains identical components, but in different
proportions and quantity, as the female secretion. Thus, ho-
mosexual tandems could be due to uncertain sexual recogni-
tion. It is also possible that these homosexual tandems are
used as an adaptive anti-predatory strategy as described in
Reticulitermes speratus (Matsuura et al., 2002).

Odontotermes formosanus is an important termite pest
species in Southeast Asia. Understanding the chemical na-
ture of its sex-pairing pheromone could enable application
of this pheromone to help control this pest species, perhaps
for mass trapping or mating disruption.
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Abstract Mealy plum, Hyalopterus pruni, and leaf-curl
plum, Brachycaudus helichrysi, aphids are the primary ar-
thropod pests in orchards that produce dried plums (i.e.,
prunes). The sexual stage of their respective lifecycles
occurs on prune trees in the fall, during which time males
respond to sex pheromones produced by oviparous females.
Air-entrainment collections confirmed that oviparous H.
pruni and B. helichrysi emitted combinations of (4aS, 7S,
7aR)-nepetalactone and (1R, 4aS, 7S, 7aR)-nepetalactol. The
responses of H. pruni and B. helichrysi to these compounds
in ratios of 1:0, 0:1, 1:1, 2.6:1, 3.4:1, 5:1, 7:1, and 0:0 (no-
pheromone control) using water traps were determined in
field experiments conducted in prune orchards during the
fall. The greatest number of male H. pruni was caught in
traps releasing a 1:1 ratio of (4aS, 7S, 7aR)-nepetalactone
and (1R, 4aS, 7S, 7aR)-nepetalactol, while male B. heli-
chrysi were caught in similar numbers in traps releasing
any of the two-component ratios tested. There was no evi-
dence that any of the pheromone treatments influenced trap
catches of gynoparae of either species. Results suggest that

addition of sex pheromone lures increases trap catches of
male H. pruni and B. helichrysi, and that this approach may
improve monitoring and management of these pests in prune
orchards. Knowledge gained from this study contributes to
the understanding of the ecology of insect pests in prune
orchards.
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Introduction

The principal arthropod pests in orchards producing dried
plums (i.e., prunes) are the holocyclic heteroecious mealy
plum aphid, Hyalopterus pruni (Geoffroy), and the leaf-curl
plum aphid, Brachycaudus helichrysi (Kaltenbach) (Hemi-
ptera: Sternorrhyncha: Aphididae). Spring populations
cause economic losses of prunes due to the effects of feed-
ing and the production of honeydew that encourages fungal
growth that may lead to fruit cracking and reduced sugar
content. Hyalopterus pruni and B. helichrysi gynoparae,
which give birth to egg-laying sexual females (oviparae),
and males colonize prune trees, Prunus domestica L., their
primary hosts in the fall. Mated oviparae lay eggs that
overwinter and give rise to the following spring populations.
This crop provides an ideal system to investigate the poten-
tial for exploiting the sexual stage of the aphid life cycle to
improve pest management. Monitoring populations of fall
migrants could provide information as to the damage potential
in the subsequent season and influence treatment decisions.
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Additionally, disruption of the lifecycle at this point could
reduce the abundance of fertile overwintering eggs, leading to
a decrease in damaging spring populations.

During the sexual generation, male aphids locate conspe-
cific oviparae for mating by utilizing a sex pheromone
released by oviparae (Pettersson 1970; Marsh 1972). To
date, all aphid species investigated produce and release sex
pheromones in which the active components comprise the
iridoids nepetalactone and nepetalactol (Hardie et al. 1999;
Pickett and Glinwood 2007). With the exception of a single
species, the damson hop aphid Phorodon humuli (Schrank),
the sex pheromones identified from members of the sub-
family Aphidinae comprise a mixture of (4aS, 7S, 7aR)-
nepetalactone and (1R, 4aS, 7S, 7aR)-nepetalactol (Hardie
et al. 1999; Birkett and Pickett 2003; Pickett and Glinwood
2007; Stewart-Jones et al. 2007, Dewhirst et al. 2010). The
sex pheromone of P. humuli comprises two alternate nepe-
talactol diastereoisomers, (1S, 4aR, 7S, 7aS)-nepetalactol
and (1R, 4aR, 7S, 7aS)-nepetalactol (Campbell et al. 1990).
(1S,2R,3S)-Dolichodial has been proposed as a third minor
component of the sex pheromone for some Aphidinae spe-
cies (Dewhirst et al. 2008). Headspace collection (air en-
trainment) of oviparae of a number of aphid species indicate
that the ratio of the two pheromone components emitted by
oviparae is relatively species-specific (Hardie et al. 1999;
Boo et al. 2000; Goldansaz et al. 2004; Stewart-Jones et al.
2007 and references therein; Dewhirst et al. 2010 and refer-
ences therein), and prior research indicates that while male
aphids will respond to a range of ratios of the two compo-
nents, they tend to exhibit a greater response to the ratio
emitted by conspecific oviparae (Dawson et al. 1990; Hardie
et al. 1990; Lilley and Hardie 1996; Boo et al. 2000). It also
has been suggested that aphid sex pheromones may act as
aggregation pheromones for gynoparae (Lilley and Hardie
1996; Powell and Hardie 2001; Zhu et al. 2006).

Several laboratory and field studies have shown the
impacts of synthetic and natural sources of aphid sex pher-
omones on male aphid behavior and trap catches, many
reporting significant responses to specific sex pheromone
ratios (e.g., Pettersson 1970; Dawson et al. 1988; Campbell
et al. 1990; Hardie et al. 1990, 1996; Guldemond et al.
1993; Lilley and Hardie 1996; Thieme and Dixon 1996;
Boo et al. 2000; Goldansaz et al. 2004; Zhu et al. 2006;
Dewhirst et al. 2008). The respective sex pheromones for H.
pruni or B. helichrysi have not previously been identified,
and identification would provide a foundation for developing
pheromone-based approaches for monitoring and manage-
ment of these aphid pests in damson and prune crops. The
objectives of the current study were to collect and identify the
sex pheromone components ofH. pruni and B. helichrysi, and
to investigate responses of these aphids to different ratios of
the identified compounds, (4aS, 7S, 7aR)-nepetalactone and
(1R, 4aS, 7S, 7aR)-nepetalactol, in prune orchards.

Methods and Materials

Insects Hyalopterus pruni (UK strain) and Brachycaudus
helichrysi (UK strain) oviparae were collected from black-
thorn (Prunus spinosa L.) in hedgerows surrounding plum
(Prunus domestica L.) orchards (HRI-East Malling, New
Road, East Malling, Kent, UK). Oviparous H. pruni (Califor-
nia strain) were collected from a prune (P. domestica, cv.
‘Improved French’) orchard (California, USA). Oviparae
were maintained on blackthorn (P. spinosa) in a controlled
environment room (12L: 12D photoperiod, 18 °C).

Isolation of Volatiles The base of an excised blackthorn (P.
spinosa) branch, bearing leaves infested with mature H.
pruni oviparae (UK strain, N012, various adult ages), was
placed in a glass vessel (50 ml) containing water. The vessel
was then placed into a glass entrainment vessel (0.5 l) that
contained a hole for the blackthorn branch. As a hole was
present in the entrainment set-up (an open system), air
that had been purified by passage through an activated-
charcoal filter (BDH, 10–14 mesh, 50 g) was pushed into
(850 ml.min−1) and pulled out of (600 ml.min−1) the vessel.
As a control, volatiles also were collected from leaf-bearing,
non-infested blackthorn branches. Volatiles were trapped for
72 h by drawing air from the vessel through Porapak Q 50/80
(50 mg; Supelco, Bellefonte, PA, USA) in glass tubing (5 mm
o.d.) between two plugs of silanized glass wool. Porapak Q
was conditioned by washing with redistilled diethyl ether
(4 ml) and heating at 132 °C for 2 h under a stream of purified
N2. After air entrainment, volatiles were eluted from the
Porapak Q with redistilled diethyl ether (750 μl), and then
stored in a freezer (−22 °C) in tightly capped microvials until
required for analysis. The samemethods were used for volatile
collections from blackthorn infested with mature H. pruni
oviparae (California strain, N020, various adult ages), mature
B. helichrysi oviparae (UK strain, heavily infested, various
adult ages), and non-infested blackthorn leaves.

Chemical Analysis Air-entrainment samples were analyzed
by gas chromatography (GC), using both polar (DB-wax,
30 m×0.32 mm i.d.×0.5 μm film thickness) and non-polar
(HP-1, 50 m×0.32 mm i.d. 0.5-μm film thickness) capillary
columns, with an HP5890 GC (Agilent Technologies, UK).
The columns were attached via deactivated retention gaps
(1 m×0.53 mm i.d.) to a cool-on-column injector, and a
flame ionization detector. The GC oven temperature was
maintained at 30 °C for 1 min. after sample injection and
then increased by 5 °C.min−1 to 150 °C, then 10 °C.min−1 to
240 °C. The carrier gas was hydrogen. Peak enhancement,
by co-injection with authentic standards, was carried out to
confirm tentative identifications. A multiple-point external
standard method was used to quantify the compounds present
in the air-entrainment samples. Coupled gas chromatography–
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mass spectrometry (GC-MS) was performed on a Thermofin-
nigan Instrument MAT95 XP double-focusing magnetic sec-
tor mass spectrometer coupled to a TRACE GC fitted with an
HP-1 column and integrated data system (Fisons Instruments,
Manchester, UK). The GC oven temperature was maintained
at 30 °C for 5 min. and then programmed at 5 °C min−1 to
250 °C. Ionization was electron impact at 70 eV (250 °C
source temperature).

Chemical Standards (4aS, 7S, 7aR)-Nepetalactone and (1R,
4aS, 7S, 7aR)-nepetalactol were synthesized as in Dawson et
al. (1996).

Chemical Lures for Field Trials Polyvinyl chloride (PVC)
polymer strips impregnated separately with (4aS, 7S, 7aR)-
nepetalactone and (1R, 4aS, 7S, 7aR)-nepetalactol (Agri-
sense BCS Limited, Pontypridd, Wales), a formulation that
provides slow and consistent release rates of the compo-
nents, were used for the field experiments (Birkett and
Pickett 2003). As release rates of each component are
known for standard lengths of the strips (Graves 2003;
Koczor et al. 2010), the pheromone ratios tested in the
experiment were created by cutting individual PVC polymer
strips to particular lengths to achieve the desired ratios while
maintaining a constant total release rate of ∼0.200 mg.day−1.

