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EDITORIAL NOTES

Note from the Editor-in-Chief

Since the Journal’s inception, it has been printed in a 6x9-
in. format. In 2002, the cover appearance was modified, but
this issue (January, 2008) is the first substantive change.
The new 8.5x11-in. format with two-column text will
allow us to better accommodate large figures and tables.
Additionally, each cover will now have a color photograph
that relates to an article contained in that issue. We invite
authors to submit color photographs for consideration after
an article has been accepted. These should be sent directly
to the Journal e-mail jce@chumal.cas.usf.edu.

The process of electronic submission of articles through
our Editorial Manager system https://www.editorialmanager.
com/joce/default.asp, and the practice of “Online First”
publication, followed by electronic and hard copy issues
will continue without change.

We believe that all of these are positive changes that will
be welcomed by authors and readers.

John T. Romeo, Editor-in-Chief
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Abstract Lima bean (Phaseolus lunatus) features two
indirect anti-herbivore defenses—emission of volatile or-
ganic compounds (VOCs) and secretion of extrafloral
nectar (EFN)—which are both inducible upon herbivore
damage. In a previous field study, Lima bean benefited
from the simultaneous induction of the two defenses, yet it
remained unclear whether both had contributed to plant
protection. Our experimental approach aimed at studying
the defensive role of both indirect defenses simultaneously.
Tendrils were sprayed with jasmonic acid (JA) to induce
both defenses, and performance was compared to that of
others that were treated with a synthetic blend of either
EFN or VOCs. Confirming earlier results, JA treatment and
application of the VOC mixture induced EFN secretion in
treated tendrils in quantitatively similar amounts. The
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composition of the applied synthetic blend of EFN was
adjusted to match the concentration of EFN secreted from
JA- and VOC-treated tendrils. Repeated application of
either enhanced the performance of several fitness-relevant
plant parameters such as growth rate and flower production.
Tendrils treated with JA showed a similar trend, yet some
fitness-related parameters responded less to this treatment.
This suggests a minor importance of any putative JA-
dependent direct defense traits or higher costs of JA-elicited
responses as compared to VOCS and EFN, as otherwise
JA-treated tendrils should have outperformed VOC- and
EFN-treated tendrils. Moreover, the beneficial effect of
applying synthetic EFN alone equaled or exceeded that of
VOCs and JA. Ants were by far the dominant group among
the arthropods that was attracted to JA-, VOC-, or EFN-
treated tendrils. The results suggest that EFN plays a more
important role as an indirect defense of lima bean than
VOCs or any other JA-responsive trait.

Keywords Ants - Extrafloral nectar - Indirect defense -
Phaseolus lunatus - Plant—plant communication -
Volatile organic compounds

Introduction

Plants respond to herbivore attack with an array of changes
in plant chemistry, morphology, and physiology, which
frequently result in the increased resistance of plants to
further attack (Karban and Baldwin 1997). Induced resis-
tance may be caused by direct effects on the herbivore
through plant-derived toxic metabolites or anti-digestive
and anti-nutritive compounds. Furthermore, plants may
utilize indirect defenses that facilitate top-down control of
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herbivore populations by the herbivore’s predators and
parasitoids (Price et al. 1980).

One way a plant may attract beneficial arthropods is by
providing suitable food sources such as extrafloral nectar
(EFN; Koptur 1992). EFN is an aqueous solution, with
sugars and amino acids being the most abundant solutes
(Ruffner and Clark 1986; Galetto and Bernardello 1992;
Heil et al. 2000), which is secreted from specialized organs,
the extrafloral nectaries. In addition, plants may increase
the emission rate of volatile organic compounds (VOCs) in
response to herbivore attack. VOCs can serve as a cue that
guides foraging parasitoids and predators to the feeding
herbivore (Turlings et al. 1990; Paré and Tumlinson 1997).
The composition of the herbivore-induced volatile blend
depends not only on the plant species or cultivar but also
varies with the species and even the larval stage of the
herbivore (for review, see Arimura et al. 2005), thus
providing highly reliable signals to the members of the
third trophic level.

In many cases, plants do not rely on a single defense
strategy but employ a complex array of different defensive
mechanisms. For example, several plant species feature both
VOC emission and EFN secretion (Arimura et al. 2005). The
presence of two indirect defenses within one individual plant
gives rise to the questions whether both defenses contribute
to plant fitness and how they interact in attracting beneficial
arthropods (Price et al. 1980). Studies on the benefit of
indirect defense traits in nature are generally rare (but see
Thaler 1999 and Kessler and Baldwin 2001). No study to
date has tried to study the defensive roles of two indirect
defenses within one plant species simultaneously.

The lima bean (Phaseolus lunatus) is a common model
system in studies on induced indirect defenses. Heil
(2004b) showed that plants growing in the wild, which
had been induced by exogenous application of the
phytohormone jasmonic acid (JA), responded by increasing
both their VOC emission and EFN secretion. The applica-
tion of JA repeatedly (i.e., every 3 days) resulted in benefits
for the treated plants as reflected by a decreased herbivory
rate and an increased seed set. However, JA also affects
fitness-relevant processes such as fruit development and
ripening (Creelman and Mullet 1997). Thus, the multiple
effects constrain the interpretation of the observed morpho-
logical changes as being exclusively attributable to induced
defenses. Furthermore, Kost and Heil (2005) demonstrated
that an artificial increase of the amount of available EFN
benefits lima bean in nature by attracting predacious and
parasitoid arthropods. These two pilot studies represented a
starting point for unraveling whether both induced defense
traits contribute to plant defense or whether EFN secretion
solely is responsible for lima bean protection.

We chose an experimental approach similar to the one
used in Heil (2004b): Groups of five tendrils were used as

Fig. 1 Experimental design. Five groups of lima bean tendrils (P
lunatus) served as experimental unit with C no treatment, 7C
application of lanolin paste, J4 spraying with jasmonic acid, V
application of a synthetic volatile blend dissolved in lanolin paste, and
N application of a synthetic mixture of EFN. See Table 1 for details

experimental units (Fig. 1; Table 1). Within each unit, two
tendrils were either treated with JA or left untreated. The
inclusion of two additional bean tendrils with artificially
increased amounts of either VOCs or EFN enabled us to
study the protective effect of the two defenses. A fifth
group served as a treatment control.

We repeatedly applied these five treatments to address
the following questions: (1) What is the relative contribu-
tion of the two indirect defenses—volatile emission and
extrafloral nectar secretion —to the overall herbivore
defense of the lima bean? (2) Is there an additional
influence of a putative JA-dependent direct defense? And
(3) what kind of arthropods (including putative defenders)
are attracted to the treated tendrils?

Methods and Materials

Study Site and Species This study was conducted in the
coastal area near Puerto Escondido in the state of Oaxaca,
Mexico. The climate in the study area is characterized by
one main rainy season from June to October, which follows
a bimodal distribution peaking in July and September.
Annual rainfall averages between 1 and 1.4 m, and the
mean annual temperature is 28°C (Strassne 1999). The two
sites were used in previous studies (Heil 2004b; Kost and
Heil 2005) and located 15 km northwest of Puerto
Escondido and about 3 km apart (15°55.596N/097°
09.118W and 15°55.357N/97°08.336W). In this study, lima
bean grows naturally along dirt roads that lead to
extensively used pastures or plantations. All experiments
were performed on this native population of lima bean
plants in 2003 and 2004, during the transition from wet to
dry season (October to December).
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Table 1 Five chemical treatments and their effect on treated tendrils

Group Name (Abbreviation) Treatment Defensive Traits (i=Induced, Effect
e=Experimentally Increased)

Control (C) Untreated None Untreated control

Treatment control (TC) Lanolin paste None Lanolin paste only

JA-treatment (JA) JA

Volatile mixture dissolved
in lanolin paste

Volatile treatment (V)

Nectar treatment (N) Synthetic mixture of EFN

VOCs (i) EFN (i)
putative direct resistance (i)

VOCs (e) EFN (i)

Induction of VOCs, EFN,
and putative JA-dependent
direct defenses (Heil 2004b)

Induction of EFN, attraction

EFN (e)

of arthropods to VOCs and EFN
(Kost and Heil 2006)

Attraction of arthropods to EFN
(Kost and Heil 2005)

JA Jasmonic acid, EFN extrafloral nectar, YOC volatile organic compound

Design of the Long-Term Experiment To reduce environ-
mental and genotypic variability, 23 groups of five lima
bean tendrils were selected as experimental units. Within a
unit, the maximum distance between the two outer tendrils
was less than 3 m, and tendrils forming one group usually
were part of the same plant individual, although this could
not always be ensured because of the tangled growth of the
lima bean. Eleven groups were located at site 1 and 12 at
site 2. All selected tendrils were trained along supporting
ropes, and the tendrils of each group assigned randomly to
one of five treatments (for details, see the next section):
Tendrils were either left untreated (control group) or treated
every 3—4 days with lanolin paste only (treatment control
group), sprayed with an aqueous solution of JA (JA group),
or supplied with a synthetic blend of VOCs (volatile group)
or EFN (EFN group; Fig. 1; Table 1). Application of pure
lanolin served as a procedural control to test for any effect
caused by lanolin alone. See Table 1 for a summary of the
expected treatment effects. Starting 27th October 2003, the
experiment lasted 25 days and comprised six applications.
During this time, the initial number of tendril groups was
reduced to a final sample size of 17 because of cattle and
human impact.

Treatment of Tendril Groups Tendrils of the JA group were
sprayed with an aqueous solution of 1 mmol JA until runoff
(i.e., approximately 10 ul per cm?® leaf area). Levels of JA
were adjusted to those of previous experiments in which
similar concentrations were applied without phytotoxic
effects becoming apparent (Heil 2004b). The synthetic
volatile blend and the synthetic mixture of EFN were
adjusted to mimic their natural models within 3 days post-
induction according to previous experiments (Kost and Heil
2005, 2006). However, the amount of VOCs and EFN
cumulatively applied ranged largely below the physiolog-
ical limit of a plant for producing the two indirect defenses
within this period (Kost and Heil 2005, 20006).

@ Springer

The synthetic volatile blend consisted of 0.12 pg (R)-(—)-
linalool, 0.13 ug [3-caryophyllene, 0.19 pg methyl salicylate,
0.26 png (Z2)-jasmone (all purchased from Sigma-Aldrich),
0.02 ug (32)-hexen-1-yl acetate (Avocado Research Chem-
icals Ltd., Leysham, Lancaster, UK), 0.85 pg (£,2)-3-
ocimene (mixture of E/Z-isomers approximately 70:30;
kindly provided by Roger Snowden, Firmenich, Geneva,
Switzerland), 0.63 pg (3E)-4,8-dimethyl-nona-1,3,7-triene
(DMNT), and 0.9 ug (3E,7E)-4,8,12-trimethyltrideca-
1,3,7,11-tetraene (TMTT;, synthesized by standard methods;
Pattenden and Weedon 1968) per microliter lanolin. The
purity of all compounds was >98%. Pure lanolin and lanolin
paste that contained volatiles were spotted on green plastic
strips attached to tendrils to prevent any diffusion of
compounds into the treated plant. A total of 120 pl of paste
were applied per five leaves of either the volatile- or the
treatment-control group.

The synthetic EFN consisted of an aqueous solution of
4.01 g I'" sucrose and 24.24 g 1" of each fructose and
glucose. Of this blend, 40 ul were applied with an
Eppendorf pipette directly to the extrafloral nectaries of
every trifoliate leaf of the EFN group.

Comparison of Treatments To ensure comparability be-
tween experimental groups of the long-term experiment, we
quantified VOC and EFN levels of differently treated
tendrils in preceding experiments.

The ability of our VOC mixture to mimic the volatile
emission of herbivore-damaged and JA-induced tendrils
was examined by quantifying the VOCs present in the
headspace of tendrils that had received one of five
treatments. Tendrils were either left untreated or treated
with lanolin paste, infested for 48 h with a representative
mixture of natural herbivores of lima bean (six Ensifera or
Caelifera and ten beetles of various species, i.e., Cerofoma
ruficornis, Gynandrobrotica guerreroensis, Epilachna var-



J Chem Ecol (2008) 34:2-13

ivestis, and a curculionid species; for details, see Kost and
Heil 2006), treated with a blend of synthetic VOCs, or
sprayed with a 1-mmol aqueous solution of JA. Each
treatment was replicated six to eight times. Groups of five
tendrils that had received the different treatments originated
from plants that were spaced apart at a maximum distance
of approximately 3 m, had five leaves, matched each other
in terms of leaf age and visual appearance, and were
collected at the same time for simultaneous volatile
collection. Treated tendrils were detached, immediately
supplied with a water reservoir, and bagged in a PET foil
(‘Bratenschlauch’, Toppits, Minden, Germany) that does
not emit detectable amounts of volatiles by itself. Emitted
VOCs were collected continuously on charcoal traps
(1.5 mg charcoal, CLSA Filters, Le Ruisseau de Montbrun,
France) by using air circulation, as described by Donath
and Boland (1995). After 24 h, volatiles were eluted from
the carbon trap with dichloromethane (40 pl) that contained
1-bromodecane (200 ng ul™') as an internal standard.
Samples were transferred to glass capillaries, sealed by
melting the open end, and stored at <5°C for transport.
Samples were analyzed on a gas chromatography—trace mass
spectrometer (Thermo Finnigan, http:/www.thermofinnigan.
com) according to Koch et al. (1999). Individual compounds
(peak areas) were quantified with respect to the peak area of
the internal standard.

To compare quantitatively the amount of EFN secreted
from tendrils after exposure to airborne VOCs or induction
with JA, 11 groups of three tendrils spread across the two
sites were selected; these groups were located <1 m apart.
Each tendril was basifixed and had five leaves. The first
tendril within each group was treated with lanolin paste, the
second with lanolin paste that contained volatiles, and the
third was sprayed with JA. All treatments were similar to
those described above. The three tendrils were then placed
in gauze bags (mesh size, 0.5 mm), and a ring of sticky
resin (Tangletrap®, Tanglefoot Company, Grand Rapids,
MI, USA) was applied at the base as protection against
flying and crawling nectar consumers. After 24 h, the
amount of newly produced EFN was measured as the
amount of secreted soluble solids (i.e., sugars, amino acids;
see Heil et al. 2000) by quantifying the nectar volume with
micro-capillaries and the nectar concentration with a
portable, temperature-compensated refractometer (Heil et
al. 2000, 2001). Both the amount of VOCs emitted and
EFN secreted were referenced to the dry weight of the
measured tendrils.

Fitness-Relevant Plant Parameters To assess the effect of
treatments on the fitness of the study tendrils, the following
fitness-relevant plant parameters were considered: number
of leaves, inflorescences, living and dead shoot tips, and
herbivory rate. Herbivory rate was estimated as percent leaf

loss, as described in Kost and Heil (2005), and the
remaining parameters were quantified by counting. All five
parameters were assessed at the beginning of the experi-
ment and after 25 days. Differences between these two
values were calculated to determine the development of the
respective parameter in the course of the study period.

Insect Counts and Sticky Traps The insect community that
visited the treated bean tendrils was assessed by counting
and with sticky traps. Two series of insect countings were
performed, in which 20 tendril groups of the long-term
experiment located at both sites were visited repeatedly.
The first series of countings started on day 7 and the second
on day 18 after the onset of the experiment. Ten groups of
tendrils were selected at each study site, and the number of
ants, wasps, or flies present on the plants was recorded, as
these insects represented the most abundant groups. The
first census was performed before tendril treatment at
8:00 AM. Thereafter, all tendrils were treated, and insects
on all experimental tendrils were counted repeatedly every
2 or 3 h until midnight. Two additional censuses were
performed at 9:00 and 10:00 A.M. on the following 2 days,
resulting in a total of 14 monitorings. The number of all
insects counted per tendril was summed up to test for an
effect of the treatment on the total number of insects
observed.

To assess the functional groups of insects attracted to the
experimental tendrils, two sticky traps were attached with
plastic strings to each tendril of 14 groups that were equally
distributed between the study sites. The sticky traps
consisted of 100 cm” pieces of green plastic foil that had
been coated with a thin layer of a trapping adhesive
(Tangletrap®). After 24 h of exposure, traps were collected
and the insects transferred to 75% ethanol. Insects were
identified to order or family level with keys and informa-
tion provided by Arnett (2000), Schaefer et al. (1994), and
Noyes (2003). On the basis of the natural history
information provided by Kelsey (1969, 1981), Honomichl
et al. (1996), Matile (1997), and Daly et al. (1998), the
collected arthropods were assigned to the following guilds
according to nutritional or functional aspects: Predator/
entomophaga (R), parasitoid (P), utilization of plant-derived
resources including floral or extrafloral nectar, pollen and
honeydew (S), frugivore (F), herbivore and flower feeder
(H), detrivore including phytosaprophage and zoosapro-
phage (D), blood-sucking and ectoparasitic (B), and
fungivore (M).

Statistical Analysis Amounts of volatiles emitted from
differentially treated tendrils were compared with a Krus-
kal-Wallis rank sum test and a subsequent nonparametrical
multiple test procedure of the Behrens—Fisher type (Munzel

@ Springer


http://www.thermofinnigan.com
http://www.thermofinnigan.com

J Chem Ecol (2008) 34:2-13

and Hothorn 2001) by using the open source software R
2.3.1 (http://www.r-project.org).

Our randomized complete block design allowed us to
analyze the data of the EFN-induction experiment, the
fitness-relevant plant parameters, and the cumulative insect
numbers with a mixed-effect model (univariate GLM
procedure) with ‘treatment’ as a fixed and ‘tendril group’
as a random factor. The following variables were trans-
formed to meet the assumption of homogeneity of variances
(transformation in brackets): number of living shot tips and
number of wasps (square root), number of inflorescences
and dead shoot tips (log), number of leaves, cumulative
number of ants and flies (In). Post hoc comparisons (least
significant difference, LSD) were performed to test for
statistically significant differences among treatments. These
statistical analyses were done using Statistical Package for
the Social Sciences 13.0 (SPSS Inc., Chicago, USA).

Results

Comparison of Treatments The headspace of lima bean
tendrils, which had been treated with either a blend of
synthetic VOCs or with JA, largely resembled the volatile
blend typically emitted from herbivore-damaged bean
tendrils in terms of quantity and quality (Table 2). Only
(32)-hexen-1-yl acetate was emitted in significantly lower
amounts from the synthetic VOC mixture than from
herbivore-induced tendrils. Also, JA- and herbivore-treated
tendrils showed a marked quantitative similarity in the
composition of their emitted volatile bouquets. However,

JA-treated tendrils emitted significantly lower amounts of
(R)-(—)-linalool and higher amounts of DMNT compared to
herbivore-damaged tendrils. In general, volatile blends
emitted from herbivore-, volatile-, and JA-treated plants
were characterized by high quantitative variability (Table 2).

A similar trend became obvious when EFN secretion rates
were compared among treatments. Both the application of
the synthetic volatile mixture and the JA treatment
increased the EFN secretion rate within 24 h compared to
controls treated with lanolin only (univariate analysis of
variance, ANOVA, P < 0.01, N=11). The EFN secretion
rate in both treatments was twice that of the treatment
control (Fig. 2). However, no significant difference was
detected between the volatile- and the JA-treated group
(LSD post hoc test, P>0.05).

Effect of the Treatments on Fitness-Relevant Plant Param-
eters The three treatments, JA, volatiles, and EFN, signifi-
cantly affected vegetative and reproductive plant traits after
25 days as compared to the controls. Tendril groups treated
with volatiles or EFN showed a significant increase in the
number of newly produced leaves, shoot tips, and inflor-
escences, bore fewer dead shoot tips, and had suffered less
herbivore damage than the controls (Fig. 3). JA treatment
also significantly decreased the number of dead shoot tips
and the herbivory rate, whereas no difference could be
detected for the number of living shoot tips, leaves, and
inflorescences. According to a LSD post hoc test, the tendrils
of the JA group ranked between the volatile and EFN group
on one hand and the two controls on the other (Fig. 3).

Table 2 Quantitative comparison of five-leaved lima bean tendrils, which were left untreated (C); treated with lanolin paste (Tc); exposed to a
mixture of herbivores, which are characteristic for the lima bean for 48 h (H); treated with the artificial volatile blend dissolved in lanolin paste

(V); or sprayed with JA

Compound Emission (4voc A ! gf1 24 hfl)
C (N=8) TC (N=7) H (N=6) VOCs (N=7) JA (N=17) KW test

(3Z)-Hexen-1-yl acetate 0.03+0.03* 0.01£0.01° 0.15+0.21° 0.03£0.06° 0.34+0.35° =0.07
(2)-B-Ocimene 0.000.00° 0.000.00° 0.03+0.05% 0.13+0.10% 0.07+0.12% <0.001
(E)-p-Ocimene 0.01+0.01° 0.02£0.04 0.42+0.64 0.23£0.19" 0.86+1.60™ <0.01
(R)-(-)-Linalool 0.05+0.07 0.06+0.06% 0.64+0.55° 0.39+0.41° 0.06+0.09 <0.01
DMNT 0.04+0.05° 0.07+0.07° 0.76+0.91° 1.18+0.86™ 0.96+1.56* <0.001
CioHi4 0.03+0.06* 0.18+0.22° 1.43+0.81% 1.16+0.97% 0.32+0.42% <0.001
Methyl salicylate 0.02+0.02° 0.13£0.10* 0.34+0.31% 0.78+0.58"¢ 0.07+0.12° <0.01
CioH;60 0.08+0.11° 0.15+0.28° 0.45+1.01° 0.45+0.67% 0.68+1.03 =0.64
(Z)-Jasmone 0.0140.02%° 0.00+0.00° 0.21+0.22% 1.21+1.21% 0.3540.44°% <0.01
B-Caryophyllene 0.01+0.01° 0.03+0.05° 1.23+2.10° 0.75+0.66° 0.26+0.28° <0.001
TMTT 0.02+0.02° 0.09+0.08% 0.43+0.34% 0.85+0.71°° 0.69+1.21%% <0.01

The dominant emitted volatiles are given as mean peak area (£95% confidence interval) relative to the peak area of an internal standard per 24 h
and per gram dry weight. The last column shows P values of a Kruskal-Wallis (KW) test. Significant treatment effects are indicated by different
superscript letters (nonparametrical multiple test procedure of the Behrens—Fisher type, P<0.05).
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Fig. 2 Effect of different treatments on the secretion rate of extrafloral
nectar (EFN) given in milligrams soluble solids per gram leaf dry
mass per 24 h. Comparisons between tendrils treated with lanolin
paste (7C), the synthetic volatile blend dissolved in lanolin (), and
jasmonic acid (JA) are shown. Different letters indicate significant
differences among treatments (univariate ANOVA, P<0.05 according
to LSD post hoc test). Sample size was eleven groups of tendrils

Effect of the Treatments on Insect Abundance Ants, wasps,
and flies were the most abundant groups observed visiting
the study tendrils, with ants being by far the dominant
group. Their numeric abundance on the experimental
tendrils exceeded that of flies 5- to 15-fold and that of
wasps 20- to 30-fold (Fig. 4).

The five treatments significantly affected the insect
visitation rate of the experimental tendrils. The mean
cumulative number of ants was increased significantly on
tendrils treated with JA, volatiles, and EFN relative to the
two control tendrils (Fig. 4, LSD post hoc test after
univariate ANOVA, P < 0.05). Volatile treatment doubled
the median cumulative number of ants on the experimen-
tal tendrils, whereas the JA and nectar treatment led to a
threefold increase over the number on the untreated state.
Correspondingly, the median wasp number ranged be-
tween 1.5 (JA group), 2 (volatile group), and 2.5 (EFN
group), whereas these insects were significantly less
frequently encountered on control tendrils (Fig. 4; LSD
post hoc test after univariate ANOVA, P < 0.05). Flies
responded less to the five treatments. Despite the
significantly increased visitation rate of flies to the JA-
treated tendrils as compared to the controls (Fig. 4, LSD
post hoc test after univariate ANOVA, P < (0.05), no such
effect was observed for VOC- and EFN-treated tendrils
(Fig. 4). The two latter groups were statistically indistin-
guishable from the JA-treated tendrils and both control
groups (Fig. 4, LSD post hoc test after univariate
ANOVA, P>0.05).

Community Composition of Arthropods Visiting Lima Bean In
total, 899 arthropods were caught on sticky traps, and >94%
were identified to the order or family level. Among them,
Diptera (55%) and Hymenoptera (26%) were the most
abundant (Table 1; Fig. 4). Other groups trapped included
Coleoptera (6%), Araneida (5%), and Thysanoptera (3%).

Based on information derived from the literature, the
trapped arthropods were assigned to feeding guilds,
whereas multiple affiliations per taxon were allowed. This
analysis indicated that 73% of all trapped arthropods were
characterized by parasitoid or predacious life habits and
may, thus, be classified as potentially beneficial to the lima
bean (Fig. 5). On the other hand, only 16% of the trapped
arthropods were assigned to herbivorous or flower-feeding
groups, which potentially could have had detrimental
effects on the plant. Other plant-derived food sources, such
as EFN, pollen, or honeydew, are known to be used by 67%
of all trapped arthropod groups, and 19% of all trapped taxa
additionally rely on other food sources such as fungi, fruits,
or detritus. The two latter groups may be classified as
‘tourists’ and are likely to have a neutral effect on the lima
bean (Fig. 5; Table S1).

A closer look at the trapped arthropod taxa revealed that
Dolichopodidae (34% of all trapped Diptera), Phoridae
(24%), and Chloropidae (7%) were the most abundantly
trapped Dipterans (Table S1). All three groups share
parasitoid and predacious life habits and are occasionally
known to feed on EFN (Table S1). Members of the
Chalcidoidea contributed preponderantly to the captured
Hymenoptera (64%). The individuals trapped by this
superfamily of parasitoid wasps belonged to 16 different
families, with Eulopidae (13% of all trapped Hymenoptera),
Encyrtidae (12%), and Pteromalidae (8%) being most
frequently trapped. Among the hymenopterans, Formicidae
(12%) and Braconidae (6%) were the most often captured
non-chalcid families.

Discussion

Comparison of Treatments The aim of the present study
was to study simultaneously the protective effect of the two
indirect defenses, EFN secretion and VOC emission, on the
lima bean under field conditions. The performance of plants
that were induced by spraying with JA and, thus, had
increased amounts of VOCs and EFN, was monitored and
compared to plants of which the amount of either VOCs or
EFN was increased experimentally.

An important prerequisite for any conclusion that can be

drawn from such an experimental design is knowledge of
the performance of the two indirect defenses under
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investigation. A quantitative and qualitative comparison of
the VOC blends emitted from herbivore-damaged, volatile-
treated, and JA-sprayed lima bean tendrils revealed—
besides subtle differences—a pronounced similarity among
these three groups with respect to the 13 dominant emitted
compounds (Table 2). However, the volatile blends emitted
from these three groups were characterized by a high
degree of quantitative variation, an observation well known
from literature (Kessler and Baldwin 2001; Fritsche-
Hoballah et al. 2002; Rose and Tumlinson 2004). The
question whether such differences hamper the ability of
predators and parasitoids to locate the VOC-emitting plant
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has been studied intensively under laboratory conditions,
where it has been shown that carnivorous arthropods can
discriminate even minor differences in volatile blends offered
(e.g., changes in the enantiomer ratios; Dicke et al. 1990). A
species of curculionid beetles, for example, which also was
observed feeding on lima bean in this study (C. Kost,
personal observation), in laboratory experiments, used VOCs
of slightly induced plants as a host-location cue, yet avoided
plants with high induction levels (Heil 2004a). In the field,
plants generally show a higher quantitative and qualitative
variability of their emitted VOCs than under constant
laboratory conditions (Gouinguene et al. 2001; Gouinguene
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and Turlings 2002; Vallat et al. 2005). Foraging predators
should respond to this situation by relaxing the specificity of
their search patterns (Dicke et al. 2003). Indeed, field studies
on the attractiveness of VOCs suggest that predatory and
predacious insects are also attracted to jasmonate-induced

plants (Thaler 1999; Kessler and Baldwin 2001), even if the
emitted volatiles differ substantially from blends emitted by

Treatment

«Fig. 4 Effect of the five treatments on insect numbers visiting the

lima bean. Insects perching on lima bean tendrils that received one of
five treatments were counted. Treatments were no treatment (C),
treatment with lanolin paste (7C), spraying with jasmonic acid (JA),
application of a synthetic volatile blend dissolved in lanolin paste (V),
and application of a synthetic mixture of EFN (N). See Table 1 for
details. Fourteen censuses were performed within 3 days at two sites
(site 1 on day 7 and site 2 on day 18 after the beginning of the
experiment). Insect numbers were pooled per counted tendril.
Asterisks indicate significant treatment effects (univariate ANOVA;
*P<0.05, **P<0.01, ***P<0.001), and different letters indicate
significant differences among treatments (LSD post hoc test, P<
0.05). Sample size was 20 tendril groups

herbivore-damaged plants (Farag and Paré 2002). Moreover,
field experiments indicate that the presence of single
compounds can be sufficient to attract carnivorous insects
(James 2003, 2005; James and Price 2004), which then act as
indirect plant defenders (Kessler and Baldwin 2001).
Consequently, under our experimental conditions, the VOCs
of both JA- and volatile-treated tendrils likely have attracted
plant defenders.

Our volatile treatment induced the secretion of EFN
(Fig. 2), thus, confirming recent results obtained for the
same plant species under laboratory (Choh et al. 2006) and
field conditions (Heil and Kost 2006; Kost and Heil 2006).
Hence, the tendrils of the volatile group experienced the
combined defensive effect of both VOCs and EFN to an
extent comparable to the tendrils of the JA group. These
two defenses are not only connected by the shared signaling
molecule JA (Heil 2004b) but are also airborne VOCs
implicated in the induction of EFN secretion within one
(Heil and Silva Bueno 2007) or between two conspecific
plant individuals (Kost and Heil 2006). Consequently, this
physiological linkage precludes an experimental separation
of the two indirect defenses.

Treatment Effects on the Plant Tendrils of the JA, the
volatile, and the EFN group generally benefited from the
respective treatments, as these tendrils suffered less
herbivory by leaf-chewing herbivores and bore fewer dead
shoot tips than the two control groups (Fig. 3). The picture,
however, changes when other fitness-relevant parameters
are considered: The numbers of living shoot tips, leaves,
and inflorescences differed significantly from the controls
only in tendrils treated with VOCs and EFN (Fig. 3). A
possible explanation for the weaker effect experienced by
the JA-treated tendrils could be that induction with JA
incurred allocation costs to the treated tendrils, which were
greater than costs imposed by the VOC-induced EFN
secretion and absent in EFN-treated tendrils (Heil 2002;
Strauss et al. 2002). Beyond eliciting stress-related
responses, such as insect and disease resistance, JA is
known to be involved in various physiological or morpho-
logical changes not necessarily related to resistance

@ Springer



10

J Chem Ecol (2008) 34:2-13

Fig. 5 Arthropods taxa trapped
on sticky traps. Insert Affiliation
of trapped taxa to different
guilds: predator/entomophaga
(R); parasitoid (P); utilization of
plant-derived resources includ-
ing floral or extrafloral nectar,
pollen and honeydew (S); frugi-
vore (F); herbivore and flower
feeder (H); detrivore including
phytosaprophage and zoosapro-
phage (D); blood-sucking and
ectoparasitic (B); and fungivore
(M). Arthropod groups were
assigned to guilds according to
nutritional or functional aspects
whenever larval or adult stages
feature the respective trait. Mul- 0
tiple affiliations per taxon were
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(Creelman and Mullet 1997). Given that these are costly in
terms of metabolic resources, the induction of such
processes may have affected the measured fitness parame-
ters and could explain the weaker growth and reproductive
status of JA-treated tendrils (Agrawal et al. 1999). JA may
also directly affect processes such as fruit development and
ripening (Creelman and Mullet 1997). An increased seed
set of JA-treated plants, therefore, does not necessarily
reflect an enhancement of the plant’s defense status.
Furthermore, external application of JA in elevated con-
centrations can, in principle, have detrimental effects on a
plant and cause chlorosis, necrosis, or abscission of leaves
(Husain et al. 1993; Oka et al. 1999; Pilotti et al. 2004).
However, no such symptoms of phytotoxicity were
observed. In contrast, the leaves of JA-treated tendrils
looked even healthier than those of both control tendrils.

Additionally, JA application may have induced putative
direct defenses (Halitschke and Baldwin 2004). However,
no such alternative defense strategy has yet been described
for lima bean. In its close relative, P. vulgaris, English-
Loeb and Karban (1991) did not find evidence for induced
direct resistance to spider mites. However, the protective
effect of a direct defense, which in our long-term
experiment could have been induced after JA application,
cannot be excluded. In this case, the direct defense did not
significantly contribute to plant protection because tendrils
with increased amounts of EFN only (EFN group) or
volatiles and EFN combined (volatile group) performed
better than tendrils with volatiles, EFN, and the putative
direct defense (JA group; Fig. 3).
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The development of the fitness-relevant plant parameters
measured in the JA-treated group and the two controls
confirmed a preceding study (Heil 2004b). In both studies,
JA treatment increased the number of newly produced leaves
and decreased both the number of dead shoot tips, as well as
the herbivory rate. The induction of these two indirect
defenses was shown to benefit lima bean plants in two
independent studies performed in two consecutive years. By
applying synthetic VOCs and EFN externally, we could trace
the observed effects back to these two kinds of defensive
metabolites and corroborate the importance of EFN secretion
and VOC emission for lima bean defense in nature.

Treatment Effects on the Insect Community Ants were by
far the dominant insect group observed on experimental
tendrils, and they were significantly attracted to tendrils that
experienced the JA, volatile, and EFN treatment (Fig. 4).
Although chemical cues are generally important for ants
(Vander Meer et al. 1998; Keeling et al. 2004), little is
known about whether plant-derived volatiles also influence
ant behavior. Some reports are available on the role of yet
unidentified plant chemicals that orient ants to their host
plant (Fiala and Maschwitz 1990; Agrawal and Dubin-
Thaler 1999; Djieto-Lordon and Dejean 1999a,b) or
facilitate within-host plant patrolling behavior (Brouat et
al. 2000). In lima bean, herbivory induces both VOC
emission and EFN secretion (Heil 2004b). Ants could use
herbivore-induced volatiles as long-distance cues to detect
patches of increased availability of EFN, which simulta-
neously are characterized by the increased presence of
herbivores (i.e., potential prey). However, preliminary
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experiments with Camponotus novogranadensis, one of the
three dominant ant species that visit lima bean at the two
study sites (Kost and Heil 2005) did not support this
hypothesis. Given the choice in a Y-olfactometer, workers
of C. novogranadensis neither preferred lanolin paste that
contained volatiles over pure lanolin paste. They also did
not discriminate between JA-induced vs water-sprayed
control plants. However, in previous trials they significantly
chose an arm with mashed banana (C. Kost, unpublished
data). More experiments of this kind will clarify the role of
plant volatiles in ant foraging behavior.