Field Trials To determine the impacts of selected ratios of
(4aS, 7S, 7aR)-nepetalactone and (1R, 4aS, 7S, 7aR)-nepe-
talactol on trap catches of H. pruni and B. helichrysi, 18
replicates (three or five replicates per orchard) of a random-
ized complete block design were established in four prune
orchards (P. domestica L., cv. ‘Improved French’) in Yolo
and Sutter Counties, California, USA. Orchard trials com-
menced 8 October 2008 and lasted until 10 December 2008.
Water traps, consisting of clear 16 oz. polyethylene tere-
phthalate containers (No. DM16-0090, Solo Cup Co.,
Urbana, IL, USA), were deployed in the southeast quadrant
of the tree canopy at a height of 1.5–1.8 m and filled with
approximately 0.38 l of a 1 % solution of detergent (Planet®
Ultra Dishwashing Liquid, Planet Inc., Victoria, BC, Canada).
There was a minimum of 25 m between treatment trees within
replicate rows, and a minimum of 39 m between replicate
rows. Lures were suspended approximately 2.5–5 cm (due to
water evaporation between weekly trap changes) above the
surface of the water using 20 gauge soft galvanized utility
wire. The following (4aS, 7S, 7aR)-nepetalactone:(1R, 4aS,
7S, 7aR)-nepetalactol ratios were tested: 1:0, 0:1, 1:1, 2.6:1,
3.4:1, 5:1, 7:1, and 0:0 (no-pheromone control). The ratios
3.4:1 and 2.6:1 were chosen to reflect those identified in the
volatile collection from H. pruni (California strain) and B.
helichrysi oviparae, respectively. Traps were changed and re-
randomized within replicates weekly, and chemical lures
replaced at week four of the experiment.

Statistical Analyses Numbers of H. pruni, B. helichrysi, and
non-target aphid species trapped were summed over the trial
for analyses. The following data were compared among the
treatments: mean numbers of H. pruni males, H. pruni
gynoparae, and B. helichrysi males, and mean percent of
H. pruni and B. helichrysi males relative to the total number
of male aphids trapped. Data from the field trials did not
meet the criteria of normality and homogeneity of variances
required for standard analyses of variance (ANOVA), and
were, therefore, analyzed using Friedman’s nonparametric
ANOVA on ranked means (α00.05), followed by least
squares (LS) means multiple comparison tests with alpha
adjusted to account for the number of comparisons (Bonfer-
roniα00.00179) (PROCRANK, PROCGLM, SAS Institute,
2008) (Ipe 1987; Conover 1999).

Results

Isolation of Volatiles GC-MS and peak enhancement by co-
injection, using non-polar (HP-1) and polar (DB-Wax) col-
umns, confirmed the presence of (4aS, 7S, 7aR)-nepetalactone
and (1R, 4aS, 7S, 7aR)-nepetalactol in the volatiles collected
from leaves infested with H. pruni oviparae (UK and Califor-
nian strains) and B. helichrysi oviparae (UK strain). The
volatile samples from the UK strains of H. pruni and B.
helichrysi contained a 2.5:1 and 2.6:1 ratio of (4aS, 7S,
7aR)-nepetalactone:(1R, 4aS, 7S, 7aR)-nepetalactol, respec-
tively. Volatile samples from the California strain of H. pruni
had a ratio of 3.4:1 (4aS, 7S, 7aR)-nepetalactone:(1R, 4aS, 7S,
7aR)-nepetalactol. These compounds were not detected in the
air-entrainment samples of blackthorn leaves. (1S,2R,3S)-
Dolichodial was not detected in the air-entrainment samples
of B. helichrysi or H. pruni oviparae, or blackthorn leaves.
Based on these results, 2.6:1 and 3.4:1 ratios of (4aS, 7S, 7aR)-
nepetalactone:(1R, 4aS, 7S, 7aR)-nepetalactol were tested in
the field trials.

Field Trials Overall, fewer H. pruni males (163) were
trapped than B. helichrysi males (834), whereas more H.
pruni gynoparae (30) were trapped than B. helichrysi gyno-
parae (1), over the course of the field trials. Male aphids of
all species were trapped in much higher numbers than
gynoparae of all species, 3732 and 804, respectively.

Total trap catches (all treatments combined) of male and
gynoparous aphids throughout the aphid migration and mat-
ing period (fall 2008) are shown in Fig. 1. Male H. pruni
were trapped in low numbers throughout the season, with
the exception of a single, distinct peak in early November,
while male B. helichrysi were trapped consistently after
early October, with peak trap catches in mid-November
(Fig. 1a). Trap catches for males of both species declined
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considerably thereafter, and remained low after the third
week of November. In addition, males of a number of
non-target aphid species (total trap catch 0 2735) were
caught during the field trial, with highest numbers in late
October through early November, but declining after the
third week of November (Fig. 1a). Peak trap catches of H.
pruni and non-target (total trap catch 0 773) gynoparae
(Fig. 1b) followed the same trends exhibited by males; the
single B. helichrysi gynopara was trapped in mid-October.
Non-target aphid species were not identified in the current
study due to the complexity of aphid species identification
when host-plant associations are unknown.

Statistical differences among mean numbers of male and
gynoparous H. pruni and B. helichrysi caught in traps baited
with different pheromone ratios are shown in Fig. 2. Traps
with the 1:1 (4aS, 7S, 7aR)-nepetalactone:(1R, 4aS, 7S,
7aR)-nepetalactol ratio caught more H. pruni males than
any of the other treatments (P<0.001, Fig. 2a). Male B.
helichrysi were caught in higher numbers in all of the two-
component treatments compared to the no-pheromone con-
trol, the nepetalactone only, and nepetalactol only treatments
(P<0.001, Fig. 2b). No differences among mean numbers of
H. pruni gynoparae caught were found (P00.590, Fig. 2c);
data for B. helichrysi gynoparae were not analyzed, as only
a single gynopara was trapped all season.

Discussion

Volatile samples collected from Hyalopterus pruni (UK and
Californian strain) and Brachycaudus helichrysi oviparae
(UK strain) contained (4aS, 7S, 7aR)-nepetalactone and
(1R, 4aS, 7S, 7aR)-nepetalactol, the same compounds
reported as major pheromone components of a number of
other aphid species (Hardie et al., 1999; Boo et al., 2000;
Goldansaz et al., 2004; Stewart-Jones et al., 2007 and refer-
ences therein; Dewhirst et al., 2010 and references therein).
As these chemicals are present in the hind tibae of oviparae
of other aphid species (e.g., Dawson et al., 1987, 1989), and
we recorded a behavioral response by male H. pruni and B.
helichrysi to these compounds in the field, we conclude that
they are components of the H. pruni and B. helichrysi sex
pheromones. The results of this study increase our under-
standing of the ecology of insects in prune orchards, in
particular the sexual phase semiochemical communication
of aphid species that share a common primary host.

The specificity of sex pheromones is important for main-
taining species integrity when different aphid species co-
occur on the same primary host. In this case, the ratios of
components identified from H. pruni and B. helichrysi

oviparae (UK strain), which often co-occur on their primary
hosts in agricultural environments, were slightly different,
perhaps aiding species specificity. In addition, peak trap
catch of male H. pruni occurred one week earlier than that
of B. helichrysi, indicating that specificity of the sex pher-
omones may be increased by temporal division in migration,
calling, or mating period of the two species. The ratio of
components also differed between the UK and California
strains of H. pruni, suggesting geographic differences in
pheromone profiles of aphid species, an aspect of aphid
chemical ecology that has not yet been specifically
addressed for any aphid species. However, the difference
in pheromone ratio between the UK and California H. pruni
strains could also result from differences in the age struc-
tures of the populations of oviparae assayed, as a decrease in
relative levels of nepetalactol in aged oviparae has been
recorded previously for the vetch aphid, Megoura viciae
(Hardie et al. 1990), the potato aphid Macrosiphum euphor-
biae (Goldansaz et al., 2004), and the rosy apple aphid,
Dysaphis plantaginea (Stewart-Jones et al. 2007). In the
field, more male H. pruni were caught in traps baited with
a 2.6:1 ratio than in the control traps, whereas there was no
difference in catches between traps baited with the 3.4:1
ratio and the controls, indicating that the 2.5:1 ratio of the
UK strain may be more biologically relevant.

Male H. pruni were caught in greatest numbers to traps
baited with the 1:1 blend (nepetalactone: nepetalactol),
whereas male B. helichrysi were caught in similar numbers
in traps baited with any of the two-component treatments. In
terms of practical application, these results suggest that the
1:1 pheromone ratio would be most useful for monitoring
and management programs simultaneously targeting both
species. This is important, as H. pruni and B. helichrysi
populations tend to co-occur in infested orchards.

It has been suggested that aphid sex pheromones may act
as aggregation pheromones for gynoparae (Lilley and Hardie
1996; Powell and Hardie 2001; Zhu et al. 2006). However, in
our study neither H. pruni nor B. helichrysi gynoparae were
caught in significant numbers (i.e., different from that in the
control) in traps emitting (4aS, 7S, 7aR)-nepetalactone and
(1R, 4aS, 7S, 7aR)-nepetalactol, or blends of the two com-
pounds. Only a single B. helichrysi gynopara was trapped
during the sampling period.

The current study examined the impacts of various pher-
omone ratios at a single total release rate, which was chosen
based, in part, on known optimized release rates of the
available pheromone lures. The total release rate of the
ratios tested in this study was comparable to those employed
by other researchers in field-trapping studies (Gabryś et al.
1997, Goldansaz et al. 2004). Although aphid responses to
varying concentrations of sex pheromone components have
been investigated in a number of laboratory experiments
(Dawson et al. 1988, Campbell et al. 1990, Park et al.

Fig. 1 Weekly totals of amale aphids and b gynoparae caught in water
traps (control and all pheromone treatments combined) in prune
orchards during fall 2008

R
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Fig. 2 Mean (± SE) numbers of
a male Hyalopterus pruni, b
male Brachycaudus helichrysi,
and c H. pruni gynoparae
caught in water traps baited
with different ratios of aphid
sex pheromone components, in
prune orchards during fall 2008.
Treatments with the same letters
are not different (Friedman
nonparametric ANOVA on
ranked means, followed by
least squares means multiple
comparisons. Male H. pruni:
F010.73, df07, 119, P<0.001;
male B. helichrysi: F038.57,
df07, 119, P<0.001; H. pruni
gynoparae: F00.80, df07,
119, P00.590)

J Chem Ecol (2012) 38:576–583 581



2000), only one field-based study has examined the effect of
different doses of a single, most attractive ratio on trap
catches (Zhu et al. 2006). In that study, all pheromone
concentrations caught male aphids, relative to control traps,
with dose-dependent responses evident from 0 to 30 mg.
Further research, investigating the responses of H. pruni and
B. helichrysi to different release rates and ratios is warranted.