In contrast to VOCs, EFN is a known attractant to ants
(Koptur 1992) that has been reported to translate into
enhanced plant protection in the vast majority of studies
(for review, see Bentley 1977; Koptur 1992; Heil and
McKey 2003; Oliveira and Freitas 2004), although some
studies did not detect a defensive effect (O’Dowd and
Catchpole 1983; Boecklen 1984; Becerra and Venable 1989;
Rashbrook et al. 1992).

Also, wasps were more attracted to the tendrils of the JA,
volatile, and EFN groups than to the control tendrils, yet in
much smaller numbers than ants. The majority of wasps
trapped on experimental tendrils belonged to predacious or
parasitoid families (Table S1). These observations suggest
that not only ants but also wasps likely contributed to the
protection of the treated tendrils. Because of the intrinsic
physiological linkage between volatiles and EFN, however,
it remains unclear which indirect defense was mainly
responsible for wasp attraction. As the emission of VOCs
from a lima bean plant is correlated with its amount of EFN
secreted, it appears reasonable to assume that wasps may
have used VOCs as long-distance cues to detect patches with
an increased herbivore density and/or EFN availability.

Comprehensive evidence for the volatile-mediated at-
traction of wasp is available from many laboratory-based
studies (e.g., Turlings et al. 1990; Takabayashi et al. 1995;
Du et al. 1996), yet relatively few field studies. Among
them, James (2005) identified methyl salicylate as an
attractant for parasitic wasps such as Encyrtidae and
Mymaridae. Furthermore, braconid wasps were attracted
to (3Z2)-hexen-1-yl acetate and (Z)-jasmone (James 2005).
These three compounds were also constituents of the
synthetic volatile blend used in our study, and the above-
mentioned parasitic wasps were also trapped on our
experimental tendrils. In another study, DMNT (another
constituent of the lima bean’s induced VOC blend) emitted
from molasses grass (Melinis minutiflora) significantly
attracted parasitoid wasps in the Y-tube olfactometer and
was likely involved in increasing the parasitation rate of
stem-borer larvae that were feeding on nearby growing
maize plants (Khan et al. 1997). Wasps feeding on EFN
have been reported for several different plant species (for

review, see Koptur 1992), yet so far, only one study has
also demonstrated a fitness-benefit for the EFN-secreting
plant (Cuautle and Rico-Gray 2003). A more detailed
analysis of the attractive effects of VOCs and EFN on
wasps is required, in which single blend constituents should
be tested under field conditions.

Flies responded differently to tendril treatment than ants
and wasps. They were only significantly attracted to
tendrils of the nectar group (Fig. 4), suggesting that flies
were more attracted to synthetic EFN than to airborne
VOCs. The community of trapped Diptera covered a
diverse spectrum of feeding habits ranging from predacious
or parasitoid over herbivorous to detritus- or fungi-feeding
(Table S1). This heterogeneous composition complicates a
clear functional assignment of the caught flies. In most
cases, the offered EFN seems to have been exploited by the
flies as an additional food source rather than having
contributed to a large extent to plant protection. In this
case, the consumption of EFN without providing plant
protection would cause ecological costs because the EFN-
producing plant would be less protected against herbivores
(Heil 2002; Heil et al. 2004).

In summary, ecological studies on the benefit of indirect
defenses have generally focused on the protective role of a
single defensive trait. While this simplification is easy to
understand from the viewpoint of experimental feasibility,
such univariate approaches may be inappropriate because
they do not appreciate the complex interplay of several
plant defenses that can co-occur within one plant species
(Duftey and Stout 1996). This study takes a first step in this
direction.

The mere application of synthetic EFN (nectar group)
resulted in a fitness benefit that was always stronger or
quantitatively similar to that experienced by tendrils of the
JA and VOC treatments (Fig. 3). Moreover, the number of
ants observed on the experimental tendrils (i.e., typical EFN
feeders but less known to respond to VOCs) overwhelm-
ingly exceeded the number of all other arthropod groups
(Fig. 4). These observations suggest that, under our
experimental conditions, the presence of EFN was more
important for plant defense than was the VOC-mediated
attraction of arthropods.

However, the inducing effect of VOCs on EFN impeded
an experimental separation of VOCs and EFN and, thus, the
exclusion of an attractive effect of airborne VOCs on flying
or crawling arthropods. This finding underlines the neces-
sity of studying different plant traits such as indirect
defenses simultaneously in their ecological context. Study-
ing them separately may provide a distorted picture of their
true function and likely cause an under- or overestimation
of their true effect.

This issue needs to be addressed in future studies, which
should focus especially on the role of volatiles and EFN for
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short- and long-distance attraction of herbivores and plant
defenders. Several of the arthropod taxa that were identified
in this study could serve as possible targets for such
analyses. Further laboratory and field-based experimenta-
tion is needed to study whether inductive situations exist, in
which either the volatile emission or the EFN secretion is
differentially up- or down-regulated or if both defenses
always respond similarly to herbivore attack.
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Abstract Inflorescence scent samples from nine populations
of dioecious Silene otites, a plant pollinated by moths and
mosquitoes, were collected by dynamic headspace extraction.
Sixty-three scent samples were analyzed by gas chromatog-
raphy—mass spectrometry. Out of 38 found, 35 compounds
were identified, most of which were monoterpenoids, fatty
acid derivatives, and benzenoids. Phenyl acetaldehyde was
the most dominant compound in the majority of samples. The
variability in scent composition was high, and population and
sex differences were found. Nevertheless, wind tunnel
experiments proved similar attraction of Culex pipiens pipiens
biotype molestus mosquitoes to the inflorescence odor of S.
otites of different populations, indicating that different blends
are similarly attractive to mosquitoes. The electrophysiolog-
ical responses of mosquitoes to the 12 most common and
abundant odor compounds of S. ofites differed. Linalool
oxide (furanoid) and linalool evoked the strongest responses
in male and female mosquitoes, and (Z)-3-hexenyl acetate
was strongly active in females. Medium responses were
evoked in males by (Z)-3-hexenyl acetate, in females by
benzaldehyde and methyl salicylate, and in both sexes by
lilac aldehyde, lilac alcohol, and linalool oxide (pyranoid).
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Introduction

Carbohydrates are vital resources for adult male and female
mosquitoes. Uptake of sugar plays a critical role in
longevity, fecundity, flight capacity, and host-seeking
behavior (Harada et al. 1971; Nayar and Saurman 1971,
1975; Magnarelli 1978; Klowden 1986). The primary sugar
source for mosquitoes is nectar (Haeger 1955; Sandholm and
Price 1962; Grimstad and DeFoliart 1974), and mosquitoes
prefer some plants to others as nectar sources (Grimstad and
DeFoliart 1974; Magnarelli 1978; Gadawaski and Smith
1992). However, the specific cues that mosquitoes use to
find and to select nectar sources are not well understood.
Many flower visitors, mosquitoes included, are known to be
attracted to floral scents (Vargo and Foster 1982; Dudareva
and Pichersky 2000).

For finding effective nectar-related attractants for bio-
logical control of mosquitoes, it is important to determine
which plant species produce the most attractive floral
compounds and to identify these compounds. Plant species
adapted to mosquitoes as pollinators are expected to emit
more mosquito-attracting compounds than plants pollinated
primarily by other pollen vectors.

Worldwide, effective pollination by mosquitoes has been
described only in the orchid Habenaria (Platanthera) obtusata
(Banks ex Pursh) Richardson (Stoutamire 1968) and in Silene
otites L. Wibel (Caryophyllaceae) (Brantjes and Leemans
1976), which is usually a perennial and dioecious species
widely distributed in Middle, East, and South Europe and in
Central Asia. The small and white-greenish flowers are
arranged in terminal cymes. Jirgens et al. (2002) described
the floral scent composition of S. ofites. The scent of a few
plants of a single S. otites population was analyzed. Therefore,
nothing is known about the variability in the scent of this
plant among populations or between males and females.
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Compounds with low variability may be more important
for the attraction of pollinators than compounds with high
variability (Ayasse at al. 2000), as pollinators may exert
selective pressure on scent composition, resulting in regular
emission of attractive compounds, whereas nonattractive
compounds may be more variable. So far, only a single
major volatile component of S. ofifes, phenyl acetaldehyde,
has been shown to attract mosquitoes (Jhumur et al. 2006),
whereas the importance of the total floral scent emitted by
S. otites is unknown for attraction of its flower-visiting
mosquitoes (e.g., Culex pipiens L. and Culiseta annulata
Schrank; Brantjes and Leemans 1976).

The aim of this study was to analyze the geographic
variability of the floral scent composition of S. ofites (L.)
Wibel (Caryophyllaceae), and to assess the attractiveness of
floral bouquets of different S. ofifes populations to Culex
pipiens pipiens biotype molestus Forskal 1775. Further-
more, the antennal electrophysiological responses of C. p.
molestus to the most common and abundant odor com-
pounds in S. ofites were measured.

Methods and Materials

Plant Material Inflorescence scent samples were collected
from 63 individuals of 9 different populations. The
geographic origin of eight populations and the number of
females and males sampled are shown in Fig. 1. For one
population (h), from which three males and four females

Fig. 1 Geographic origin of
eight out of nine S. ofites pop-
ulations analyzed (a—f, i; the
geographic origin of population
‘h’ is unknown). The number of
sampled male and female indi-
viduals of each population is
given in parenthesis

were sampled, the geographic origin is unknown. Seed of
the different populations were provided by several botanical
gardens. To reduce environmental variation among popula-
tions, plants were grown under the same conditions (e.g.,
soil, temperature) in pots in the greenhouse until they built
up a rosette, and thereafter the pots were placed in flower
beds in the field.

Odor Collection S. otites is a nocturnal plant. Its floral scent
emission is strongest in the early night hours (Jiirgens et al.
2002). Male flowers remain functional for two nights,
whereas female flowers emit scent over several days until
they are pollinated (Brantjes and Leemans 1976). For
studying the wvariability of floral scents, floral odors of
S. otites were collected from one to four inflorescences of
each individual plant 2-3 d after the onset of floral bloom
when most of the flowers in an inflorescence had opened for
the first time. Thus, the inflorescences used were of the same
age; however, the flowers of these inflorescences were in
different developmental stages. It is unclear whether there is
variation in scent of S. ofites among flowers of different ages
on the same plant and whether this possible variation
contributed to the observed variability among populations.
However, as scent was collected from inflorescences of the
same age, the possible variation in scent among flowers of
different ages is not expected to have influenced our
measurements. Furthermore, in a closely related species, S.
latifolia, no differences in scent composition of flowers of
different stages were found (Détterl et al. 2005b).

b (3/4)
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To collect odors, potted plants were placed under the
extractor hood in the laboratory. Volatiles were collected by
using the dynamic headspace method described by Détterl
et al. (2005b). Inflorescences were enclosed in a polyester
oven bag (20x8 cm; Toppits®, Germany) 1-1 1/2 hr after
sunset, and volatiles were trapped in an adsorbent tube for 2
min by using a membrane pump (ASF Thomas) with a flow
rate of 200 ml/min. The adsorbent tubes were filled with a
mixture (1:1) of 3 mg Tenax-TA (mesh 60-80) and
Carbotrap (mesh 20-40). To distinguish between plant
volatiles and ambient contaminants, surrounding air was
collected for comparison. Furthermore, to discriminate odor
emitted by flowers from odor derived from vegetative parts,
scent was also collected from nonflowering shoots. How-
ever, as insects attracted to plants may detect green leaf
volatiles and floral odors, we also included vegetative odors
in subsequent analyses (see below).

Preparation of Plant Material for Bioassays To facilitate
the work with the night-active plant-flower visitor system,
plants were shifted from flower beds to a climatic chamber
with an inverted day and night rhythm shortly before onset
of flowering. Maintenance of the climatic chamber was dark
(9 hr: from 9 AM. to 6 pM.) and light (15 hr: from 6 PM. to 9
AM.) with 20.5°C and 24.5°C, respectively. One or 2 d after
moving, when flower opening had adjusted to the changed
day and night rhythm, inflorescences were used for bio-
assays. Flower odors were collected before and after each
bioassay, and are expressed as the mean total amount of
emitted odors during bioassays. Flowering inflorescences
(three to five) of males or females of a population were cut
and placed together in small glass bottles filled with water.
Within 5 min, inflorescences were bagged, and thereafter
volatiles were collected for 2 min as described above. With
the exception of higher amounts of green leaf odors in cut
plants, the scent compositions of clock-shifted plants were
the same as those of in situ plants (Jhumur, unpublished
data).

Preparation of Insects for Bioassays We used flower-naive
individuals of the autogenous Culex pipiens pipiens biotype
molestus Forskal 1775 (European strain) for experiments.
Mosquitoes were reared according to Jhumur et al. (2006)
with an inverted day and night rthythm in accordance with
the designed bioassays. For bioassays, the sugar supply was
removed 61-63 hr before the experiment. For electrophys-
iological measurements, regularly fed mosquitoes were
used.

Chemical Scent Analysis Scent samples were analyzed on a
Varian Saturn 2000 mass spectrometer coupled to a Varian
3800 gas chromatograph equipped with a 1079 injector that
had been fitted with the ChromatoProbe kit. The adsorbent
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tube containing sample was placed in the Chromatoprobe
and then inserted into the modified GC injector. The injector
split vent was opened (1/20), and the injector was heated to
40°C to flush any air from the system. The split vent was
closed after 2 min, and the injector was heated to 200°C (200°
C/min); this temperature was held for 4.2 min. Then, the split
vent was opened again (1/10) while the injector was cooled.
For analyses, a ZB-5 column (5% phenyl polysiloxane; 60 m
long, i.d. 0.25 mm, film thickness 0.25 um, Phenomenex) was
used. A constant flow of carrier gas (helium, 1.8 ml/min) was
maintained by electronic flow control. The GC oven
temperature was held for 7 min at 40°C, then increased by
6°C/min to 250°C, and held for 1 min. The MS interface was
260°C, and the ion trap worked at 175°C. The mass spectra
were taken at 70 eV (in EI mode) with a scanning speed of 1
scan sec ' from m/z 30 to 350. The GC-MS data were
processed by using the Saturn Software package 5.2.1.
Component identification was carried out with the NIST 02
mass spectral data base or MassFinder 2.3, and confirmed by
comparison of retention times with published data (Adams
1995). Identification of individual components was con-
firmed by comparison of both mass spectra and GC retention
data with those of authentic standards.

For quantification of odors emitted from inflorescences,
known amounts of lilac aldehydes (>99%, synthesized
according to Détterl et al. 2006b), (Z/E)-3-ocimene (>99%,
provided by Jette T. Knudsen, Lund University, Sweden),
(Z)-3-hexenyl acetate, benzaldehyde, phenyl acetaldehyde,
and veratrole (all purchased from Sigma-Aldrich with
highest purity available) were injected into the GC for
calibration.

Bioassays A 160x75%75-cm wind tunnel (Ddétter]l et al.
2006b; Jhumur et al. 2006) was used for bioassays. A
Fischbach speed controller fan (D340/E1, FDR32, Neu-
nkirchen, Germany) continuously circulated air through the
tunnel with an air speed of 0.35 m/sec. Incoming air was
cleaned through four charcoal filters (145 %457 mm, carbon
thickness 16 mm, Camfil Farr). To allow mosquitoes to
adapt to the wind tunnel environment, they were kept in the
wind tunnel room for about 12 hr before the experiment
started. To avoid contamination, all equipment was cleaned
with ethanol, burned in flame, and then sterilized at 200°C,
and surgical gloves were worn during mosquito handling
and bioassays.

At the conditions described above, S. ofites emitted the
highest amounts of floral odors in the 2nd and 3rd hr after
onset of darkness (Jhumur, unpublished data). Therefore,
bioassays were conducted within this time frame. The
inflorescences, the cut ends of which were already inserted
in water, were placed at the upwind end of the tunnel
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behind gauze and different aluminum screens. They were
invisible to the mosquitoes.

A group of 10-15 randomly chosen male and/or female
mosquitoes (the behaviors of mosquitoes were not influ-
enced by the opposite sex, see also Jhumur et al. 2006)
were released from a chamber (16x8 cm) at the downwind
end of the tunnel. Mosquitoes were observed for 1 hr.
Landing on the gauze (2010 cm) in front of the odor
source was considered as attraction to the source. In
addition, the latency time before landing was measured.
After landing, the behavior was classified into two types:
“sitting” and “searching”. “Sitting” was characterized
simply as sitting without moving or doing anything on the
gauze for 15 sec after landing, and “searching” was
characterized by excited movement of mosquitoes on the
gauze and repeated penetration of gauze with their
proboscis, presumably in search for a food source. To
avoid recording the behavior of any responding mosquito
twice, landing mosquitoes were removed from the wind
tunnel after 15 sec with an aspirator.

From other tests with mosquitoes in the same wind
tunnel, we know that almost no mosquitoes land just by
chance in front of the odor source (Jhumur et al. 2006).
Therefore, we did not test the mosquitoes’ response to clean
air or room air. Furthermore, given that a small number of
mosquitoes would land just by chance on the gauze in front
of the odor source, this number should be similar for odor
from all S. otites populations, and thus, not affect the
comparison of attractiveness of S. otites odor from different
populations.

Dependent upon the availability of flowers, 25 bioassays
were conducted with S. ofites plants of six populations.
Male and female inflorescences were tested separately.
However, female inflorescences were not available for the
‘a’ and ‘c’ populations (Table 2). Nine bioassays were
conducted with population ‘1’, six with ‘f*, four with ‘g’,
and two each with ‘c’, ‘b’, and ‘a’. Most of the
inflorescences of one plant (one bioassay) were tested with
two groups of mosquitoes, and the behavioral responses
(percentage of individuals landing) of these 20—30 mosqui-
toes were used for subsequent statistical analyses (see
below). However, for population ‘a’, only one group of
mosquitoes was used for each of the two inflorescence
samples. In total, 113 male and 531 female mosquitoes
were tested. Male mosquitoes were not available during the
bioassays with male inflorescences of populations ‘a’, ‘c’,
and ‘g’, and female inflorescences of population ‘b’.

Electrophysiology
Authentic Standard Compounds The most frequently found

12 floral scent compounds of S. ofites were used for
electrophysiological measurements. Among these, lilac

aldehyde (purity >99%) was synthesized as described by
Détterl et al. (2006b); lilac alcohol and linalool were
provided by Karlheinz Seifert (University Bayreuth, Ger-
many; purity >99%); and the other compounds were
purchased from Sigma-Aldrich (hexanol, (2)-3-hexen-1-ol,
and (2)-3-hexenyl acetate >98%; benzaldehyde 99%; phenyl-
ethyl alcohol 99%, acetophenone 98%; linalool oxide
[furanoid] 97%; phenyl acetaldehyde 90%; methyl salicylate
98%) or Wako (linalool oxide [pyranoid] 98%). Among
these 12 compounds, all monoterpenoids were used as
stereoisomeric mixtures. To obtain dose—response curves
and to compare the sensitivity of mosquitoes to different
compounds, electroantennographic (EAG) recordings were
performed with a dilution series of standard compounds
(Schiitz et al. 1999). Dilutions were prepared in paraffin oil
(Uvasol, MERCK, Darmstadt, Germany).

Preparation Four- to 5-d-old C. p. molestus were used for
EAG. For measurements, an excised antenna was mounted
between glass micropipette electrodes filled with insect
ringer (8.0 g/l NaCl, 0.4 g/l KCl, 0.4 g/l CaCl,). The
electrodes were connected to silver wires. Signals were
interfaced with a two-channel USB acquisition controller
(provided by Syntech, Hilversum, The Netherlands) to a PC
as described by Dotterl et al. (2005a). Twenty microliters of
a test compound was placed onto a piece of filter paper
(2.5%1.5 cm?) inside a 5-ml plastic syringe (Omnifix, B/
Braun, Melsungen). Separate syringes were used for each
stimulus. Stimuli were released into a continuous flow of
humidified air that passed over the antenna with a pulse
duration of 0.5 sec, and a flow of 10 ml/sec regulated by a CS-
01 Stimulus Controller (Syntech). Each compound and each
dilution was tested on four to six mosquitoes. In all EAG tests,
antennae were stimulated at 30-40 sec intervals. To discrim-
inate between the antennal response elicited by the air flow or
by paraffin and by the tested scent compound, a filter paper
that contained only paraffin was tested as the first and last
measurement on each antenna. To counterbalance for the loss
of antennal sensitivity during measurements, the antennal
response to a syringe containing (Z)-3-hexen-1-ol (107" in
paraffin) was recorded as the second measurement from the
beginning to the end. (Z)-3-Hexen-1-ol is a compound
frequently found in sampling of S. ofites. As this was used
as the standard for EAG recordings, it was not used to obtain
dose-response curves.

Statistical Analysis We used the Primer 6 program (Clarke
and Warwick 2001; Clarke and Gorley 2006) to assess the
variability in scent of S. ofifes individuals of different
populations. Semiquantitative data of compounds (percen-
tages=relative amounts with respect to total peak areas)
were used because the total amount of emitted volatiles
varied greatly among different individuals (see also Dotterl
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et al. 2005b). We used multidimensional scaling (MDS)
based on Bray—Curtis similarities to detect similarities
among samples. To evaluate how well or poorly the
particular configuration produces the observed distance
matrix, the stress value is given. The smaller the stress
value, the better the fit of the reproduced ordination to the
observed distance matrix (Clarke 1993). We used ANOSIM
(two-way crossed design, factors: sex, population) in
Primer to test for the differences in scent between male
and female flowers and among populations. SIMPER (two-
way crossed design, factors: sex, population) was used in
Primer to identify the compounds responsible for dissim-
ilarities between sexes and among populations. RELATE
was used in Primer to correlate the scent matrix with the
distance matrix (in km) of the populations. To obtain the
scent matrix, mean relative amounts of compounds were
calculated for the different populations, and these values
were used to calculate the Bray—Curtis similarities finally
used for the analysis.

Chi-square tests were used to assess the differences in
attractiveness between male and female mosquitoes (num-
ber of males responding—males not responding vs. number
of females responding—females not responding) to male and
female inflorescences of different populations of S. ofites.
No differences in responses between males and females
were found (Jhumur, unpublished data). Therefore, the
responses of males and females were pooled for further
analyses.

In individual bioassays with specific inflorescences, the
number of landing (attractive) mosquitoes (%) was deter-
mined at first, and among the landed mosquitoes thereafter
the proportion of searching mosquitoes (%) was calculated.
Kruskal-Wallis—ANOVA followed by the Tukey—Kramer
post hoc test for nonparametric data in STATISTICA
(StatSoft 2004) was used to compare these behavioral
responses to the flower odors of different populations.
ANOVA was used to compare the latency time of individual
mosquitoes to different populations. Normality was tested
with the Kolmogorov—Smirnov test; homogeneity of var-
iances was tested by using the Hartley test.

For analyzing the EAG recordings, at first, the responses
from the blank syringes were measured and subtracted from
the recordings in between. Then, the response to (Z)-3-
hexen-1-ol as the second measurement from the beginning
of each measurement was set to 100%. As the sensitivity of
antennae decreased during measurements, the response to
(Z)-3-hexen-1-ol was also measured as the second mea-
surement from the end, to determine the loss of sensitivity
and to compensate for this. The responses to different
compounds and dilutions are given as proportions of the
responses to (Z)-3-hexen-1-ol (10”" in paraffin). These data
were directly used without transformation for further
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analyses. A general linear model (GLM) in STATISTICA
was used to compare the differences in the responses of
males and females to different dilutions and different
compounds. The a-level for all statistical analyses was
0.05.

Results

Variability in Floral Scents of S. otites Thirty-eight com-
pounds were detected in the inflorescence odor samples of
S. otites of 9 geographical locations, 35 of which were
tentatively identified by comparing mass spectra and retention
index with literature data (Adams 1995). In addition, the
identity of 27 of these compounds was confirmed by
authentic standards (see Table 1). Among these, six
compounds were also emitted from leaves. The identified
compounds belong to 5 classes: fatty acid derivatives (8),
benzenoids (6), nitrogen-containing compounds (1), mono-
terpenoids (18), and sesquiterpenoids (2). The benzenoid
phenyl acetaldehyde (PAA) was the dominant odor com-
pound in most of the individuals. However, one specimen
emitted no PAA but instead high relative amounts of lilac
aldehyde. Out of the 38 compounds, 19 were common to the
scent samples of all populations.

Semiquantitative differences in the odor samples based on
Bray—Curtis similarities are shown in Fig. 2. Variation
among samples was high with significant differences
among the samples from different populations (within
sexes; two-way ANOSIM: R=0.454; P<0.001). SIMPER
analyses revealed the compounds responsible for the
differences among populations. Most populations and
samples were dominated by phenyl acetaldehyde, but in
some samples, high relative amounts of lilac aldehyde (e.g.,
samples of population ‘g’) or (Z)-3-hexen-1-ol and (2)-3-
hexenyl acetate (e.g., samples of population ‘h’) were
present. One sample of population ‘i’ was characterized by
a high percentage (33%) of linalool. There was no
correlation between scent and the distance matrix of the
populations (RELATE: p=-0.02, P=0.52), indicating that
populations close to each other were not more similar in
their scents than distant populations.

Within populations, we found significant differences in
scent between male and female plants (two-way ANOSIM:
R=0.129; P=0.038). However, differences between males
and females were less pronounced than the observed
differences among populations. Within populations, both
males and females emitted the same compounds, but the
proportions of some differed between males and females.
According to the SIMPER analysis, phenyl acetaldehyde
and (Z)-3-hexenyl acetate were the main compounds
responsible for the differences between males and females
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Table 1 Relative amounts of compounds (mean+SE) in inflorescence odors of 63 S. ofites plants from different populations

Compounds a (7) b (7) c(9 d®) e (7) f (6) g(8) h (7) i(7)
Fatty acid derivatives
Hexanol” 0.36+0.16 0.14+0.03 0.13+0.05 0.15+£0.06 0.12+£0.04 0.19+0.06 0.26+£0.22 0.04+0.02 0.28+0.08
(2)-3-Hexen-1-01*" 3.64+1.92 6.32+1.75 2.33+1.25 1.83+0.47 3.39+222 7.21+£2.09 3.2+1.69 15.01+£6.01 8.74+1.71
(E)-3-Hexen-1-o0l 0.53+0.16 0.14+0.06 0.4£0.19 0.41+0.22 0.36£0.35 0.19+£0.08 0.01£0.01 0.23+0.08 0.45+0.14
(Z)-3-Hexenyl acetate™” 427+1.84 10.33+2.73 1.85+0.81 5.36+1.89 8.12+4.1 6.95+2.65 5.3142.68 15.18+5.39 7.26+1.64
(E)-2-Hexenyl acetate® 0.11£0.05 0.04+£0.04 0.08+0.06 0.06+£0.04 0.73+£0.55 0.02+0.02 - - 0.03+0.02
Hexyl acetate® - 0.09+£0.08 0.03+0.02 0.01+£0.01 2.61+1.71 0.17£0.1 — - 0.14+0.08
(Z)-3-Hexenyl butyrate® - 0.23£0.08 0.01+£0.01 0.08+£0.07 - 0.35+0.17 0.01+0.01 0.05+£0.03 0.33+0.14
(E)-4,8-Dimethyl 1,3,7 - 0.01£0.01 0.15+£0.08 - - - - - -
nonatriene®
Benzenoids
Benzaldehyde ™° 4.62+0.67 7.26+1.37 2.08£0.37 7.1+£1.02 4.05+£1.18 8.26+1.74 6.67£1.26 2.59+0.73 5.12+1.08
Benzyl alcohol® 0.02+0.02 0.17£0.06 0.01£0.01 0.04£0.03 0.01£0.01 0.84+£0.42 0.14£0.06 0.48+0.26 4.68+1.43
Phenyl acetaldehyde® 47.71+£4.43 38.97+4.78 35.94+1.54 42.27+7.64 40.89+11.69 41.02+4.42 31.66+3.29 14.85+4.64 26.05+4.29
Acetophenone® 0.36+0.22 0.31+£0.17 0.48+0.32 0.58+0.36 0.32+0.29 1.384+0.56 3.01+2.01 0.07+0.07 1.08+0.5
Phenylethyl alcohol® 0.82+0.25 5.18+0.74 1.82+0.47 2.02+0.72 1.87+0.83 5.31+0.68 1.25+0.38 1.44+0.65 6.98+0.96
Methyl salicylate” 0.07+0.03 3.27+1.16 0.16+0.06 0.03+£0.03 - 0.41+0.17 0.03+0.03 2.36+1.32 0.07+0.04
N- bearing compounds
3-Methyl-butyl-aldoxime - - 0.01£0.01 - - - 0.01+0 0.01£0.01 —
(syn/anti)®
Monoterpenoids
o-Pinene®™® - 0.02+£0.02 — 0.15+0.09 0.08+0.04 0.13+0.06 0.12+£0.05 0.35+0.12 0.14+0.1
B-Pinene®® 0.05+£0.04 0.01+0.01 - 0.04+0.02 0.05+£0.03 0.12+0.05 0.01£0.01 0.23+0.13 0.25+0.08
p-Limonene™® - - - - 0.04+0.02 - - - -
(E)—B—Ocimeneb - - tr - - - 0.06+£0.06 0.31+0.2 0.54+0.54
(Z)-Linalool oxide furanoid™® 0.28+0.15 tr 0.87£0.21 - 0.78+£0.52  0.02+0.02 0.01+0.01 - 0.16£0.04
(E)-Linalool oxide furanoid™® — 0.6+£0.11  0.01£0.01 4.45+2.35 0.12+0.07 1.46+0.39 0.03£0.03 7.17+1.16 3.04+0.39
Linalool®¢ - 3.13+£1.09 0.84+0.22 0.49+0.19 0.06+0.04 4.26+1.63 0.52+0.12 5.64+1.72 8.11+4.24
Hotrienol® - 2.16+£0.48 0.25+0.2 1.52+0.88 0.1+0.04 1.63£0.5 0.66+0.16 0.6+0.39 2.57+0.49
2,2,6-Trimethyl-2-vinyl- 0.4+0.13  0.05+0.01 0.71+0.16 0.53+0.21 0.42+0.16 0.16+0.05 0.06+£0.04 0.73+£0.33 0.73+0.11
5-ketotetrahydropyran®
Lilac aldehyde A™¢ 12.37+£2.01 6.94+0.86 14.42+1.43 10.46+£1.43 8.14+1.91 6.27+0.65 20.16+2.23 12.03+£2.45 5.96+1.58
Lilac aldehyde B+C™¢ 13.72+1.9 832+1.13 16.53+1.11 11.31+£1.36 10.43+£2.35 7.48+0.59 19.42+1.26 10.19+1.78 6.47+1.52
Lilac aldehyde D¢ 29+£0.6  2.29+0.52 4.22+0.47 3.02+£0.41 2.73+0.5 1.94+£0.29 4.67+0.61 2.29+0.49 1.12+0.31
(Z)-Linalool oxide pyranoid®® 5.99+2.97 0.33+0.13 10.11+4.99 0.23+0.22 8.71+4.95 0.76+0.23 1.47+0.95 0.43+0.17 0.84+0.19
(E)-Linalool oxide pyranoid®® 0.66+0.3  0.59+0.21 4.36+1.21 6.74+2.08 3.83+1.58 2.45+0.66 0.1+0.05 5.28+2.3 5.76+1.02
Lilac alcohol A™¢ 0.32+0.07 0.39+£0.18 0.96+0.19 0.4+0.12 0.71+0.49 0.19+£0.07 0.37+£0.11 1.3£0.41 0.54+0.12
Lilac alcohol B+C"¢ 0.36+0.08 0.49+0.13 1.03+0.18 0.51+0.15 0.94+0.68 0.36+0.1 0.59+0.15 0.81+0.27 0.7+0.16
Lilac alcohol D*¢ 0.03+0.02 0.13£0.04 0.2+£0.04 0.04+0.02 0.22+0.17 0.05+0.03 0.11+£0.03 0.05+£0.03 0.07+0.02
1-Hydroxy linalool® - 1.55£0.49 — 0.04+0.02 — 0.29+0.28 0.05+0.05 - 1.79+0.88
Monoterpenoid 43, 67, 79, 0.01+0.01 - 0.08+0.06 0.09+0.06 0.05+0.03 0.01+£0.01 0.2+0.06 0.01+0.01
91, 105, 121
Monoterpene oxide 39, 65, - 0.01£0.01 — 0.03£0.03 0.02+0.02 0.06+0.06 - - 0.01+0.01
79,91,105, 121, 135, 150
Sesquiterpenoids
(E)-B-Caryophyllene® - 0.1£0.1 - 0.02+£0.01 0.04+£0.02 0.03+0.02 - 0.06+£0.06 —
Geranyl isovalerate 0.38+£0.25 0.38+£0.38 0.02+0.02 — - - - - -
Unknown
43, 67,93, 109, 123, 151 0.04+0.02 0.04+0.02 - - - - - - -

The number of individuals sampled in each population (a—i) is given in parenthesis.
# Compounds were also found in samples collected from leaves.
® Compounds were identified by comparing mass spectra and retention times with authentic standards.
¢ Enantiomeric composition was not determined
¢ Enantiomeric composition was determined by Détterl et al. (2006a).

@ Springer



20

J Chem Ecol (2008) 34:14-25

Fig. 2 MDS based on Bray- :
Curtis similarities of the odor A Linalool Stress: 0.14
composition of 63 inflorescen- CH
ces from 9 populations of S. A
otites. Most of the samples were >_ (2)-3-Hexenyl acetate
dominated by high relative S /\)/
amounts of phenyl acetalde- .GE; ? v A %k O\ro\
hyde; however, in some sam- ke ) L h A X
ples, high relative amounts of % X XX X A
other compounds, such as lilac o ® o Ax A
aldehyde, were found B A AO X v %
2 M 2)-3-Hexen-1-ol
£ m oA o, (2)-3-Hexen-1- )/
% HO~ -~
%‘ a - * * ok Population
‘l - 0 Aa
| vb
| Biw * O mc
O | [ od
®c
O x f
[ os
Lilac aldehyde \ : h
1

(PAA=38% in males, 31% in females; (Z)-3-hexenyl
acetate=8% in females, 6% in males).

Behavioral Responses of Mosquitoes to Odors of S. otites
Inflorescences The wind tunnel bioassays revealed that
about 50% of tested mosquitoes were attracted to scents
emitted from inflorescences of S. ofites of different pop-
ulations. Male and female inflorescences were equally
attractive to mosquitoes (‘b’: Chi-square test: ¢§f:1:0.25,
P=0.62; ‘f”: qbéf:1:0.03, P=0.87; ‘g" ¢§f:1$1.26, P=
0.26; ‘i’ ¢>f,f:1 =1.74, P=0.19). Therefore, the responses to
female and male inflorescences were pooled for further
analyses. No differences in attractiveness among populations
were found (Kruskal-Wallis—FANOVA: H (5, 25)=4.3; P=
0.5). There was high variability in attraction within pop-
ulations, which could not be explained by the different total
amounts of scent emitted (Table 2, Fig. 3). As an example,
most inflorescences of populations ‘i’ emitted similar total
amounts of floral scent, but their attractiveness differed
strongly (34-73%).