In addition to the two key aphid pests in prune orchards, a
large number of non-target aphids, of numerous species,
were trapped in the current study. The numbers of H. pruni
and B. helichrysi caught were relatively low (4 and 19 % of
the total, respectively) compared to the overall numbers of
aphids caught in pheromone-baited traps. Tentative identifi-
cation suggested that many of the species are not known to
colonize prune trees or cause economic damage in prune
orchards. Other research, examining the impact of different
ratios of aphid sex pheromone components on captures of
sexual aphids during the fall, has also reported this phenom-
enon (e.g., Boo et al. 2000). The process by which migra-
tory sexual aphid forms locate their primary host plants and
conspecific oviparae for reproduction and overwintering in
the fall is not well understood. Research suggests that the
termination of migratory translocation is based on visual
cues, and that aphids are attracted to particular color wave-
lengths of landing targets. Further discrimination may occur
after aphids have landed on and probed potential host plants,
or may be mediated by plant chemical cues at very short
(cm) distances (Irwin et al. 2007 and references therein).
The large number of non-pest aphids caught in our study
may have resulted from a large abundance of transient, non-
colonizing aphid species passing though the orchards. Un-
able to find suitable host plants in this environment, they
were attracted to pheromone lures deployed for the target
aphid pests. Catches of a large number of non-target aphids
may be an obstacle for developing monitoring applications,
as identifying aphid species, particularly males, generally
requires assistance by taxonomic specialists. Additionally,
although water traps were utilized in the current study to
facilitate aphid identification, sticky traps are the standard
for aphid trapping. Use of sticky traps further complicates
the identification of aphid species, due to the difficulty in
removing aphids from trap glues while preserving their
integrity for gender and species classification. There is evi-
dence that interactions and/or synergism exist between aphid
sex pheromone components, host-plant volatiles (Hardie et al.
1999; Powell and Hardie 2001; Pickett and Glinwood 2007),
and visual cues (Hardie et al. 1996). Therefore, future research
should investigate whether specificity toward target aphid
pests could be increased by adding other semiochemicals,
such as host-plant volatiles, to sex pheromone lures, as well
as examining the effects of visual and other stimuli.

Pheromone-based monitoring and management targeting
the sexual phase of the seasonal cycle of aphid pests that

impact a primary host holds considerable promise. The
demonstration of increased trap catches of males of specific
pest species through use of sex pheromone lures shows
promise for improving current approaches to monitoring
and managing aphid pests of primary hosts. The develop-
ment of management tactics, such as mating disruption,
mass trapping, attract and kill, and dissemination of ento-
mopathogens into aphid populations from pheromone traps,
may also be possible (Hartfield et al. 2001; Pickett and
Glinwood 2007). Establishment of significant and predict-
able correlations among data from pheromone-based fall
trapping and overwintering egg and damaging spring aphid
population densities, would provide useful measures by
which more accurate determinations of the need for insecti-
cide intervention to manage aphid pests can be made.
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Abstract The life history traits and behavior of the butterfly
Pieris napi are well-known, as the species is often used as a
model organism for evolutionary and ecological studies. The
species has two or more generations per year in the major part
of its temperate distribution, and as different selection pres-
sures affect the different generations, both behavioral and
physiological seasonal polyphenisms have been shown previ-
ously. Here, we explored the dynamics of male sex pheromone
production. The two generations are shown to have signifi-
cantly different scent compositions early in life; the direct
developers—who have shorter time for pupal development—
need the first 24 hr of adult life after eclosion to synthesize the
sex pheromone citral (geranial and neral 1:1)—whereas the
diapausing individuals who have spent several months in the
pupal stage eclose with adult scent composition. Resource
allocation and biosynthesis also were studied in greater detail
by feeding butterflies 13C labeled glucose either in the larval or
adult stage, and recording incorporation into geranial, neral,
and other volatiles produced. Results demonstrate that the
pheromone synthesized by newly eclosed adult males is based
on materials ingested in the larval stage, and that adult butter-
flies are able to synthesize the pheromone components geranial
and neral and the related alcohols also from adult intake of
glucose. In summary, our study shows that time-stress changes
the timing in biosynthesis of the complete pheromone between

generations, and underpins the importance of understanding
resource allocation and the physiological basis of life history
traits.

Keywords Aphrodisiac . Citral . Green-veined white
butterfly . Polyphenism . Sex pheromone

Introduction

Although Darwin (1871) already included chemical signals
along with visual and auditory ones as important in sexual
selection, these different modalities commonly assume differ-
ent importance in different groups of animals. With respect to
the diurnal pattern of activity, it seems logical to assume that
chemical signals play a more important role for nocturnal than
day-active animals, and indeed the sex pheromones released
by a vast number of moths have now been described and are
known to be the dominant modality by which sexual selection
is exercised in these species (Wyatt, 2003, 2009). By compar-
ison, pheromones traditionally have been assumed to play a
less important role in butterflies, but this picture is now begin-
ning to change. Another change of focus is related to which sex
is actively dispensing the sex pheromone; in moths it is usually
the female that attracts males from afar by dissemination of a
pheromone, but in butterflies recent studies, alongside some
traditional studies, have shown that pheromones emitted by
males during courtship can be important for female acceptance
(Brower et al., 1965; Andersson et al., 2007; Costanzo and
Monteiro, 2007; Nieberding et al., 2008).

In butterflies, males customarily use both visual and olfac-
tory stimuli during courtship, and both are needed for female
acceptance of a mate (Vane-Wright and Boppre, 1993;
Breuker and Brakefield, 2002; Wiklund, 2003; Robertson
and Monteiro, 2005; Costanzo and Monteiro, 2007; Papke et
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al., 2007; Kemp, 2007, 2008). Pheromones usually are
employed at short-range during the courtship (Myers 1972;
Vane-Wright and Boppre, 1993) and are emitted from scent-
releasing organs, androconia, found on the legs, abdomen,
thorax, or wings of the male (Birch et al., 1990).

Male scents or pheromones are a prevalent phenomenon
and can be explained by several mutually non-exclusive func-
tions; facilitating female acceptance, conveying information of
male quality, species-specific recognition, sex-specific recog-
nition, or intra-sexual signals between males (e.g., Andersson
et al., 2007; Costanzo andMonteiro, 2007). As strong selection
against interspecific matings (Andersson, 1994) can be
expected, male sex pheromones that are both species and
sex-specific would be beneficial.

Studying the relationship between diet, nutritional physiol-
ogy, and life history can help us understand how holometabo-
lous insects, such as butterflies, handle the temporal separation
between nutrient intake and demand due to their shift in diet
between life stages. The diet of most butterflies changes sub-
stantially with development, from herbivory in the larval stage
to nectarivory in the adult stage. As these diets are nutritionally
different, it is of interest to examine the use of dietary resources
for manufacture of sex pheromones. If a sex pheromone, for
example, only can be synthesized from larval derived nutrients
and not from adult-derived nectar, the male will be constrained
by his larval host plant. Consequently, how organisms use
nutritional resources can be fundamental to predictions about
life history and evolutionary ecology (e.g., Reznick, 1985;
Stearns, 1992) and physiological complexity of resource allo-
cation has received increasing interest (Rose and Bradley, 1998;
Zera and Harshman, 2001; Stjernholm and Karlsson, 2006).

In the genus Pieris, the male sex pheromone is known for
both Pieris brassicae, P. rapae (Yildizhan et al., 2009), and
P. napi (Andersson et al., 2007). The green-veined white
butterfly, P. napi, is a well-documented model organism for
evolutionary studies, and is one of the few butterfly species
(see Nieberding et al., 2008) where both behavioral (e.g.,
Larsdotter-Mellström et al., 2010) and chemical (Andersson
et al., 2000, 2007) background information is available on
male sex pheromones. Females control mating (Wiklund,
2003; Bergström and Wiklund, 2005) and usually mate 1–5
times during their lifetime in the wild, with an average of 2.7
times (Bergström et al., 2002). In P. napi, visual cues seem
to be less important (Larsdotter-Mellström et al., 2010),
whereas in other butterfly species such as Bicyclus anynana,
visual and olfactory cues are equally important for mating
success (Costanzo and Monteiro, 2007). Pieris napi males
emit a strong scent, perceivable also by humans, of citral—a
1:1 mixture of the geometric isomers neral [(2Z)-3,7-dime-
thylocta-2,6-dienal] and geranial [(2E)-3,7-dimethylocta-
2,6-dienal (Bergström and Lundgren, 1973)]. The amount
of citral released by a male is correlated to male flight
activity (Andersson et al., 2007), and it the pheromone

seems to be passively emitted during flight. The adult male
scent composition consists of around 95 % of the two
isomers of citral (Andersson et al., 2007), and pure citral
was sufficient to elicit a mate acceptance behavior as shown
by behavioral assays, whereas a male model without citral
never was accepted by a female (Andersson et al., 2007). In
the same study, electroantennograms showed that both
males and females react to citral, but the antennal response
by females was approximately 10 times stronger.

The sex pheromone in P. napi can in addition to facili-
tating female acceptance also be used by males to assess
male-male competition for matings and thereby allocation to
the ejaculate (Larsdotter-Mellström and Wiklund, 2009).
This shows the evolutionary potential of sex pheromones
and highlights the importance of understanding physiology
for both life history and ecology.

Specieswith two ormore discrete generations per year, such
as P. napi, may evolve to differ in life history traits, as selection
pressures may vary with season and affect different generations
of the same species in different ways. In P. napi, as well as in
other butterflies, seasonal polyphenism influences both phys-
iology and behavior (Larsdotter-Mellström and Wiklund,
2010; Larsdotter-Mellström et al., 2010). The bivoltine life
cycle confers developmental time constraints for this species,
consisting of a difference in time available for larval and pupal
development of the two generations (see Friberg et al., In
press). The diapause generation, eclosing in spring after having
spent winter as pupae, suffers little from developmental time
stress, as they spend several weeks in the pupal stage after the
termination of diapause (Wiklund and Solbreck, 1982;
Forsberg and Wiklund, 1988)—the more time-constrained,
directly-developing generation generally has only about a
week of pupal development before eclosion of the adult. As
shorter time in the pupa yields shorter time for physiological
processes during morphogenesis of the adult butterfly
(Wiklund and Solbreck, 1982; Forsberg and Wiklund, 1988),
we predict that males of the two generations will differ with
respect to the composition of volatiles at eclosion and the
timing of pheromone synthesis. This then will affect how soon
after eclosion males can mate (Andersson et al., 2007,
Larsdotter-Mellström et al., 2010).

To study the differences in physiology between generations
that experience different levels of time stress, we used a
bivoltine central Swedish population of P. napi. Our first
objective was to assess pheromone biosynthesis in P. napi,
and to compare sexual maturity at the time of adult eclosion,
between the two generations. The time constrained directly-
developing generation takes, on average, more than 6 hr lon-
ger to mate for the first time after eclosion than do diapausing
males (23 vs. 29,5 hr) (Larsdotter-Mellström et al., 2010).
Therefore, we hypothesized that the directly-developing
males would take longer to reach adult scent composition than
diapausing males. Second, we also more specifically studied
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whether geranial and neral are biosynthesized from larval and/
or adult-derived material by using stable carbon isotopes.
With the P. napi butterfly system and stable carbon isotopes,
we can describe citral production by studying time allowed for
feeding on labeled glucose together with the appearance of
labeled pheromone components. This then can be compared
with known geranial and neral biosynthetic pathways in plants
(Iijima et al., 2006; Schilmiller et al., 2009) to investigate
whether P. napi uses similar or different biosynthetic path-
ways. Iijima et al. (2006) suggested, based on molecular
methods, that the biosynthetic route to geranial and neral in
plants to be formed from geranylpyrophosphate via geraniol-
synthase, first to geraniol, then oxidized to geranial and isom-
erized to neral, followed by reduction of neral to nerol. If
P. napi males use the same biosynthetic route, we would
expect labeled compounds to show up in the order; geraniol –
geranial – neral – nerol.

Methods and Materials

Study Species Pieris napi is a wide-spread, common temper-
ate butterfly species. The larvae feed on a variety of species in
the Brassicaceae family, such as Cardamine pratensis (L.),
Barbarea vulgaris (R. Br.), Armoracia rusticana (G. M. S.),
and Alliaria petiolata (Scop.). The founders of the laboratory
population originates from the Stockholm area where P. napi
has two generations per year, over-wintering in the pupal stage
and flying during spring (diapausing individuals) and summer
(directly-developing individuals).

The butterflies used were the offspring of wild-caught P.
napi. Larvae were reared in climate cabinets (Termaks KB
8000L) and allowed to feed ad libitum throughout larval
development until pupation on one of their natural crucifer
host plants A. rusticana or A. petiolata. For comparison of the
two generations (experiment 1), we synchronized adult eclo-
sion from both pathways (see Larsdotter-Mellström et al.,
2010). During the fall of 2007 and 2008, the light conditions
in the climate cabinets were set to induce diapause
(12:12 hr L:D at 23 °C), and pupae were then kept in a
refrigerator at −1 °C. After 5 mo, half of the overwintering
pupae were incubated at 23 °C, which led to adult eclosion
approximately 1 wk later. These adults were mated and were
allowed to lay eggs on A. petiolata, and eggs randomly chosen
from >15 females founded the next generation. These larvae
were reared under conditions that induce direct development
(20:4 hr L:D, 23 °C). They eclosed as directly-developing
adults simultaneously with the adults eclosing from the
remaining pupae of the diapausing generation that had spent
approximately 6.5 mo in diapause, and had thereafter been
incubated at 20:4 hr L:D at 23 °C about a week before
eclosion. For experiments 2 and 3, directly-developing males
were used.

Experimental Setup The butterflies were kept indoors at the
Department of Zoology, Stockholm University, Sweden.
Experiments were carried out during May 2008 and April
2009 (experiment 1) and January 2010 (experiments 2 and
3). The flight cages (0.8×0.8×0.5 m) were located in a room
with large windows and 400 W metal halide lamps over the
cages to simulate daylight. The lamps were lit 8 hr/day
between 9 am and 5 pm. The bottom of each cage was
covered with paper soaked with water to maintain high
humidity. In each cage, a Kalanchoe sp. plant, with drops
of 20 % sucrose solution added to the flowers, was present
for feeding.

Experiment 1 focused on the progression of the phero-
mone composition in males of the two developmental path-
ways. The volatile emission from the wings was compared
between the two generations 4, 6, 8, and 24 hr after eclosion.
Sixteen males from the directly-developing generation and
32 males from the diapausing generation, evenly distributed
over the four treatments (4, 6, 8, or 24 hr), were released into
flight cages upon eclosion. The males then were euthanized
by freezing 4, 6, 8, or 24 hr after adult eclosion. For the
directly-developing generation, an extra 5 males were
allowed 1 wk of activity in the cages before freezing, to
make sure that we had fully mature males for comparison of
pheromone emission. The wings of all males were extracted
separately for volatiles (see below). Five last instar male
pupae from the diapausing pathway (approximately 1 hr
before eclosion) and 10 directly-developing male pupae (5
approximately 24 hr before eclosion and 5 approximately
1 hr before eclosion) also were extracted.

In experiment 2, the effect of larval feeding on phero-
mone biosynthesis was studied. The light regime during
larval development was 20:4 hr L:D, 23 °C securing direct
development. Larvae were kept in climate cabinets and
reared in plastic jars with leaves of A. rusticana in water
culture present ad libitum throughout development. To ex-
amine if larval-derived nutrients contribute to the synthesis
of sex pheromones emitted as adults, 6 male larvae during
the last larval instar were fed leaves coated with fully 13C
labeled glucose. Ingested amounts were approximately
0.025 g of labeled glucose per larva. The males were, after
eclosion, allowed 6 hr of activity in the flight cages, before
they were transferred to a cold room (8 °C). The 6 males
then were transferred from the cold room to be individually
assayed for live emission of volatiles.

In experiment 3, the production of the pheromone com-
ponents by adult males was studied by allowing them to
feed on 13C labeled glucose. The order of appearance of
labeled pheromone components gives an indication of the
biosynthetic pathway used in the species. Males were put in
a cold room (8 °C) as they eclosed from direct development,
for a maximum of 4 d, until sufficient numbers of individ-
uals had emerged for an experiment to start. In total, 35
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males were evenly assigned to one out of seven treatments
(4, 6, 8, 16, 24, 32, or 48 hr of activity) and then released
into flight cages. In each cage, a Kalanchoe sp. plant with
drops of fully 13C labeled glucose dissolved in 20 % sucrose
solution on the flowers was added for feeding. The males
were allowed 4, 6, 8, 16, 24, 32, or 48 hr of activity and
foraging in the cages before they were euthanized by freez-
ing. The wings of all males were extracted separately for
volatiles (see below). Twenty five individuals were success-
fully analyzed.

Extraction and Chemical Analyses For extraction of vola-
tiles from euthanized adults, the four wings of each individual
were detached and placed in a 1.7-ml glass vial without
crushing. For extraction from last stage pupae of directly-
developing males, the pupae were crushed, and for diapause-
generation males the abdomen was removed and the thorax
with wings was placed individually in a 1.7-ml glass vial
without crushing. Hexane (200 μl Lancaster pa grade spiked
with 0.08 mg/ml n-pendadecane as internal standard) was
added, and extraction of the wings/pupae was made during
12 hr at room temperature. Separation and identification of the
wing scent components was made by using a Varian 3400 GC
coupled to a Finnigan SSQ 7000 MS instrument. Injected
amounts were 1 μl (splitless injection, 45 sec) using a
A200S Finnigan MAT autosampler. A DB-WAX column
(internal diameter 0.25 mm, film thickness 0.25 μm and
length 30 m) was used, programmed at 40 °C (for 1 min),
then increased 5 °C/min to 110 °C, followed by 10 °C/min to
200 °C (for 10 min), with an injector temperature at 225 °C
and He carrier gas at 69 kPa. Identification of the compounds
was made by comparison of retention times and mass spectra
with authentic reference standards.

Emissions of the living adult males (experiment 2) were
collected individually after the butterfly had been given 6 hr of
activity in the flight cage. Collection of volatiles was made
with solid-phase micro-extraction (SPME) with 65 μm poly-
dimethylsiloxane/divinylbenzene fibers (Supelco) during 1 hr
at room temperature. During collection of the emissions, the
butterfly was kept in a glass cylinder (height 11 cm, diam
4.5 cm) that was sealed with aluminum foil. Before the experi-
ments, the glass cylinder was cleaned by keeping it overnight
at 150 °C. Chemical analysis was made as described above,
with manual injection of the SPME fiber.

In experiment 1 the relative amounts of wing odors were
calculated using the area of each compound divided by the
sum of the areas of all four compounds (geranial, neral,
nerol, and geraniol), multiplied by 100.

In order to show that the butterflies can use both larval
and adult-derived materials for the production of pheromone
components, we measured the incorporation of 13C into
pheromone components in experiments 2 and 3. After com-
paring the mass spectra of labeled and non labeled wing

components, the fragments 71 and 69 were selected (see
Fig. 1). Fragment 71 was chosen, as it did not appear in the
mass spectra of the pheromone components geranial and
neral obtained by non labeled male butterflies, and as such
represented the level of labeled molecules. The relative
abundance of the ion fragment 71 was divided with the
relative abundance of the ion fragment 69, which is the
equivalent ion of non labeled males. The level of incorpo-
ration using the molecular ion and corresponding isotopes
was not used due to very low abundances in the four wing
components. To avoid variation in labeled proportion due to
individuals ingesting different amounts of labeled glucose,
the incorporation of labeled carbon in the four odor compo-
nents was calculated for each individual. As the amount of
citral released by a male is strongly correlated to male flight
activity (Andersson et al., 2007), the composition of vola-
tiles emitted is reported as relative amounts.

Representative mass spectra of wing scents of one adult
male who fed on labeled glucose for 48 hr that shows the
level of incorporation in geraniol, nerol, geranial, and neral
is seen in Fig. 1. For comparison, non-labeled mass spectra
of the compounds are shown in the right hand panel.

Statistical Analyses Alpha was set at 0.05. All tests were
performed in R (Version 2.10.1, 2009). Non-parametric tests
were used, as data did not meet parametric test assumptions
and could not be transformed to do so using Box-Cox
transformations.

In experiment 1, the maturity of the two generations
measured as proportion citral (consisting of neral + geranial)
out of total scent composition was compared using Mann–
Whitney U-tests.

In experiment 2, the level of incorporation in wing emis-
sions was measured as the proportion of labeled (larval
derived) volatiles compared to non labeled (ions 71/69)
during live emission after 6 hr of activity after eclosion.

In experiment 3, differences in the abundance of the
selected labeled and non-labeled fragments (71/69) were
analyzed using Spearman’s rank correlation.

Results

Experiment 1 The volatiles of the wing scent consisted of
geraniol, nerol, geranial, neral in variable amounts depending
on the age and generation of the butterflies (Fig. 2). At 4 hr of
age, none of the directly-developing males, in contrast to the
diapause-generation males, had any measurable amount of
neral, and only one out of four directly-developing males
had any geranial. The proportion of citral (geranial + neral)
in the scent composition (alcohols + aldehydes) differed be-
tween generations during the first 6 hr of adult life (at 4 hr,
Mann–Whitney U test, U01, P00.02; at 6 hr,Mann–Whitney
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U test, U04, P00.03). After 8 and 24 hr, the difference in sex
pheromone composition had disappeared, and the generations
no longer differed in citral proportion (8 hr,Mann–Whitney U
test, U028, P00.77; 24 hr, Mann–Whitney U test, U027,
P00.20).

Directly-developing males could be considered mature as
they reached 24 hr of age, since the scent composition no
longer changed with age and citral proportion (neral +
geranial out of total scent) was at 24 hr (median; 89 % citral)
not significantly different from one-wk-old males (median;
93 % citral) (Mann–Whitney U test, U08, P00.4).