The latency time of mosquitoes did not differ among
populations (ANOVA: F' (5, 314)=0.33; P=0.89), and was
on average 30 min. However, overall significant differences
were found in the post choice behavior (Kruskal-Wallis—
ANOVA: H (5, 25)=11.139; P=0.049). The ‘searching’
behavior was recorded most often when inflorescences of
population ‘a’ were offered to the mosquitoes, and less
often when they were offered inflorescences of population
‘c’. Nevertheless, there were no significant differences in
post hoc tests.

@ Springer

Electrophysiological Recordings EAG responses of male
and female C. p. molestus to several odor components of S.
otites are shown in Fig. 4. All tested compounds elicited
EAG responses, and the effect of dilution was evident for
each compound. EAG responses generally increased with
increasing dose of tested compounds. However, mosquitoes
responded differently to compounds tested, and we also
recorded differences in the responses of males and females
to different compounds (Table 3). The strongest responses
(110-151%) were elicited by linalool oxide (furanoid) and
linalool. Furthermore, females responded strongly to (Z)-3-
hexenyl acetate. Weak responses (<80%) were obtained
from both sexes to phenyl acetaldehyde, phenylethyl
alcohol, acetophenone, and hexanol.

Discussion

Most compounds found in this study have been reported
earlier as part of the floral odor bouquet in other
angiosperms (Knudsen et al. 2006), but only nine of the
compounds identified in this study were also found in the S.
otites samples analyzed by Jiirgens et al. (2002). In total,
we found 22 new compounds in the floral scent of S. ofifes
that have not been reported previously in that species. On
the other hand, Jiirgens et al. (2002) identified nine
compounds that were not detectable in our samples.
Furthermore, only small amounts of phenyl acetaldehyde
were found in that study, but we found that this was the
dominant compound in nine populations. Some of these
differences might be ascribed to different scent collection



J Chem Ecol (2008) 34:14-25

21

Table 2 Attraction, post choice behavior, and latency time of mosquitoes with respect to the emitted scent from S. ofites inflorescences (three to

five) of different populations (a—i)

Population (Numbers of Number of  Odor Emission of Number of Landed =~ Number of Landed Latency Time of
Female (F) and Male (M) Mosquitoes  Inflorescence (Attracted) Mosquitoes Showing Mosquitoes Until
Inflorescence Samples Tested Samples (ng/2 min) Mosquitoes (%) Searching Behavior (%) Landing (Min)
Tested in Bioassays) Median (Min—Max) Median (Min— Median (MinfMax)b Median (Min—Max)*
Max)*
a2M) 30 357 (337-378) 49 (36-63) 75 (50-100) 25 (5-53)
b(I1M,1F) 46 240 (223-378) 50 (44-55) 55 (50-60) 20 (1-59)
c(2M) 40 219.3 (217-221) 60 (47-64) 18 (18-18) 31 (1-59)
f2M,4F) 170 146 (9-370) 51 (35-72) 40 (12-80) 25 (1-60)
g(I1M,3F) 98 463 (329-1387) 38 (30-52) 32 (0-33) 23 (3-59)
i(5M,4F) 260 115 (82-234) 53 (34-73) 20 (0-35) 25 (1-59)

#Kruskal-Wallis—FANOVA: H (5, 25)=4.3; P=0.5
®Kruskal-Wallis~ANOVA: H (5, 25)=11.13; P=0.05
°ANOVA: F (5; 314) = 0.33; P=0.89

methods, but probably such differences are also due to
sampling of plants of different geographical origin. Differ-
ent populations of S. otifes emit population-specific scent
profiles with only 19 out of 38 inflorescence volatiles being
common to plants of the 9 populations studied here.
Although intraspecific variation in floral scent has been
observed for many angiosperms, comprehensive screening
for population/geographic variation in floral scent composi-
tion has been investigated only in few species, e.g., Yucca
filamentosa L (Agavaceae; Svensson et al. 2005), Magnolia
kobus DC (Magnoliaceae; Azuma et al. 2001), Geonoma
macrostachys Mart. (Arecaceae; Knudsen 2002), Silene
latifolia L. (Caryophyllaceae; Détterl et al. 2005b), and
Ophrys species (Orchidaceae; Mant et al. 2005). The
intraspecific variability found in our dataset was comparable
to variability found in other studied taxa. Such variability
may be the result of genetic drift or natural selection
(Tollsten and Bergstrom 1993). Furthermore, different
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Fig. 3 Total amount of scent emission from S. oftites inflorescences
and % mosquitoes attracted in the wind tunnel (N=100%=170, 98,
260 for ‘f, ‘g’, and ‘i’ population, respectively)

chemotypes may be adapted to different pollinators (Whitten
and Williams 1992; Tollsten and Bergstrom 1993).

So far, we do not know the evolutionary factors that
trigger the observed odor variability among S. ofites
populations. Different pollinators associated with the
different populations might exert different selective pres-
sures on the odor. Only a few species of nocturnal
Lepidoptera and mosquitoes have been recorded as polli-
nators in this species (Brantjes and Leemans 1976); among
them, Autographa gamma L. and Culex pipiens. Whereas
A. gamma is known to be strongly attracted by lilac
aldehyde (Plepys et al. 2002a, b), C. pipiens is known to
respond strongly to phenyl acetaldehyde (Jhumur et al.
2006).

In this study, phenyl acetaldehyde was the dominant and
abundant odor compound, followed by lilac aldehyde, (Z)-
3-hexenyl acetate, linalool oxide (pyranoid), (Z)-3-hexen-
1-0l, benzaldehyde, phenylethyl alcohol, linalool, linalool
oxide (furanoid), lilac alcohol, acetophenone, methyl
salicylate, and hexanol. Most of these compounds are
known to elicit strong antennal responses and/or to be
attractive to moths such as Hadena bicruris Hufn.
(Lepidoptera: Noctuidae, Détterl et al. 2006b), Sphinx
perelegans Edwards (Lepidoptera: Sphingidae, Raguso
and Light 1998), Hyles lineata L. (Lepidoptera: Sphingidae,
Raguso et al. 1996), Argyresthia conjugella Zeller
(Lepidoptera: Argyresthiidae, Bengtsson et al. 2007), Cydia
pomenella L. (Lepidoptera: Tortricidae, Bengtsson et al.
2007), and Mamestra brassicae L. (Lepidoptera: Noctui-
dae, Rojas 1999), whereas only phenyl acetaldehyde has
been reported as being attractive to mosquitoes (Howse
2003; Jhumur et al. 2006). It is interesting to note that 19
out of 35 identified compounds in S. ofites were also found
in other closely related Silene species, which have been
described as moth-pollinated flowers (Jiirgens et al. 2002).
Thus, it is not surprising that besides mosquitoes, moths
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Fig. 4 EAG responses of male 200
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have also been reported as pollinators of S. ofites (Brantjes
and Leemans 1976).

Our study showed that in the absence of visual stimuli,
mosquitoes were attracted to male and female inflorescen-
ces of S. otites by scent only. The attractiveness of both
sexes of this dioecious plant was similarly strong in
bioassays, although female and male inflorescences differed
with respect to the relative amounts of scent compounds.
We found no significant differences in intensity or latency
time of response to the inflorescence scents of six different
populations. Therefore, different compound mixtures seem
to have the same attractiveness.
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Table 3 Multiple comparisons based on a GLM of antennal responses
of male and female mosquitoes to different compounds and dilutions

Effect df MS F P
Intercept 1 1,181,681  11,128.31 <0.001
Sex 1 569 5.36 0.02
Dilution 4 92,933 875.18 <0.001
Compound 12 2,603 24.51 <0.001
Sex x dilution 4 87 0.82 0.511
Sex x compound 12 841 7.92 <0.001
Dilution x compound 48 960 9.05 <0.001
Sex xdilutionxcompound 48 135 1.27 0.116
Error 455 106
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Even within S. ofites populations that showed low
qualitative and semiquantitative scent variation, no positive
relation between the total amount of scent emitted and the
number of mosquitoes attracted was found. This finding is
in contrast to the results of Bowen (1992) who found that
behavioral response increased with stimulus concentration.
Microclimatic conditions in the wind tunnel, such as
temperature (which ranged from 20°C to 25°C), humidity,
and atmospheric pressure, might have influenced the results
obtained in this study (Grimstad and DeFoliart 1975).
Furthermore, inflorescences might have emitted not only
attractive compounds, but also compounds repellent to
mosquitoes (Kessler and Baldwin 2007). The effect of
repellency could increase with increasing concentration of
these repellent compounds. Jhumur et al. (2006) found that
the dominant odor compound of S. ofites, phenyl acetalde-
hyde, attracted about 65% of C. p. molestus, whereas only
about 50% of the mosquitoes were attracted to the entire S.
otites inflorescence odor in our study. This finding supports
the hypothesis that S. ofites emits not only attractive, but
also repellent compounds.

EAG studies were conducted to examine whether
mosquitoes are able to detect components of the S. ofites
odor profile other than phenyl acetaldehyde. Mosquitoes
responded to all tested compounds, and all may be involved
in host-plant finding by mosquitoes. Bioassays are needed
to test the behavioral response of C. pipiens to these
compounds. Compounds tested in the EAG studies were
representative of the floral scent composition of S. otites,
accounting for 97% on average of all samples of this
species. Both male and female mosquitoes detected all 13
floral scent compounds (including (Z)-3-hexen-1-ol) till
107 dilutions. Therefore, if some of these compounds also
prove to be attractive, then they might be used as reliable
cues for finding S. otites, and as long-range attractants by
C. pipiens.

From this and previous studies, mosquitoes have been
proven to detect or be attracted to 15 floral volatiles
(Mauer and Rowley 1999; Howse 2003; Kline et al. 2003;
Jhumur et al. 2006). It is interesting to note that the
ranking of the EAG responses does not correlate with the
dominance of the volatiles in floral scent profiles. For
example, phenyl acetaldehyde elicited only weak
responses in EAGs although it is the main compound
(35% mean percentage amount) in the scent of S. ofites.
Furthermore, this compound was attractive to mosquitoes
(Jhumur et al. 2006). On the other hand, the mean
percentage amounts of linalool and linalool oxide (fur-
anoid) were only 3% and 2%, respectively, but elicited the
strongest EAG responses.

Several studies provide evidence that release of linalool
oxide (furanoid) and linalool may reflect adaptations by
plants to attract lepidopteran pollinators (Raguso et al.

1996; Raguso and Light 1998; Andersson et al. 2002;
Andersson and Dobson 2003). Linalool also occurs in
plants pollinated by bats, bees, flies, beetles, and wasps
(Borg-Karlson et al. 1996; Raguso and Pichersky 1999).
These monoterpenoids may also be important for attraction
of mosquitoes and could explain the mixed pollinator guild
found in S. ofites, mainly moths and mosquitoes. Indeed,
the attractiveness of linalool for mosquitoes was confirmed
by Kline et al. (2003). In a dual-port olfactometer, more
Aedes aegypti (L.) individuals were attracted by linalool
than by a control. Although these two oxygenated mono-
terpenes are generally assumed to be pollinator attractants,
Omura et al. (2000) reported that linalool oxide (furanoid)
acted as a weak deterrent in proboscis extension responses
and a weak repellent in flower alighting tests with the
cabbage butterfly Pieris rapae L., indicating that this
compound can be repellent and attractive to insects.
Bioassays are needed to determine the behavioral response
to linalool oxide in mosquitoes.

Similarly to phenyl acetaldehyde, phenylethyl alcohol
(3% mean percentage) elicited only weak EAG responses,
although this compound may also be attractive to mosqui-
toes. Mauer and Rowley (1999) found that C. pipiens was
attracted to the scent of the common milkweed Asclepias
syriaca L., which is dominated by phenylethyl alcohol and
benzyl alcohol. The authors assumed that these two
benzenoids were responsible for the attraction of mosqui-
toes to A. syriaca, but they failed to attract mosquitoes in a
dual-port olfactometer to a synthetic mixture of these two
compounds.

It is interesting to note that in our study, C. pipiens also
responded to the typical green leaf odors of S. ofites, such
as (Z)-3-hexenyl acetate. These compounds are not only
released from several plant species in response to herbiv-
ory, but also serve as attractants for a variety of predatory
and parasitic insects (see Rose et al. 1998; James 2005). In
the natural environment, green leaf compounds are wide-
spread and would not necessarily guide insects directly to
flowers (Honda et al. 1998), although being directed to
vegetation would certainly increase the probability of
finding flowers.

In summary, floral scent compositions of S. ofites
populations from different geographical origin are highly
variable, but nevertheless similarly attractive to Culex
pipiens molestus mosquitoes. Mosquitoes can detect the
most common and abundant scent compounds of S. ofites
inflorescences, but knowledge of the biological significance
of most of the compounds is still lacking (e.g., attractant or
repellent). By means of bioassays, we are presently
evaluating the role of these compounds in the plant—
pollinator interactions of S. ofites and mosquitoes, which
might lead to the development of new means of pest control
and mosquito attractants and repellents.
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Abstract We tested whether changes in long-term nutrient
availability would affect the xylem quality and character-
istics of Scots pine trees as a food source for the larvae of
the xylophagous wood borer Hylotrupes bajulus L.
(Cerambycidae). We looked for an effect of host plant
growth and xylem structural traits on H. bajulus larval
performance, and looked for delayed effects of long-term
forest fertilization on xylem chemical quality. In general,
larval performance was dependent on larval developmental
stage. However, the growth of larvae also varied with host
plant quality (increases in the concentration of nitrogen and
carbon-based secondary compounds of xylem were corre-
lated with a decrease in the larval growth rate). The greater
annual growth of trees reduced tracheid length and
correlated positively with second-instar H. bajulus growth
rate. This is consistent with the hypothesis that intrinsic
growth patterns of host plants influence the development of
the xylophagous wood borer H. bajulus.

J. Heijari (D<) + A.-M. Nerg - P. Kainulainen - J. K. Holopainen
Department of Environmental Science, University of Kuopio,
P.O. Box 1627, 70211 Kuopio, Finland

e-mail: Juha.Heijari@uku.fi

H. Raitio

The Finnish Forest Research Institute, Helsinki Unit,
Unioninkatu 40A,

00170 Helsinki, Finland

U. Noldt

Bundesforschungsanstalt fiir Forst- und Holzwirtschaft,
Institut fiir Holzbiologie und Holzschutz,

Postfach 800209,

21002 Hamburg, Germany

T. Levula

Parkano Research Station, The Finnish Forest Research Institute,
39700 Parkano, Finland

@ Springer

Keywords Hylotrupes bajulus - Nitrogen - Pinus sylvestris -
Secondary compounds -
Resin acids - Phosphorous - Tracheid

Introduction

Wood-boring beetles (Coleoptera: Cerambycidae) are pre-
dominantly xylophagous insects and are commonly referred
to as long-horned beetles when they are adults and as
round-headed borers when they are larvae (Linsley 1959).
They attack the xylem of host plants in a variety of
conditions ranging from living trees to dead decaying wood
(Linsley 1959; Hanks 1999). Since they have adapted to
such highly variable hosts, wood borer species have
tremendous diversity, and many of these species are serious
pests of forest trees. The larvae of the old house borer,
Hylotrupes bajulus L. (Coleoptera: Cerambycidae) feed on
the sapwood of dying or dead host species such as pine,
spruce, or fir in both natural and managed forests as well as
construction timber used in buildings. H. bajulus larvae
may consume heartwood only if the sapwood has been
destroyed by the larvae (Robinson and Cannon 1979). The
larvae spend most of their lifetime (2—12 years) inside the
trunk consuming the xylem tissue. Although the taxonomy,
species distributions, and larval host ranges of long-horned
beetles have been extensively studied, little is known about
their chemical ecology in relation to growth and survival
(Ljungkvist 1983; Allison et al. 2004).

Nitrogen is a vital component of the diet of insects, and
the levels of nitrogenous compounds can influence the
interactions between herbivorous insects and their host
plants (Mattson 1980; Holopainen et al. 1995). In forestry,
nitrogen fertilizers are used to enhance timber production,
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but much less attention has been paid to the effects of
fertilizers on the characteristics of xylem and on the
performance of the xylophagous insects that attack woody
plants (Kytd et al. 1996). The modification of plant
resource balances by fertilization treatments might change
the structure of the wood, e.g., tracheid properties (Mékinen
et al. 2002), as well as have effects on mechanical
properties of xylem (Lucas et al. 2000). This, in turn,
might have an impact on the performance of herbivores.
These are all topics that need clarification. It is known that
the carbon-based secondary compounds (e.g., terpenes and
resin acids) in conifers deter insect pests and fungal
pathogens (Gershenzon and Croteau 1991; Nerg et al.
2004). Xylem resin reduces the feeding activity of H.
bajulus larvae (Holm and Ekbom 1958). This study
examined the effects of a long-term increase in nutrient
availability on tree growth, tracheid properties, the nutri-
tional value of xylem tissue, and the growth of wood-
boring H. bajulus L. larvae.

Methods and Materials

Site Description and Treatments The Scots pine (Pinus
sylvestris L.) trees used in this study were part of an earlier
experiment established by the Finnish Forest Research
Institute in which several experimental sites in Finland were
set up in the 1950s to investigate the effects of forest
fertilization on tree growth. The experimental sites used
were SITEl—Padasjoki (61°23'N, 25°3'E), SITE2—Vilp-
pula (62°4'N, 24°29'E), and SITE3—Punkaharju (61°40'N,
29°18'E) (Turtola et al. 2002). Three fertilization treatments
were applied to the plots at each site: 1) plots with no
fertilization (control), 2) plots fertilized with nitrogen (N),
and 3) plots fertilized simultaneously with calcium,
nitrogen, and phosphorus (CaNP). There was one plot per
treatment at each site, as individual trees were considered to
act as replicates in these forestry experiments designed in the
1950s. The size of each plot was 40 x40 m, with a 30x30 m
area delimited for tree felling centered in each plot.
Fertilization treatments (year of fertilization) were initiated
in SITE1 when the trees were 12 yr old: N (1958, 1963,
1968, 1973, 1978, 1983, 1988, 1993, 1998); Ca (1959,
1978); P (1958, 1978, 1993); SITE2 when trees were 12 yr
old: N (1959, 1964, 1969, 1974, 1979, 1984, 1989, 1994);
Ca (1959, 1979); P (1959, 1979, 1994); SITE3 when trees
were 14 yr old: N (1959, 1969, 1979, 1989); Ca (1959,
1979); P (1959, 1979). Fertilization treatments: N=82 kg ha '
of nitrogen applied as ammonium sulfate in 1958-1959,
92 kg ha ' as urea in 1963-1969, and 150-180 kg ha™' as
ammonium nitrate in 1973-1998; Ca=calcium applied as
limestone, first at 2000 kg ha™!, and later at 4000 kg ha !;
P=phosphorus, initially applied at 29 kg ha ' as finely

ground rock phosphate, and subsequently at 40 kg ha ' as
superphosphate.

Sampling All trees from the 30%30 m area were divided
into three groups according to their basal area. From
each of these groups, two trees were randomly selected
for felling. In April 2000, 18 trees (six per treatment)
from each site were harvested. For chemical and xylem
property analysis, consecutive xylem disks (about 2 cm
thick) with bark from breast height (HI; 130 cm from
ground level) and canopy height (H2; 0.7 X tree height)
were sawed. The xylem disks were frozen and stored at
—20°C before analysis. All xylem used in the following
analysis was taken from the sapwood. The analyses of
nutrient and tracheid properties were performed on
xylem disks from both H1 and H2, while for secondary
compound analysis, only xylem disks from H1 were
used. To examine the growth performance tests of H.
bajulus L. larvae, an additional 20-cm-long xylem disk
was sawed from each tree, just above the disks taken
from H1 and H2 for chemical and xylem property
analysis. The sapwood of these xylem disks was sawed
into blocks 80x40x20 mm and air-dried at room
temperature before use in the insect performance tests.
The sapwood diameter from the latest 20 annual rings
was measured.

Tracheid Properties At H1, tracheid length was measured
from annual ring numbers 12, 30, and 40 from the pith
outwards. The annual ring number 12 was at the border of
the sapwood and heartwood. At H2, tracheid length was
measured from annual ring numbers 5, 10, and 12 from the
pith outwards. Early- and latewood samples were separated
from these annual rings and macerated with glacial acetic
acid/hydrogen peroxide (1:1, v/v) at 60°C overnight. The
suspension was washed with distilled water and stained
with safranin (1%, 10 sec). Tracheids were placed on glass
slides, and 50 unbroken tracheids were measured with a
light microscope.

Chemical Analysis A 0.125-g (dry weight) powdered
xylem sample was weighed for the nitrogen (N) analysis.
Nitrogen was analyzed with a LECO CHN 2000 analyzer
(USA). The analyzer was calibrated with EDTA (containing
40.97 % carbon, 9.57 % nitrogen, and 5.48 % hydrogen) as
a standard with every eighth sample being a pine control
sample. The performance of the apparatus was monitored
once a day with certified reference samples (BRC 101 and
NIST 1547). The total nitrogen content was calculated as
mg g ' dry weight. Other xylem characteristics, such as,
cellulose, hemicellulose, lignin, and starch were measured
(Heijari et al. 2005), but these parameters did not have any
significant effect on H. bajulus performance (data not
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Table 1 Analysis of variance of the main effects of site, fertilization treatments and sampling height and their interactions on the relative growth
rate (RGR) of neonatal (ill), second- (i21), and third instar hylotrupes bajulus larvaE (I3L)

Between-subject effects RGR
11L 2L I3L
Site F5. 44=0.005 Fy 101=5.131 F5, 79=0.977
P=0.995 P=0.008 P=0.382
Fertilization Fz’ 44:2.000 Fz, |01:0.583 Fz’ 79:0.308
P=0.151 P=0.561 P=0.736
Height F>, 44=3.394 F> 101=35.923 F>, 79=9.131
P=0.074 P<0.001 P=0.004
Site x Fertilization F 44=0.991 F 101=2.594 F 70=0.778
P=0.408 P=0.042 P=0.544
Site x Height F5 44=0.263 Fy 101=1.363 F5 7o=1.875
P=0.611 P=0.261 P=0.162
Fertilization x Height F>, 44=0.571 F>, 101=0.372 F,, 70=0.403
P=0.570 P=0.690 P=0.607
Site x Fertilization x Height n.c. Fy 101=1.262 F, 79=0.675
P=0.291 P=0.612

#n.c.=not calculable

shown). In the monoterpene analysis, sapwood samples
(two replicate wood pieces) were extracted with n-hexane
as described earlier by Manninen et al. (2002). Wood resin
acids were extracted from freeze-dried and powdered xylem
samples (two replicate wood pieces) with petroleum ether-
diethyl ether. Monoterpene and resin acid extracts were
analyzed by gas chromatography-mass spectrometry (Hew-
lett Packard GC type 6890, MSD 5973) using a 30-m-long
HP-5MS (0.25 mm ID, 0.25-um film thickness, Hewlett
Packard) capillary column (Manninen et al. 2002). Helium
was used as the carrier gas. The temperature program for
monoterpenes rose from 50°C to  250°C, and for resin
acids from 50°C to 270°C. The heating rate was 5°C min .
The SCAN technique (mass numbers from m/z 30 to 350
were recorded; signal ions in monitoring; 93, 133, 136,
161, 204 m/z) was used for monoterpene samples, and the
technique of selected ion monitoring (SIM) 299, 301, 314,
316 m/z for resin acid samples. For quantification of resin
acids and terpenes, calibrations were made from known
amounts of available pure compounds relative to known
amounts of the internal standard (1-chloro-octane for
monoterpenes and heptadecanoic acid for resin acids).

Larval Performance Laboratory grown Hylotrupes bajulus
L. larvae were pre-grown on protein-yeast enriched pine
sapwood to accelerate growth. The growth conditions were
27°C and 70% relative humidity (RH) in darkness. Adults
and larvae were reared as described by Berry (1972) and the
European Standard EN 47 (1988).

Two sawed Scots pine xylem blocks, from both H1 and
H2, were placed against each other and held together with an
elastic band. A groove (45 x15x%10 mm) was gouged into the
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point of contact. The double xylem block system was
weighed, and one randomly selected second- (ca. 200 mg)
or third-instar (ca. 355 mg) H. bajulus was enclosed into
each groove under a glass plate, which was tightened by an
elastic band to prevent the larvae from escaping. The
double xylem block system (four replicates per tree per
sampling height) with larvae were enclosed inside plastic
boxes (volume 750 ml). The larvae were allowed to feed for
127 d in a dark culture room at 21°C and 60% RH. The
mortality of the whole larval population feeding on xylem
taken from H1 and H2 was 8.6% and 19.3% for I2L and
3.8% and 4.5% for I3L, with no statistical differences
between sampling heights or instars (data not shown). After
feeding, the relative growth rate (RGR) for the living larvae
was calculated (RGR = (InW,—InW) / (t,—t,), where W,
and W, were the fresh biomass at the beginning (¢;) and end
(%) of the sampling period, and /n is the natural logarithm;
Waldbauer 1964).

After the feeding tests, larvae were placed on the Scots
pine wood to complete their development. Emerging adults
were allowed to copulate. Females were allowed to lay eggs
in Petri dishes with Scots pine wood disks, and the eggs
hatched after about 9 d. The neonatal larvae (I1L), mean
weight 0.24 mg) were transferred after hatching into a 5-
mm deep hole. The hole was drilled into the top of the 50 x
20x20 mm size Scots pine xylem blocks taken from the
trees of different fertilization treatments and sites described
above, both at H1 and H2. Progenies of each female were
randomized among the treatments. Larvae were allowed to
feed for 194 d in a dark culture room at approximately 25°
C and 85% RH. The relative growth rate for the I1L larvae
was calculated as described.
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Fig. 1 The concentration of nitrogen (mean + SE) in Scots pine
sapwood at breast- (H1; a) and canopy height (H2; b) in three
experimental sites and fertilization treatments (control=no fertilization,
N-fertilized=fertilization with nitrogen, CaNP-fertilized=

fertilized with calcium, nitrogen and phosphorous). Means indicated
with different letters within sites are significantly different according
to ANOVA, P<0.05, N=6

Statistical Analyses The effect of fertilization treatments at
each site was analyzed by analysis of variance (ANOVA)
(GLM Univariate) and followed by the Tukey multiple
range test (significance level P<0.05). T test (¢) (or Chi-
Square for larval mortality) was used when differences
between sampling heights were tested. The relative growth
rate (RGR) of H. bajulus larvae was calculated separately
for the different larval stages. Correlation coefficients (r)
between RGR and consumed xylem with different xylem
properties were tested by Pearson correlations. Statistical
analyses were carried out with SPSS 11.5.1 for Windows
statistical software package.

Results and Discussion

It is known that nitrogen in plant tissue can positively affect
host utilization by insects (Mattson 1980; Holopainen et al.
1995). In our study, H. bajulus larval performance was
similar in wood taken from fertilized and non-fertilized
trees (Table 1). Interestingly, we found that for 2nd- and
3rd-instar H. bajulus, RGR was lower for xylem from
canopy height than that found in xylem collected from
breast height SITE2 (¢,0=—2.343, P=0.041 and 7,=—2.893,
P=0.020) and SITE3 (#,0=-2.884, P=0.018 and 9=
—4.482, P=0.002). Conversely, the mean (+ SD) final
weight of neonatal larvae was marginally lower 0.58+
0.16 mg at HI compared to 0.72+0.31 mg at H2 (Table 1).
Similarly, Korting (1972) observed that neonatal larvae of
H. bajulus had a three-fold higher growth rate on Scots pine
canopy height xylem than at breast height xylem. The
differences in neonatal larval growth rates at H1 and H2
may be a consequence of the within-tree variation in
nitrogen concentration. As a consequence of its higher
nitrogen concentrations, canopy height xylem may be a
superior food source for neonatal H. bajulus larvae. The
nitrogen concentration was significantly lower at H1 than at
H2 in SITE1 in control (¢;0=—3.693, P=0.004) and CaNP-
fertilized trees (¢;0=—4.330, P=0.001) and in SITE2 (¢,o=
—5.766, P<0.001) and SITE3 (#,0=—3.983, P=0.003) in N-
fertilized trees (Fig. 1). Addition of nitrogen to Scots pine
(Pinus sylvestris L.) plots increased the xylem nitrogen
concentration (Fig. 1). This observed increase in nitrogen
concentration is consistent with earlier studies (Helmisaari
and Siltala 1989; Finér and Kaunisto 2000). We propose
that for late instars, the nitrogen content of food is not as
essential in the maintenance of daily metabolism as it is for
neonatal larvae that are increasing their body mass.

Interestingly, we found that the performance of wood-
boring Hylotrupes bajulus larvae was explained by the tree
radial diameter; tree diameter correlated positively with
the RGR of I12L in SITE2 (»=0.609, P<0.001, N=34) and
in SITE3 (r=0.430, P=0.010, N=35). These results agree
with Hanks et al. (2005) who reported that larvae of P
semipunctata (Cerambycidae) increased their body size
more in large circumference eucalyptus host trees than
in small trees. Furthermore, Ruel and Whitham (2002)
found that pinyon pines (Pinus edulis) that had grown
vigorously during the juvenile stage suffered greater her-
bivory when these trees matured and produced smaller
growth rings. On the whole, these results provide evidence
that some long-living wood-boring larvac may perform
better in large host trees than in slow-growing trees. Future
studies should examine larval performance in host trees
undergoing different intrinsic growth patterns (e.g., prove-
nance experiments).
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Although, the differences in the trunk diameter and
volume of trees from fertilized and non-fertilized plots were
significant (see Turtola et al. 2002; Heijari et al. 2005),
fertilization treatments did not cause any changes in carbon
allocation to secondary compounds in the xylem. Total
resin acid concentration per volume of xylem (mean + SE)
in SITE3 trees (3.8£0.5 mg cm ° dry weight) was
significantly (£, 15=7.568, P=0.005) higher than in SITE2
trees (2.5+£0.2 mg cm > dry weight) and also marginally (P
=0.061) higher than in SITE] trees (2.7£0.4 mg cm™ dry
weight). We observed that the total monoterpene concen-
tration of sapwood had a negative effect on the growth rate
of neonatal larvae (Fig. 2), whereas the concentration of
resin acids did not affect larval growth. This result is
consistent with earlier studies, which indicate that specific
constitutive defense chemicals have effects on the perfor-
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Fig. 3 Linear correlation between tracheid length (mm) and annual
diameter growth (mm) at breast height in early (closed circles) and
latewood (open circles) of Scots pine. Data (pooled from all sites) are
from 12th, 30th, and 40th annual rings of xylem. Equations for
relationships and R? are shown (ygw=carlywood and y; w=latewood),
P<0.05
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mance of H. bajulus neonatal larvae and that early instars
are more sensitive to host plant quality than late instars
(Montgomery 1982), with high mortality occurring gener-
ally among early instars (Preszler and Price 1988).
Furthermore, in SITE3, the generally lower growth and
smaller diameter of the trees might be the reason for the
high content of resin acids per volume of xylem. The
inconsistent results among sites may also be caused by the
fact that all of the sites were Myrtillus type forests, and thus
might have been more nutrient-rich than the pines generally
grown in Finland (Saarsalmi and Méilkénen 2001). Our
study showed that the effect of fertilization on xylem
constitutive defense was not significant. The genetic
structure of the investigated stands might have differed
substantially, and thus it is unlikely that the results would
have differed in other tree-growing areas in Finland.
Concomitantly, our study provides support for the conclu-
sion of Herms (2002), who proposed that in general,
fertilization treatments neither enhance nor reduce pest
resistance in woody plants.

At the breast (H1) and canopy height (H2), the
fertilization treatments had no significant effects on tracheid
length (data not shown). In SITE3, tracheids in xylem
collected from H1 and H2 were significantly (/5 ;5>5.141,
P<0.05 and F;, ;5>4.915, P<0.023) longer than in trees
growing at the other sites. In the pooled data, there was a
negative correlation between the growth of annual rings and
tracheid length (Fig. 3), but this was not associated with the
fertilization treatments. Similarly, a fertilization experiment
with Norway spruce (Picea abies) observed decreased
tracheid length (Mékinen et al. 2002). Lucas et al. (2000)
detected differences between the mechanical properties of
xylem, and this in turn had an impact on the performance of
herbivores. We found that the RGR of I2L exhibited a
significant positive correlation (#=0.359, P=0.009, N=53)
with the latewood tracheid length, and xylem consumption
of I3L showed a positive correlation (#>0.542, P<0.030,
N=16) with both early- and latewood breast height tracheid
lengths. These results indicate that cell properties could
influence the growth of late instar larvae, but not the growth
of the neonatal larvae. Furthermore, xylem cell properties
may explain some of the differences occurring in growth
performance of xylophagous H. bajulus larvae.

In summary, the nitrogen concentration of xylem had a
positive effect on wood borer performance, but the impact
was stronger on early instar than on late instar H. bajulus
larvae. It is likely that fertilization treatments induce
changes in the growth and nutrient concentrations of xylem,
but that these do not lead to any major changes in tracheid
properties or in constitutive defense level of xylem. The
effect of long-term fertilization on the performance of
wood-boring xylophagous H. bajulus larvae was notable,
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and our results suggest that variation in the growth of Scots
pine forests can have effects on the utilization of xylem by
H. bajulus larvae.
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Abstract Locoweeds (Astragalus and Oxytropis spp. that
contain the toxic alkaloid swainsonine) cause widespread
poisoning of livestock on western rangelands. There are
354 species of Astragalus and 22 species of Oxytropis in
the US and Canada. Recently, a fungal endophyte,
Embellisia spp., was isolated from Astragalus and Oxy-
tropis spp. and shown to produce swainsonine. We
conducted a survey of the major locoweeds from areas
where locoweed poisoning has occurred to verify the
presence of the endophyte and to relate endophyte infection
with swainsonine concentrations. Species found to contain
the fungal endophyte and produce substantial amounts of
swainsonine were A. wootoni, A. pubentissimus, A. mollis-
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simus, A. lentiginosus, and O. sericea. Astragalus species
generally had higher concentrations of swainsonine than
Oxytropis. Swainsonine was not detected in A. alpinus, A.
cibarius, A. coltonii, A. filipes, or O. campestris. The
endophyte could not be cultured from A. mollissimus var.
thompsonii or A. amphioxys, but was detected by polymer-
ase chain reaction, and only 30% of these samples
contained trace levels of swainsonine. Further research is
necessary to determine if the endophyte is able to colonize
these and other species of Astragalus and Oxytropis and
determine environmental influences on its growth and
synthesis of swainsonine.

Keywords Locoweed - Astragalus wootoni - Astragalus
pubentissimus - Astragalus mollissimus - Astragalus
lentiginosus - Oxytropis sericea - Swainsonine - Poisonous
plant - Livestock poisoning

Introduction

Historically, locoweeds (Astragalus and Oxytropis spp. that
contain the toxic alkaloid swainsonine) have caused wide-
spread livestock losses on western rangelands (Kingsbury
1964), and they remain a major impediment to livestock
production (Ralphs et al. 2002a). There are 354 species of
Astragalus and 22 species of Oxytropis in the US and
Canada (Welsh et al. 2007a), and Astragalus and Oxytropis
plants occur in every major plant community on western
rangelands. Only 24 species in North America have been
verified to contain swainsonine or have a history of causing
locoism (Ralphs et al. 2002a).

Recently, a fungal endophyte, Embellisia spp. Pleospor-
aceae, was isolated from Astragalus and Oxytropis spp. and
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shown to produce swainsonine (Braun et al. 2003).
Creamer et al. (2007) summarized recent research on
Embellisia in locoweeds and its synthesis of swainsonine.
The fungus was isolated from the stems, leaves, flowers,
and seed of locoweed plants (Braun et al. 2003) and was
shown to be solely responsible for the synthesis of
swainsonine, and thus the toxicity of the plant (McLain-
Romero et al. 2004a). Fungal isolates from Oxytropis
species were similar, but those from Astragalus species
were genetically and morphologically diverse (Belfon and
Creamer 2003), suggesting they may be different species or
subspecies. The fungus is passed to the next generation
through the seed coat (Romero et al. 2002), and when the
seed coat is removed and the embryo germinated alone, the
plants are fungus- and swainsonine-free (McLain-Romero
et al. 2004b). Environmental stresses, such as moderate
water stress and a decrease in pH, appear to increase
swainsonine concentration in Embellisia cultures (Oldrup
2005). An increase of the temperature or nutrient deficiency
(N, P, K) did not influence swainsonine concentration.
Gardner et al. (2004) reported a strong correlation (r=0.92)
between swainsonine concentration and presence of the
endophyte in plant parts.

There is a need to verify both the endophyte and its
synthesis of swainsonine in major locoweed species.
Previous studies have shown variability in the ability to
culture the endophyte and detect swainsonine among
varieties, populations, and individual plants. Of the three
varieties of O. lambertii, the endophyte was cultured and
swainsonine was measured only in var. bigelovii, and then
only in its populations in the southwest U.S. (Ralphs et al.
2002b). Gardner et al. (2001) reported there were some
individual plants within all surveyed populations of both O.
sericea and O. lambertii where swainsonine concentration
was below the level of detection, and that plant-to-plant
variation in swainsonine concentration was the greatest
source of variability in the statistical model.

The objective of this study was to collect the major
locoweeds from areas where locoweed poisoning has
occurred, verify the presence of the endophyte, and relate
endophyte infection with swainsonine concentrations. Other
Astragalus and Oxytropis species encountered in the survey
were harvested for a random check of the endophyte in
nonlocoweed species.

Methods and Materials

Collection and preparation of samples Locoweed species,
varieties, and populations, along with locations are pre-
sented in Table 1. All plants at all locations were collected
during the flower stage of growth during the spring and
summer 2005. Five or 10 plants were collected at each

location, and each plant was divided into three subsamples,
each containing leaves, stems, and flowers. One subsample
was pressed to quickly dry the intact plant for subsequent
isolation and culturing of the endophyte. The other two
subsamples were frozen immediately on dry ice. One frozen
sample was used for polymerase chain reaction (PCR)
detection of the endophyte, and the other was later freeze-
dried and retained for swainsonine analysis. Two represen-
tative plants were pressed at each location; one for positive
identification and a voucher specimen that is archived at the
S.L. Welsh Herbarium in the Monte L. Bean Life Science
Museum, Brigham Young University, Provo, UT, USA, and
the other is archived at the Poisonous Plant Research
Laboratory herbarium in Logan, UT, USA.

Swainsonine assay Samples were analyzed for the toxin
swainsonine by the procedures described by Gardner et al.
(2001). In brief, samples were freeze-dried, all parts were
ground together, and 100 mg of plant material was
extracted with chloroform and acetic acid. The acetic acid
portion was passed through a cation exchange resin to
retain the swainsonine, which was subsequently removed
with a weak ammonium hydroxide solution. An aliquot of
the final extract was quantitatively analyzed for swainso-
nine by liquid chromatography—mass spectrometry. The
detection limit of swainsonine was 0.001% of dry weight.
In samples with a low swainsonine concentration near the
detection limit, the presence in the sample was confirmed
by a second assay of the extract by using gas chromatog-
raphy/mass spectrometry (GC/MS; Gardner et al. 2001).
For GC/MS analysis, a 1.0-ml aliquot of the sample extract
was evaporated to dryness under a flow of nitrogen at 60°C.
To the dried sample was added 0.200 ml of N,O,-bis
(trimethylsilyl) trifluoroacetamide with 1% trimethylchlor-
osilane (Pierce Chemical) and heated for 30 min at 60°C.
The samples were then transferred to a 400-ul glass insert
for the GC auto sample vial and analyzed by GC/MS (2 pl
injection). Detection of swainsonine was confirmed by
comparison of GC retention time and mass spectrum to that
of a standard swainsonine sample (TMS); derivative.

PCR detection of endophyte Frozen plant specimens were
used for the detection of the endophyte with PCR. For each
plant, 0.3 g of the frozen tissue was ground with liquid
nitrogen. Following the protocol for the DNEasy Plant Mini
kit (Qiagen, Valencia, CA, USA), DNA was extracted from
the ground samples. The PCR reaction mixture contained a
final concentration of 400 uM dNTP's (Promega, Madison,
WI, USA), 3 mM MgCl,, 0.25 uM each primer, 1.25 n
GoTaq Flexi DNA Polymerase (Promega, Madison, WI,
USA), and 5X Green GoTaq Flexi buffer supplied with the
enzyme. Sterile water and 5 pl of the DNA extract were
added for a total volume of 50 pl. Primers used to amplify
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Table 1 Locoweed species, varieties, locations, and plant community of collections

Species/Variety Location GPS Plant Community Voucher®
A. wootonii Truth or Consequences, NM N 33° 20’ 06.3" Creosote bush
W 107° 17" 31.1"
Ft. Davis, TX N 30° 38’ 42.7" Blue grama 474326
W 103° 57" 40.5" Sideoats grama
A. mollissimus
var. earleii Alpine, TX N 30° 32’ 10.4" Blue grama 474331
W 103° 57" 13.2"
Ft. Davis, TX N 30° 33" 30.2" Blue grama 474332
W 103° 51" 40.5"
Ft. Davis, TX N 30° 38" 18" Blue grama
W 103° 55’ 20.1"
var. mollissimus Kenton, OK N 36° 50’ 55" Blue grama 474333
W 103° 01’ 31"
Farley, NM N 36° 21" 52" Blue grama 474334
W 104° 00’ 27"
Capulin, NM N 36° 40’ 59" Blue grama 474335
W 104° 01’ 04" Little bluestem
var. thompsonii Shiprock, NM N 36° 48' 18.7" Salt desert shrub 474336
W 103° 52" 18"
Blanding, UT N 37° 33’ 05" Pinyon/juniper 474327
W 109° 36’ 30.3"
Lisbon Valley, UT N 38° 8’ 53.2" Salt desert shrub 474329
W 109° 21’ 23.3"
Price, UT N 39° 24" 37.4" Pinyon/juniper
W 110° 25" 55.9"
Sanders, AZ N 35°9"16.4" Pinyon/juniper 474328
W 109° 20" 5.2”
A. lentiginosus
var. diphysus St. Johns, AZ N 34° 28' 5.4" Pinyon/juniper 474352
W 109° 21" 2.5"
St. Johns, AZ N 34° 50" 29.4" Juniper 474346
W 109° 14’ 13.4"
var. araneosus Wahwah Valley, UT N 38° 24’ 10.804" Wyo. Big sage 474349
W 113° 16’ 39.62"
Wahwah Valley, UT N 38° 23’ 45.6" Pinyon juniper
W 113° 17" 28.66"
Milford, UT N 38° 26’ 6.17" Big sage
W 113° 0" 32.76"
var. wahweapensis Hanksville, UT N 38° 11" 36.9" Pinyon juniper
W 110° 44’ 52.5"
Henry Mt, UT N 38° 05’ 55.7" Juniper/galletta grass 474351
W 110° 55" 8.6"
var. lentiginosus Juntura, OR N 43° 46' 57.5" Big sage 473901
W 118° 14’ 1.7"
A. pubentissimus Bonanza, UT N 39° 59" 6.7" Black sage 474344
W 109° 10’ 38.8"
Green River, WY N 41° 16" 40" Wyoming big sage 474343
W 109° 37" 27.1"
O. sericea Chico, NM N 36° 28" 46" Blue grama/buffalo grass 474340
W 104° 09’ 39"
Des Moines, NM N 36° 38’ 18" Blue grama/little bluestem 474339
W 103° 56' 14"
Virginia Dale, CO N 40° 54’ 13.6" Midgrass Prairie 474341
W 105° 18’ 14.8"
Green River, WY N 41° 24" 423" Wyoming big sage 474342
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Table 1 (continued)
Species/Variety Location GPS Plant Community Voucher®
Raft River Mt., UT N 41° 54’ 15.4" Mountain grassland
W 113° 20" 54.9'
Nonlocoweed
A. alpinus Denali, AK N 63° 43’ 56.69" Boreal forest

A. amphioxys

A. cibarius
A. coltonii
A. filipes

O. campestris

Truth or Consequences, NM
Bernalillo, NM

Big Water, UT

Nephi, UT

Monticello, UT

Juntura, OR

Denali, AK

W 148° 55’ 8.96"
N 30° 20" 06.3"
W 107° 17" 31.1"
N 35° 20" 12.3"
W 106° 39’ 28.2"
N 37° 5" 55.7"
W 111° 30" 36.4"
N 39° 44" 374"
W 111° 54" 28.6"
N 37° 46’ 16.4"
W 109° 21’ 23.3"
N 43° 46’ 57.5"
W 118° 14" 1.7"
N 63° 43" 56.69"
W 148° 55’ 8.96"

Creosote bush
Pinyon/juniper

Salt desert shrub
Wyoming big sagebrush
Oakbrush

Big sagebrush

Boreal forest

#Voucher specimens held in the S.L. Welch Herbarium, M.L. Bean Natural History Museum, Brigham Young University, Provo, UT.

the internal transcribed spacer (ITS) region were ORI (5’
GTC AAA AGT TGA AAATGT GGC TTG 3') and ITS 5
(White et al. 1990). Conditions for PCR were 94°C for 3 min
followed by 30 cycles of 94°C for 45 sec, 48°C for 1 min,
and 72°C for 30 sec with a final extension at 72°C for
5 min.

For analyzing the PCR products, a 1.5% agarose gel that
contained ethidium bromide was run at 100 V for 1.5 hr
and visualized under UV illumination. Positive amplifica-
tions resulted in a band of approximately 580 base pairs
(bp). Because the primer set can also amplify Alternaria
species, all positive amplifications were digested with the
restriction enzyme Avall. For digestion, 5 ul of PCR
product were added to 0.5 pl Avall (Promega, Madison,
WI, USA), 1 ul buffer C supplied with the enzyme, and
sterile water for a total of 10 ul. After incubation at 37°C
for at least 1 hr, restriction fragments were separated by gel
electrophoresis according to the conditions above. A result
of two fragments of lengths 200 and 380 bp confirmed the
positive detection of the locoweed endophyte.

Isolation of endophyte Fungal isolation was conducted
from four subsamples of leaves, stems, and flowers (if
present) of dried plant specimens. The greenest tissues were
selected and surface sterilized for 30 sec in 70% ethanol,
followed by 3 min in 20% bleach, and then 30 sec in sterile
water. Tissues were dried on sterile paper towels and plated
onto water agar media. To expedite the growth of the
fungus, the tissues were pressed into the agar. Plates were
stored at room temperature and examined weekly for fungal
growth. Any observed fungal growth was transferred to

potato dextrose agar (PDA) plates and stored at room
temperature for comparative morphological analysis.

Culture isolates were labeled positive when the morphol-
ogy on PDA matched that of known locoweed endophytes.
To confirm a positive result, a portion of the culture was
dissected away from the media, ground with liquid nitrogen,
and analyzed by PCR by using the same protocol as listed
above for frozen plant specimens. If samples gave differing
results by culture and PCR, PCR was carried out from the
dried plant material or the cultured fungus.

Results

Swainsonine Astragalus locoweed species were higher in
swainsonine concentration than Oxytropis species (Table 2).
Within the Astragalus genus, A. wootonii had the highest
concentration of swainsonine (0.37%) followed by A.
pubentissimus (0.21%). Varieties of 4. mollissimus (exclud-
ing A. mollissiums va. thompsonii) and A. lentiginosus were
similar (0.19% vs. 0.15%, respectively). O. sericea
contained the lowest amount of swainsonine within the
locoweeds, 0.04%. Swainsonine was not detected in A.
alpinus, A. cibarius, A. coltonii, A. filipes, or O. campestris.

Endophyte The endophyte was cultured from most samples
that contained substantial quantities of swainsonine
(>0.025%; Table 3). However, it could not be cultured
from A. m. thompsonii, A. amphioxys, and a few of the
individual plants of the other locoweeds, but its presence
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Table 2 Swainsonine concentration (% of dry weight) in Astragalus and Oxytropis species and varieties

Species Variety N Swainsonine SE Min Max
%

A. wootoni 11 0.37 0.06 0.25 0.43

A. pubentissimus 10 0.21 0.012 0.16 0.27

A. mollissimus earleii 30 0.22 0.012 0.01 0.38
mollissimus 15 0.14 0.007 0.11 0.21
thompsonii 25 0.001 0.0004 0 0.008

A. lentiginosus diphysus 10 0.23 0.018 0.18 0.39
lentiginosus 5 0.15 0.016 0.11 0.19
wahweapensis 10 0.15 0.019 0.002 0.20
araneosus 15 0.11 0.011 0.001 0.14

O. sericea sericea 26 0.04 0.005 0 0.09

Nonlocoweed species

A. alpinus 1 0

A. amphioxys 8 0.001 0 0.005

A. cibarius 5 0

A. coltonii 5 0

A. filipes 2 0

O. campestris 1 0

was detected by PCR in all these samples. Furthermore,  Discussion

swainsonine was not detected, or was near the detection
limit (0.001%) in these samples. In A. m. thompsonii,
swainsonine was not detected in collections from Price and
Moab UT, and was low or at the detectable limit in
collections from Blanding UT, Shiprock NM, and Sanders
AZ. Likewise, only one sample of A. amphioxys contained
swainsonine near the detection threshold (0.005%). A few
samples of the other species and varieties did not contain
swainsonine, or it was at the detection threshold: O. sericea
(4/26 plants), A. [ araneosus (2/15 plants), and A4. [
wahweapensis (1/10 plants; Table 3).

The locoweed species selected in this study were taken
from locations where locoweed poisoning is frequent. This
study verified that the locoweed species 4. wootoni, A.
pubentissimus, A. mollissimus vars. Earleii and mollissi-
mus, A. lentiginosus vars. diphysus, lentiginosus, wahwe-
pensis, and arenosus, and O. sericea contain the fungal
endophyte and produce substantial amounts of swainsonine.
This was the first report of endophyte detection by culture
or PCR from A. wootoni, A. pubentissimus, and the four
varieties of A. lentiginosus.

Table 3 Number of samples in which detectable amounts of swainsonine was found, and the endophyte was detected from culture or PCR

Species Variety Swainsonine Endophyte
Culture PCR
+ - Low + -
A. wootoni 11 0 0 11 0 11
A. pubentissimus 10 0 0 9 1 10
A. mollissimus earleii 30 0 0 27 3 30
mollissimus 15 0 0 12 3 15
A. lentiginosus diphysus 10 0 0 8 2 10
lentiginosus 5 0 0 5 0 5
wahweapensis 9 0 1? 8 2 10
araneosus 13 0 28 14 1 15
O. sericea sericea 22 1? 3? 22 4 26
Total 125 1? 6* 116 16 132
A. mollissimus thompsonii 0 16* 9* 0 25 25
A. amphioxys 0 6° 1? 0 7 7

PCR detected the endophyte in all samples.
# Swainsonine near or below detection level (0.001).
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Astragalus locoweeds were generally higher in swainso-
nine than the Oxytropis species. The endophytes associated
with Astragalus spp. may be different species or strains of
fungus from those that occur in O. sericea and O. lambertii
(Belfon and Creamer 2003). Braun et al. (2003) reported that
locoweed populations that had high concentrations of
swainsonine produced endophyte cultures that were also high
in swainsonine concentration, suggesting that fungal genetics
influence swainsonine production. The amount of fungus
within the plant, its growth rate, and environmental stress,
may also affect swainsonine concentration of the plant.

We confirmed that samples of A. alpinus, A. cibarius, A.
coltonii, A. filipes, and O. campestris did not contain
swainsonine, and are, therefore, not likely poisonous.

The toxicity of two species and some individual plants
were equivocal. 4. amphioxys has not been considered to be
a poisonous locoweed; however, we detected the endophyte
by PCR in all its samples and found swainsonine near the
detection threshold in one sample (0.005%). Swainsonine
concentration of some samples of A. m. thompsonii were
near the detection threshold and others were below it.
Vallotton and Sterling (2002) also reported that A. m.
thompsonii contained very low concentrations of swainso-
nine. In a phylogenetic analysis of locoweeds from New
Mexico, A. m. thompsonii was grouped in a different cluster
from A. m. mollissimus and A. m. earleii (Kulshreshta et al.
2004). Taxonomically, A. m. thompsonii was originally
classified as a separate species based on its densely
pubescent pods compared to glabrous pods in the other A.
mollissimus varieties (Welsh 2007b).

There appears to be a discrepancy in the ability to culture
the endophyte, its detection by PCR, and subsequent
concentration of swainsonine. The endophyte was cultured
from most samples where swainsonine concentration was
greater than 0.025%. However, it could not be cultured
from samples that contained swainsonine near or below the
detection threshold (approximately 0.001%), although the
endophyte was detected by PCR. The endophyte appears to
be present in these plants, yet it apparently does not grow
and produce swainsonine. The endophyte in individual
plants of O. sericea (four), A. I areaneosus (two), and 4. I
wahweapensis (one), although present, simply may not
have colonized these specific plants. Species and varieties,
such as A. amphioxys, A. m. thompsonii, and O. [. articulata
and O. L lambertii from the previous study (Ralphs et al.
2002b), may contain an endophyte strain that does not
colonize the plant effectively, or these plants may suppress
its growth.

Fungal endophytes from the Clavicipitaceae family
(Claviceps, Neotyphodium, Epichloe, Balansia, Myriogens-
pora) occur in temperate pasture grasses throughout the
world and produce alkaloids that cause fescue toxicosis in
livestock and insects (Porter 1997). Specific alkaloids and

their metabolites vary across endophyte strains, grass
varieties, and the environment. The endophyte is transferred
from the seed of the maternal plant to the successive
progeny, which defines the genetic potential of the
endophyte (Adcock et al. 1997). However, the plant
genotype exerts a large effect in suppressing the fungal
growth and subsequent alkaloid synthesis (Agee and Hill
1994; Roylance et al. 1994). Symbiotic relationships of
these endophytes increase the fitness of their host grasses
(Omacini et al. 2005) and arid land plants (Barrow and
Aaltonen 2001; Barrow 2003; Lulcero et al. 2006). Further
research is necessary to determine if Embellisia spp.
enhances the fitness of locoweeds.

The question remains as to the potential toxicity of
plants having swainsonine concentrations near the detection
threshold. Molyneux et al. (1994) suggested a conservative
threshold of toxicity at 0.001%. Swainsonine doses at or
above 0.2 mg/kg/day for at least 21 d produced irreversible
neurologic disease (Stegelmeier et al. 1999). Less is known
of the effect of lower doses of longer duration, but it has
been suggested they produce transient weight loss and
biochemical lesions (Stegelmeier et al. 1999). Swainsonine
concentration in locoweeds of 0.004% would produce a
dose of 0.2 mg/kg/day, based on the average locoweed
consumption of 25% in diets (Ralphs 1993) and intake of
2% of body weight. Therefore, swainsonine concentrations
near the detection threshold (approximately 0.001%) may
be potentially toxic.

In summary, locoweed species that historically caused
the majority of locoweed poisoning in the western U.S.
were found to contain the fungal endophyte and produced
toxic amounts of swainsonine. Astragalus species were
generally higher in swainsonine concentration than Oxy-
tropis species. The inability to culture the endophyte from
A. m. thompsonii and A. amphioxys, and the inconsistency
of detection of swainsonine in varieties of O. lambertii
from the previous study, raises questions as to the genetic
relationships among some species and varieties in the
transmission of the endophyte, and its ability to colonize
the plant and synthesize swainsonine. Further research is
required to answer these questions.
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Abstract Beneficial bacteria that live on salamander skins
have the ability to inhibit pathogenic fungi. Our study
aimed to identify the specific chemical agent(s) of this
process and asked if any of the antifungal compounds
known to operate in analogous plant-bacteria—fungi sys-
tems were present. Crude extracts of bacteria isolated from
salamander skin were exposed to HPLC, UV-Vis, GC-MS,
and HR-MS analyses. These investigations show that 2,4-
diacetylphloroglucinol is produced by the bacteria isolate
Lysobacter gummosus (AB161361), which was found on
the red-backed salamander, Plethodon cinereus. Further-
more, exposure of the amphibian fungal pathogen, Batra-
chochytrium dendrobatidis (isolate JEL 215), to different
concentrations of 2,4-diacetylphloroglucinol resulted in an
ICs5o value of 8.73 uM, comparable to crude extract
concentrations. This study is the first to show that an
epibiotic bacterium on an amphibian species produces a
chemical that inhibits pathogenic fungi.

Keywords Beneficial bacteria - Chytridiomycosis -
2,4-diacetylphloroglucinol - Plethodon cinereus -
Lysobacter gummosus - Pathogenic fungi - Salamander

Introduction

Mutualisms between bacteria and metazoa are ubiquitous
and ecologically important. Some well-studied mutualisms
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R. N. Harris (<) - K. P. C. Minbiole

Departments of Biology and Chemistry,
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involve antifungal bacteria and their hosts, including
bacteria that reside on plant roots and on the cuticle of leaf
cutter ants (Currie et al. 2006; Raaijmakers et al. 2002).
Amphibians, which inhabit moist surroundings hospitable to
fungi, not only produce defensive secretions that inhibit fungi
and other skin microbes (Simmaco et al. 1998; Rollins-Smith
et al. 2005), but also harbor a distinct resident cutaneous
bacterial community (Harris et al. 2006; Lauer et al. 2007)
that resists removal by thorough rinsing. A specific chemical
agent of fungal inhibition, however, has remained uniden-
tified. Therefore, this study aimed to isolate an antifungal
substance from the cutaneous bacterial community of an
amphibian species and to test for its inhibitory activity
against a pathogenic fungal species.

Our previous work demonstrated that bacteria isolated
from skin of different amphibian species and grown in a
low nutrient medium on a Petri dish inhibit fungi that are
pathogenic to amphibian adults and embryos (Harris et al.
2006; Lauer et al. 2007). While these results suggest that
antifungal bacteria produce an antibiotic, inhibition by
resource competition can also occur. Crude extract removed
from bacteria grown in broth culture, however, inhibited a
fungal pathogen (Walters 2007), providing evidence that
skin bacteria had produced one or more antifungal
chemicals. Of the various antifungal species identified by
sequencing of the 16S rRNA gene (~1,400 bp), an isolate
with 99% genetic match to Lysobacter gummosus
(AB161361, GenBank) was chosen for this study because
of its consistently strong antifungal properties. This species
was isolated from the red-backed salamander, Plethodon
cinereus, and from the four-toed salamander, Hemidactylium
scutatum.

To begin our study, we focused on antibiotics known to
be produced by Pseudomonas fluorescens, a relative of
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Fig. 1 The chemical structures of pyoluteorin, pyrrolnitrin, and 2,4-
diacetylphloroglucinol

Lysobacter. The bacterium P. fluorescens is common in
soil, on plant roots, and on amphibian skin, and is
inoculated onto pea, wheat, and sugar beet roots to protect
them from diseases (Timms-Wilson et al. 2005). This
widespread bacterium P. fluorescens produces many differ-
ent antibiotics. In this study, three of these were investigated
and compared to the L. gummosus antibiotics: pyoluteorin,
pyrrolnitrin, and 2,4-diacetylphloroglucinol (=2,4-DAPG;
Whistler et al. 1998; Ligon et al. 2000; Sako et al. 2001;
Brodhagen et al. 2004; Fig. 1).

Materials and Methods
Bacteria Isolates

Pure cultures of L. gummosus (AB161361) were obtained
from the salamander Plethodon cinereus after a thorough
rinsing of the animals to remove transient bacteria. Adult
salamanders were obtained from James Madison University
Arboretum, Harrisonburg, VA, USA. All L. gummosus
isolates were stored in 20% glycerol solution and frozen at
—20°C. When needed, L. gummosus was cultured onto R2A
solid medium and allowed to grow at room temperature for
72 h. Isolates were cultured this way three times before
extraction. Bacterial species identifications were made by
sequencing a portion of the 16S rRNA gene and comparing
the sequence with the GenBank database (www.ncbi.nlm.
nih.gov/blast).

Preparation and Extraction of Crude Organic Samples

To extract bacterial products, broth cultures were grown.
The L. gummosus isolate was inoculated into separate
250 ml flasks containing 1/10 strength Nutrient Broth
medium (NB, Becton, Dickinson and Company, Sparks,
MD, USA). Each liquid culture, as well as a 1/10 strength
NB control, was kept at room temperature for 72 h in a
Lab-Line incubator shaker. Bacterial cells were in station-
ary phase when they were removed from the nutrient broth
to leave a “crude extract” as follows. The cultures were
poured into 50 ml Falcon tubes and centrifuged at 5,000xg
for 5-10 min. The supernatant was filtered through a
25 mm sterile syringe filter with 0.22 um pores into new
Falcon tubes to remove any remaining bacteria. The

@ Springer

supernatant was acidified to pH<2 by using 1 M HCL
Each Falcon tube was frozen at —20°C until needed for
chemical analysis.

To extract organic compounds, approximately 90 ml
of crude extract supernatant from the L. gummosus broth
culture were poured into a separatory funnel. The aqueous
layer was extracted x4 with 35 ml of ethyl acetate (EtOAc).
The combined organic layers were dried with Na,SO, and
filtered. The EtOAc solvent was evaporated in vacuo, and a
crude recovery calculated. The crude samples (3-9 mg)
were then kept frozen in a —20°C freezer until further
analysis. A total of five samples were extracted.

HPLC Analysis of Extract

Each crude sample was dissolved in high-performance
liquid chromatography (HPLC)-grade methanol (2 ml)
before analysis. Standard solutions of 2,4-DAPG, pyrrolni-
trin, and pyoluteorin were also prepared in HPLC-grade
methanol (1 mg/ml). 2,4-DAPG and pyrrolnitrin were used
as purchased (Sigma-Aldrich, Saint Louis, MO, USA and
Maybridge Trevillett, Tintagel, UK); pyoluteorin was
synthesized in three steps, slightly modifying a method
described by Rao and Reddy (1990).

RP-HPLC analysis (Agilent Technologies, 1200 series,
Wilmington, DE, USA) was used to determine the retention
times of the antifungal standards as well as to analyze the
components of bacterial samples. The HPLC diode array
detector was programmed to observe and record absorbance
at 270 and 310 nm. These two wavelengths best correlate to
the A\ .x of the standards: 2,4-DAPG at 270 nm, pyrrolni-
trin at 252 nm (broad), and pyoluteorin at 310 nm (Sako
et al. 2001; Brodhagen et al. 2004). The samples were
injected (20 pl) into the HPLC equipped with a C18 reverse
phase column (5 um; 4.6x 150 mm; Agilent Technologies)
and cluted at 1 ml/min. The initial eluent, 10% acetonitrile/
water (v/v, both acidified with 0.1% acetic acid), ran for
2 min. This was followed by a linear gradient to 100%
acetonitrile (acidified with 0.1% acetic acid), over an
18-min-period. This final solvent was eluted for another
3 min. Samples showing absorbance at 270 or 310 nm were
collected.

GC-MS Analysis of Extract

The standards and HPLC eluates were further analyzed by
using coupled gas chromatography—mass spectrometry
(Thermo/Finnigan Polaris Q, Somerset, NJ, USA; column:
Restek, Rtx-5 crossbond 5% diphenyl-95%dimethyl poly-
siloxane, length: 30 m, i.d.: 0.25 mm; particle size 0.25 um);
1.0 pl-samples in HPLC grade methanol were injected
(injector temperature: 200°C; EI full scan, mass range
50-500 amu, ion source 200°C). Column temperature began
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Fig. 2 HPLC chromatogram

(270 nm) comparing Lysobacter

gummosus crude extract (solid 35
line, left scale) and 2,4-DAPG
standard (dashed line, right
scale). Both samples had similar
retention times on the HPLC
chromatograms (13.46 min).
The L. gummosus extract

had several additional peaks,
including several very large
peaks that were artifacts from 15
the nutrient broth

304

25

20

mAU

2,4-DAPG standard, 13.46 min —"— “

L. gummosus extract, 13.46 min

at 180°C for 2 min and increased to 280°C within 10 min.
Retention times and mass spectra of the substances were

compared to chemical standards of pyoluteorin, pyrrolnitrin,
and 2,4-DAPG.

HR-MS Analysis of Extract

The crude L. gummosus extract and 2,4-DAPG were
analyzed by high resolution mass spectrometry (HR-MS).
ESI mass spectra were obtained with an LCT-TOF mass
spectrometer (Micromass, Harvard University Mass
Spectrometry Facility).

Inhibitory Assay

To quantify the antifungal properties of 2,4-DAPG, a liquid
growth assay was developed by using the fungal pathogen
Batrachochytrium dendrobatidis. In a 96-well microtiter
plate, 12 concentrations of 2,4-DAPG (ranging from 475 to
0.232 uM) as well as positive and negative controls were
examined. Five replicates were performed per assay. Each
well contained 125 pl of 1% tryptone medium plus 100 pl
of fungal zoospores in 1% tryptone medium at a concen-
tration of ~1*10° zoospores/ml (determined by using a
hemocytometer). The plates were incubated for 1 day at
23°C before 25 pl of a solution of 2,4-DAPG in dimethyl
sulfoxide (DMSO) were added. A volume of 25 ul neat
DMSO was added to the positive control wells; heat-killed
zoospores were used in the negative control. The optical
density at 490 nm (ODy9() of each plate was measured with
a BioRad microplate reader (model 680, Hercules, CA,
USA), on days 0 and 8. Inhibition was determined
by comparing the difference of the final and initial growth
to the positive control by using a Dunnett’s test. The

Ti1r?1e (min)

logarithmic trend line was determined by linear regression
and used to calculate the ICsy,.

Results

RP-HPLC analysis of the organic extract of L. gummosus
revealed a peak at 13.46 min, as observed at 270 nm
(Fig. 2). This peak matched the HPLC retention time of the
2,4-DAPG standard (13.46 min). Furthermore, the UV
spectra of extract and standard were similar, each showing a

400+ 1

2,4-DAPG standard

3004

200

1004

D 0_ T T T T T T T
<
€ 1 L. gummosus extract
1.59
14
0.5
2
0
240 260 280 300 320 340 360

nm
Fig. 3 Comparison of UV-Vis spectrum of 2,4-DAPG standard (fop)
and a L. gummosus sample (bottom) eluted at same HPLC retention
time of 13.46 min. Both UV-Vis spectra share identical peak
patterning; (1) a tall peak at 270 nm and (2) a smaller “shoulder”
peak at 330 nm
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Fig. 4 Inhibitory Growth 0.07
Assay. Cell growth of the fungal

pathogen B. dendrobatidis

measured in optical density at 0.06
490 nm wavelength (ODg4q¢)
versus concentrations of
2,4-DAPG in uM on a log scale.
The trend line is displayed as
y==0.0081Ln(x)+0.0448;
IC50=8.73 uM; MIC=

136.13 uM; P<0.001

0.05

0.04

0.03

0.02

Cell Growth (OD490nm)

0.01

Amax Of 270 nm (Fig. 3). On GC-MS, the 2,4-DAPG
standard displayed a retention time of 6.76 min; the
corresponding mass spectrum indicated for M+: 210.1 m/z
and 211.1 m/z (M+H). The extract of L. gummosus showed
a peak with a retention time of 6.78 min, and a mass
spectrum with 210.1 m/z (M+) and 211.2 m/z (M+H).

HR-MS analysis of the 2,4-DAPG standard showed a
peak at 211.0603 m/z, corresponding to the calculated
(M+H) peak of 211.0607 m/z. The L. gummosus extract
showed a peak at 211.0612 m/z.

Analogous investigations (HPLC, UV-Vis, GC-MS) of
L. gummosus extracts for pyoluteorin and pyrrolnitrin did
not provide evidence for the presence of these compounds
in the crude sample.

The growth assay (Fig. 4), which used Batrachochytrium
dendrobatidis, indicated a 2,4-DAPG ICsq of 8.73 uM and
a minimum inhibitory concentration (MIC) of 136.13 uM.
These concentrations were calculated by using a regression
of log-transformed ODg49o values on 2,4-DAPG concen-
tration (F=1118.22, df=1,124, P<0.001). All 2,4-DAPG
concentration treatments differed significantly in ODygq
values from the positive control with the exception of the
0.23 uM and the 0.46 uM concentrations (a posteriori
Dunnett’s ¢ tests, P<0.05 for all comparisons).

Discussion

Four methods indicate that 2,4-DAPG was produced by
the amphibian skin bacterium L. gummosus. RP-HPLC
analyses repetitively resulted in nearly identical retention
times of a peak of the bacterial extract and the 2,4-DAPG
standard (Fig. 2); UV-Vis comparison demonstrated a
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nearly identical spectrum and A« (270 nm) of this peak
and 2,4-DAPG (Fig. 3). Furthermore, GC-MS and HR-MS
analyses support the presence of 2,4-DAPG in L. gummosus
extracts. Although the exact concentration of 2,4-DAPG
prevalent on an individual amphibian skin was not
investigated in this study, the concentration calculated from
the liquid cultures used in this study was about 2 pM.
Estimation of 2,4-DAPG concentrations of amphibian skins
will be the subject of further investigations.