One out of the five diapausing pupae had geraniol present
in small amounts approximately 1 hr before eclosion. None
of the ten directly-developing pupae had traceable amounts
of any of the four wing scent components.

Experiment 2 Larval feeding: Labeled 13C of the fully la-
beled glucose, ingested in the larval stage, showed up in
geraniol, nerol, geranial, and neral in the adult stage as
measured by volatiles emitted. Around half of the emitted
substances were at 6 hr of age derived from the labeled
carbon. The average proportion ± SE labeled to non-

Fig. 1 Representative mass spectra for the four wing odor compounds from Pieris napi male wing after 48 hr of feeding on 13C labeled glucose
(left column). Non-labeled mass spectra of the compounds on the right
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labeled (ions 71/69) was; geraniol 0.9±0.2; nerol 0.8±0.2;
geranial 1.0±0.3; neral 0.9±0.2.

Experiment 3 Adult feeding: As adult butterflies were
allowed to feed on labeled glucose, the amount of labeled

pheromone components increased significantly with the time
allowed for foraging. For ions 71\69 (Fig. 3); Spearman’s rank
correlation, geranial ρ00.83, P<0.001; geraniol ρ00.82, P<
0.001; neral ρ00.62, P<0.001; nerol ρ00.87, P<0.001.

Interestingly, when comparing the proportion of the ion
fragments 71/69, a clear time difference in incorporation of
13C was observed between the compounds. Incorporation of
13C into geranial and neral appeared later than incorporation
of 13C into the corresponding alcohols. Already after 4 hr of
feeding on labeled glucose, labeled geraniol and nerol were
produced (Fig. 3). Labeled geranial appeared after 8 hr, and
labeled neral was detected only after 32 hr of adult feeding
(Fig. 3).

Discussion

From our experiments with 13C-labeled glucose, we showed
that male P. napi can synthesize geranial and neral from
both larval (experiment 2) and adult-derived glucose (ex-
periment 3, Fig. 3). The results of this study also show that
males of the directly-developing generation do not emit
adult scent composition at eclosion but have less geranial
and neral and more of the corresponding alcohols early in
life, indicating that males in the directly-developing gener-
ation eclose less sexually mature than diapausing individu-
als (Fig. 2). This could explain the observation that directly-
developing males have a longer teneral period before mating
(Larsdotter-Mellström et al., 2010); in the presence of a
surplus of receptive females, diapause-generation males
mated on average more than 6 hr sooner after eclosion than
directly-developing males.

We contend that time constraints are responsible for the
differences between generations (see Larsdotter-Mellström et

Fig. 2 Scent composition of the four major compounds by age. a
Directly-developing Pieris napi males. b Diapausing Pieris napi males

Fig. 3 Adult 13C feeding.
Proportion of labeled to non-
labeled fragments (71/69) in the
four components of Pieris napi
wing scent. Average ± SE
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al., 2010), as it is hard to envisage why males would evolve to
postpone their maturity and first mating. In the butterfly
Bicyclus anynana, the same pattern has been shown, with
male sex pheromone synthesis being incomplete at eclosion
(Nieberding et al., 2008, 2012), and older males having higher
mating success than younger males (Fischer et al., 2008).
Developing without strong time stress, may allow the adults
of the diapausing spring generation to emerge in a sexually
more mature state than adults of the time-constrained,
directly-developing, summer generation. Why directly-
developing P. napi eclose before they are sexually mature
could have several, mutually non-exclusive explanations.
The development of reproductive tissue might be faster in
the adult stage than in the pupal stage, or survival might be
higher in the adult stage. In the majority of insects, males
emerge earlier than females, and protandry generally has been
explained as a reproductive strategy that maximizes male
mating success under the assumption that males are ready to
mate already at the time of eclosion (Wiklund and Fagerström,
1977; Iwasa et al., 1983). The present results add a novel
aspect to the nearly ubiquitous occurrence of protandry, as
males not only benefit from emerging before females in terms
of mating opportunities, but they also may need to emerge
early to be sexually mature at the time when females start
eclosing.

Wedell (2010) reported that males suffer a substantial cost,
not only of mating, which is expected in a paternally investing
species such as P. napi, but also from courtship behavior per
se. A possible reason for this is that production of aphrodisiacs
in the high amounts required for courtship could be nutrition-
ally expensive. In this study, we have now shown that the male
sex pheromones geranial and neral can be biosynthesized
from glucose, a substance that is abundantly available, as a
common nectar constituent, for feeding adult males. This
means that male P. napi are able to keep up a steady produc-
tion of the sex pheromone, to replenish what is emitted during
flight (Andersson et al., 2007) and courtship. When compar-
ing the results from experiment 1 and 3, we can see that
directly-developing males have synthesized neral at the age
of 8 hr (Fig. 2) but labeled neral only after 32 hr of adult
feeding (Fig. 3). This may be due to the fact that neral is
produced entirely from larval feeding in the first 32 hr after
emergence, and gives an indication of the transition from
larval to adult-derived sources of the pheromones. Additional
experiments to formally test this would be interesting.

The results of the directly-developing males (Fig. 2) and
labeling experiments (Fig. 3) suggest that the production of
the male sex pheromone starts with the biosynthesis of
geraniol via nerol, followed by geranial, and ending with
neral. Iijima et al. (2006) suggest, based on molecular meth-
ods, the biosynthetic route to geranial and neral in plants to
be formed from geranylpyrophosphate, first to geraniol,
then oxidized to geranial, and isomerized to neral, followed

by reduction of neral to nerol. By the feeding studies of P.
napi using 13C-labeled glucose and studies of pheromone
progression in directly-developing males by GC-MS, we
have shown that the fragments representing the labeled
geranial and neral appear later in time, thus indicating a
delayed production of neral and geranial compared to gera-
niol and nerol. We can only speculate whether there is a
direct isomerization to nerol from geraniol, or whether there
is the presence of two synthases—one producing geraniol
and one producing nerol, followed by a subsequent oxida-
tion step in the final formation of the pheromone. Mono-
terpenes in the glandular trichomes of tomato recently have
shown to be synthesized from a neryl diphosphate precursor
rather than geranyl diphosphate (Schilmiller et al., 2009),
which supports our hypothesis of one trans and one cis
synthase.

In summary, our study shows that time-stress can change
the timing of pheromone production, between generations,
in our model species P. napi. Studying the underlying re-
source allocation and the physiological basis of life history
traits and mating success greatly contributes to the under-
standing of the ecology of the species.
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Abstract Methods and equations have not been developed
previously to estimate insect flight densities, a key factor in
decisions regarding trap and lure deployment in programs of
monitoring, mass trapping, and mating disruption with
semiochemicals. An equation to estimate densities of flying
insects per hectare is presented that uses the standard devi-
ation (SD) of the vertical flight distribution, trapping time,
the trap’s spherical effective radius (ER), catch at the mean
flight height (as estimated from a best-fitting normal distri-
bution with SD), and an estimated average flight speed.
Data from previous reports were used to estimate flight
densities with the equations. The same equations can use
traps with pheromone lures or attractive colors with a mea-
sured effective attraction radius (EAR) instead of the ER. In
practice, EAR is more useful than ER for flight density
calculations since attractive traps catch higher numbers of
insects and thus can measure lower populations more readily.
Computer simulations in three dimensions with varying
numbers of insects (density) and varying EAR were used to
validate the equations for density estimates of insects in the
field. Few studies have provided data to obtain EAR, SD,
speed, and trapping time to estimate flight densities per hect-
are. However, the necessary parameters can bemeasuredmore
precisely in future studies.

Keywords Estimating flight density . Flight height .

Computer simulation in three dimensions . Mass trapping .

Monitoring . Mating disruption

Introduction

Knowledge about densities of flying insects at particular
times and places is of fundamental interest in ecology and
chemical ecology, as well as in integrated pest management.
Currently, there are no methods and equations that use trap
catch data to estimate insect flight densities, a crucial factor
in the success of mass trapping and mating disruption pro-
grams (Shorey, 1977; Cardé, 1990; Cardé and Minks, 1995;
Miller et al., 2006a, b; El-Sayed et al., 2006, 2009; Byers,
2007, 2008). In order to develop methods and equations for
determining flight densities from trap catch data, several
parameters need to be estimated and understood. The first
parameter is the effective attraction radius (EAR) that
describes the strength of a semiochemical lure with regard
to blend and release rate, which allows comparisons among
species (Byers et al., 1989). The EAR is a spherical radius
that would intercept the same number of insects as caught
by a semiochemical-baited trap. The EAR is a spatial pa-
rameter based on catch, which conveniently substitutes in
simulation models for the complex spatial dimensions of
attractive odor plumes. The EAR can be determined by the
catch ratio of attractive (baited) and non-attractive (blank)
sticky traps, and the silhouette area of the trap (Fig. 1). In
mass trapping for control of insects, the most effective lure
is that with the largest EAR ascertained by field-testing the
semiochemical at increasing release rates. The EAR has
been used in simulation models of mass trapping and mating
disruption (Byers, 2007) that are important tools of integrated
pest management (Shorey, 1977; Cardé, 1990; Cardé and
Minks, 1995; Miller et al., 2006a, b; El-Sayed et al., 2006,
2009; Byers, 2008). These and other studies, however, have
relied upon subjectively testing densities of lures/traps by trial
and error until some negative effect on mating success was
observed. This approach would be more efficient with a better
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knowledge of flight densities, EAR of attractants, and use of
simulation models to determine the trap density most likely to
succeed in control measures (Byers, 2007, 2008).

The circular EAR (termed EARc), used in encounter-rate
simulations of mass trapping in two dimensions (2D), is not
identical to the spherical EAR obtained from insect catches
in the field (Byers, 2008, 2009). A transformation of EAR is
necessary (Fig. 1) to obtain an accurate EARc for 2D sim-
ulations. This conversion equation requires an estimation of
the effective flight layer (FL), which reflects the vertical
layer where the particular insect species flies in search
of mates and host plants. Essentially, if the vertical
flight density distribution described by the standard
deviation (SD) is squeezed into a layer of uniform
density equal to that at the mean flight height, then
the thickness of this layer is the FL (Byers, 2008,
2009). However, the FL does not describe a real layer,
so hereafter to avoid confusion the FL will be replaced

with its equivalent, which isSD � ffiffiffiffiffiffiffiffiffi
2 � pp

. It is expected that the
SD is a species characteristic that might vary somewhat due to
habitat, but otherwise would often be quite different for each
species, as indicated by SD-analyses of 116 species from
previous studies (Byers, 2011).