Biologically, bacteria living on amphibian skin may act
as part of the innate immune system of amphibia by
preventing pathogens from colonizing. Amphibian species
that attend their embryos, such as H. scutatum, may use
skin bacteria and their antibiotics to keep their embryos free
of fungus. Additional studies will be necessary to determine
whether there are co-evolved mutualisms between amphib-
ian hosts and skin bacteria. The investigation of other
strong antifungal metabolites from a variety of epibiotic
bacterial species obtained from frogs and salamanders are
the focus of ongoing research. In addition, it would be of
interest to determine the relative role of amphibian
antimicrobial secretions and those of their bacterial sym-
bionts in deterring pathogens. The study of skin bacteria
and their antibiotics may also lead to an understanding of
why some species succumb to an emerging infectious
disease of the skin, chytridiomycosis, which is caused by
Batrachochytrium dendrobatidis, and others do not.
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Abstract Exploitation of Tyrian purple from muricid
molluscs, since antiquity, has prompted much interest in
its chemical composition. Nevertheless, there remains a
paucity of information on the biosynthetic routes leading to
observed sexual differences in pigmentation. A liquid
chromatography-mass spectrometry (LQ-MS) method was
developed to simultaneously quantify dye pigments and
precursors in male and female Dicathais orbita. The
prochromogen, tyrindoxyl sulfate, was detected for the first
time, by using this method in hypobranchial gland extracts
of both sexes. Intermediates tyrindoxyl, tyrindoleninone,
and tyriverdin were detected in female hypobranchial
glands, along with 6,6’-dibromoindigo, while males
contained 6-bromoisatin and 6,6’-dibromoindirubin. Multi-
variate analysis revealed statistically significant differences
in the dye composition of male and female hypobranchial
glands (ANOSIM, P=0.002), thus providing evidence for
sex-specific genesis of Tyrian purple in the Muricidae. Dye
precursors were also present in male and female gonoduct
extracts, establishing a mechanism for the incorporation of
bioactive intermediates into muricid egg masses. These
findings provide a model for investigating sex-specific
chemical divergences in marine invertebrates and support
the involvement of Tyrian purple genesis in muricid
reproduction.
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Introduction

Tyrian purple, also known as Shellfish purple and Royal
purple, is a historically important dye, traditionally obtained
from the hypobranchial glands of the Muricidae (Neo-
gastropoda: Mollusca). Exploitation of this dye from as
early as the 17th Century BC, has attracted the ongoing
interest of natural and cultural historians, archeologists,
dyers and colorists, artists, chemists, and biologists (Baker
1974; Cooksey 2001a, 2006; Haubrichs 2004, 2006;
Karapanagiotis and de Villemereuil 2006; Westley et al.
2006). In Historia Naturalis, Pliny the Elder provided the
first detailed description of colors obtained by dyeing with
different techniques and muricid species in ancient Rome
(Bailey 1929). Much later, Cole (1685) described how the
pigment develops in a series of color reactions under the
influence of sunlight. This process can now be explained by
a series of oxidation, dimerization, and photolytic cleavage
reactions (Fig. 1). A major advance was made by Friedlander
(1909), who resolved the structure of the principal
pigment, 6,6'-dibromoindigo (5). Baker and Sutherland
(1968) 1identified colorless tyrindoxyl sulfate (1), as the
ultimate dye precursor in the Australian muricid, Dicathais
orbita, and subsequent studies have revealed the intermedi-
ate precursors; tyrindoxyl (2), tyrindolinone, tyrindoleninone
(3; Baker and Duke 1973, 1976), and tyriverdin (4;
Christophersen et al. 1978; Fujise et al. 1980). Further
investigations of dyed artifacts and hypobranchial gland
secretions from various muricids have uncovered additional
precursors, artifacts, and minor pigments (Michel et al.
1992; Wouters 1992; Koren 1995, 2006; Cooksey 2001a, b,
2006; Cooksey and Withnall 2001; Karapanagiotis and de
Villemereuil 2006). These include the yellow oxidation by-
product, 6-bromoisatin (6), the red structural isomer of (5),
6,6"-dibromoindirubin (7; Fig. 1), indigo (8), indirubin (9),
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Fig. 1 Tyrian purple
genesis from tyrindoxyl
sulfate in the hypobranchial
gland of Dicathais orbita
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6-bromoindigo (10), 6-bromoindirubin (11), and 6'-
bromoindirubin (12; Appendix).

The first indication of a link between dye production and
reproduction in the Muricidae was provided by Aristotle’s
comments on “purpuras” in Historia Animalium ~350 BC
(Peck 1970). He stated that, “When the purpuras have
honeycombed (sic deposited egg capsules), their bloom (sic
hypobranchial gland) is at its worst”, a fact also reinforced
by Pliny the Elder in first Century AD (Bailey 1929).
However, this association was overlooked until more recent
investigations on egg masses of the Muricidae revealed the
presence of indigoid compounds (Palma et al. 1991;
Benkendorff et al., 2000, 2001, 2004). In the egg masses
of D. orbita, Benkendorff et al. (2000) not only reported
relatively high concentrations of tyriverdin (4) and tyrindo-
leninone (3), but also demonstrated that these intermediates

7. 6,6'-dibromoindirubin
(Red-purple)

have potent bacteriostatic and mild cytotoxic activity,
respectively. This discovery prompted the proposal of a
novel biochemical role for indigoid compounds in the
Muricidae, whereby they are incorporated into egg masses
as a form of maternal investment in the chemical defense of
developing embryos (Benkendorff et al. 2000; Westley et
al. 2006). The potential for precursor transfer from the adult
hypobranchial gland to the adjacent reproductive glands has
been supported recently by accounts of deep red pigmen-
tation in capsule and prostate glands of D. orbita
(Benkendorff et al. 2004). Furthermore, preliminary experi-
ments involving the excision of hypobranchial glands from
reproductive organs suggests that the pallial gonoduct
influences pigment synthesis (Benkendorff et al. 2004).
However, this study was limited to visual accounts.
Quantitative analysis is required to confirm the composition
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of dye products and, hence, the biochemical relationship
between these glandular structures.

Another question that remains to be resolved is whether
dye composition and pigmentation differ between sexes of
the Muricidae. Studies on hypobranchial gland secretions of
Murex trunculus by Elsner and Spanier (1985), initially
indicated that female glands produce predominantly purple
dyes, while dyes of masculine origin gain blue pigmenta-
tion due to the presence of indigo (8). However, the method
of specimen sexing was not reported, and subsequently,
Verhecken (1989) proposed the opposite. Verhecken’s
proposal is consistent with recent visual accounts of red
dye pigmentation in male M. trunculus and a more blue
shade of purple in females (Fig. 2, Boesken Kanold,
personal communication). Michel and colleagues (1992)
failed to confirm any correlation between dye color and
sex; however, a high incidence of pseudohermaphrodism
may have influenced their results. Nevertheless, the final
pigmentation of male samples after storage in the dark was
described as predominantly purple, suggesting that male

Fig. 2 Extract preparations

(a) and dried pigments

(b) from Hexaplex (Murex)
trunculus (photos provided by
Inge Boesken Kanold, France).
Male hypobranchial gland
extracts, complete with prostate
glands (leff), display purple/red
pigmentation in comparison to
the purple/blue hue of female
hypobranchial and capsule gland
extracts (right)
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glands contain relatively less of the non-brominated
indoxyl precursors and, hence, less indigo (Michel et al.
1992). An alternative hypothesis for the prevalence of red
purple dyes in males could be related to the formation of
red indirubins, structural isomers of indigoids that evolve in
oxygen-rich environments (Fig. 1). Sensitive chemical
analysis of male and female dye is required to assess
objectively any sex-related differences in composition.
Over the last couple of decades, advances in chemical
analysis by high performance liquid chromatography
(HPLC) and mass spectrometry (MS) have facilitated the
rapid and accurate detection of indigoid pigments (McGovern
et al. 1990; Wouters and Verhecken 1991; Wouters 1992;
Koren 1995, 2006; Szostek et al. 2003; Andreotti et al.
2004; Puchalaska et al. 2004; Karapanagiotis and de
Villemereuil 2006; Polec-Pawlak et al. 2006). To date,
however, no one has applied modern LC-MS techniques to
analyze simultaneously the full suite of precursors and
pigments that constitute Tyrian purple. In the current
investigation, an effort was made to preserve glandular
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biochemistry to examine dye genesis in the presence of
precursors. Extracts from the hypobranchial and reproduc-
tive glands of D. orbita were employed, as this species
possesses a comparatively simple biosynthetic pathway to
Tyrian purple from a single brominated prochromogen (1;
Fig. 1; Baker and Sutherland 1968) that is representative of
most Muricidae (Cooksey 2006). Furthermore, previous
studies on D. orbita provided the first evidence for dye
precursors in egg capsules (Benkendorff et al. 2000) and
observations of pigmentation in the reproductive organs
(Benkendorff et al. 2004). This investigation aimed to
quantify precursor and pigment composition in the female
pallial gonoduct, specifically, the capsule, albumen, and
ingesting glands, as a means for establishing maternal
investment in embryonic chemical defense. Following from
earlier observations (Benkendorff et al. 2004), analysis of
dye composition in hypobranchial glands, attached and
detached from male prostate and female capsule glands,
was also undertaken to establish further the relationship
between dye genesis, reproduction, and sex.

Methods and Materials

Six male and six female D. orbita specimens were sampled
from subtidal rocky platforms along the metropolitan
coastline of South Australia before the breeding season
(July—August, 2005 and 2006). An additional three females
were collected during breeding season (December, 2005)
for dissection and extraction of ingesting glands. Females
were identified by the presence of an albumen and capsule
gland and the absence of a penis, posterior to the right eye
tentacle, and sperm ducts, which occur in pseudohermaph-
rodites after exposure to tributylin tin (Gibson and Wilson
2003).

The shell of each specimen was removed by cracking
with a vice at the junction of the primary body whorl and
spire, and the soft body was removed by severing the
columnar muscle. The soft body was transferred to a
dissecting tray where visceral mass was separated from
dorsal mantle by an incision along the lateral margins of the
columnar muscle. The dorsal mantle was folded back to
reveal the pallial gonoduct and pinned with the ventral
surface facing up to expose the hypobranchial gland. In
female specimens, care was taken to ensure that ingesting
and albumen glands were dissected free of hypobranchial
gland tissue. Prostate and capsule glands were dissected
away from the medial and brachial regions of the
hypobranchial gland in three male and three female speci-
mens, respectively. Removal of the rectal gland and rectal
hypobranchial gland from these reproductive structures was
not possible. For the “detachment experiment”, excised
medial and branchial hypobranchial gland regions from

both sexes were reserved for inclusion as “detached”
replicates. In another three specimens of each sex, the
pallial gonoduct and hypobranchial gland were left intact to
give comparative “attached” replicates. To produce extracts,
which represent the true biochemical composition of dye
products from D. orbita, all dissected glands were left in
their natural posture and exposed to ambient laboratory
oxygen and lighting for 12 hr post dissection.

After dye development, each gland (24 in total) was
transferred to an amber vial that contained enough dimethyl
formamide (DMF) to submerge the tissue. Glands were then
macerated and extracted for 48 hr, before being gravity
filtered through glass wool. Before compositional analysis, all
extracts were sonicated and centrifuged to precipitate tissue
residues. Extracts were analyzed with HPLC (Waters
Alliance), coupled to a mass spectrometer (MS, Micromass,
Quatro micro™). HPLC separation was performed on a
Phenomenex, Synergi, Hydro-RP C;g column (250x
4.6 mmx4 um) with parallel UV/Vis diode-array detection
(DAD) at 300 and 600 nm. The elution scheme was
modified from Szostek et al. (2003) and Puchalaska et al.
(2004) with a flow rate of 1 ml/min of 0.1% formic acid and
a gradient of acetonitrile in water starting at 30% for 1 min
followed by 60% for 3 min, then 100% for 15 min before
returning to 30% for 15 min. Compounds were identified
with electrospray ionization-mass spectrometry (ESI-MS)
with a flow rate of 300 pl/min. Relative proportions of each
compound were calculated from integrated absorption data
in diode-array by using MassLynx 4.0 software. Proportions
were expressed as a percentage of the total dye composition,
including all detected precursors and end-products. To
facilitate identification of the dye constituents, synthetic
standards were analyzed by identical procedures.

Synthetic standards for all possible indole and indirubin
end-products (Appendix; Karapanagiotis and de Villemereuil
2006) were prepared in DMF to a concentration of 40 puM.
Standards included indigo (Sigma, 229296), 6-bromoindigo
(MDPI, 19393), 6,6’-dibromoindigo (courtesy of Prof.
P. Imming), indirubin (Apin Chemicals LTD, 20338I), and 6-
bromoindirubin, 6'-bromoindirubin, and 6,6'-dibromoindirubin
(courtesy of Prof. A. L. Skaltsounis). Apart from retention
time (Table 1), discrimination between structural isomers
was achieved by differences in visible absorption spectra at
Amax 6000 nm for indigoids and A,.x 550 nm for indirubins.
Indigo (8) and indirubin (9) were discriminated further by
the registration of a doubly charged quasi-molecular ion
[M+2H]*" at m/z 132, which allowed unequivocal identifi-
cation of 8 (Puchalaska et al. 2004). Major ions in ESI-MS
obtained at the apex of HPLC peaks for monobrominated
compounds (10-12) produced duplet ion clusters at m/z 339,
341 [M-H]". Similarly, 6,6'-dibromoindigo (5) and 6,6'-
dibromindirubin (7) were identified by triplet ion clusters at
m/z 417, 419, 421 for Br”® Br””, Br”” Br*', Br*', Br*".
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Synthetic standards were not available for precursors.
However, mass spectra have previously been used to
identify intermediate precursors (Michel et al. 1992;
Benkendorff et al. 2000; Cooksey and Withnall 2001;
Andreotti et al. 2004), based on expected mass and isotopic
clusters for the mono- and dibrominated compounds. As the
mass spectrum of tyrindoxyl sulfate has not yet been
published, the presence of this compound in extracts was
confirmed by thin layer chromatography (TLC). TLC was
conducted on aluminum-backed silica gel plates (Merck),
employing an n-butanol-EtOH-acetic acid—water (8:2:1:3)
solvent system. Development in 1 M HCI results in the
formation of a purple spot, characteristic of tyrindoxyl
sulfate (Baker and Sutherland 1968). Presence of murexine
and senecioylcholine was also investigated by TLC, as
these choline esters are known to be associated with the
prochromogen (Roseghini et al. 1996). Dipping plates in
Dragendorff Reagent (Fluka-44578) allows visualization of
alkaloids and quaternary ammonium bases and has been
used to detect choline esters in several muricid hypobran-
chial gland extracts (Roseghini et al. 1996). Development
of yellow and rose pigmentation in UV-active spots
indicates the presence of senecioylcholine and murexine,
respectively (Roseghini et al. 1996).

Statistical analyses of differences in male and female dye
composition (N=6) were undertaken with Primer Version 5

Software. Multivariate analyses were undertaken on square
root transformed data to increase the weighting of minor
constituents. Nonmetric multidimensional scaling (nMDS)
was performed on a Bray-Curtis similarity matrix (Clarke
and Gorley 2001) and portrayed in a two-dimensional plot.
Significant differences in dye composition between the
sexes were then explored by using ANOSIM. SIMPER was
undertaken to identify which indigoids contributed to
compositional differences.

Results

Dyes and Precursors in Hypobranchial and Reproductive
Glands LC-MS analysis revealed the presence of bromi-
nated indole derivatives in dimethyl formamide (DMF)
extracts from all hypobranchial and reproductive glands
(Table 1). The dominant compound in all samples regis-
tered an HPLC peak at 5.1 min (e.g., Fig. 3). Major ions in
ESI-MS, obtained at the apex of this peak, were at m/z 338,
336, which correspond to the molecular ions of tyrindoxyl
sulfate (1; Br’’, Br®', Fig. 3). Fragment ions at m/z 240,
242 and m/z 224, 226 correlate with the loss of a sulfate ion
[MH-SO4], and a methyl group [M H-SO,—~CH3;], respec-
tively, from the tyrindoxyl sulfate molecule. As this
compound has not been characterized previously by using

Table 1 High performance liquid chromatography (HPLC) retention times (fg) and electrospray ionization mass spectrum (m/z) values for the
various indole derivatives® in dimethyl formamide extracts of male and female glandular extracts from Dicathais orbita

Dye Component fr (min) Major Ions (m/z)  Males Females
Hypobranchial = Prostate  Hypobranchial —Capsule  Albumen Ingesting
Tyrindoxyl sulfate 1 51-55° 336, 338 89.66+2.42 82.06+  92.21+3.37 94.18«  100.00+  66.67+
14.86 0.55 0.00 57.74 €
Tyrindoxyl 2/ 9.5-10.1 256, 258/255, 257 3.20+0.92 0.00 3.72+0.82 1.93+ 0.00 0.00
Tyrindoleninone 3 417, 419, 421 0.91
Tyriverdin 4 12.0-12.1 463, 465, 467 0.00 0.00 2.57+1.24 2.20+ 0.00 0.00
511, 513, 515 0.49
6,6’-dibromo-indigo 5 144-154 9 417,419, 421 0.12+0.00 0.00 0.50+0.35 0.96+ 0.00 0.00
0.02
6-bromoisatin 6 6.4-6.6 224, 226 6.40+2.84 0.00 0.98+0.96 0.72+ 0.00 0.00
0.08
6,6'-dibromo-indirubin 7 16.7-16.9 417, 419, 421 0.70+0.35 17.94+  0.00 0.00 0.00 0.00
14.86

#The relative proportions of each compound were calculated from integration data taken at 300 and 600 nm using a diode array in the HPLC and
expressed as the mean percent of total dye composition £SD, where N=3. It should be noted that extinction coefficients are not available for all
these compounds, thus prohibiting adjustment of integrated peak values for absolute quantification. Therefore, percentages of total dye
composition should be viewed as relative for comparison between samples rather than actual compound proportions.

® Molecular ions corresponding to 1 in ingesting glands registered for peaks at 7.0 and 7.9 min. Despite shifts in #z, TLC analysis confirmed the

presence of 1 in these extracts at Ry 1.0.

°1 was absent from one ingesting gland extract, but represented 100% dye composition in the two remaining replicates.
4The large fg range for 5 is due to a shift downfield in some extracts after HPLC column replacement (Appendix 1).
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Fig. 3 Liquid chromatography-mass spectrometry analysis of a
typical extract from the hypobranchial gland of a female D. orbita.
The chromatogram obtained from the diode array at 300,600 nm
shows the relative composition of the dye precursors and pigments.
Inset is the electrospray ionization mass spectrum obtained from the

mass spectrometry, we used thin layer chromatography
(TLC) to confirm the presence of 1. A single spot (Ry 1.0)
that turned purple after exposure to HCI was detected in all
extracts except one ingesting gland, which also failed to
produce a peak corresponding to tyrindoxyl sulfate in LC-
MS (Table 1). TLC analysis also revealed a colorless UV-
active spot (R; 0.12) in all glandular extracts that contained
tyrindoxyl sulfate. Application of the Dragendorff Reagent
resulted in rose pigmentation, indicative of murexine
(Roseghini et al. 1996).

Intermediate dye precursors were detected as minor
components in LC-MS analyses (Fig. 3) of male and
female hypobranchial and capsule gland DMF extracts
(Table 1). Co-eluting peaks at 10.1 min with major ions in
ESI-MS at m/z 255, 257 and 256, 258 correspond to the
molecular mass of tyrindoleninone (3) and tyrindoxyl (2).
Fragment ions at m/z 240, 242, formed by the elimination
of a methyl group [M—CH;]", are consistent with the mass
spectrum data for 3. The second duplet ion cluster at m/z
256, 258 and fragment ions at m/z 241, 243, correspond to
those of 2 [M—-H]" and the loss of a methyl group [M—H—
CH;]" during electron bombardment. The HPLC peak
detected at 6.5 min with m/z 224, 226, in both male and
female hypobranchial glands (Table 1) is attributed to the
pseudomolecular ion [M—H]" of 6-bromoisatin (6), which
has a molecular mass of 225, 227 (Br’”’, Br®").

An additional dye precursor, identified exclusively in
female hypobranchial and capsule gland extracts, registered

apex of the major chromatographic peak obtained at 5.1 min showing
dominant signals, which agree with the molecular mass (m/z 336, 338)
and stable fragment ions of tyrindoxyl sulfate (1). Other peaks in the
chromatogram correspond to tyrindoxyl/tyrindoleninone (2/3), tyri-
verdin (4), 6,6'-dibromoindigo (5), and 6-bromoisatin (6)

a chromatographic peak at 12.0 min (Table 1). Although
major ions in ESI-MS at m/z 417, 419, and 421 correspond
to the mass of dibrominated standards 5 and 7, the retention
times disagree (Appendix). Minor peak isotopic clusters
detected at 513, 515, and 517 correspond to the quasi-
molecular ion of tyriverdin [MH"; Br’” Br”®, Br’”® Br®!,
Br®!, Br®']. Additional ion clusters at m/z 465 (Br’® Br®!
[M—SCH;]" from the elimination of a single methane thiol
group) and m/z 419 Br’”® Br*' [MH-2SCH;]" formed by
the elimination of dimethyl disulphide) further confirm this
peak as tyriverdin (4).

The dye pigments appear as relatively minor constituents
in D. orbita extracts (Fig. 3, Table 1). The two dibromi-
nated dye pigments 5 and 7 were detected in some extracts,
with retention times and mass spectra that were consistent
with synthetic standards (Appendix). No peaks corre-
sponding to the mono- or non-brominated indigo or
indirubin standards (Appendix) were detected in any D.
orbita extracts.

Sex-Specific Pigment Genesis During the exposure period,
hypobranchial glands sequentially developed yellow, red,
and green pigmentation before gaining various shades of
purple and blue, irrespective of sex. The major purple dye
pigment extracted from female hypobranchial and capsules
glands was identified as 6,6'-dibromoindigo (5; Table 1).
One male hypobranchial gland extract was also found to
contain trace amounts of 6,6’ dibromoindigo (5; Table 2).
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Table 2 Liquid chromatography-mass spectrometry analyses of Tyrian purple precursors and pigments in dimethyl formamide extracts of

attached and detached male and female hypobranchial glands

Dye component Male Female
Attached” Detached” Attached” Detached”

Tyrindoxyl sulfate 1 +++ R +++ A+
Tyrindoxyl 2/ Tyrindoleninone 3 +++ e -+ S+
Tyriverdin 4 - - T+ "
6,6’-dibromoindigo 5 + - -+ ot
6-bromoisatin 6 -+ -+ +++ 4+
6,6’-dibromoindirubin 7 +++ +++ - _

+++ Indicates presence in all three replicate extracts, + indicates presence in one of three replicate extracts, — indicates absence in all three

replicate extracts

# Attached extracts represent glands in which connection with the pallial gonoduct was maintained (N=3).
® Detached extracts comprise hypobranchial glands excised from the prostate or capsule gland (N=3).

However, in contrast to females, the major dye pigment of
male hypobranchial and prostate glands corresponded to
6,6'-dibromoindirubin (7; Tables 1 and 2). Within each sex,
the dye and precursor composition was identical in all
replicate hypobranchial glands whether “attached” or
“detached” from the reproductive system. Male extracts
were dominated by 6,6'-dibromoindirubin, and females by
6,6'-dibromoindigo (Table 2). Tyriverdin (4), was detected
only in the female extracts (Table 2).

Multidimensional scaling (MDS) ordination on the dye
compositions revealed a distinct separation between male
and female hypobranchial gland extracts (Fig. 4). Multi-
variate analysis of similarities (ANOSIM) confirmed that
these differences were statistically significant (Global R=
0.757, P=0.002). Similarity of percentage (SIMPER)
analysis revealed an average dissimilarity of 21% in the

dye composition between males and females. Intermediates
and final pigments contributed substantially to the sexual
differences, whereas the ultimate precursor, tyrindoxyl
sulfate (1), occurred in similar abundance in both sexes.
Tyriverdin (4) and 6,6'-dibromoindigo (5) were consistently
more abundant in female samples, whereas 6-bromoisatin
(6) and 6,6'-dibromoindirubin (7) characterized males.
Blind examination of LC-MS chromatograms confirmed
that we could reliably determine the sexual origin of
D. orbita extracts based on these chemical compositions.

Discussion
Analysis of hypobranchial gland extracts by LC-MS, in

conjunction with synthetic standards, confirmed the presence
of dibrominated dyes generated from a single brominated

Fig. 4 Two-dimensional nMDS
plot for the Tyrian purple com-
position found in extracts from
the hypobranchial glands of
male and female D. orbita. Data
based on the percent composi- v
tion of each precursor (1-4) and
pigment (5-7) after square root
transformation

Stress: 0.02

A male

v female
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prochromogen in D. orbita. Tyrindoxyl sulfate (1) was
detected in hypobranchial gland extracts and also occurred
throughout female reproductive glands and male prostate
glands (Table 1). Comparison of male and female extracts
provided evidence for clear sex-specific Tyrian purple
genesis (Table 2, Fig. 4). Females dyes were composed of
6,6'-dibromoindigo (5), while male hypobranchial glands
contained the red isomer (7). This is the first study in which
the full suite of Tyrian purple precursors have been analyzed
simultaneously alongside the final dye pigments. As sug-
gested by Michel and colleagues (1992), precursors in the
final dye product are most likely due to reduced light
exposure resulting from the screening affect of mucoid
glandular secretions or already formed dye. Consequently,
this method of dye development may be viewed as
somewhat incomplete compared to the majority of studies
where muricid hypobranchial gland secretions were devel-
oped on filter paper. However, preservation of the complete
glandular biochemistry can prove useful in deciphering the
genesis of specific dye products under natural physiological
conditions. This approach has enabled a significant advance
in understanding the chemistry behind sex-specific color
differences in Muricidae dyes (see Fig. 2).

Our findings of only one prochromogen corresponding
to tyrindoxyl sulfate (Fig. 3) in D. orbita hypobranchial
gland extracts are consistent with previous reports that 1 is
the sole dye precursor in this species (Baker 1974). By
using TLC developed in Dragendorff Reagent, we also
detected only one choline ester corresponding to murexine,
which is known to be associated with tyrindoxyl sulfate in
D. orbita (Baker and Duke 1976). While murexine was not
detected in our LC-MS analyses, the ability to detect the
prochromogen 1 in muricid hypobranchial gland extracts
should allow for identification of prochromogens in more
complex extracts (e.g., M. trunculus), where substituted and
un-substituted sulfate esters of indoxyl and 6-bromoindoxyl
coexist (McGovern and Michel 1990). The absence of any
peaks that correspond to the mono- or non-brominated
indigo or indirubin standards (Appendix) in our D. orbita
extracts (Fig. 3, Table 1), further confirms 1 as the sole
ultimate dye precursor (Fig. 1) in this Australian species.
This study provides new evidence for 6,6"-dibromoindirubin
in glandular extracts of D. orbita (Table 1), as 6,6'-
dibromoindigo was previously thought to be the sole dye
component in secretions from this species (Baker 1974). It
now appears that genesis of the structural isomer is also
possible, similar to that reported for other Muricidae (Clark
and Cooksey 1997; Cooksey 2001a, b, 2006; Cooksey and
Withnall 2001; Naegel and Cooksey 2002; Withnall et al.
2003; Koren 20006).

The molecular weight (Table 1) and mass spectrum
fragment ion data obtained for the intermediate precursors

tyrindoxyl (2) and tyrindoleninone (3) are consistent with
previous studies on Muricidae extracts. Both of these indole
precursors have been detected by mass spectrometry of the
hypobranchial gland extracts of Nucella lapillus (Cooksey
and Withnall 2001), with 2 also detected in Murex
brandaris (Michel et al. 1992), and M. trunculus (Andreotti
et al. 2004), whereas 3 has been reported from egg mass
extracts from D. orbita (Benkendorff et al. 2000). Also
expected from previous studies was the HPLC peak
corresponding to 6-bromoisatin (6), which is known to
evolve from other dye precursors under oxidative condi-
tions (Cooksey 2001a). This compound was detected in
both male and female hypobranchial glands and in the
female capsule glands (Table 1) and has been previously
detected in the egg masses of D. orbita (Benkendorff et al.
2000). The immediate precursor tyriverdin, however, was
detected for the first time by using ESI-MS. Field
desorption/field ionization MS of tyriverdin has been
successful previously in identifying this intermediate
(Christophersen et al. 1978), while chemical ionization
and electrospray (positive ion) MS failed to produce a
molecular ion (Benkendorff et al. 2000). It appears that a
change in ionization mode to negative in the ESI-MS
facilitates detection of this compound.

Detection of Tyrindoxyl sulfate (1) in male prostate and
all female capsule, albumen, and in the majority of
ingesting gland extracts (Table 1) strongly supports a role
for indole derivatives in muricid reproduction. Tyrian
purple precursors are thought to be synthesized in the
branchial and rectal regions of the hypobranchial gland,
before being transported by muco-cilliary action to the
medial region for storage (Roller et al. 1995). Similar to
other muricids (Middlefart 1992a, b; Roller et al. 1995), the
rectal region of the hypobranchial gland in D. orbita
surrounds the ventral surface of the rectum, which is
embedded in the prostate or capsule gland (Benkendorff et
al. 2004). This apparent association could facilitate the
transfer of dye precursors and pigments from their site of
synthesis in the hypobranchial gland to the adjacent
prostate and capsule glands. Detection of the prochromogen
(1) in more posterior female reproductive glands could be
explained by residual biosynthetic activity, as muricid
genital ducts are thought to arise from an ancestral right
hypobranchial gland (Kay et al. 1998). Failure to detect
intermediates or pigments (2—7) in the albumen and
ingesting glands of females (Table 1) implies the absence
of arylsulfatase, which is required for the hydrolysis of 1
(Fig. 1; Dubois 1909; Baker and Sutherland 1968). By
comparison, pigment production in the capsule and prostate
glands (Table 1) suggests either the presence of arylsulfa-
tase, in addition to 1, or diffusion of hydrolyzed inter-
mediates from the hypobranchial gland.
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Detection of Tyrian purple precursors in the reproductive
glands of D. orbita could provide a mechanism for
incorporating bioactive intermediates into the egg masses
of this species (see Benkendorff et al. 2001). Although the
exact location of fertilization remains unclear, the capsule
gland has been proposed in N. lapillus (Fretter 1941). This
poses a practical site for precursor incorporation into egg
capsules, as tyrindoxyl sulfate and arylsulfatase (Dubois
1909; Baker and Sutherland 1968) could be acquired from
the adjacent hypobranchial gland. An alternative fertiliza-
tion site in muricids is the albumen gland, where sperm are
thought to pass from the duct of the ingesting gland into the
albumen gland where eggs are received from the oviduct
(Fretter 1941). If so, it may be possible that the prochrom-
ogen is incorporated into albuminous secretions before
being passed into the capsule gland along with fertilized
eggs. Detection of 1 in male prostate gland extracts
(Table 1) could provide further means for transferring high
concentrations of bioactive dye precursors to the egg
masses of D. orbita (Benkendorff et al. 2001). As the
prostate gland adds prostatic fluid to sperm within the
pallial vas deferens during passage to the penis (Middlefart
1992a, b), the prochromogen could also be incorporated
into seminal secretions. During copulation, semen is
released into the bursa copulatorix or ventral channel of
the female uterus (Fretter 1941), where it ultimately
combines with albuminous secretions. Consequently, males
feasibly could contribute tyrindoxyl sulfate to the intra-
capsular fluid constituent during capsule manufacture as an
additional paternal investment. Previously, it was suspected
that precursors in the egg masses of D. orbita were of adult
origin (Benkendorff et al. 2004; Westley et al. 2006).
However, the question remained as to how these compounds
arrive in the egg capsules of this species. This investigation
provides chemical evidence for Tyrian purple precursors and
pigments in the reproductive system of a Muricidae.

Statistically significant sexual dimorphism was found in
the chemical composition of Tyrian purple from the
hypobranchial glands of Dicathais orbita (Fig. 4; P=
0.002). Our results support previous observations of a more
blue-purple pigmentation in female hypobranchial muricid
secretions, compared to the red-purple dyes gained from
males (Fig. 2, Boesken Kanold personal communication;
Verhecken 1989; Michel et al. 1992). In the past, the blue
hue of Tyrian purple secretions has been attributed to the
presence of indigo (8) and/or 6-bromoindigo (10;
Verhecken 1989; Michel et al. 1992; Benkendorff et al.
2004). However, neither of these blue compounds was
detected during quantitative analysis of D. orbita extracts
(Tables 1 and 2), including glands in which blue pigmen-
tation was clearly observed. This demonstrates the unreli-
ability of simple color observations for drawing conclusions
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about pigment composition in natural samples. The sex-
specific dye pigmentation in D. orbita clearly is not due to
variations in purple dibrominated vs blue non- or mono-
brominated indigoids, but is due rather to the presence of
precursors and structural isomers of Tyrian purple. The
blue-purple color of female secretions can be accounted for
by the presence of blue-purple (5) and green (4), whereas
the red hue of male dyes can be attributed to red-purple (7)
and yellow (6; Tables 1 and 2). Previous observations have
also suggested that dye pigmentation depends on whether
mantle integrity is maintained between the pallial gonoduct
and the hypobranchial gland (Benkendorft et al. 2004). Blue
secretions in “detached” glands were speculated to result
from the evolution of indigo (8) in the absence of
bromoperoxidase or bromine in the rectal hypobranchial
gland or pallial gonoduct. However, in this investigation,
both “attached” and “detached” glands displayed consistent
blue and purple pigment mixtures (Table 2), confirming that
the sexual differences occur directly in the hypobranchial
glands and are not dependant on the presence of reproductive
glands.

The blue coloration observed in some of our D. orbita
glands and extracts is most likely due to the molecular
behavior of dibromoindigo. In solution or at low concen-
tration, dibromoindigo can appear blue, while at high
concentrations or as a textile dye, it develops a purple hue
(Cooksey 2001b). The blue pigmentation arises from
monomers of 6,6'-dibromoindigo, while the formation of
dimers or higher polymers gives a purple color due to the
van der Waals attraction between bromine atoms. This
results in closer molecular stacking and shifts the absorp-
tion maximum towards the red (Cooksey 2001b). Further-
more, as dibromoindigo displays a strong anisotropy of
light absorption in the solid state (Susse and Krampe 1979),
the absorption maximum (A, 540 and 640 nm) depends
greatly on molecular orientation (Cooksey and Withnall
2001). Consequently, the blue pigmentation in D. orbita
secretions could result from the molecular arrangement and/
or concentration of 6,6’-dibromoindigo, but is not due to
isolation from bromoperoxidase or bromine.

Examination of dye genesis in male and female samples
under natural conditions has interesting implications for
differences in glandular physiology. For example, detection
of the Tyrian purple isomer 7 and higher concentrations of
6-bromoisatin (6) in male hypobranchial glands suggests
more aerobic conditions in comparison to female glands. It
is hypothesized that 6 arises from the photochemical
oxidation of the tyrindoxyl sulfate, tyrindoxyl, or tyrindo-
leninone, among other intermediates (Cooksey 2001la,
2006; Cooksey and Withnall 2001). 6-Bromoisatin (6) is
considered a precursor to brominated indirubins (Clark and
Cooksey 1997; Cooksey 2001a, 2006), which supports the
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evolution of 7 in male hypobranchial glands, where the
highest concentrations of 6 were detected (Table 1).
Surprisingly, 6 was not detected in conjunction with 7 in
male prostate glands, thus, suggesting a more complete
reaction series in this gland. Conversely, in female extracts,
the presence of sulfur compounds, such as dimethyl
disulfide and the intermediate dye precursors tyrindoleni-
none (3) and tyriverdin (4), suggests the female glandular
environment may be more reducing than oxidizing. The
presence of 4, in conjunction with comparatively low
percentages of 6 explains the evolution of 6,6'-dibromoindigo
(5) instead of 7. In the presence of sunlight, photoliable
tyriverdin undergoes cleavage to yield dimethyl disulfide
(McGovern and Michel 1990; Cooksey 2001a; Cooksey
and Withnall 2001) and 5. The liberation of dimethyl
disulfide would help maintain a reducing environment
(McGovern and Michel 1990) that results in increased
yields of 5 and a relative decrease in the oxidation by-
products 6 and 7. Although oxygen availability appears to
explain differences in male and female dye composition,
the reason for this divergence in glandular chemistry
requires further investigation.