Although more than 100 publications report trap catches
of insects at different heights, the mean flight height or its
SD have seldom been estimated (Byers, 2011), probably
because iterative equations to calculate SD require inputting
data for every insect caught (possibly thousands). By using
an iterative algorithm, however, the SD can readily be
determined (Byers, 2011). Knowledge about the mean flight
height ± SD is not only useful in models, but can be applied
in practice when deploying semiochemically baited traps for
monitoring, mating disruption, and mass trapping. For

example, Byers et al. (1989) estimated flight densities of
spruce bark beetles, Ips typographus L., searching for host
trees in Denmark. The densities were estimated in 2D (per
hectare) by placing sticky-traps of known radius on metal
poles throughout the flight volume (0.7 to 11.5 m high), and
recording the number of beetles trapped over time. In these
experiments during the spring swarming flight (May 17, 19,
20, 21, and 22, 1984), an estimated 38, 5, 55, 32, and 90
beetles per hectare were in continuous flight each day,
respectively.

The first objective of the present investigation was to
develop the equations necessary to obtain density estimates
of flying insects from a combination of data including (1)
catches on passive sticky traps at three or more heights to
determine mean height and ± SD, and (2) catches on attrac-
tive and passive sticky traps to determine EAR and EARc.
The equation for estimating densities in 2D also depends, in
part, on the average flight speed, which is affected by both
the insect’s inherent flight speed in still air and the average
wind speed.

The second objective addressed herein was to validate the
density equation, and explore parameter effects by simula-
tion of flying insects in three dimensions (3D). Simulated
individuals can fly anywhere, but the population maintains a
specified mean flight height, and a normal vertical distribu-
tion of flight heights (Byers, 2009, 2011). During these
simulated population flights under constant parameters for
number per area, flight speed, trap EAR, and exposure
time, the stochastic catches on a spherical trap at the
mean flight height were counted and compared to pre-
dicted results from the density equation. The simulation
results should indicate the reliability and variability of
the density estimates.

My third objective was to use the equations devel-
oped in the study to determine 2D insect densities from
previous publications reporting passive and attractive trap
data.

Methods and Materials

Equations for Estimating Densities of Insects per Hectare The
trap catch data and a series of equations are presented that
allow estimation of flight density in two dimensions, i.e.,
number per hectare. The equations are based on trap catch at
several heights, and on data from a passive sticky trap
placed at the mean flight height. The same equations, with
little modification, can be used for chemically or visually
attractive traps.

Given a passive cylindrical sticky trap, if its radius is
0.15 m and the height is 0.3 m, then the area S of the
silhouette, as seen from a horizontal direction, is S ¼ 2 � ra

Fig. 1 Two cylindrical sticky traps, a blank catching one insect (Cb01) and
a pheromone trap catching 40 insects (Ca040), are each 0.09 m2 in silhou-
ette area (S), giving a spherical EAR ¼ Ca � Sð Þ= p � Cbð Þ½ �0:5 ¼ 1:070 m
that can be converted to a circular EARc ¼ p � EAR2= 2 � FLð Þ ¼ 0:539 m
(where FL ¼ SD � ffiffiffiffiffiffiffiffiffi

2 � pp ¼ 3:33 m) (Byers, 2008). Based on the above
EAR, SD, and catch of 40 given an 8 hr trap exposure with 2 m/sec flight
speed, the 2D density estimate is 6.43 insects/hectare (fromEq. 6 in Results).
Small dots represent 1000 insects distributed vertically in a normal distribu-
tion (SD01.33 m)
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dius � height ¼ 0:09 m2 . Using these values, the spherical
effective radius, ER, of the trap is simply:

ER ¼
ffiffiffiffiffiffiffiffi
S=p

p
¼ 0:169 ð1Þ

The mean flight height (h) and SD of a particular insect
species is found from catches on a series of passive traps
placed at several heights (at least three) using the following
formulas (Byers, 2011):

h ¼ sumx=n ð2Þ

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n � sumx2 � sumxð Þ2

� �
= n � n� 1ð Þð Þ

r
ð3Þ

where sumx ¼ Σ
t

i¼1
Σ
ci

j¼1
hi , sumx2 ¼ Σ

t

i¼1
Σ
ci

j¼1
h2i , and n ¼ Σ

t

i¼1
ci

with t 0 number of trap levels, hi 0 height of trap level, ci 0
catch at trap level, and i 0 trap level. In previous studies
(Byers, 2008, 2009), FL ¼ SD � ffiffiffiffiffiffiffiffiffi

2 � pp
was used in an

equation to convert spherical to circular radii. However,
since FL is a mathematical construct and not a real flight
layer, while SD describes a real distribution, subsequent
equations are in terms of SD.

The ER in three dimensions is converted to a circular
effective radius ERc in two dimensions (Byers, 2008, 2009)
by the following formula:

ERc ¼ p � ER2= 2 � SD �
ffiffiffiffiffiffiffiffiffi
2 � p

p� �
ð4Þ

The two-dimensional density D2 of flying insects is then
found from:

D2 ¼ C= 2 � ERc � T � V � Kð Þ ð5Þ
where C is the catch on the trap (K01) or traps (K>1) in the
field, T is the seconds of trap exposure, and V is the average
velocity (m/s) of the flying insects (K was added to equation
2 of Byers et al., 1989). Thus, if ER00.169 m2 and SD0

1.67 m then ERc00.01075 m. Given that C04, K01, T0
3600 sec, and V02 m/sec, then D200.0258 insects per m2 or

258 insects per hectare. In 3D at the trap level, there are D2=

SD � ffiffiffiffiffiffiffiffiffi
2 � pp� � ¼ 0:0062 insects per m3 (Byers, 2009, 2011).

Density can more readily be estimated from a trap with a
lure attractive to the particular insect species. First, calculate
an EAR from an attractive trap placed at the mean flight
height as shown in Byers (2008, 2009). For example, as-
suming the same catch occurred on a blank trap (Cb04) of
the same size as above, and Ca080 were caught on the

attractive trap, then EAR ¼ Ca � Sð Þ= p � Cbð Þ½ �0:5 ¼ 0:757
m. Substituting EAR for ER in Eq. (4), then EARc00.215 m
and this is substituted for ERc in Eq. (5), where C 0 Ca,
gives the same D200.0258 per m2 with the same above
parameters. This means that EAR converted to EARc can

be used to estimate 2D densities much more easily since
catch is more readily obtained on an attractive trap than on a
blank trap. The EAR and EARc need to be estimated previ-
ously from an attractive trap catch compared to the blank trap
catch (Cb>0; Byers et al., 1989), as well as the SD from a
series of trap heights and catches (Byers, 2008, 2009, 2011).
Once the SD and EAR/EARc are estimated for a particular
attractant release rate, subsequently only an attractive trap is
needed to calculate the density of flying insects.

Equation (5) requires the average flight speed of the
insects, which can be estimated by the flight speed in still
air (for bark beetles this is about 1.6 m/sec, Byers et al.,
1989). However, wind speed will affect flight speed either
additively when the insect flies with the wind, or negatively
when the insect flies upwind. Assuming most insects fly in
all possible horizontal directions with respect to moderate
wind speed as observed for moths, flies, and bark beetles
(Elkinton and Cardé, 1983; Judd and Borden, 1988, 1989;
Byers et al., 1989), then the affect of wind on average flight
speed appears complex. Given that wind speed can range
from 1 to 5 m/sec and the insect flies at 2 m/sec in still air,
the average flight speed can be calculated by computer
(from Eq. 7 in Results).

Simulation of Flight Densities and Catch on a Spherical
Trap in 3D Insects were simulated in a volume with X-axis
(xa), Y-axis (ya), and Z-axis (za) of 50×50×10 m, respec-
tively. Various numbers of insects were placed initially at
random according to a specified normal distribution of SD
(Byers, 2001). Insects flew in a correlated random walk
using spherical (x, y, z) coordinates (Hearn and Baker,
1994). The walk progressed as a series of steps, each of
length step (0.1 m), and 6° standard deviation of angular
turns as in Byers (2001, 2009, 2011). Insects rebounded at
random angles when striking the volume sides, and rarely
when intercepting the ground and top boundaries. The coor-
dinates of insects were transformed to 3D perspective coor-
dinates when viewing the simulations (p. 57, Adams, 1987).
Insects flew within the volume such that the population had
a mean height of za/2 and was distributed normally with
SD01.67 m, as accomplished by an algorithm in Byers
(2009, 2011). Insects flew at 2 m/sec for 1 hr except when
the period of simulation was varied. The algorithm to deter-
mine whether insects entered or passed through the spherical
EAR of a trap was as described in Byers (2009, 2011).
Insects that were caught on the trap were replaced at random
according to the population distribution within the volume
to maintain a constant density. Simulations and calculations,
for general demonstration on the Internet with a web browser
(http://www.chemical-ecology.net/java2/den-2d.htm), were
programmed in QuickBASIC 4.5 (Microsoft Corp.,
Redmond, WA, USA) as well as Java 6.0 (Oracle, Redwood
City, CA, USA).
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Estimating Densities from Insect Catch Studies in the
Literature The scientific literature was explored (BIOSIS
Previews) for articles that reported catch on traps at three
or more heights in which catch diminished with height.
These data were used to determine the mean height of flight
and SD. These parameters were calculated previously
(Tables 1–3 in Byers, 2011), but only the data on un-
attractive traps (his Table 3) were further analyzed to deter-
mine densities with Eq. (5). The catch at the mean
flight height was estimated from the normal equations
(Byers, 2011). In addition, some of these studies also
reported catch on an attractive sticky trap as well as on
a blank sticky trap that caught at least one insect in
order to find an EAR. In studies where an attractive-
colored sticky card was used (Gillespie and Vernon,
1990), the height by width area S is calculated for all
possible angles that insects can intercept the trap giving
S ¼ 0:637 � height � width (Byers et al., 1989). Attractive-
colored cross-pane barrier traps (Zhang et al., 2011) have a
mean interception area of S ¼ 0:9 � height � width (Byers,
2009). The formulas for cards and cross-pane traps also
work for attractive odors. Using the attractive catch, EAR,
and SD, it is possible to calculate densities per hectare
(Eq. 6 in Results).

Results

Equations for Estimating Densities of Insects per Hectare The
EARc does not need to be calculated explicitly to cal-
culate 2D density because the EAR and SD can be used

instead. Using EAR for ER in Eq. (4) gives the equation EA

Rc ¼ p � EAR2= 2 � SD � ffiffiffiffiffiffiffiffiffi
2 � pp� �

that, when substituted into
Eq. (5), gives the final portion of Eq. (6) in terms of EAR and
SD:

D2 ¼ C= 2 � EARc � T � V � Kð Þ

¼ C= p � EAR2 � T � V � K= SD �
ffiffiffiffiffiffiffiffiffi
2 � p

p� �� �
ð6Þ

The density in 3D at the trap would be D3 ¼ C=

T � V � K � p � EAR2ð Þ, which yields values identical to D2=

SD � ffiffiffiffiffiffiffiffiffi
2 � pp� �

.
Assuming insects fly in all horizontal directions with

respect to the wind while searching (Elkinton and Cardé,
1983; Judd and Borden, 1988, 1989; Byers et al., 1989),
then many possible ground speeds are possible depending
on the direction of flight with respect to wind direction
(Fig. 2, bottom right inset). The average ground speed (s)
that results from all possible directions of insect flight for a

speed in still air (si) of 2 m/sec and a wind speed (sw) of
2 m/sec is found from the equation:

s ¼ 1

n

Xn
a¼0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2i þ s2w � 2 � si � sw � cos a � p=nð Þ

q
ð7Þ

where n01000, giving 2.54 m/sec ground flight speed
with the above values. Equation (7) was used with vary-
ing wind speed and flight speed to show graphically the
effects on the average ground flight speed (Fig. 2).