Our LC-MS analyses of hypobranchial gland secretions
from D. orbita provide the first evidence for sex-specific
genesis of Tyrian purple (Tables 1 and 2, Fig. 4) in the
Muricidae. Sex-specific pigments that result in visual
coloration occur in many species, including marine inver-
tebrates (Bandaranayake 2006). These differences generally
aid in mate selection. However, in the case of the
Muricidae, the pigmentation from hypobranchial gland
metabolites does not exist as an external visual cue and,
thus, is more likely to occur as a by-product of their bio-
logically active precursor compounds (Benkendorff et al.
2000; Westley et al. 2006). Sex is a known determinant in
the synthesis of antibacterial ceratotoxins in the Mediterra-
nean fruit fly, Ceratitis capitata (Marchini et al. 1993;
Rosetto et al. 1996), the venom of spiders (Rash and
Hodgson 2002), and the allelochemical, sarcophytoxin, in
the soft coral, Sarcophyton glaucum (Fleury et al. 2006).
However, this is the first account of sex-specific secondary
metabolite synthesis in the Mollusca and provides a good
model for exploring the driving forces for such biosynthetic
divergences in marine invertebrates. Indole derivatives have
been documented in a huge range of marine invertebrates
(Christophersen 1983; Alvares and Salas 1991), including
one report of dibromoindigo in the marine acorn worm,
Ptychodera flava laysanica (Higa and Scheuer 1976).
Unlike most other species, however, we now have a good
understanding of the biosynthetic origin and anatomical
distribution of these indole derivatives in D. orbita. This
will facilitate future physiological and ecological inves-
tigations without confounding from inappropriately pooling
between sexes or biosynthetic organs.

Understanding the sexual differences in muricid bromi-
nated indoles could also have useful implications for future
development of natural medicines from these molluscs. The
purple secretion from muricids is currently listed on the
Homeopathic Materia Medica (Westley et al. 20006),
although chemical and pharmacological research to sub-
stantiate the bioactivity of this remedy is lacking. Never-
theless, recent studies indicate that brominated indirubins in
muricid Tyrian purple inhibit cell proliferation with
selectivity towards GSK-3a/f receptors (Meijer et al.
2003; Magiatis and Skaltsounis 2006). Our results suggest
that extracts from male muricids will yield the highest
concentrations of these bioactive bromoindirubins. How-
ever, extracts from the females contain the interme-
diate precursors, tyrindoleninone and tyriverdin, with
reported anticancer and bacteriostatic activity, respectively
(Benkendorff et al. 2000; Westley et al. 2006; Vine et al.
2007). Consequently, there is much scope for future
comparative studies to optimize extraction procedures for
the development of novel natural remedies from these
marine molluscs.

In summary, preservation of the glandular biochemistry,
followed by quantification using HPLC-DAD coupled to
ESI-MS, enables comparative investigations into the natural
genesis of Tyrian purple in Muricidae molluscs. Tyrindoxyl
sulfate (1) and the immediate precursor tyriverdin (4) were
detected for the first time by LC-MS, thus providing a
suitable procedure for the simultaneous analysis of all
brominated precursors and pigments. The ultimate precur-
sor 1 was detected throughout the female reproductive
system, thus presenting a means for maternal investment in
the chemical defense of D. orbita egg masses. A significant
difference in the chemical composition of extracts from
male and female hypobranchial glands provides evidence
for sex-specific biosynthetic routes to Tyrian purple
production. This sexual dimorphism is likely to be
governed by glandular physiology, giving rise to an
oxidizing and reducing environment in males and females,
respectively. Together, these findings have useful implica-
tions for future investigations into the selective pressures
that influence sex-specific metabolite biosynthesis in
marine invertebrates and the development of bioactive
muricid extracts.
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APPENDIX

Table 3 Characteristics of indigoid and indirubin standards and diagnostic parameters obtained by liquid chromatography-mass spectrometry

Cﬁrrz%i?d Standard Structure [M-H] tr

5 6,6'-dibromoindigo® 411’2";1 % 154
7 6,6’-dibromoindirubin 41 1’2‘:1 S, 16.5
8 Indigo 261 10.7
9 Indirubin 261 10.5
10 6-bromoindigo 339, 341 12.7
" 6-bromoindirubin 339, 341 135
12

6’-bromoindirubin

339, 341 13.2

[M=HJ" the pseuomolecular ion (Br’?, Br®!) registered as the dominant signal in ESI mass spectrums in the negative ionization mode

tr = the retention time in minutes

*Female extracts displayed a shift in retention time compared to the synthetic standard (Table 1). This was attributed to HPLC column
replacement (despite identical specifications). To confirm the identity of dye components, a female hypobranchial extract was spiked with the
dibromoindirubin standard, which also contained trace amounts of the dibromoindigo isomer. In comparison to un-spiked extracts, an increase in
relative peak intensity in the spiked extract at 14.5 min and an additional peak at 16.0 min confirmed the dominance of dibromoindigo in female
extracts. Subsequent reanalysis of male extracts confirmed that the retention time shift was due to column replacement rather than any specific

properties of the female extracts.
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Abstract In ecological studies, phlorotannins have conven-
tionally been quantified as a group with similar functionality.
Since this group consists of oligo- and polymers, the
quantification of their pooled contents alone may not
sufficiently describe the variation of these metabolites.
Genetic variation, plastic responses to environment, and the
ecological functions of separate phlorotannin oligo- and
polymers may differ. Two analyses, i.e., the colorimetric
Folin—Ciocalteu assay and a normal-phase high-performance
liquid chromatographic (HPLC) method were used to study
genetic and environmental variation in phlorotannins of the
brown alga Fucus vesiculosus (L.). The colorimetric method
provides the total phlorotannin content, the latter a profile
of 14 separate traces from the phenolic extract that
represent an individual or groups of phlorotannins. We
reared the algae that originated from three separate
populations in a common garden for 3 months under
ambient and enriched-nutrient availability and found that
they differed in both their total phlorotannin content and in
phlorotannin profiles. Some individual traces of the profiles
separated the populations more clearly than the colorimetric
assay. Although nutrient enrichment decreased total phlor-
otannin content, it did not show a significant influence on
the phlorotannin profile. This implies that plastic responses
of compounds other than phlorotannins may interfere with
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the determination of total phlorotannins. However, the
phlorotannin profile and the total content showed genetic
variation among local populations of F. vesiculosus;
therefore, phlorotannins may respond to natural selection
and evolve both quantitatively and qualitatively.

Keywords Brown algae - Common garden -
Folin—Ciocalteu - High-performance liquid
chromatography - Phenolic compounds

Introduction

Phlorotannins are polyphenols formed by the polymeriza-
tion of phloroglucinol (1,3,5-trihydroxybenzene) units and
are known only from brown algae (Ragan and Glombitza
1986; Amsler and Fairhead 2006). The variation in total
phlorotannin content has been intensely studied, particular-
ly due to the putative adaptive nature of these compounds
as deterrents against herbivores (reviews by Targett and
Arnold 1998, 2001; Amsler and Fairhead 2006). Total
phlorotannin content varies as a response to environmental
factors such as salinity, nutrient and light availability,
ultraviolet radiation, and the intensity of herbivory (reviews
by Targett and Arnold 1998; Amsler and Fairhead 2006;
Jormalainen and Honkanen 2008). Due to this high
plasticity with respect to the number of distinct environ-
mental cues, the several putative primary and secondary
functions, and various methodological concerns, the eco-
logical roles of phlorotannins have been considered
somewhat controversial (Amsler and Fairhead 2006).

Total phlorotannin contents also commonly vary among
local populations of algae (Pavia et al. 1999, 2003;
Honkanen et al. 2002; Hemmi and Jormalainen 2004b).
This variation may arise either from genetic divergence
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among populations, or from plastic responses of algae to
environmental variation, or both. Although the role of
genetic differentiation in the among-population variation of
phlorotannins has not been directly tested, such differenti-
ation is possible. Phlorotannin concentration in Fucus
vesiculosus (L.) is genetically variable (Jormalainen and
Honkanen 2004). Based on neutral molecular markers,
genetic differentiation has been found among adjacent F.
vesiculosus populations in the Baltic Sea (Bergstrom et al.
2005; Tatarenkov et al. 2007) and among populations of F.
serratus (L.), in which species there is substantial genetic
substructuring at a scale of less than 2 km along the
Atlantic and southern Baltic Sea coastlines (Coyer et al.
2003). While the neutral markers indicate differentiation
due to genetic drift, spatial variation in natural selection
may, in addition, select for among-population differences in
the contents of total phlorotannins (Jormalainen and
Honkanen 2004).

Nutrient availability is an environmental factor that is
commonly found to influence the resource allocation of
plants (e.g., Koricheva et al. 1998), and thus, the contents
of total phlorotannins also (review by Amsler and Fairhead
2006). Nutrient enrichment causes a decrease of total
phlorotannin content in the growing tips of F. vesiculosus
(Hemmi et al. 2004; Koivikko et al. 2005). Such an effect
can arise due to growth increase at the expense of soluble
phlorotannins production, or in eutrophic conditions, due to
an increase of epibiota and consequent shading of the
thallus. The resource-based theories on this allocation
between growth and defense, e.g., the carbon-nutrient
balance (CNB) and the growth-differentiation balance
(GDB) models, have been used successfully as the
contextual framework to understand such plasticity in the
contents of total phlorotannins (reviews by Cronin 2001;
Pavia and Toth 2008).

In ecological studies, phlorotannin content has practical-
ly always been quantified by using colorimetric methods,
e.g., Folin—Ciocalteu, Folin—Denis, or DMBA, mainly
because individual phlorotannins are difficult to measure
with common analytical techniques because of their large
size, polarity, and water solubility, and the relative
similarity of structures of separate oligo- and polymers
(Stern et al. 1996; Targett and Arnold 1998; Koivikko et al.
2007). Such a total quantification, however, may conceal
the variation of individual compounds present. In the
analyses of total phenolics, the variation in the reactivity
of structurally different phlorotannins is combined with that
variation caused by different amounts of compounds. For
example, phlorotannins of different molecular size differ in
their bioactivity (Boettcher and Targett 1993). Therefore,
more specific methods to separate individual phlorotannins
are needed to measure all the variation of phlorotannins and
to evaluate their role in ecological interactions. It may also
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be possible that genetic variation exists in the phlorotannin
profile or that separate phlorotannins respond to different
environmental cues in distinct ways.

To study both genetic and environmental variation in the
phlorotannin profile of the brown alga Fucus vesiculosus,
we applied the high-performance liquid chromatographic
(HPLC) method for separation of phlorotannins, previously
described by Koivikko et al. (2007). Specifically, we tested
the occurrence of genetic among-population phlorotannin
differentiation by rearing algae that originated from three
separate populations in a common environment and by
analyzing their phlorotannins. We also examined within-
population genetic variance by measuring the variation
among cloned genotypes. To examine the environmental
plasticity of phlorotannins, algac were reared in both
ambient and nutrient-enriched conditions. We compared
the phlorotannin variation revealed by using two assay
methods which generated total phlorotannin content and
phlorotannin profiles, i.e., the Folin—Ciocalteu and HPLC
assays, respectively.

Methods and Materials

Study Organism F. vesiculosus is a perennial brown alga
that dominates the shallow littoral rocky bottoms in the
nontidal study area in the Archipelago Sea, SW Finland. In the
naturally fragmented environment of the archipelago, local
populations of F. vesiculosus are somewhat isolated owing to
the low dispersal ability of fucoid propagules (Chapman
1995). The chemical contents of several metabolites (Hemmi
and Jormalainen 2004a) and the food quality for herbivores
(Honkanen and Jormalainen 2002) vary among populations,
even at a scale of a few kilometers. The populations of
F vesiculosus in our study area face a gradient of ambient
nutrient availability, from high, close to the mainland, to low,
in the outer archipelago (Hénninen et al. 2000).

Sampling and Experimental Growing Conditions of
Algae We collected 15 F. vesiculosus genotypes from three
different populations (Aaviikki: 60°21.48" N, 22°32.45" E;
Jurmo: 59°49.36’' N, 21°36.57" E; Séppi: 61°28.80' N, 21°
20.80" E), located 80—185 km apart, from depths of 0.5—
2 meters in May 2002. Genotypes were defined as entities
growing from a single branch of thallus on a holdfast. Each
of the 45 genotypes was split into four 3- to 5-cm long
apical pieces (hereafter “algal individual”). To eliminate
among population differences caused by environmental
plasticity, these algal individuals were transferred to grow
in the common littoral environment of Katava island (60°
14.03" N, 21°57.51" E). Algal individuals were attached
with a clothes-peg to four plastic grid mats, one piece of
each genotype to each mat. Two mats were assigned to the



J Chem Ecol (2008) 34:57-64

59

nutrient enrichment treatment (nutr) and two to ambient
nutrient conditions (ctrl). The mats were settled randomly
to a depth of 1.5 m, at a minimum distance of 4 m apart.
Nutrient enrichment consisted of a nitrogen, phosphorous,
and potassium mixture (16:5:9) in a controlled-release
fertilizer (Osmocote exact standard 3—4 M). Fabric pack-
ages containing nutrients (ca 500 g) were attached to each
nutrient enrichment mat and replaced monthly during the
experiment to ensure the fertilizer’s sufficiency. Nutrient
enrichment of this magnitude under comparable conditions
in the same area has been shown to increase the
concentration of DIN and DIP, 5 and 1.2 times higher,
respectively, compared to ambient nutrient concentration
(Korpinen et al. 2007). After 3 mo (May 27-August 27),
we took samples of the algal individuals, from the apical
parts grown during the experiment, for analysis of
phlorotannins. We took a sample from each individual,
but due to the loss of some individuals, did not get samples
from every genotype (total N=138; Aaviikki: 27 ctrl, 21
nutr; Jurmo: 23 ctrl, 19 nutr; Séppi: 24 ctrl, 24 nutr).
Samples were frozen immediately, freeze—dried, homoge-
nized, and stored at —20°C until further analyses.

Phlorotannin Analysis The total phlorotannin content for
all 138 samples (74 ctrl and 64 nutr) was analyzed
according to the procedure reported by Koivikko et al.
(2005). We used an extraction procedure for soluble
phlorotannins and a quantification protocol with a modifi-
cation of the Folin—Ciocalteu method with phloroglucinol
as the standard agent. Due to the lack of sufficient thallus
biomass (200 mg) from all samples, only 84 were analyzed
by HPLC (Aaviikki: 18 ctrl, 16 nutr; Jurmo: 9 ctrl, 13 nutr;
Sappi: 8 ctrl, 10 nutr). Samples for HPLC analysis were
prepared and analyzed by the protocol and conditions
described in Koivikko et al. (2007). In the liquid chro-
matographic analysis of the phenolic fraction, the contents
of total phlorotannins were split into fragments. This
separation procedure with a selected wavelength of
280 nm, characteristically revealed those phlorotannins
which are produced via the polyketide pathway, the only
known biosynthetic route for phenolic compounds in brown
algae. Each separate trace in the chromatogram represents
either individual phlorotannins or groups of phlorotannin
molecules of similar size (Koivikko et al. 2007). The HPLC
profile gave 14 clearly distinguishable traces (14 of 16
traces described in Koivikko et al. (2007) were used). The
size of each individual trace is expressed as the integrated
area of the peak and numbered 1 to 14 in the figures and
tables, according to Fig. 1.

Statistical Methods To explore the repeatability of the
individual traces in the HPLC profile, we analyzed 18
samples (including a random sample of individuals from
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Fig. 1 Traces of soluble phenolics from polar extract of F. vesiculosus.
Numbers indicate the 14 separate traces analyzed in this study

the experiment and 6 additional samples from the study
populations) twice. The whole process from sample
preparation to the calculation of the results from HPLC
analysis was replicated. Repeatability measures the consis-
tency of repeated measures within a subject (here, a
sample), and obtains values from 0 tol, the latter occurring
where the repeated measures within a subject are identical
(Krebs 1999). A one-way analysis of variance (ANOVA)
was carried out for each trace, i.e., the integrated areas of
peaks, to obtain the variance components. The repeatability
was calculated as a coefficient of intra-class correlation
according to Krebs (1999). As a criterion of repeatability,
we used the 95% confidence interval of the intra-class
correlation coefficient; the measurement was considered
non-repeatable when the confidence interval included zero.

To study the contribution of the HPLC profile to the total
phlorotannin content, we calculated the Pearson correlation
coefficients between individual traces of the chromatogram
and the contents of total phlorotannins. We further
estimated how well the variation in the phlorotannin profile
can explain the variation of the content of total phlorotan-
nins by conducting a multiple regression analysis, where
the total phlorotannin content was explained with all
possible combinations of those seven traces that we found
to be repeatable (nos. 3, 7, 8, 11-14; Fig. 1, Table 1). We
did this both for the pooled data and separately for each
population. The best-fitting model was found on the basis
of the Akaike Information Criterion.

By using mixed-model ANOVAs, we tested both
population and nutrient enrichment effects on the total
phlorotannin contents and the area of each individual trace
(nos. 1-14). The population and nutrient enrichment treat-
ments were included as fixed effects, and the genotype was
treated as a random effect, nested under population. To
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Table 1 Repeatability of the peak area for each trace of the
phlorotannin profile and the Pearson correlation coefficients of the
trace area with the total phlorotannin contents (N=84)

Trace Number  Repeatability Correlation with Total
Phlorotannins

(+95% Confidence r P
Interval)

1 0.19 (=0.3 to 0.6) 0.07 ns

2 0.43 (-0.03 to 0.7)  0.005 ns

3 0.72 (0.4 t0 0.9) —-0.05 ns

4 -0.09  (-0.5t0 0.4) —-0.05 ns

5 0.14 (—0.3 to 0.6) —-0.03 ns

6 -0.26 (0.6 t0 0.2) 0.02 ns

7 0.69 (0.4 t0 0.9) 0.23 <0.05

8 0.79 (0.5 t0 0.9) 0.22 <0.05

9 0.06 (0.4 to 0.5) 0.14 ns

10 —-0.02 (-0.5 to 0.4) —-0.05 ns

11 0.90 (0.8 to 1.0) 0.28 <0.01

12 0.81 (0.6 t0 0.9) 0.32 <0.01

13 0.93 (0.8 to 1.0) 0.31 <0.01

14 0.56 (0.2 t0 0.8) 0.26 <0.05

estimate the variation of the individual HPLC traces
attributable to algal origin, we calculated the among-
population variance components. In addition, to quantify
the effect of nutrient enrichment on both the individual
HPLC traces and total phlorotannin content, we calculated
the effect sizes (Gurevitch and Hedges 2001) of nutrient
enrichment for each trace and total phlorotannins. We
further tested the effects of population, nutrient enrichment,
and genotype on the phlorotannin profile (including only
the repeatable traces) by using a multivariate analysis of
variance (MANOVA). To visualize the among-population
differences in the phlorotannin profile, we conducted a
principal component analysis (PCA) and plotted the values
of the first and second principal component axes. In the
PCA, we used genotypic means calculated over both
nutrient treatments. All statistics were calculated with the
SAS statistical package (SAS Institute 1999).

Results

From the HPLC profile, seven individual traces were
repeatable (Table 1). According to the Pearson correlation
coefficients, 6 of the 14 traces from the HPLC chromato-
gram correlated positively and significantly with the total
phlorotannin content (Table 1). Multiple regression analysis
revealed that the best-fitting model, which explained 22.9%
of the variation in total phlorotannin content, included two
traces of the phlorotannin profile, i.e., traces nos. 13 and 14.
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However, the within population analyses explained the
variation in total phlorotannins better for some populations,
while the profile trace patterns included in the bets-fitting
model varied among populations. The best-fitting models
for Séappi, Aaviikki, and Jurmo included 1 (no. 7), 2 (nos.
13 and 14), and 5 (nos. 8 and 11-14) traces, respectively,
which in turn successively explained 15.3, 25.9, and 44.7%
of the variation in the contents of total phlorotannins.

After rearing in a common environment for 3 mo, the
three F. vesiculosus populations diverged with respect to
both their total phlorotannin contents (Fig. 2, Table 2) and
phlorotannin profiles (Fig. 2, Table 3). The MANOVA
analysis of the HPLC profiles showed a significant among-
population difference, particularly in the population from
Aaviikki (Table 3). Although some genotypes mixed with
those from other populations, the PCA analysis separated
the Aaviikki population quite well (Fig. 3), the first two
principal components explaining 79% of the total variance
in the phlorotannin profile. By contrast, the populations that
originated from Jurmo and Séppi did not differ in either the
MANOVA (Table 3) or the PCA analyses (Fig. 3).

The among-population tests of the individual traces from
the phlorotannin profile revealed a high variability in
divergence among the separate traces; some showed none,
while others showed a higher degree of divergence than
what was found in the total phlorotannin content (Fig. 2).
The average areas of individual traces (Fig. 4) showed
similar among-population trends to those of the total
phlorotannin contents: the population from Aaviikki had
the highest (7.47+0.22, percent of DW and SE), with
intermediate and lowest total phlorotannin contents from
Jurmo (6.92+0.23) and Séppi (6.01%0.18), respectively.
However, the amounts of total phlorotannins from the Sappi

Trace number

0 10 20 30 40 50
Among-population variation (%)
Fig. 2 The proportion of among-population variation of the total
variation in the area of the 14 traces of the phlorotannin profile analyzed
with HPLC (1-14, white and light gray bars) and in the total
phlorotannin content measured with the Folin—Ciocalteu assay (TOT,
black bar). Significances are based on the univariatt ANOVA F
statistics from the tests of among population variation. Traces are
numbered as in Fig. 1. White bars are traces with poor repeatability. ns
Nonsignificant, P>0.1, 0=0.05<P<0.1; ¥*=0.01<P<0.05, ***P<0.001
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Table 2 Mixed model ANOVA test statistics on the effects of nutrient
manipulation and original population on the total contents of
phlorotannins and the variation among genotypes (N=138)

Source of Variation Variance Estimates

Total Content of Phlorotannins

$2 SE x* P ndf ddf F P

Random effects
Genotype
(population)

0.31 0.19 3.8 0.05

Residual
Fixed effects
Population
Aaviikki vs

1.64

0.24

2, 40.8
1,385

9.02
17.93

<0.001
<0.001

Sappi
Aaviikki vs
Jurmo
Jurmo vs
Séppi
Nutrient
enrichment
Population
x Nutrient
enrichment

1,42.6 3.13 0.084

1,415 562 <0.05

1,106 6.53 <0.05

2,106 034 ns

population deviated most from the other populations (Table 2),
while the phlorotannin profile of the Aaviikki showed the
greatest variation (Table 3). The area of the peak did not
correlate with the magnitude of the among-population
response: a rather small trace had an equally high among-
population divergence, similar to one that was ten times
higher in intensity (traces nos. 13 vs 7, Figs. 2 and 4).
Although the contents of total phlorotannins were
significantly lower in the nutrient enrichment (6.47%=

Table 3 MANOVA test statistics on the effect of population, nutrient
enrichment and genotype on the HPLC profile of phlorotannins (areas
of the traces 3, 7, 8, 11-14) in F vesiculosus (N=84)

Source of variation Pillai’s ndf, F P
trace ddf

Population 0.83 14, 60 3.05 <0.01
Aaviikki vs Séppi 0.70 7,29 9.72 <0.001
Aaviikki vs Jurmo 0.55 7, 29 498 <0.001
Jurmo vs Séppi 0.32 7,29 1.96 0.095
Nutrient enrichment 0.14 7, 29 0.65 ns
Population x Nutrient 0.41 14, 60 1.12 ns
enrichment

Genotype (population) 3.48 245, 1.21 0.055
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Fig. 3 The scattering of algal genotypes from three populations
according to the values of the first and second principal components.
The PCA axes represent linear combinations of the seven variables
(nos. 3, 7, 8, 11-14) from the phlorotannin profile analyzed with
HPLC. Each dot represents a mean of a genotype (N=38)

0.19, SE) than in the control treatment (7.07%=0.18, SE;
Fig. 5, Table 2), the HPLC profile showed no differences
between them (Fig. 5, Table 3). In the nutrient enrichment
treatment, only the poorly repeatable trace no. 6 was higher
than in the control (Fig. 5).

The genotypic variation within the population, in both
the content of total phlorotannins (Table 2) and the
phlorotannin profile (Table 3) was marginally significant.

Discussion

Our main finding was that the three populations of F.
vesiculosus differed in both their phlorotannin profiles and

25000 -
B Aaviikki
= Jurmo

200001 3 sippi
15000 <

10000 ll

5000/'

Peak area

4000 <
3000
2000

1000

(U T
#3 #7 #8 #11 #12  #13  #14

Trace number
Fig. 4 The mean area (and SE) of the repeatable traces of the
phlorotannin profile in different population after a 3-mo growth period
in a common environment
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Effect size
Fig. 5 The effect size (standardized mean difference between nutrient
enrichment and control treatment levels£95% confidence intervals) of
nutrient enrichment separately for each of the 14 traces of the
phlorotannins profile analyzed with HPLC and the total contents of
phlorotannins measured using the Folin—Ciocalteu assay (TOT, white
circle). Gray bars indicate traces with poor repeatability

in the total phlorotannin content after the algae had grown
for 3 mo in a common environment. A period of 3 mo is
plenty of time for the phlorotannin pool to turn over and
respond to the new common environment: in brown algae,
metabolic turnover of phlorotannins takes place in days
under field conditions (Arnold and Targett 2000), and in F.
vesiculosus, plastic responses to environmental change
occur in less than 1.5 mo (Hemmi et al. 2004; Honkanen
and Jormalainen 2005; Koivikko et al. 2005). Thus,
preservation of differences shows that the among-popula-
tion variation in phlorotannins is genetic in origin. Further
support for the genetic variation came from the marginally
significant variation among the cloned genotypes within
populations. Although genetic variation in total phlorotan-
nins has also been found previously (Jormalainen et al.
2003; Jormalainen and Honkanen 2004), this is the first
report on genetic variation of the phlorotannin profile.

The formation of phlorotannin oligo- and polymers in
plants from their precursors necessitates enzyme activity
(Waterman and Mole 1994). Those enzymes involved are
transcription products of the plant genome (Waterman and
Mole 1994); thus, the genetic variability in the profile and
amount of phenolic compounds in a plant must reflect
evolutionary differentiation among populations. Such a
microevolutionary change may be caused either by natural
selection or random changes in gene frequencies. We
cannot exclude the role of genetic drift in the differentiation
of phlorotannins, but they have been shown not to be
selectively neutral; the form and intensity of natural
selection for total phlorotannins varies among different
environments (Jormalainen and Honkanen 2004). There-
fore, the geographic variation in environmental conditions
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among local populations, i.e., in abiotic and biotic selective
agents, may explain the observed differentiation.

The populations from Aaviikki and Jurmo were more
alike in their contents of total phlorotannins but differed in
their phlorotannin profiles, whereas the populations from
Jurmo and Séappi differed in their total phlorotannin
contents but resembled each other in their HPLC profiles.
Thus, how the different compounds appeared varied among
populations. Some individual traces differed among the
populations. It might be suspected that such traces could be
under differential selection, i.e., having ecological functions
whose roles vary among populations. As with total
phlorotannins, the phlorotannin profile also seems to reflect
the quantitative differences among populations to some
extent. However, the among-population differences in
phlorotannin profile are also qualitative, as the magnitude
of divergence varied among the separate traces.

Nutrient enrichment of the growing environment caused a
decrease in total phlorotannins but did not change the
composition of the profile. Similar effects of nutrient
enrichment on total phlorotannins have been found previous-
ly in manipulative and correlative studies in F. vesiculosus
(Peckol et al. 1996; Pavia and Toth 2000; Jormalainen et al.
2003; Hemmi et al. 2004) and in Ascophyllum nodosum
(Svensson et al. 2007), but not in all studies of brown algae
(Cronin and Hay 1996; Pavia and Toth 2000). The negative
influence of nutrient enrichment on the total phlorotannin
contents is predicted by both the CNB and GDB hypotheses.

The lack of differences in phlorotannin profiles among
nutrient levels may indicate that such plasticity includes
neither qualitative nor quantitative changes, but that
nutrient enrichment induced a plastic response in com-
pounds other than phlorotannins. As the colorimetric
method gives the total contents of all compounds that have
a similar functional group, it also measures some com-
pounds not classified as phenolic but that include an
oxidizable group. For example, amino acids and proteins,
ascorbic acid, urea, and diethyl ether are known to cause
such inaccuracy (Ragan and Glombitza 1986; Steinberg
1989; Waterman and Mole 1994; Van Alstyne 1995; Stern
et al. 1996). It has been suggested that the concentrations of
compounds other than phlorotannins in the Folin—Ciocalteu
assay range between 3 and 5% (Van Alstyne 1995). Thus,
although an increase of about 10% in the value of the FC
assay as a response to nutrient enrichment is unlikely to result
from non-phlorotannin compounds alone, the lack of any
response in the phlorotannin profile may indicate that
plasticity in non-phlorotannin compounds may interfere with
the determination of total phlorotannins more than has been
conventionally assumed. However, there remains the possi-
bility that the profile does not include those phlorotannins that
increase with the nutrient level. Some compounds might
remain undetected or be underrepresented in liquid chroma-



J Chem Ecol (2008) 34:57-64

63

tography because of low UV response in relation to the
concentration, large molecular structure, overlapping of
isomers, or an unsuitable polarity for chromatographic
determination (Adamson et al. 1999; Lazarus et al. 1999).
As the area of a trace is affected by the sensitivity of the
compound to detection, the stability of the molecule and its
amount can at best, only be an indication of the actual
quantity of the compound. However, it is likely that
oligomers or polymers up to hexamers are in fact detectable
by NP-HPLC (Koivikko et al. 2007).

Six of the fourteen traces of the phlorotannin profile
correlated positively with the contents of total phlorotan-
nins. However, when using pooled data, the best multiple
regression model of total phlorotannins on the phlorotannin
profile explained less than a quarter of the observed
variation. In the within-population analyses, the amount of
explained variation differed among populations; in one, it
increased to 45%. Such variability and increase in the
amount of explained variance at the within population level
was expected because the phlorotannin profiles of the
populations differed. At least two factors contribute to the
relatively poor consistency of the total phlorotannins and
phlorotannins profile, i.e., the HPLC method may leave
some phenolic compounds undetected, while the Folin—
Ciocalteu assay might measure some compounds not
classified as phlorotannins.

To summarize, the phlorotannin profile shows genetic
variation among local populations of F. vesiculosus. Thus,
not only the total contents of phlorotannins but also the
amounts of separate phlorotannins may respond to natural
selection and evolve. This implies that local populations of
brown algae may become qualitatively different with
respect to their major group of secondary metabolites.
While understanding the functions and variability of
separate phlorotannins remains a challenge, the HPLC
assay of the phenolic fraction provides a method to explore
their responses to both the abiotic and biotic factors. To
better understand the suggested multiple roles of phlor-
otannins, the phlorotannin profile can give more detailed
data than the total phlorotannin content.
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Abstract A new ent-kaurane glucoside, named helikaur-
anoside A (4), was isolated from the aerial parts of
Helianthus annuus L. together with three known ent-
kaurane-type diterpenoids: (—)-kaur-16-en-19-oic acid (1),
grandifloric acid (2), and paniculoside IV (3). The structure
of 4 was determined by using a combination of 1D ('H-
NMR and "*C-NMR) and 2D (COSY, HSQC, and HMBC)
NMR techniques. Bioactivity spectra of isolated com-
pounds were tested by using the etiolated wheat coleoptile
bioassay in aqueous solutions at concentrations ranging
from 10 to 10 °M. Helikauranoside A (4) was the most
active (—84%, 10 °M; —56%, 10~*M). These results suggest
that this new compound may be involved in defense
mechanisms of H. annuus.

Keywords Allelopathic agents - Kaurane - Glycoside -
Sunflower - Diterpene

Introduction

Chemical studies of Helianthus annuus L. (Spring et al.
1981; Melek et al. 1985; Alfatafta and Mullin 1992; Spring
et al. 1992; Macias et al. 1993a, b, 1994, 1996) have shown
that this species is a rich source of terpenoids, particularly
sesquiterpenoids. A wide spectrum of biological activities
has been reported for sunflower extracts and components
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(Beale et al. 1983; Rieseberg et al. 1987; Spring et al. 1991;
Ghisalberti 1997). These activities include potential allelo-
pathic effects of extracts from different sunflower cultivars
(Macias et al. 1998, 1999a, b).

The isolations of diterpenoids from H. annuus L. that
have different skeleton types include the following:
trachylobanes (Ferguson et al. 1982; Pyrek 1984; Melek
et al. 1985); atisane (Morris et al. 2005); gibberellins
(Hutchinson et al. 1988); and the kaurenoid carboxilic acids
(—)-kaur-16-en-19-oic acid (1) (Fig. 1) (Pyrek 1970),
grandifloric acid (2) (Fig. 1) (Panizo and Rodriguez 1979;
Ferguson et al. 1982), angeloylgrandifloric acid, 15f-
acetoxy-kaur-16-en-19-oic acid, 15f3-i-valeroxy-kaur-16-en-
19-oic acid, 153-angeloxy-kaur-16-en-19-oic acid (Ferguson
et al. 1982), ent-kauran-160c-ol (Morris et al. 2005), 2(3,16[3-
ent-kauranediol, and 15¢,160-epoxy-17-al-ent-kaurane-19-
oic acid (Suo et al. 20006).

A bioassay-guided fractionation of H. annuus L.
extracts was carried out to isolate, identify, and character-
ize the allelopathic constituents. Four kaurene diterpenes
were isolated from SH-222 and Stella cultivars of sun-
flowers. Helikauranoside A (4) (Fig. 1) is characterized by
a glycosylated kaurane-type skeleton and is described for
the first time. The etiolated wheat coleoptile bioassay in
aqueous solutions at concentrations between 10> and
10 °M were used to complete the bioactivity spectrum of
the isolated compounds.

Methods and Materials

General 1R spectra (KBr) were recorded on a Perkin Elmer
FT-IR Spectrum 1000, Matton 5020 spectrophotometer.
NMR spectra were run on Varian INOVA-400 and Varian
INOVA 600 spectrometers. Chemical shifts are given in
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Fig. 1 Isolated diterpenes
from H. annuus cv. Stella
and SH-222

~
Z
Z

18 19 COOH
1 R=H
2 R=0Ang

parts per million with respect to residual 'H signals of
MeOD-d, and py-ds (5 3.30 and 7.55, respectively), as well
as '°C with those of the solvent (5§ 49.0 and 135.5,
respectively). Optical rotations were determined with a
Perkin Elmer polarimeter model 241 (on the sodium D
line). High-resolution mass spectroscopy (HRMS) was
carried out on VG AUTOESPEC mass spectrometer
(70eV).

Plant Material Helianthus annuus cv. SH-222 (commer-
cialized by Semillas Pacifico) and Stella were collected
during the third plant development stage (Macias et al.
1999¢) (i.e., plants were 1.2m tall with flowers, 1month
before harvest) and were provided by Rancho de la Merced,
Agricultural Research Station (CIFA), Junta de Andalucia,
Jerez, Spain.

Extraction and Isolation Fresh leaves of H. annuus cv. SH-
222 (6kg) were extracted in water (181) for 24h in the dark
at room temperature. The aqueous solution was extracted
with CH,Cl, and then with EtOAc at room temperature.
The organic layer was removed by reduced pressure
evaporation and yielded two extracts of 16g (CH,Cl,-W)
and 6g (EtOAc-W), respectively. EtOAc-W was chromato-
graphed by using hexane—ethyl acetate mixtures of increasing
polarity. The most polar fraction was chromatographed on a
reverse-phase column (C-18) with a water—methanol (1:4 to
0:1) solvent system to elute compounds 3 (2mg) and 4 (3mg)

(Fig. 1).

Similarly, 4kg of H. annuus cv. Stella was extracted and
yielded 77g (CH,Cl,-W) and 7g (EtOAc-W). CH,Cl,-A
was chromatographed with hexane—ethyl acetate mixtures
of increasing polarity. The fraction eluting with hexane—
ethyl acetate (1:1) was chromatographed and yielded two
compounds—1 (28mg) and 2 (1mg).

Known compounds were identified by comparison of
their physical and spectroscopical data (m.p., [«], IR, MS,
"H-NMR and '*C-NMR) with those previously reported in
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the literature. Helikauranoside A (4) crystalline solid mp
260°C; IR Vpax (KBr) cm ': 3,500 (OH, carboxylic acid)
1,700 (C=0, acid). '"H-NMR data (600MHz) MeOD-dy: &
0.95 (s, H-20), 1.20 (s, H-18), 1.91 (m, H-16), 2.17 (m, H-
3x), 3.32-3.37 (m, H-4', H-3', H-2"), 3.35 (m, 2H, H-17),
3.40 (ddd, 8.0, 1.7, 4.6, H-5"), 3.68 (dd, 11.9, 4.6, H-6'a),
3.81(dd, 11.9, 1.7, H-6'b), 5.39 (d, 8.1, H-1"); py-ds: 8 6.26
(d, 7.9, H-1"), 6 4.45 (brd, 11.2, H-6'3), & 4.38 (brd, 11.2,
H-6'x), 6 4.34 (dd, 10, 8.8, H-3"), 6 4.25 (dd, 8.8, 8.8, H-
4", 6 4.22 (dd, 8.1, 7.9, H-2'), 6 3.94 (ddd, 8.8, 4.4, 2.4, H-
5", 6 3.61 (m, 2H, H-17), 6 2.38 (brd, 13.2, H-3a), 5 2.29
(brs, H-13), 5 2.16 (m, H-16), 6 1.79 (brd, 12.3, H-1a), 6
1.61 (dd, 9, 12.1, H-15a), 6 1.44 (m, H-7a), 6 1.27 (s, 3H,
H-18), 6 1.22 (s, 3H, H-20), 6 1.08 (dd, 5.1, 12.1, H-15b), 6
0.96 (brd, 8.0, H-3a), 5 0.76 (m, H-7b); '*C NMR data
(150MHz): see Table 1; HREIMS m/s 482.2884 [M'] (cal.
for 482.2880).

Coleoptile Bioassay Wheat seeds (Triticum aestivum L. cv.
Duro) were sown in Petri dishes (15cm diameter), misted
with water, and grown in the dark at 22 + 1°C for 3days
(Hancock et al. 1964). The roots and caryopsis were
removed from the shoots. The apical 2mm of the caryopsis
was cut off and discarded with a Van der Weij guillotine.
The next 4mm of the coleoptiles was removed and used for
bioassay. All manipulations were performed under a green
safelight (Nitsch and Nitsch 1956). Compounds were
predisolved in DMSO and diluted to the final bioassay
concentration with a maximum of 0.1% DMSO. Parallel
controls treated with water and DMSO were also run at the
same concentrations.

Crude extracts, fractions, or pure compounds to be
assayed for biological activity were added to test tubes.
Assays were run in duplicate. Phosphate—citrate buffer
(2ml) containing 2% sucrose (Nitsch and Nitsch 1956) at
pH5.6 was added to each test tube. Following the
placement of five coleoptiles in each test tube (three tubes
per dilution), the tubes were rotated at 0.25rpm in a roller
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Table 1 '>C NMR data for compound 4 in deuterated methanol and
pyridine

Table 2 Selected '*C NMR data for o- and 3-isomers of aglycone in
CDCl; and those for compound 4 in methanol

C 5'*C MeOD-d, 33Cpy-d, C o-CH,OH B-CH,OH 4

1 01t 41.0 12 20.0 31.4 32.5
2 20.0 ¢ 19.3 13 36.9 38.1 39.5
3 39.1 ¢ 38.5 15 442 45.0 46.3
4 45.1 s 44.1 17 64.2 67.4 67.7
5 58.8d 57.5

6 2351 22.9

7 43.0 ¢ 422

8 459 s 45.0 Helikauranoside A (4) was isolated as white crystals (mp
9 56.9d 55.6 260°C) with [«]p>> —6.4 (¢ = 0.14) from fraction H. The
10 40.9 s 40.0 molecular formula was deduced to be C,sH4,05 on the
i; §(Z)§i 19.6 basis of HRMS that showed an ion peak [M]" at m/z
13 39:5 J 187 482.2884. Intense absorption bands at 3,500 and 1,7000m71
14 379 379 were observed in the IR spectrum of 4, in accordance with
15 463 d 457 the presence of hydroxyl and carbonyl functions, respec-
16 4455 443 tively. The 'H NMR spectrum of 4 was run in methanol
17 67.7 t 67.1 (CD3;0D) and pyridine (CsDsN). Both spectra exhibited
18 29.1¢ 28.7 signals for a (-glucopyranosyl moiety in the structure
19 1783 s 175.6 [CD;0OD: § 5.39 (H-1', d, J = 8.1), 6 3.81 (H-6'8, dd, J =
f? ;gzg égg 119, 1.7), § 3.68 (H-6'a, dd, J = 11.9, 4.6), 5 3.40 (H-5',
" 74:1 d 74:1 ddd, J = 8.0, 4.6, 1.7), & 3.32-3.37 (H-2', H-3', H-4', m);
3 787 d 711 CsDsN: 8 6.26 (H-1', d, J = 17.9), d 445 (H-6'3, brd, J =
4 711d 792 11.2), 5 4.38 (H-6'x, brd, J = 11.2), 6 4.34 (H-3, dd, J = 10,
5' 78.7 d 79.4 8.8), 6 4.25 (H-4', dd, /= 8.8, 8.8),  4.22 (H-2', dd, /= 8.1,
6' 62.4d 62.1 7.9), & 3.94 (H-5', ddd, J = 8.8, 4.4, 2.4)] (Agrawal 1992;

tube apparatus for 24h in the dark at 22°C. Coleoptiles were
measured following digitalization of their images. Data
were statistically analyzed by using Welch’s test (Martin
Andrés and Luna del Castillo 1990). Data are presented as
percentage differences from control. Thus, zero represents
the control, positive values represent stimulation of the
studied parameter, and negative values represent inhibition.

Results and Discussion

Fresh H. annuus cv SH-222 leaves were extracted in water
in the dark at room temperature. The aqueous solution was
extracted with CH,Cl, and then with EtOAc. Following
chromatography, the EtOAc extract was separated into
eight fractions. Fraction H contained the compounds
paniculoside IV (3) (2mg) and helikauranoside A (4)
(3mg) described for the first time in this report (Fig. 1).
Helianthus annuus cv. Stella was extracted similarly. The
fraction eluting with hexane-EtOAc (1:1) yielded com-
pounds 1 (28mg) and 2 (1mg). The spectroscopic data for
1, (Pyrek 1970; Ohno et al. 1979) 2 (Panizo and Rodriguez
1979; Herz et al. 1983), and 3 (Fig. 1)(Ohno and Mabry
1980) were identical to those previously reported.

Rakotondraibe et al. 2002; Harinantenaina et al. 2002a, b).
This was confirmed by signals in the '>*C NMR spectrum
[CD;0D: & 95.6 (C-1"), & 78.7 (C-3"), & 78.7 (C-5"), b 74.1
(C-2", 5 71.1 (C-4"), b 62.4 (C-6")].

Additionally, the "H NMR in methanol exhibited a signal
for the protons of two methyl groups at & 1.20 (3H, s, H-18)
and 6 0.95 (3H, s, H-20). The H-17 protons resonate in
MeOD at 6 3.35 (2H, m) and suggest that 4 is an ent-
kaurane-type diterpene glycoside. The '*C NMR and
HSQC spectra of 4 showed the presence of two methyls,
11 methylenes, nine methines, and four quaternary carbons
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Fig. 2 Bioactivities of compounds 1-4 in wheat coleoptile bioassay
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containing an ester carbonyl group. We found analogies in
the chemical shifts of signals from the "H NMR and '*C
NMR spectra of 4 with those previously described for the
epimeric diterpenes at C-16 that correspond to the aglycone
(—)-17-hydroxy-kauran-19-oic acid (Table 1). On the basis
of the stereochemical studies performed by Yang et al.
(2002), the chemical shift of H-17 in methanol (6 3.35)
suggested a [3-orientation for the hydroxymethylene moiety
(8 3.40 and 3.72 of the aglycone in CDCl; for the 3 and o
isomers, respectively). This was confirmed by comparison
of the chemical shifts observed in '*C NMR spectrum with
those found for the both isomers described by Wu et al.
(1996; see Table 2). According to the chemical shift
observed for C-17 in the pyridine-ds spectrum (& 67.7),
the B-glucopyranosyl moiety must be attached to the
carboxylic ester at C-19; otherwise, a glycosylic moiety
attached at C-17 should resonate between & 74 and 75ppm
(Shao et al. 1996). These data allow us to propose the
structure O-f3-D-glucopyranosyl-17-hydroxy-16-kauran-
19-oate. This is the first report of this structure, which
was named helikauranoside A (4).

Bioactivity—Coleoptiles Bioassay There are many antece-
dents of bioactivity of kaurane diterpenes. Some of them
are for compounds described in this report or for structures
related to them. Thus, (—)-kaur-16-en-19-oic acid (1) has an
inhibitory effect on the growth of Bacillus subtilis and
Staphylococus aureus (Phan et al. 2005) and has been
tested on the aggregation of Washed Rabbit Platelets,
showing complete inhibition induced by collagen at
200uM (Yang et al. 2002). This compound was active in
the brine shrimp test (BST LCsy, 16pug/ml) and was
selective for MCF-7 (breast cancer, EDsy 1.0png/ml) cells
among six human solid tumor cell lines (Majekodunmi and
Oladimeji 1996). Compound 1 and the aglycone of 4 have
strong inhibitory effects against cyclooxygenase (COX)
(Phan et al. 2005).

The aglycone of 3 gave 46% and was inhibited by HIV
reverse transcriptase at a concentration of 33pug/ml (Chang
et al. 1998). Epimers at C-16 inhibited HIV replication in
H9 lymphocyte cells with ECsy of 0.8ug/ml (Wu et al.
1996).

To complete the bioactivity spectrum of the isolated
compounds, isolated compounds were tested with the
etiolated wheat coleoptile bioassay (Hancock et al. 1964)
in a range of 10°~10 °M. This bioassay has been used to
estimate plant growth regulation, herbicide, or phytotoxic
activities (Cutler 1984).

The growth of etiolated wheat coleoptiles (Fig. 2) was
inhibited (P<0.01) by solutions of 1 (=59%, 107° M;
=39%, 107* M), 2 (=55%, 10> M; —40%, 10~ M), and 4
(—84%, 10> M; —56%, 10 * M). The most active
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compound was 4, whereas compounds 1 and 2 presented
similar activities, but 3 did not show any significant effect.

Chemical differences among diterpenes 1, 2, 3, and 4,
are centered at C-16. Therefore, the differences in the
activity must be explained by the different substitutions in
this position. Compound 4 has a hydroxymethylene group
at C-16 and is highly active, whereas the presence of an
additional hydroxyl group (compound 3) decreases activity
dramatically. On the other hand, if a double bond (between
C-16 and C-17) is present instead of the hydroxymethylene
group, activity also decreases (compounds 1 and 2). Other
positions in the kaurane skeleton seem to be less important
in relation to activity, such as those compounds that present
an angelate at C-15 or a sugar at C-19. The presence of
angelate at C-15 only changes the activity from slightly
stimulatory to inhibitory at the lowest concentration
(compound 2 vs. compound 1).

Although diterpenoids are not usually reported as
phytotoxic agents, in this case, the most active compound
is the glycosylated diterpenoid 4. The ecological role of
these compounds has been associated more with antifee-
dant, insecticidal, and deterrent activity. Moreover, diterpe-
noids as giberrellins act as important plant hormones
involved in growth regulation (Macias et al. 2007). In
contrast, the glycosidic form of active natural products is
less active than the aglycones (Macias et al. 2005).
Unfortunately, the lack of sufficient quantities of compound
did not allow us to hydrolyze it and to bioassay the
aglycone to compare their activities.

These results suggest that compound 4 should be
involved in defense mechanisms of H. annuus. The shown
activity indicates that its role may be related with the
allelopathic behavior shown by this species.
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Abstract Solid-phase microextraction (SPME) was used to
measure allelochemical uptake by tomato plants in vivo.
Exogenously applied 1,8-cineole was rapidly taken up by
tomato, with the first traces of cineole being detected in the
tomato stem just 1-2 h after a single application of 0.5 mM
cineole to soil. The pulse of cineole persisted in the tomato
stem for 72 h. When cineole concentrations were measured
24 h after a single application, trace amounts of cineole
could be detected in tomato stem fluid at application
concentrations as low as 50 uM. Tomato was also found
to take up camphor, menthol, and coumarin, but not
carveol. In preliminary tests with common ragweed
(Artemisia annuifolia L.) and purslane (Portulaca olera-
ceae L.) plants growing in garden beds, both ragweed and
purslane took up 1,8-cineole, and purslane also took up
camphor. The quantitation of allelochemical uptake by
plants is considered to be a crucial test of hypotheses of
allelopathic effects, but demonstration of allelochemical
uptake has had to be inferred based on observed toxicity
due to the lack of methods to measure uptake in vivo. This
new technique now provides a means of tracking com-
pounds within target plants. Furthermore, the demonstrated
rapid uptake of 1,8-cineole by plants suggests a potential
mechanism whereby brief pulses of allelochemicals over an
extended period of time might be able to exert an
allelopathic effect on plants.
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Introduction

One of the methodological barriers to the study of
allelopathy is the lack of techniques to measure the uptake
of allelochemicals by target plants. Fuerst and Putnam
(1983) asserted that quantification of the amount of toxin
released to the environment and taken up by the target plant
was crucial to proving a hypothesis of allelopathy. The
focus of most investigations has been measurement of
allelochemical concentrations in soil by various approaches
(Tang and Young 1982; Ponder and Tadros 1985; Dalton
et al. 1987; Gallet and Pellissier 1997; Weidenhamer 2005;
Blair et al. 2006). Uptake of allelochemicals is typically
inferred based on observed toxic effects (e.g., Bais et al.
2003). Because radiolabeled analogs of plant natural
products are generally unavailable, studies of allelochem-
ical uptake with the radiotracer techniques commonly
employed to monitor herbicide translocation (e.g., Kalnay
and Glenn 2000; Chun et al. 2001; Shoup and Al-Khatib
2005) are not feasible.

Arthur and Pawliszyn (1990) introduced solid-phase
microextraction (SPME) as a nondestructive, solvent-free
sampling technique that is now widely used to monitor
volatiles in headspace (Deng et al. 2004a, b; Custddio et al.
2006) and trace organics in aqueous solutions (Boussahel
et al. 2002), and it has numerous other applications. Re-
cently, Lord et al. (2004) demonstrated the use of SPME to
monitor herbicide levels in living plant tissues. Triazine
herbicides were applied to soil and then detected in tomato
plants by placement of an SPME fiber directly inside the
plant stem. Provided that allelochemicals are translocated
into target plants rather than exerting their toxic effects at
the root surface or by other means, in vivo SPME could be
a tool to monitor the uptake of suspected allelopathic agents
by target plants. The objective of this study was to test the
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applicability of this method by using tomato plants and
several candidate allelochemicals.

Methods and Materials

Chemicals and Supplies (1R)-(+)-Camphor (99%), carveol
(97%), and 1,8-cineole (99%) were obtained from Aldrich
Chemical (Milwaukee, WI, USA). Coumarin (reagent
grade) was purchased from Eastman Chemical (Rochester,
NY, USA). Menthol (USP grade) was purchased from
Mallinckrodt Chemicals (St. Louis, MO, USA). SPME
fiber assemblies and holders were obtained from Supelco
(Bellefonte, PA, USA). The fibers chosen were coated with
a 100-um layer of polydimethylsiloxane (PDMS).

Plants and Treatment Tomato (Lycopersicon esculentum L.
cv. “Big Boy”) plants were obtained from a local garden
store and transplanted into large styrofoam cups that
contained a 50:50 mix of sand and potting soil. Common
ragweed (Artemisia annuifolia L.) and purslane (Portulaca
oleraceae L.) plants were growing in flower beds as weeds.
Allelochemical solutions were applied in aqueous solution.
Concentrations of cineole ranged from 0.05 to 0.5 mM.
Other compounds were applied at a concentration of
0.5 mM. The volume of solution application was 40 ml
with tomato plants and 300 ml for common ragweed and
purslane. All analyses of tomato plants were based on
duplicate sampling of two identically treated plants, and
plants were not reused. Preliminary measurements with
common ragweed and purslane were made on single plants.

Sampling Method The SPME sampling method was mod-
eled after that of Lord et al. (2004). Plants were sampled at
a stem height of 6.0 cm above the soil, except for the study
of concentration with sampling height, in which tomato
plants were sampled at heights ranging up to 30 cm. One to
72 h after treatment application, a SPME fiber was inserted
into the stem of the test plant. The SPME fiber was
preconditioned in phosphate-buffered saline (PBS) for
30 min. The retracted fiber (without spring and unattached
to the SPME fiber holder) was then placed into a small 1.5-
cm hole, which was made in the stem with a 22-gauge
needle and filled with PBS. The outer protective needle was
carefully retracted while holding the fiber support wire in
place, so that the fiber was exposed to the stem fluid. The
SPME fiber assembly was supported during the sampling
process (either by leaning against a metal spatula inserted
into the soil for the 6-cm sampling point, or by using a loop
of masking tape at higher points) so that no stress was put
on the fiber. The fiber was equilibrated in the stem for 1 h.
It was removed by reversing these steps. The fiber was
rinsed with distilled water and then installed into an SPME

holder for immediate GC-MS analysis. With care, it was
possible to reuse fibers 10 or more times.

Quantitation Cineole was quantified by comparison to
direct injections of cineole standard solutions (linear over
a range of 1 ng—1 pg; =0.999) and by comparison to
static 1-h extractions of cineole solutions in PBS buffer
(linear over a range of 0.25-60 pM, °=0.978). Stem
fluid concentrations were estimated by comparison to the
static PBS buffer calibrations.

Chromatographic Methods Samples were analyzed on an
Agilent 6890 gas chromatograph equipped with a model
5975 quadrupole mass spectrometer. An HP-SMS column
(30 m, 0.25 mm ID*0.25 pum film thickness) was used for
separation. SPME fibers were desorbed manually at 250°C
for 2 min in splitless injection mode. All injections of liquid
standards were made in splitless mode. Two basic temper-
ature gradients were used. With tomato, optimal separation
was achieved by holding column temperature at 50°C for
2 min, then increasing at 10°C min' to 110°C. For
preliminary investigations with common ragweed and
purslane, column temperature was held at 50°C for 2 min,
then increased at 25°C min ' to 200°C. Compound
identities were confirmed with the National Institute of
Standards and Technology (NIST) Mass Spectral Search
Program (Washington, DC, USA).

Results

Cineole was taken up rapidly by tomato plants (Fig. 1). Just
1-2 h after a single application of 0.5 mM cineole to soil,
the first traces of cineole were detected in the tomato stem.
Cineole concentrations in the stem increased up to 12 h

Time Course of Cineole Persistence in Tomato
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Fig. 1 Uptake of single application of 0.5 mM 1,8-cineole by tomato

plants, measured by SPME of stem fluid. Concentration of cineole in
stem fluid was estimated by comparison to SPME calibration in PBS
solution. Values are the average of separate measurements on two plants
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Uptake of Cineole by Tomato Plant
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Fig. 2 Uptake of a single application of 1,8-cineole by tomato plants
as a function of cineole concentration. Values are the average of
separate measurements on two plants

after the initial application, and slowly declined until only a
trace amount was detected at 72 h.

When cineole concentrations were measured 24 h after a
single application, trace amounts could be detected in
tomato stem fluid at application concentrations as low as
50 uM (=0.05 mM, Fig. 2). Concentrations in stem fluid
increased with application concentration. Cineole concen-
trations in tomato stem decreased linearly with sampling
height (Fig. 3). Cineole could still be detected in very low
concentrations to a height of 30 cm above the soil surface.

Applications of other compounds (0.5 mM solutions
except for carveol, which was applied at 0.6 mM) gave
variable results. Camphor and menthol, but not carveol, were
detected in tomato. Coumarin was also detected after
application to tomato, but only after 72 h. 1,8-Cineole was
detected following application to both ragweed and purslane.
Camphor was detected following application to purslane, but
not ragweed. Coumarin, menthol, and carveol were not
detected following application to ragweed and purslane.

Chromatograms of cineole-treated tomato and common
ragweed are presented in Fig. 4a and b, respectively.
Cineole and other exogenously supplied monoterpenes
were not detected in control plants. However, several
additional monoterpenes and other tentative compounds
were detected in stem fluid of control and treated plants.
Compounds identified on the basis of their mass spectral
NIST library matches in tomato included p-mentha-1,4(8)-
diene, x-phellandrene, (3-phellandrene, and methyl salicy-
late. In common ragweed, compounds identified included
[3-myrcene, limonene, and ocimene. Several sesquiterpenes
were also detected (data not shown).

Discussion

Analytical Methodology Methyl salicylate and other plant
volatiles play important roles in signaling by herbivore-
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damaged plants that attract herbivore parasitoids (Turlings
et al. 1990; Demoraes et al. 1998) and by pathogen-infected
plants that induce pathogen resistance in other plants
(Shulaev et al. 1997). Therefore, a number of methods
have been developed for the analysis of monoterpenes and
other plant volatiles. These have included in-plant as well
as headspace analyses. Deng et al. (2004a) analyzed methyl
salicylate and other volatiles in tomato leaves by HS-
SPME/GC-MS after tomato leaves were ground in liquid
nitrogen. The analysis required 2.0 g fresh weight of tissue.
Deng et al. (2005) removed 1.2-cm-diameter pieces of
leaves, placed them in a GC injection liner, and thermally
desorbed volatiles directly into GC-MS. The analytical
method reported here is a novel approach to measuring
compounds in planta. Our results demonstrate for the first
time the possibility of quantifying the amount of at least
some allelochemicals taken up by target plants, a crucial
test for hypotheses of allelopathy. The size of current
SPME fibers will prevent in vivo sampling of most leaves.
Thus, techniques such as those used by Deng et al. (2004a,
2005) may be useful complements to in vivo sampling
of stems or for analysis of plants where plant structure
does not permit direct insertion of an SPME fiber. We
also note that one potential limitation of this method is
that it requires that allelochemicals be translocated into
target plants. It is conceivable that some compounds may
exert their toxic effects at the root surface or within the
root (e.g., Bais et al. 2003) and not be translocated to the
upper part of the plant. In such cases, other analytical tech-
niques will be needed.

The presence and relative amounts of native mono- and
sesquiterpenes and other compounds detected in stem fluid
(Fig. 4) varied among tested plants. In particular, methyl
salicylate was sporadically found in tomato stem fluid, and
levels of methyl salicylate did not change in response to
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Fig. 3 1,8-Cineole concentrations in tomato stem as a function of

sampling height. Samples were taken 24 h after a single application of
0.5 mM cineole to soil. Values are the average of separate measure-
ments on two plants



J Chem Ecol (2008) 34:70-75

73

Fig. 4 A In vivo SPME total
ion chromatogram of tomato
stem from cineole-treated plant.
Compounds identified by their
mass spectra are: / p-mentha-1,4
(8)-diene, 2 a-phellandrene, 3
[3-phellandrene, 4 1,8-cineole,
and 5 methyl salicylate. B In
vivo SPME total ion chromato-
gram of common ragweed stem
from cineole-treated plant.
Compounds identified by their
mass spectra are: / 3-myrcene,
2 limonene, 3 1,8-cineole, and 4
ocimene. Chromatographic con-
ditions are described in Methods
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exogenous monoterpene application. However, our results
suggest that in vivo SPME may be a useful tool for the
study of these compounds within plants.

The 1-h equilibration time used in this study was based
on the results of Lord et al. (2004), who also used a
1-h equilibration time. They found that two of three triazine
herbicides tested did not equilibrate within 3 h, but that the
slope of the extraction profile was not steep. Given the
dynamic nature of cineole concentrations, a 1-h sampling
time was chosen for this study. Quantitation of stem
extracellular fluid concentrations by external calibration
with static PBS buffer extraction is probably not valid given
the difficulty of preparing a buffer that matches the
composition of extracellular fluid (Lord et al. 2004). The
results obtained should, thus, be regarded as semiquantita-
tive, but they do provide useful information on the relative
amounts of monoterpenes taken up by plants over time. A
possible approach to quantitation that could overcome these
issues would be to use the newly developed kinetic
calibration method in which a standard is preloaded on
the SPME fiber and the concentrations of analyte are

estimated based on the isotropy of absorption of analyte
and desorption of standard (Musteata et al. 2007).
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Monoterpenes and Allelopathy Monoterpenes have been
implicated in allelopathic interactions in a number of
systems. Muller et al. (1964) and Muller (1965) identified
several monoterpenes, including 1,8-cineole and camphor,
from the California chaparral shrub Salvia leucophylla and
provided evidence for their role in maintaining bare zones
around these shrubs. In the Florida scrub, several fire-
sensitive shrubs have allelopathic activity against grasses
and herbs that would provide fuel for fires if they were not
excluded from the scrub. In two species, oxygenated
monoterpenes have been identified as the presumed
allelopathic agents. A mixture of compounds including
1,8-cineole, camphor, borneol, mytenal, and several other
oxygenated monoterpenes was identified in leaf washes of
Conradina canescens (Williamson et al. 1989), while
derivatives of menthofuran were identified as potential
allelopathic compounds from Calamintha ashei (Tanrisever
et al. 1988; Weidenhamer et al. 1994). In conifer forests,
there is experimental evidence that monoterpenes, probably
from roots, may play a role in reducing nitrogen mineral-
ization and nitrification (White 1991, 1994; Paavolainen
et al. 1998). Recently, Barney et al. (2005) presented
evidence that the invasive characteristics of mugwort
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(Artemisia vulgaris), which can form dense, monospecific
stands, can be attributed in part to allelopathic effects
derived from a mixture of monoterpenes that include 1,8-
cineole and camphor.

Numerous studies have shown that monoterpenes are
potent toxins and exert a number of toxic effects on plant
cells and seedlings (Vaughn and Spencer 1993; Weidenhamer
et al. 1993; Pefuelas et al. 1996; Koitabashi et al. 1997;
Abrahim et al. 2000; Romagni et al. 2000). Nishida et al.
(2005) found that the volatile monoterpenes of S. leuco-
phylla, including camphor and 1,8-cineole, inhibited
germination and growth of Brassica campestris and de-
creased cell proliferation in the root apical meristem.
Zunino and Zygadlo (2005) showed that monoterpenes,
including camphor and 1,8-cineole, affected the phospho-
lipid fatty acid and sterol composition of maize root. These
changes in membrane lipids could interfere with seedling
growth.

One of the questions about the plausibility of allelopath-
ic mechanisms that involve monoterpenes, as with other
proposed allelopathic compounds, is their generally short
persistence in the environment. The results of this study
that show rapid uptake of 1,8-cineole and camphor by
plants suggests a potential mechanism whereby brief pulses
of allelochemicals over an extended period of time might be
able to exert an allelopathic effect on plants. The
mechanism by which certain compounds are taken up by
plants, while others with similar functional groups (e.g.,
carveol) are not, is in need of further study, as is the extent
to which monoterpenes are taken up by other species. It is
interesting to note that with two of the monoterpenes most
widely implicated in allelopathic interactions, 1,8-cineole
and camphor, 1,8-cineole was taken up by all three species
tested and camphor by two of the three species tested.
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Abstract Upon attack by predators or parasitoids, aphids emit
volatile chemical alarm signals that warn other aphids of a
potential risk of predation. Release rate of the major constituent
of the alarm pheromone in pea aphids (Acyrthosiphon pisum),
(E)-B-farnesene (EBF), was measured for all nymphal and
the adult stage as aphids were attacked individually by
lacewing (Chrysoperla carnae) larvae. Volatilization of EBF
from aphids under attack was quantified continuously for
60 min at 2-min intervals with a rapid gas chromatography
technique (zNose™) to monitor headspace emissions. After
an initial burst, EBF volatilization declined exponentially,
and detectable amounts were still present after 30 min in
most cases. Total emission of EBF averaged 16.33+1.54 ng
and ranged from 1.18 to 48.85 ng. Emission was higher in
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nymphs as compared to adults. No differences between pea
aphid life stages were detected for their speed of alarm
signal emission in response to lacewing larvae attack. This
is the first time that alarm pheromone emission from single
aphids has been reported.

Keywords Aphid alarm pheromone - (£)-B-farnesene -
Pea aphid - Acyrthosiphon pisum - zZNose

Introduction

Insects possess a wide range of chemical defenses that aid
in protection against predation. Aphids are soft-bodied insects
and are especially prone to attack by predators and parasitoids
(Dixon 1998). Whereas aphids have means of protection
against natural enemies through physical adaptations such
as wax production (Smith 1999) and sclerotization among
soldier forms of social aphids (Wool 2004), their primary
protection from predators and parasitoids consists of escape
responses mediated by the use of alarm pheromone signaling
(Pickett et al. 1992; Dixon 1998). Aphids emit alarm pher-
omone by secreting a droplet of liquid from the ends of the
siphunculi that contain chemical compounds. These com-
pounds volatilize from the surface of the cornicle droplet
and induce defense-related behavioral changes in conspecifics.
Specifically, when aphids secrete a cornicle droplet in
response to an attack by a predator or parasitoid, or in
response to an artificial probe to simulate an attack, nearby
aphids move away from the area and will often drop from
their host plants (Losey and Denno 1998a; Braendle and
Weisser 2001). Aphids have also been shown to mark
predators with alarm pheromone by daubing them with
cornicle droplets. This acts as a traveling signal, causing



J Chem Ecol (2008) 34:76-81

77

aphids to disperse in response to an approaching predator
(Mondor and Roitberg 2004). Recent results suggest that
groups of aphids exposed to synthetic (£)-B-farnesene
(EBF), the main component of aphid alarm pheromone,
(Bowers et al. 1972; Pickett and Griffiths 1980; Francis et al.
2005a), will be more likely to produce winged offspring
(Kunert et al. 2005; Podjasek et al. 2005).

In addition to inducing defense-related behavioral changes
in conspecifics, aphid alarm pheromone also induces behav-
ioral changes in the predators and parasitoids that exploit
them, acting as a kairomone used to home in on their aphid
prey (Nakumuta 1991; Boo et al. 1998; Powell and Pickett
2003; Francis et al. 2004; Francis et al. 2005b).

Although the alarm pheromone, EBF, is used by many
aphids of the family Aphididae, some species are more
responsive to alarm pheromone than others (Losey and Denno
1998b), with variation in response to an alarm signal even
among different clonal lines of the same species (Muller
1983; Braendle and Weisser 2001). In the pea aphid,
Acyrthosiphon pisum, there is little variation in the amount
of EBF emitted from different clonal lines in response to
predation (Schwartzberg et al., unpublished); however, it has
been shown that the concentration of EBF within cornicle
droplets and the propensity to produce a cornicle droplet in
response to an attack varies among instars (Mondor et al.
2000).

A number of studies have attempted to quantify the
amounts of alarm pheromone produced by single aphids.
Mondor et al. (2000) measured the EBF content within
cornicle secretions of aphids disturbed by using a blunt
probe. Schwartzberg et al. (unpublished) measured EBF in
the headspace of aphid colonies attacked by predators, and
the amount of EBF released by crushed aphids was measured
by Francis et al. (2004) and Byers (2005). So far, however,
no study has taken into consideration how natural predation
may affect EBF emission from individual aphids, and how
this may differ among aphid instars. Because the emission
of EBF from a cornicle droplet is likely to be influenced by
(1) the size and surface area of the cornicle droplet produced,
(2) whether it is secreted as a single event, or continuously
over a period of time, and (3) the concentration of EBF within
the droplet, measuring the actual emission from single aphids
is a much more direct and accurate method for comparing
alarm signal among instars.

In this paper, we use a zNose™ (Electronic Sensor
Technology, Newbury Park, CA, USA), which is an instru-
ment for rapid gas chromatography that is capable of repeated
quantitative sampling of headspace volatiles (Kunert et al.
2002; Tholl et al. 2006) to ask the following questions: (1)
What is the temporal pattern of EBF volatization after attack
by a predator? (2) Is there a time-lag between attack by the
predator and EBF emission? (3) Do different instars differ in
the amount of EBF emitted?

Materials and Methods

Pea aphids, Acyrthosiphon pisum (Hemiptera: Aphididae),
used for alarm pheromone quantification were obtained
from a naturally occurring pink pea aphid colony, “Jena
Pink 1” (JP1), and were reared on 2-week-old dwarf broad
bean plants, Vicia faba L. (The Sutton; Nickerson-Zwaan,
UK) in 10-cm plastic pots with 16 h light: 8 h dark, 20°C,
75% relative humidity. Lacewing larvae, Chrysoperla carnea
(Neuroptera: Chrysopidae), were obtained from a commer-
cial supplier (Katz Biotech Services, Welzheim, Germany),
and larvae were maintained on bean plants infested with pea
aphids until they reached the second instar.

Aphid alarm pheromone emission was monitored from
members of all instars, including the adult stage, by using a
zNose™. Air was sampled from individual aphids and
lacewing larvae within air entrainment vials (Fig. 1). The
stainless steel inlet needle of the zNose™ was inserted
through a small hole in the septum of a 4-ml glass vial. A
clean air inlet was created by inserting a hypodermic syringe
tip into the septum adjacent to the zZNose™ inlet needle.

The zNose™ was programmed to sample air within the
vial every 2 min with a flow rate of 30 ml min~' for 20 s,
drawing a total of 10 ml of air through the preconcentration
trap during each 20 s sampling period. This quantity of air
allowed the entrainment vial to be purged of most airborne
volatiles prior to subsequent samples. The air was sampled
repeatedly from the entrainment vial every 2 min for the
duration of the bioassay.

For each replicate, a single aphid was introduced into a
clean vial immediately after a baseline air entrainment. Once
the aphid headspace was sampled, one second instar lace-
wing was introduced into the chamber with the aphid.
Lacewing larvae did not attack aphids immediately so we
were able to collect headspace volatile samples from aphid
and lacewing larva before attack. Air within the vial was
collected every 2 min from the introduction of the lacewing
larva until 60 min after the beginning of lacewing attack
(determined visually). Lacewing larvae feed by piercing their
mouthparts into the soft bodies of their prey. The exoskel-
etons of prey are not consumed, and remain present even after
feeding has finished. Therefore, it was not possible to discern
exactly when the lacewing had stopped feeding. Because
aphid alarm pheromone signals can exist beyond the life of an
emitting aphid, the alarm signal was recorded even after the
interior of the aphid was apparently fully consumed and the
aphid was dead. We determined in preliminary tests that
60 min was a sufficient time period to measure all of the
emitted alarm pheromone from an attacked aphid.