Simulation of Flight Densities and Catch on a Spherical
Trap in 3D The simulations attempted to fly a population of
insects of known constant density in a volume (X050, Y0
50, Z010 m). The population of individuals flies at a mean
height of Z/2 and exhibits a normal distribution about the
mean height with SD01.67 m. The insects can be caught by
a spherical trap of specified EAR placed at the mean flight
height (5 m) in the center of the volume. The catch on the
trap at the end of the simulation (T03600 sec, with insects
taking 72,000 steps of 0.1 m each) was used with the
appropriate parameters in Eq. (6) to calculate the number
of insects per hectare (means and 95 % CL, Fig. 3). The
dashed line is the density of insects maintained throughout
the simulations (10 insects in the volume gives 40 per
hectare). As can be seen (Fig. 3), the means calculated from
the catches are near the expected values of 40 or 160 per
hectare. The 95 % CL is larger when the trap EAR is smaller
since more variation in catch is expected on smaller traps.

When the time of exposure of the 0.5 m EAR trap was
increased, there was no effect on the calculation of density,
which was kept constant at 160 per hectare (Fig. 4). The
95 % CL of the means overlap the expected density, with
generally more variation at the shorter exposures, an expec-
tation when traps are not exposed long enough. Equation (6)
predicted the densities of insects per hectare based on the

Fig. 2 Relationship between wind speed and ground flight speed
when insect flies at 1 to 5 m/sec in still air (air speed); results
generated by Eq. (7). Insert at lower right shows three possible
ground flight speeds (3 m/sec straight line and dashed lines of
2.91 m/sec and 1.73 m/sec) based on vectors of air speed in still
air (2 m/sec) and wind speed (1 m/sec)
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trap catches of a spherical trap of 0.5 m EAR during an hour
exposure when the simulated density of insects was in-
creased from 10 to 100 in the volume (Fig. 5). The number
per hectare is four times the number simulated since the
volume represents one fourth of a hectare in surface area.
The 95 % CL variation did not decrease with higher numb-
ers of simulated insects as might be expected from the
results on increasing EAR and exposure period. In fact,
the larger numbers caught simply allowed more variation
about the means, as seen when comparing the means for 40
and 160 densities in Fig. 3. These simulation results, which
aim to represent stochastic processes in nature, show that the
equations are valid assuming catch, mean ground speed,
exposure period, and EAR were obtained with reasonable
accuracy.

Estimating Densities from Insect Catch Studies in the
Literature Over 100 articles were found on insect flight
heights of which only about 60 were suitable for estimating
SD (Tables 1–3 in Byers, 2011). Of these, about 30 species

were caught on passive (blank) traps, and the catch at the
mean flight height (estimated from normal equations in
Byers, 2011) was used to calculate densities per hectare
(Table 1) using Eqs. (4) and (5). These 30 species were
matched with studies that had determined EAR from an
attractive trap and a blank trap (preferably sticky traps) of
reported dimensions, with the blank trap or traps catching
>0 insects. Of these matches, only a few species were found
that met these requirements to allow estimation of 2D den-
sities (Table 2) from attractive traps using Eq. (6). These
examples show how density can be estimated and serve as a
model for future work.

Discussion

Equations (5) and (6) were derived in part from the equa-
tion: Density ¼ catch= 2� radius� time� speedð Þ pre-
sented in Byers et al. (1989) who were unaware of an
earlier equation by Holling (1959) for calculating densities.
Holling’s type I functional response equation calculates how
many prey would be eaten by a predator (or caught on sticky
trap) as Ha 0 aH, where Ha is catch per time, H is prey
density, and a is attack rate. In the case of traps, the attack
rate, a, would be the diameter of the trap (2R) times average
speed of the insects times the exposure time. Equations (5)
and (6) simply solve for H (which is D2 here). However, the
trap’s radius R that was implicit in Holling’s equation is not
appropriate in 3D with different vertical flight distributions.
Thus, R is corrected by using SD (Eq. 3) to calculate ER
(Eq. 1) and ERc (Eq. 4) for passive traps to find insect
densities by Eq. (5). If the vertical flight SD of a species
and the EAR of an attractive trap are known, then densities
are calculated via Eq. (6).

In order to estimate densities of flying insects over a
certain length of time, one can use passive sticky traps.

Fig. 4 Mean density of insects (number per hectare) flying at 2 m/sec
calculated from catches on a trap of EAR00.5 m exposed for varying
periods of time in simulations (N08 each point) in three dimensions
with a constant density of 160 insects per hectare (bars represent 95 %
CL). The dashed lines indicate the expected values

Fig. 5 Mean density of insects (number per hectare) flying at 2 m/sec
calculated from catches on a trap of EAR00.5 m exposed for 1 hr in
simulations (N08 each point) in three dimensions with varying densi-
ties of insects per simulation volume (one fourth hectare; bars represent
95 % CL). The dashed line indicates the expected values

Fig. 3 Mean density of insects (number per hectare) flying at 2 m/sec
calculated from catches on a trap of varying EAR exposed for 1 hr in
simulations (N08 each point) in three dimensions with constant den-
sities of 40 or 160 insects per hectare (bars represent 95 % CL). The
dashed lines indicate the expected values
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Table 1 Estimation of mean density of insects (n/hectare) based on published data for non-attractive traps (window, sticky card, cross-barrier, or
sticky cylinder) at various heights

Species Mean height of
catch ± SD (m)a

Catch at
mean heightb

Trap area
S (m2)c

ERc

(m)d
Hours of
trapping (N)e

Density (number
per hectare)f

Hemiptera:

Alydus eurinus (Say)g 1.35±1.03 76 0.37 0.072 1400 (4) 0.26

Sinea diadema (F.)h 1.29±0.87 27 0.37 0.085 600 (4) 0.18

Sinea spinipes (Herrich-Schaeffer)h 4.06±2.06 6 0.37 0.036 900 (4) 0.06

Nabis americoferus Carayoni 2.48±1.83 13 0.37 0.040 600 (4) 0.19

Nabis roseipennis Reuteri 3.07±1.76 27 0.37 0.042 600 (4) 0.37

Orius insidiosus (Say)i 3.45±1.81 1109 0.37 0.041 600 (4) 15.72

Antillocoris pilosulus (Stål)j 4.27±1.80 66 0.37 0.041 2100 (4) 0.27

Crophius disconotus (Say)j 3.09±1.76 18 0.37 0.042 900 (4) 0.17

Geocoris punctipes (Say)j 2.37±1.74 19 0.37 0.042 1300 (4) 0.10

Corythucha ciliata (Say)k 4.27±1.75 15 0.37 0.042 300 (4) 0.42

Gargaphia solani Heidemannk 1.85±1.50 29 0.37 0.049 900 (4) 0.22

Amnestus basidentatus Froeschnerl 4.63±1.43 168 0.37 0.051 600 (4) 1.89

Amnestus pallidus Zimmerl 3.51±1.85 21 0.37 0.040 600 (4) 0.31

Amnestus spinifrons (Say)l 3.33±2.02 15 0.37 0.036 450 (4) 0.31

Brochymena quadripustulata (F.)l 3.01±1.17 179 0.37 0.063 900 (4) 1.10

Euschistus servus (Say)l 2.12±1.54 41 0.37 0.048 1350 (4) 0.22

Diptera:

Leptoconops noei Clastrier et Coluzzim 2.11±0.50 1365 0.0382 0.015 35 (3) 1194.50

Leptoconops irritans (Noé)m 2.12±0.59 332 0.0382 0.013 35 (3) 340.72

Bibio johannis (L.) malesn 0.71±0.42 2374 0.04 0.018 225 (72) 11.22

Bibio johannis (L.) femalesn 0.88±0.45 183 0.04 0.017 225 (72) 0.93

Sergentomyia bedfordi Newstead in openo 2.85±2.13 9 0.637 0.060 14 (5) 3.00

Above in wooded areao 4.80±2.69 38 0.637 0.047 14 (5) 16.11

Sergentomyia antennatus New. in openo 2.17±1.94 9 0.637 0.065 14 (5) 2.85

Above in wooded areao 2.85±2.72 23 0.637 0.047 14 (5) 9.58

Coleoptera:

Hoplia spectabilis Medvedevp 0.87±0.76 2423 0.135 0.035 75 (3) 421.99

Hylurgops palliatus (Gryllenhal)q 4.98±2.63 16 0.09 0.007 6 (3) 177.50

Ips typographus (L.) malesq 4.63±2.66 9 0.09 0.007 30 (3) 20.17

Ips typographus (L.) femalesq 4.63±2.85 9 0.09 0.006 30 (3) 21.83

Tomicus piniperda (L.)q 5.98±3.00 2 0.09 0.006 12 (3) 10.37

Trypodendron domensticum (L.)q 2.82±1.67 5 0.09 0.011 6 (3) 33.72

Cryphalus abietus (Ratz.)q 3.44±2.73 46 0.09 0.007 6 (3) 542.54

Pityogenes bidentatus (Herbst)q 3.10±1.62 7 0.09 0.011 6 (3) 48.08

Pityogenes chalcographus (L.)q 6.89±2.90 13 0.09 0.006 6 (3) 166.53

Pityogenes quadridens (Hartig)q 4.08±2.80 9 0.09 0.006 6 (3) 105.28

Balanogastris kolae (Desbr.)r 0.68±0.44 395 0.057 0.026 150 (3) 47.28

a Calculated from Eqs. (2) and (3)
b Estimated from normal equations (Table 3 in Byers, 2011)
c Based on equations to calculate S for either flat, cross-barrier, or cylindrical traps as presented in Methods
d Using Eq. (1)
e Rough estimate of trapping times based on trap days and 5 hr flight per day, N 0 number of trap stations
f Average density over trapping period as estimated from Eq. (6) with Vassumed at 1 m/sec in all cases, T in seconds from trapping hours, and N was
number of traps at each height level
gMcPherson and Weber, 1981a; hMcPherson and Weber, 1981b, i c, j d, k e, l 1980, m Carrieri et al., 2007, n D’Arcy-Burt and Blackshaw, 1987,
o Basimike et al., 1989, p Zhang et al., 2011, q Byers et al., 1989, r Ivbijaro and Daramola, 1977
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Table 2 Densities of flying insects calculated from Eq. (7), using EAR
and EARc of semiochemicals or colors attractive to various species
based on passive and active catches of sticky traps, SD (SD ¼ FL=

ffiffiffiffiffiffiffiffiffi
2 � pp

from Table 1 in Byers, 2011), and estimated average flight
speed (V) of 2 m/sec for Scolytidae and Scarabaeidae, and 0.5 m/sec
for Thripidae (trapping exposure times from literature unless specified)

Species and conditions Insect catch Trap area S (m2) EAR (m) SD (m) EARc (m) Density (n per hectare)

Blank Active

Scarabaeidae

Hoplia spectabilis Medvedeva

Yellow cross-panel 1867 12448 0.135 0.54 0.76 0.237 144.82

White cross-panel 1867 9274 0.135 0.46 0.76 0.176 144.82

Blue cross-panel 1867 5944 0.135 0.37 0.76 0.113 144.82

Host Plant 288 405 0.135 0.25 0.76 0.050 78.19

Host plant + 200 Hoplia 288 509 0.135 0.28 0.76 0.063 78.19

Curculionidae (Scolytinae)

Tomicus piniperda L.

Scots pine log Ib 52 623 0.06 0.48 3.00 0.048 283.25

Log I + 30 males + 30 femalesb 52 774 0.06 0.53 3.00 0.059 283.25

(+)-3-Careneb 7 48 0.06 0.36 3.00 0.027 19.06

(+)-α-Pineneb 7 60 0.06 0.40 3.00 0.034 19.06

(−)-α-Pineneb 7 79 0.06 0.46 3.00 0.045 19.06

Terpinoleneb 7 104 0.06 0.53 3.00 0.059 19.06

Scots pine Log IIb 7 256 0.06 0.84 3.00 0.146 19.06

April 15, Monoterpenesc 2.33 27 0.09 0.58 3.00 0.069 67.69

April 21, Monoterpenesc 1 19 0.09 0.74 3.00 0.114 29.06

Ips typographus L.

High release pheromoned 6 753 0.06 1.55 2.75 0.546 3.74

Medium release pheromonee 7 80 0.06 0.47 2.75 0.050 4.37

May 17, Pheromonef 5.67 194 0.09 0.99 2.75 0.223 241.5

May 20, Pheromonef 16.67 269 0.09 0.68 2.75 0.105 426.01

May 22, Pheromonef 8.5 215 0.09 0.85 2.75 0.165 402.26

Ips paraconfusus Lanier

Log + 50 malesg 1.27 339 0.1185 3.17 5.14h 1.228 2.13

Thripidae

Frankliniella occidentalis (Pergande)i

Blue card (greenhouse I) 29 639 0.0046 0.18 0.39 0.051 693.47

Yellow card (greenhouse I) 29 529 0.0046 0.16 0.39 0.042 693.47

Yellow card (greenhouse II) - 71 - 0.16 0.39 - 97.11j

a Zhang et al. (2011): passive catch on black cross-panel trap, host plant was Dasiphora fruticosa (L.) Rydb. (Syn. Potentilla fruticosa L.) tested 4
d×6 h, N03; colored traps in pastureland, 7 d×6 h, N06
b Byers et al. (1985): released about 30 mg each compound/day; Scots pine (Pinus sylvestris L.) Log I tested 2 d×8 h, Log II and chemicals (30 mg
each compound/day) tested 4 d×8 h, N02 in all cases
c Byers et al. (1989): released about 10–20 mg/day of (+)-α-pinene, (−)-α-pinene, and (+)-3-carene, and 3–5 mg/d of terpinolene, 240 min trapping
each date, N01
d Schlyter et al. (1987): high release of 57mg 2-methyl-3-buten-2-ol (MB)/day and 1mg (4S)-cis-verbenol (cV)/day at 12m trap separation, 16 d×8 h,N02
e Schlyter et al. (1987): medium release: 5.8 mg MB/day and 1 mg cV/day, 16 d×8 h, N02
f Byers et al. (1989): medium release MB and cV, trapping times as indicated in their Table 1, N01
g Byers (1983): ponderosa pine log (Pinus ponderosa Laws.), passive catch average of 15 traps on row 3; 9 d×10 h, N01
h Gara (1963)
i Gillespie and Vernon (1990): passive catch average of green and black sticky traps at 2.4 m height and average FL, 1 d×10 h, N05
j Density estimated in second greenhouse from catch and yellow card’s EAR in first greenhouse, N05
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These should be nearly invisible to the insects of interest in
order to obtain an accurate density estimate. The most
appropriate insects are those with limited visual acuity with
interommatidial angles >2°, including many herbivorous
beetles, aphids, thrips, whiteflies, and true bugs (Land,
1997). Also, nocturnally flying insects would not avoid
clear sticky traps under low light conditions. In addition,
the SD must have been previously calculated from trap
catches at several heights. The mean flight height also is
obtained from these data so that the density-monitoring trap
can be placed at this height. The habitat where densities are
measured should be the same as where SD was obtained,
since this value can sometimes vary depending on the hab-
itat. For example, over open areas of grass, some species
had mean flight heights that were lower than when flying in
orchard/wooded areas (analyzed in Byers, 2011). In most
cases, there were little or no differences in vertical flight
distributions between the sexes of a species, but in species
with sex-specific behaviors or territoriality there were sig-
nificant differences (Byers, 2011). In the present study, only
vertical distributions sampled with passive traps were used
because a few insects appear to alter their vertical flight
distribution when semiochemical lures are used at all trap
heights (Byers et al., 1989; Byers, 2011). In most studies
though, visible or olfactory attractants at all trap heights on
the poles did not appear to affect the flight height distribu-
tion compared to passive traps (Byers, 2011).

The dimensions of the density-monitoring trap are easily
measured, as well as the time of trap exposure. Average
wind speed, but not direction, also need to be measured
during the trapping period. Measurement of flight speed in
still air would make estimates more accurate for a particular
insect species, and then ground flight speed adjusted based
on the observed average wind speed using Eq. (7). This
procedure would allow more accurate estimates of density
as compared to most previous studies where these parame-
ters have been ill defined. Values for flight speed in still air
and wind speed giving ground flight speeds (Fig. 2) can be
reasonably assumed, based on the species and conditions
tested. In any case, these two parameters can be measured.

A more efficient way of estimating densities is to use
attractive traps since more insects are caught than with
passive traps. Again, the SD must have been calculated
previously, and the wind speed, time of trapping, and flight
speed in still air is important to measure as precisely as
possible. In addition, an EAR needs to be estimated prior
to monitoring flight densities. The larger the passive trap
catch, the more reliable and accurate the EAR estimate.
Therefore, it is advisable to deploy several passive traps in
order to obtain a sufficient catch for a reliable average to
compare to the active trap catch. The magnitude of the EAR
depends on the abilities of the species in question to find the
attractant, and on the attractant’s qualities (e.g., spectral

reflectance; chemical components, and release rates). The
EAR is a function of the ratio of catch on attractant and
passive traps, and the effective radius of the passive trap.
The EAR, being a ratio of trap catch, is expected to be
robust and not affected by changes in population density.
This has been shown previously in simulations (Byers,
2008, 2009), and is indicated from EAR calculations of trap
data (Table 2). The EAR of attractive odors also is defined
by a specified release rate, which would not be maintained
by evaporative dispensers if temperature declines. Thus,
flight density measurements are valid only under tempera-
ture conditions similar to those under which the EAR was
obtained for a particular dispenser/release rate.

Other environmental factors may alter the EAR for chem-
ical lures by altering the insect’s flight height and orientation
efficiency. The flight height and/or orientation efficiency is
influenced by wind speed and wind turbulence in different
habitats, which could affect EAR magnitude and reduce
accuracy of density estimates. Further work is needed to
test the variability of EAR estimates; however, some data
are available for comparisons (Table 2). For example, bark
beetles (T. piniperda) attracted to freshly cut host logs on
different occasions had EAR of 0.48, 0.53, and 0.84 m; bark
beetles (I. typographus) attracted to a specific release rate of
aggregation pheromone had EAR of 0.68, 0.85, 0.99 m;
scarab beetles (H. spectabilis) attracted to host plants had
EAR of 0.25 and 0.28 m; and western flower thrips (F.
occidentalis) attracted to yellow colored traps in two green-
houses had identical EAR of 0.16 m. In some species, the
EAR for pheromone baits would be expected to be different
for each sex, such as the sexes of Ips bark beetles that
respond differentially to aggregation pheromone. The males
avoided the highest pheromone concentrations indicating
resident males, while females were attracted to high phero-
mone concentrations (Byers, 1983; Schlyter et al., 1987).

Different baits with different EAR calculated in the same
experiment will report the same density (Table 2), since the
catch on the attractive trap is used for both the density and
EAR calculation. In practice, the measurement of density
should be based on a previous EAR determination (which
might involve several attractive and passive traps), and then
only one attractive trap need be set up in any area in the
future to estimate flight densities based on the catches.
Multiple traps can be averaged to increase the accuracy,
since flight densities vary locally and temporally. In one
study, however, a “medium” and a “high” release rate of
synthetic pheromone gave two different EAR for I. typog-
raphus in the same forest area, and the densities calculated
were remarkably similar (4.37 and 3.74 beetles per hectare,
Table 2), as should occur if the density methods are valid.
These densities represent the average flight density over a
16-day period in 1982, but if most flight occurred over
4 days (not unusual for middle Sweden), then the densities
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would be four times higher. The daily densities over a week
period in May 1984 were certainly higher (241 to 426
beetles per hectare, Table 2) in Denmark as beetles were
emerging from large piles of tree trunks after clear-cut
operations.

When using passive traps to estimate densities, it is
probably more important to place them at the mean flight
height than when using traps with semiochemical lures in
which insects can be attracted from different heights by
following odor plumes or by visual attraction. Many previ-
ous studies were found in which proportions of catch were
reported without total number. In these cases, SD can be
calculated, but no calculation of trap catch at the mean flight
height, or at any height is possible; thus, no densities can be
estimated. The density estimates are for the flying popula-
tion, and do not count resting insects. For moths, density
measurements with EAR of pheromone are for flying males,
including the entire population during the night in many
species. Since the sex ratio is about 1:1 in moths, then the
female population that is resting can also be estimated as equal
to that found for the males. In any case, the flight density
should correlate well with the total population density.

The equations presented here provide new methods to
estimate flight densities for many insect species in the field.
Additionally, estimates of flight densities of pest insects in
agricultural systems obtained by other methods can be en-
tered into computer models of mating disruption and mass
trapping developed earlier (Byers, 2007). Even without such
use in models, knowledge of flight population densities is
critical to efficient deployment of lures and traps in moni-
toring, mating disruption and mass trapping (El-Sayed et al.,
2006, 2009).
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