Air drawn from vials was collected on a Tenax™
absorbent trap during sampling. Trapped compounds were
desorbed from the Tenax™ trap (300°C for 30 ms) and
carried by helium (flow rate 3 ml min ') onto a GC column
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Fig. 1 Air entrainment setup To Znose

showing 4 ml vial with inserted
ZNose™ sampling needle and
air inlet needle

Air inlet

(1 m, DB-5, film thickness 0.25 wm, ID 0.25 mm), which
was programmed from 40 to 180°C at 5°C s '. As
compounds exited the column, they were quantified as they
pass over a temperature-controlled sensitive surface acoustic
wave (SAW) quartz microbalance detector set at 40°C. The
resonance frequency [Hz] of the SAW detector changes in a
linear fashion as compounds from the column are attached
to and heated off of the quartz detector. For quantification
purposes, response factors were calculated by comparison
with synthetic EBF (Bedoukian, Danbury, CT, USA) exposed
to the zNose™ in known concentrations by using a heated
desorber tube (glass, temperature controlled; 190°C; 3100
Vapor Calibrator; Electronic Sensor Technology, Newbury
Park, CA, USA).

Alarm pheromone emission was quantified for nymphal
stages L1 to L4 and for adult aphids (N=10 for each instar).
The following variables were calculated from the data and
used for the analysis: (1) total emission (calculated as the
sum of all recordings after attack), (2) peak emission (the
highest reading after attack), and (3) the lag time between

Fig. 2 Typical time course of
(E)-B-farnesene emission in the
experiment. This example is
from a first instar aphid (L1)
attacked by a lacewing larva
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Because data were not normally distributed, we used a
Kruskal-Wallis test for among-instar statistical comparisons.

Results

(E)-B-farnesene was identified based on retention time com-
parison to a synthetic standard. There was only one peak
detected in samples from JP1-aphids, and this peak was not
present in control samples without aphids. Previous collec-
tions of volatiles from entire JP1-aphid colonies and analysis
by GC-MS identified this peak as EBF (Schwarzberg et al.,
unpublished). The calibration curve for the SAW detector
response to EBF was linear (y=0.230+0.000255x; y=ng of
EBF, x=SAW detector response in hertz).

EBF volatization after an attack showed a typical pattern:
after an initial burst it declined exponentially (Fig. 2). For the
46 cases where emission continued for more than 30 min,
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amounts of over 0.3 ng per 2 min interval were measured
in 30 replicates.

Total EBF emission over the entire 60 min collection
period averaged 16.33+1.54 ng and ranged from 1.18 and
48.85 ng. Emission was different between first and second
instar nymphs (L1 and L2) as compared to adults (x*=
13.34, df=4, P=0.01) with adult aphids emitting the least
amount of EBF over the entire collection period (Fig. 3).

Peak EBF emission, measured as the maximum EBF
emission for a 2 min interval within the total 60 min
sampling period, had a mean of 1.98+0.32 ng per 2 min and
ranged from 0.12 to 16.26 ng per 2 min. Mean peak emission
varied among instars (y’=14.34, df=4, P=0.006, Fig. 4).
While there was no significant difference in peak EBF
emission among instars, adult peak emission was signifi-
cantly lower.

The time lag between onset of attack by a lacewing larva
and peak EBF emission was calculated to determine if
different instars vary in their speed of alarm signal produc-
tion. It is interesting to note that mean lag time was 10.7+
1.7 min and ranged from 2 to 50 min (N=48). Even if outliers
(time-lag>13 min) were excluded, the mean was still 5.1+
0.4 min (N=36). Inspection of the 12 values with a time lag
of 14 or more minutes revealed that in 10 cases (one for L1,
five for L3, one for L4, and two for adults) there was no real
burst of emission but rather a slow build up, associated with
a low maximum emission value. In the other two cases (one
L1, one L4), the observational determination of time of
attack may have been wrong or there was a second burst of
emission, possibly associated with a second attack by the
predator. As a consequence of the variability, there was no
statistical difference among instars (X2=3.98, df=4, P=0.409,
Kruskal-Wallis, Fig. 5).
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Discussion

All life stages of pea aphids can be stimulated to produce a
cornicle droplet when prodded, but adults do so less con-
sistently (Mondor et al. 2000). This was also reflected in
our results that show both total EBF emission and peak
emission were lower in adults than in the younger instars.
In addition to the differences among instars, our analysis
showed that variability of EBF emission within instars was
high and that detectable amounts of alarm pheromone were
still present in the headspace of aphids for a considerable
time after the initiation of attack.

The zNose™ was able to illustrate the temporal patterns
of alarm pheromone emission from individual aphids. In
addition to total emission over a 60-min time period, we were
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Fig. 5 Lag time between initial attack by lacewing larvae and peak
emission of (E)-B-farnesene in minutes+SE. There was no statistical
difference in lag time among instars; P>0.05, Kruskal-Wallis test, N=10
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able to record the initial peak of alarm signal production and
latency of the alarm signal at 2 min intervals. The initial burst
of alarm pheromone emission was relatively consistent
among nymphal instars, but much lower in adults. The initial
burst of alarm signal production is likely the most important,
because aphids react within the first few seconds of
perceiving the signal. Nevertheless, there was variability in
peak emission from less than 1 ng up to 16 ng emitted in a
single 2-min interval. Whereas we were able to determine
visually when a lacewing larva grabbed an aphid, it was not
possible to visually rate the strength of the attack and the time
when the aphid died. The variability in peak emission may,
therefore, reflect both the strength of initial attack and
individual variability in cornicle secretion.

Aphid predators differ greatly in their handling time of
prey, depending on their mode of feeding and the relative
size of the predator compared to the prey. While we were not
able to determine exactly the feeding time of the lacewing
larvae in the vials, results from a separate experiment showed
that feeding time of similar-sized lacewing larvae was 35.6+
4.8 min min after attack for adult pea aphids (V=12 larvae;
Weisser, unpublished). In contrast, adult ladybirds consume
an adult pea aphid within a few seconds. Handling times of
ladybird larvae or hoverfly larvae are likely to be interme-
diate. Although most of the EBF that aphids produced
during a lacewing larva attack volatilized during the first
15 min in our closed system, they continued to emit
measurable quantities for 60 min. It is not known how
EBF is synthesized, stored, and released by aphids during
predation events, and it is possible that the larvae continu-
ally replenished their cornicle droplets while they were still
not entirely eaten. Whereas our collection method was
limited to a confined space with limited natural airflow in
contrast to an open, natural system, where air currents may
result in a faster rate of volatile emission from cornicle
droplets, we believe that the EBF volatilization dynamics
observed reflect natural dynamics. In experiments with adult
ladybirds, a single flush of air after predation was in almost
all cases enough to capture the entire EBF released (Hatano,
personal communication). Regardless of whether natural
dynamics may be slightly different, our design allowed for
nonbiased comparison of signal strength and duration
between nymphal and adult instars. It is interesting to note
that these two temporally different signals were quantita-
tively similar among all nymphal instars.

Our results are consistent with those of other studies that
attempt to measure alarm pheromone production from
multiple life stages of aphids (Mondor et al. 2000; Byers
2005). In an elegant study, Mondor et al. (2000) determined
the amounts of EBF in cornicle droplets after manual
stimulation. Second to fourth instars contained on average
between 11 and 13 ng, about five times higher than average
peak emission in our study and slightly less than the 16 to
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21 ng we found to be released over 60 min. In adults,
Mondor et al. (2000) found on average 3—4 ng EBF in a
cornicle droplet, about half of what we measured over the
60-min period, whereas EBF in adult cornicle droplets
measured by Mondor et al. (2000) was four times as high as
the mean peak emission in our study. The major difference
between our and Mondor et al. (2000) results was for first
instars, which emitted about 2 ng in their study, in contrast
to 17 ng in ours. It is interesting to note that the 2 ng
corresponded to what we measured as peak emission in our
study. As mentioned above, it is conceivable that as the
predator continues to feed on the aphid more EBF is
released, either from a reservoir or by de novo synthesis,
which would explain the higher amounts detected in summed
headspace collections in our study. However, one thing to
consider is that different predators feed differently, and this
may have an effect on the duration and strength of the signal.
For instance, a larger predator that completely consumes its
prey may effectively quench the alarm signal of an aphid by
consuming it.

Production of alarm pheromone, although altruistic in
principle, is thought to be adaptive among groups of closely
related individuals such as clones within aphid colonies
because it allows related individuals to disperse and avoid
predation or parasitization. However, alarm pheromone pro-
duction comes at a cost (Mondor and Roitberg 2003; Byers
2005). This cost can be in terms of reproduction (Mondor
and Roitberg 2003) or through the attraction of natural
enemies (e.g., Francis et al. 2005a). Little is known about
the emission dynamics of EBF in aphid colonies and how
aphids may adjust alarm pheromone release to the actual
ecological situation. An understanding of the temporal
dynamics of EBF is necessary to further elucidate the role of
aphid alarm pheromone in aphid-natural enemy interactions.
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Abstract Gilbert (1976) suggested that male-contributed
odors of mated females of Heliconius erato could enforce
monogamy. We investigated the pheromone system of a
relative, Heliconius melpomene, using chemical analysis,
behavioral experiments, and feeding experiments with labeled
biosynthetic pheromone precursors. The abdominal scent
glands of males contained a complex odor bouquet, consist-
ing of the volatile compound (E)-f3-ocimene together with
some trace components and a less volatile matrix made up
predominately of esters of common C4- and C,g-fatty acids
with the alcohols ethanol, 2-propanol, 1-butanol, isobutanol,
1-hexanol, and (Z)-3-hexenol. This bouquet is formed during
the first days after eclosion, and transferred during copulation
to the females. Virgin female scent glands do not contain
these compounds. The transfer of ocimene and the esters was
shown by analysis of butterflies of both sexes before and after
copulation. Additional proof was obtained by males fed with
labeled p-">C4— glucose. They produced *C-labeled ocimene
and transferred it to females during copulation. Behavioral
tests with ocimene applied to unmated females showed its
repellency to males. The esters did not show such activity, but
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they moderated the evaporation rate of ocimene. Our
investigation showed that [3-ocimene is an antiaphrodisiac
pheromone of H. melpomene.

Keywords Pheromones - Heliconius - Antiaphrodisiacs -
Sperm competition - Ocimene - Fatty acid esters - Labeled
pheromone - Pheromone biosynthesis

Introduction

Male insects may use morphological, behavioral, or
physiological adaptations that reduce the probability of
female remating (Simmons 2001; Wedell 2005). One of
these adaptations consists of male pheromones, transferred
during mating, that make mated females repellent to
subsequent males (Happ 1969; Gilbert 1976; Kukuk 1985;
Andersson et al. 2000). These pheromones, known as
antiaphrodisiacs (Happ 1969), confer direct selective
advantage for the donor male by reducing sperm competi-
tion. However, there are also indirect advantages for other
males and the females themselves, as courtship behavior
and male harassment may result in reduced longevity and
increased predation risk (Thornhill and Alcock 1983; Cook
et al. 1994; Clutton-Block and Langley 1997; Bateman et
al. 2006). Although antiaphrodisiac pheromones have been
found in a wide range of insects, such as mealworm beetles,
sweat bees, fruit flies, and butterflies (Happ 1969; Gilbert
1976; Kukuk 1985; Scott 1986), the chemical structures
have been identified only for few species (Scott 1986;
Andersson et al. 2000, 2003).

In butterflies, antiaphrodisiac pheromones were first
found in the genus Heliconius (Lepidoptera: Nymphalidae).
Gilbert (1976) suggested that the strong odor of H. erato
mated females could inhibit further mating. He concluded
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that the odor would repel courting males, as males waiting
on female pupae rapidly left when exposed to the abdomen
of mated females. All species of Heliconius and related
genera, when handled, release strong odors that can be
detected by humans (Eltringham 1925). These are produced
in glands located in the last abdominal segments on both
sexes. In females, it is a large yellow gland, which, when
extruded, exposes a pair of club-shaped structures that
probably serve to distribute the volatiles. Male glands, on
the other hand, are located inside the two highly chitinized
claspers that grasp the female abdomen during copulation
(Eltringham 1925; Emsley 1963; Simonsen 2006).

In addition to their possible role in sexual communica-
tion, odors from abdominal glands may serve as warning
signals about the toxicity of these butterflies (Eltringham
1925). Fritz Miiller described the odors as strong and
nauseous, and suggested they are also distasteful to enemies
because they are released only after handling the butterflies
(Eltringham 1925). The major volatile released from the
abdominal scent glands of males and females of the
heliconiine Agraulis vanillae is 6-methyl-5-hepten-2-one
(Ross et al. 2001). The authors proposed that this ketone
has a protective function, as it is a known defensive
allomone of ants and cockroaches (Tomalsky et al. 1987;
Ross et al. 2001). Their conclusions were based on
observations of bird predation, but their experiments did
not discriminate between protection due to gland constitu-
ents and those resulting from the wing warning coloration
and toxicity (Nahrstedt and Davis 1983, 1985; Engler-
Chaouat and Gilbert 2007). The idea of a male antiaphro-
disiac, already reported in pierid butterflies and Heliconius
(Gilbert 1976; Andersson et al. 2000, 2003), was not
discussed by Ross et al. (2001).

Although Heliconius butterflies have been extensively
studied and their characteristic odors described subjectively
more than one century ago, few attempts have been made to
elucidate their function and chemical composition (Eltringham
1925; Gilbert 1976; Miyakado et al. 1989; Ross et al. 2001).
Here, we report work on the chemical composition of
abdominal scent glands of H. melpomene and their role as
an antiaphrodisiac pheromone. We show that the chemicals
from abdominal scent glands are synthesized by the males

only, are transferred to the females during copulation, and
repel other courting males from mated females.

Methods and Materials

Chemicals Ocimene was prepared according to the method
of Matsushita and Negishi (1982), resulting in a 7:3 mixture
of (2)- and (E)-ocimene. The amount of the (£)-isomer was
increased to a 4:6 Z/E ratio by argentation-chromatography
with AgNO3-treated silica (Williams and Mander 2001).
We were unable to obtain a higher ratio, as no convenient
and reproducible synthetic route to pure (£)-ocimene
currently exists.

The ester mixture was prepared in a combinatorial way
by using a mixture of fatty acids (ratios, see Table 1). The
acids were converted into their acid chlorides by reaction
with oxalyl chloride (Drutu et al. 2001). The acid chloride
mixture was treated with an equimolar amount of an
alcohol mixture (ratios, see Table 1) according to standard
methods (Franklin et al. 2003). This ensured that every acid
present in the mixture was esterified with each alcohol,
resulting in a mixture of 25 esters. The analysis of the
purified reaction product revealed that this ester mixture
(hereafter called esters) was similar in composition and
relative abundance of each component to the ester bouquet
produced by male H. melpomene.

Analytical Procedures Chemical analyses were carried out
on individual butterflies from a colony of H. melpomene
rosina held in a greenhouse at Freiburg (Germany). The
culture, originating from butterflies collected in Corcovado,
Osa Peninsula, Costa Rica, was reared for about five
generations with Passiflora caerulea as host plant and
Lantana camara as source of pollen. The butterflies also
had access to sucrose solution supplemented with pollen.
Additional samples were obtained by a colony of H.
melpomene rosina held at the University of Texas at
Austin, originating from individuals brought from Costa
Rica. They were reared in greenhouses at about 32°C and
high humidity (>80%). Butterflies had access to P. oerstedi
(larval host plant), sugar, and honey water, and sources of

Table 1 Relative proportion of acids and alcohols used in the synthesis of the ester mixture used in bioassays

Acid Percent Alcohol Percent
Palmitic 5 2-propanol 8
Stearic 5 Isobutanol 17
Oleic 68 1-Butanol 18
Linoleic 13 1-Hexanol 52
Linolenic 9 (2)-3-Hexenol 5

This mixture has similar composition and relative abundance to that produced by male H. melpomene butterflies.
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Fig. 1 Gas chromatogram of an extract of the scent glands of virgin females (a), mated females (b), and males (c¢) of Heliconius melpomene. a:
(2)-p-ocimene, b: (E)-f3-ocimene, c: fatty acids, d: esters, x: internal standard (nonane)

pollen from Psiguria sp., Psychotria poeppigiana and L.
camara flowers.

Butterflies were analyzed individually. The extracts were
prepared either immediately after emergence from pupae or
5 d later. Some 5-d-old males were allowed to mate, and
their glands were analyzed either directly after copulation
or 3 d later.

Claspers of males and the last abdominal segment of
females were dissected from bodies of freshly killed
butterflies and placed individually in vials with approxi-
mately 100 pl of pentane. The lower tips of the abdomens
were also cut and stored in vials with pentane. Analyses of
the latter served to identify compounds found in tissues
surrounding scent glands. Samples were kept at —70°C until
analyzed.

Gas chromatography and mass spectrometry (GC-MS)
of pentane extracts were performed with a Hewlett-Packard
model 5973 mass selective detector connected to a Hewlett-
Packard model 6890 gas chromatograph with a BPX5-fused
silica capillary column (SGE, 30 mx0.25 mm, 0.25-pum
film thickness). Injection was performed in splitless mode
(250°C injector temperature) with helium as the carrier gas
(constant flow of 1 ml/min). The temperature program
started at 50°C, was held for 1 min, and then rose to 320°C
with a heating rate of 5°C/min. All compounds were
identified by comparison of the mass spectra and retention
times with those of authentic reference samples in the
different compound classes as well as by analysis of mass
spectral fragmentation patterns.

The quantification of individual components was diffi-
cult because of many overlapping peaks, therefore peak
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areas of several compound classes were combined, and the
sum of this area determined against an internal standard
(hecadecanenitril). Results in Table 3 show individual
variation of the scent gland composition. These data and
results of the analysis of additional individuals were
combined to examine the proportion of compounds trans-
ferred during copulation (Fig. 3).

Odors released by mated females or females of treatment
3 (see below) were analyzed by using headspace Solid
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Fig. 2 Representative compounds identified in scent glands of H.
melpomene. (E)-[3-Ocimene (1), 3-isopropyl-2-methoxypyrazine (2),
guaiacol (3), macrolides (4 and 5), fatty acid esters (6 to 11)
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Table 2 Compounds identified in scent glands of Heliconius melpomene”

Compound males mated females unmated females
Alcohols

Hexanol +
(Z)-3-Hexenol +

Terpenes

(E)-B-Ocimene (1) +++ ++
(Z2)-p-Ocimene + +
Alloocimene +

Myrcene +

[3-Cyclocitral +

(E,E)-x-Farnesene +

Squalene + +
Aromatic compounds

Guaiacol (3) + + +
Methyl salicylate + +
3-Isopropyl-2-methoxypyrazine (2) +
3-sec-Butyl-2-methoxypyrazine + +
3-Isobutyl-2-methoxypyrazine + +
Macrolides

11-Dodecanolide +

12-Dodecanolide +

14-Tetradecanolide +

15-Hexadecanolide + +
16-Hexadecanolide +

17-Octadecanolide +

18-Octadecanolide +

18-Octadecenolide +

18-Octadecadienolide +

20-Icosanolide +

Esters of fatty acids

Ethyl hexadecanoate + +
Ethyl hexadecenoate + +
Ethyl octadecanoate + +
Ethyl octadecenoate + +
Ethyl octadecadienoate + +
Ethyl octadecatrienoate + +
Isopropyl hexadecanoate + +
Isopropyl octadecanoate + +
Isopropyl octadecenoate ++ +
Isopropyl octadecadienoate + +
Isopropyl octadecatrienoate + +
Butyl hexadecanoate + +
Butyl octadecanoate + +
Butyl octadecenoate ++ +
Butyl octadecadienoate + +
Butyl octadecatrienoate + +
Isobutyl hexadecanoate + +
Isobutyl octadecanoate + +
Isobutyl octadecenoate ++ +
Isobutyl octadecadienoate + +
Isobutyl octadecatrienoate + +
Hexyl hexadecanoate ++ +
Hexyl octadecanoate + +
Hexyl octadecenoate +H+ +
Hexyl octadecadienoate + +
Hexyl octadecatrienoate + +
(Z)-3-Hexenyl hexadecanoate ++ +
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Table 2 (continued)

Compound males mated females unmated females

(Z2)-3-Hexenyl octadecanoate +
(Z2)-3-Hexenyl octadecenoate +++
(£)-3-Hexenyl octadecadienoate +
(Z)-3-Hexenyl octadecatrienoate +
Alkanes
Hexadecane
Heptadecane
Octadecane
Nonadecane
Icosane

+ o+ o+ o+

+ o+

+

o+ o+
+

Henicosane

Henicosene

Docosane

Tricosane

Tricosene
11-Methyltricosane
Pentacosane
11-Methylpentacosane
13-Methylpentacosane
Hexacosane
13-Methylhexacosane
Heptacosane
13-Methylheptacosane
Nonacosane
11-Methylnonacosane
13-Methylnonacosane
15-Methylnonacosane
11,15-Dimethylnonacosane
13,17-Dimethylhentriacontane
13,19-Dimethyltritriacontane
Ketones

+
+

R i T T S S S T T T
T T T T T i e S S A

2-Henicosanone + +

2-Tricosanone + +

Fatty acids

Nonanoic acid +

Decanoic acid +

Dodecanoic acid + + +
Tetradecanoic acid + + +
Pentadecanoic acid + + +
Pentadecenoic acid + +
Hexadecanoic acid +++ +++ 4+
Hexadecenoic acid + ++ +
Heptadecanoic acid + +

Heptadecenoic acid + +

Octadecanoic acid ++ + +
Octadecenoic acid - +++ 4+
Octadecadienoic acid ot + +
Octadecatrienoic acid +++ ++ ++
Nonadecenoic acid + +

Nonadecadienoic acid + +

Eicosanoic acid + + +
Docosanoic acid + + +
Tetracosanoic acid + +

Dialkyltetrahydrofurans

5-Nonyl-2-octadecyltetrahydrofuran +

2-Eicosyl-5-heptyltetrahydrofuran +
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Table 2 (continued)

Compound males mated females unmated females
2-Nonadecyl-5-nonyltetrahydrofuran +

2-Eicosyl-5-nonyltetrahydrofuran +

Steroids

Cholesterol + +

*+++: >20% of largest peak area; ++: <20% >3% of largest peak area; +: <3% of largest peak area.

Phase Microextraction (SPME) with a 65-um polydime-
thylsiloxane/divinylbenzene (PDMS/DVB) fiber (Supelco)
for 5 min. Analysis was performed with a Finnigan Q-GC
gas chromatograph with a DB5-MS-fused silica capillary
column (13 m=0.32 mm, 0.25-pum film thickness) coupled
to a GCQ Polaris mass spectrometer. Splitless injection at
250°C was used with a temperature program rising from

60°C to 220°C, with heating rate of 10°C/min. Carrier gas
was helium at a pressure of 4 psi.

Feeding Experiments Feeding experiments were carried out
at the University of Texas at Austin. Freshly eclosed males
were fed daily with isotopically labeled compounds of any
of three potential biosynthetic precursors of ocimene:

Table 3 Quantitative composition of the scent gland of selected Heliconius melpomene individuals (ng/individual)®

Butterfly 1 18-i3 18-i4 18-4 16-6 18-6 C-21 C-25 Squ
Males, freshly emerged

334A + +
334B + +
334C + + 0.07 + + 0.09
334D 0.02 0.02 + 0.14 0.11 0.03 0.21
334E 0.12 + 0.11
Males, 5 days unmated

331 18.35 0.06 0.12 0.14 0.09 1.04 0.35 0.05 0.06
331A 0.30 0.13 0.18 0.24 0.14 1.37 1.15 0.15 0.20
331B 23.97 0.09 0.19 0.22 + 0.81 0.33 0.05 +
331C 16.18 + 0.03 0.02 + 0.20 0.13 + +
331D 11.87 0.04 0.08 0.12 + 0.48 0.27 0.08 0.03
Males, shortly after mating

335 17.41 0.06 0.18 0.22 0.13 0.95 0.45 0.08 0.13
335A 9.58 0.06 0.12 0.13 0.06 1.07 0.53 0.13 0.10
Males, 3 days after mating

336A 35.27 0.27 0.67 0.50 0.08 2.35 0.71 0.13 0.69
336B 63.61 0.75 1.64 2.17 0.32 3.37 1.51 0.37 0.51
336C 12.76 0.10 0.34 0.37 0.05 1.27 0.28 0.07 0.38
Females, freshly hatched

332A + +
332B + 0.73
333 + +
Females, 5 days unmated

337A + +
337B 0.07 0.27
337C + 1.13
Females, directly after mating

338 0.02 0.04 + + 0.37
338A + 0.01 0.02 0.09 0.01 0.05 0.04
Females, 3 days after mating

339A + + + + + 0.08 + + 0.15
339B 1.66 0.01 0.03 0.02 0.01 0.22 0.05 0.04 0.04

al8-i3: Isopropyl esters of different saturated and unsaturated C;g-acids; 18-i4: respective isobutyl esters; 18-4: respective butyl esters; 16-6: hexyl
and (Z)-3-hexenyl esters of different saturated and unsaturated C,¢-acids; 18-6: respective esters of different saturated and unsaturated C,g-acids;
C-21: Henicosane; C-25: Pentacosane; Squ: Squalene; +: trace component (<0.01 pg).
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Fig. 3 Amounts of 1 and all esters in abdominal scent glands from individuals of H. melpomene. High: >1 pg of 1 and all esters; low: <l pg of 1
and all esters; none: no detected. “Three males contained trace amounts of esters, but no 1

25 mg of 99% p-"°C¢-glucose, 5 mg of 99% '*C,-sodium
acetate, and 10 mg of 4,4,6,6,6-Ds-mevalolactone
(Dickschat et al. 2005), all in 5 ml of honey water. Each
group of males was enclosed in a 2x2x2 m insectary with
access to sugar water and one of the feeding mixtures added
to an artificial flower. Males were also fed by gently
holding the butterfly and placing drops of solution directly
onto the proboscis with a syringe until satiation (ca. 25 pl).
This was done daily during 10 d or more, until they mated
to a virgin female. After mating, terminal abdominal
segments of both sexes containing putative pheromone
glands were dissected and analyzed by GC-MS as described
in the analytical procedures.

Behavioral Bioassays The experiment were also conducted
in greenhouses at the University of Texas at Austin.
Abdomens of 1- to 5-d-old virgin females were painted
with 2 pl of one of three chemical mixtures: (1) analytical
grade hexane used as control; (2) a 1:1 solution of the
synthetic ester mixture (Table 1) and hexane (1 mg/
individual of ester mixture); and (3) a 0.1:1:1 solution of
6:4 (E/Z)--ocimene, ester mixture, and hexane (100 pg/
individual of [3-ocimene).

Males, randomly chosen from a population held in a
separate greenhouse and never exposed to females, were
tested individually for their behavior in the presence of
treated virgin females. Only males more than 3 d old were
used in the experiments. Each test consisted of two phases.
The male was first exposed to a virgin female for 10 min,
during which time the number and duration of courtship
bouts were recorded. Once the male grasped the female
abdomen with his claspers, the couple was immediately
separated, and the male was allowed to rest for 10 min. The
immediate separation after males initiated copulation

@ Springer

assured that there was no transfer of spermatophore or
scents from males. The aim of this phase was to verify the
sexual receptivity of both butterflies; therefore, only males
that succeeded on grasping female abdomens were used in
the second phase of the test. In the second phase, the same
female was transferred back to the male insectary after
applying on the top of her abdomen 2 pl of one of the test
solutions. Here, number and duration of courtship bouts
were measured for 10 min or until the male grasped the
female’s abdomen again. A total of 30 test were carried out,
10 for each treatment of virgin females. Females were used
once and 4 out of 26 males were used in more than one test.
Whenever males were reused, tests were done at least 2 d
apart, and different chemical mixtures were used in the
experimental phase.

We tested whether the proportion of matings in experi-
ments done with females painted with test mixtures that
contained possible repellents was lower than those with
control females by using Fishers exact test (Sokal and
Rohlf 1969). Mean courtship events and courtship times
between the two phases of tests were compared with a
nonparametric Wilcoxon Matched Pairs Test. We also
compared these variables between experiments with
females painted either control or test mixtures using
nonparametric Mann—Whitney U Tests (STATISTICA for
Windows 1999).

Results

Chemical Analyses The GC-MS analyses of abdominal
gland extracts of males showed a bouquet made up of more
than 100 components belonging to different chemical
classes (Figs. 1 and 2, Table 2). The extracts of mated



J Chem Ecol (2008) 34:82-93

89

females showed a similar chemical composition, albeit in
lower concentrations (Fig. 1, Table 2), whereas those of
unmated female glands exhibited a markedly reduced
composition (Fig. 1, Table 2). It is clear from the total ion
chromatogram (TIC, Fig. 1) that the male blend consisted
of early and late eluting parts. The early eluting compounds
are made up of several volatile components clustered in the
TIC mostly around the major constituent, (E)-f3-ocimene
(1). Minor amounts of the terpenes (Z)-f3-ocimene, allo-
ocimene, [3-cyclocitral, (E,E)-a-farnesene, and traces of the
alcohols hexanol and (Z)-3-hexenol were detected. Addi-
tional trace compounds include three pyrazines (e.g., 2), as
well as guaiacol (3).

The later eluting (and thus higher boiling) fraction was
dominated by a complex ester mixture (Table 2) of common
Ci¢- and C,g-fatty acids with the alcohols tabulated in
Table 1 (6-11). A range of macrolides derived from a
bishomolog series of C,- to Cyg-acids, oxidized at the w or
w-1 position, were also present in trace amounts (4 and 5).
Along with esters, this fraction also contained typical
cuticular components of insects as unbranched and meth-
yl-branched alkanes, together with small amounts of 2,5-
dialkyltetrahydrofurans (Schulz et al. 1998). The fatty acid
content was variable (ranging from major to minor
constituents of the bouquet). However, analyses of abdom-
inal samples without the scent glands showed that fatty
acids, alkanes, cholesterol, squalene, and dialkyltetrahydro-
furans are not specific to the scent glands, so their presence
probably reflects more the quality of the sample preparation
than the physiological state of an individual. Consequently,
we excluded these compounds from the bioassays. The
composition of the male scent glands was remarkably
similar among individual butterflies raised at the different
locations and on different host plants, showing only slight
variations in the trace components and the proportions of
esters and alkanes.

An obvious difference between the two parts of the
blend is volatility. The calculated vapor pressure of 1, the
most prominent volatile component, is 1.56 Torr, whereas a
major late eluting compound, hexyl octadecenoate, has a
value of 4.94x10™ Torr. One of the earliest eluting, and
thus more volatile esters, ethyl hexadecanoate, has a value
of 7.63x10°> Torr (Scifinder database, ACS 2007). We,
therefore, designate the ester part of the mixture as a matrix.
Furthermore, because of their vapor pressures, macrolides,
alkanes, tetrahydrofuranes, ketones, fatty acids, and cho-
lesterol were all considered to belong to the matrix.

Abdominal glands from individuals of different age were
also analyzed (Table 3). Freshly emerged males and females
lacked volatile compounds, except for small amounts of
guaiacol (3) in their scent glands. The only other compounds
identified were the common C;s- and C;g-fatty acids
together with hydrocarbons, cholesterol, and squalene, which

are not gland-specific compounds. Five days after eclosion,
males had developed the whole bouquet of compounds with
1 reaching up to 75 pg/individual. In males, bouquets before
and after mating did not change significantly. Unmated
females only produced 3, but had a bouquet similar to that of
males after mating. Even 3 d after mating, bouquet
components were detectable. A quantitative analysis of a
limited number of individual butterflies is found in Table 3.
Occurrence of 1 and the esters in individuals of different
physiological state is shown in Fig. 3.

Feeding Experiments with Labeled Percursors Deuterated
mevalolactone, often incorporated by plants and bacteria
into terpenes, was incorporated into 1 in males, but at a low
rate (0.5%). '*C-labeled acetate also gave low incorporation
into 1, but proved to be toxic, and surviving males did not
mate. The best results were obtained by using uniformly
labeled U-'*C-glucose. Glucose can be converted by
butterflies into doubly labeled acetate via the citric acid
cycle. This acetate can enter the mevalonate pathway of
terpene synthesis. Together with two additional unlabeled
acetate units, present in excess in experimental butterflies, it
is transformed into isopentenyl pyrophosphate building
blocks that contain one or two '*C-atoms. This labeling
pattern is expected because one carbon from the three
acetate units is lost during this process, being either a '*C-
or '*C-atom (Cane 1999). Indeed, 1 labeled with one or two
13C-atoms was observed in the experiments. The possibility
of glucose entering into terpene biosynthesis by the novel
desoxyxylulose pathway (Eisenreich et al. 2004) was
tested, but there was no evidence that this occurred.

The incorporation rate was determined by the relative
abundance of the ions m/z 136/137/138 and m/z 93/94/95 in
the mass spectrum of 1, taking into account the natural
abundance of '*C (Fig. 4). The obtained values of 6 to 10%
showed that males indeed biosynthesized 1 de novo.
Females contained labeled 1 after mating with U-'">C-
glucose fed males. Labeled esters, hydrocarbons, and
tetrahydrofurans were also found in those females. These
findings confirm that not only 1, but also the esters and
hydrocarbons, are transferred from males to females during
mating.

Laboratory Bioassays In preliminary tests, (3-ocimene
showed a repellent effect on males, but its effect vanished
quickly. We, therefore, choose to test this compound in
combination with an artificial mixture of esters, similar in
proportion to those found in the abdominal scent glands.
Our assumption was that the esters might serve as a matrix,
reducing the rate of evaporation of (3-ocimene, so that the
signal would stay longer on the females. We used the
synthetic ester mixture because the esters are the most
important compound class of the low boiling constituents of
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ion  synthetic males females
ocimene  U-'"°C glucose fed after copulation
m/z % % % % % %
93 100.0 100.0 100.0 100.0 100.0 100.0
94 10.6 17.6 15.4 16.2 15.4 18.4
95 1.5 9.2 5.8 5.3 4.7 7.6
96 0.2 6.6 0.4 0.8 0.6 1.0
97 0 0.8 0.3 0.2 0.1 0.2
136  100.0 100.0 100.0  100.0 100.0 100.0
137 1.2 17.7 19.3 15.2 15.6 19.3
138 0 7.5 8.4 71 5.6 9.5

Fig. 4 Mass spectra of a: synthetic (E)-B-ocimene (1); b: male H. melpomene after feeding U-'">C-glucose; ¢: females after copulation with males
fed with U-'>C-glucose. d: Ton abundances relative to the largest ion in each series

the secretion. The other compounds were present only in
low concentration or were part of the cuticule, as stated
above. The odor emitted from females painted with the (3-
ocimene/ester solution was similar to the odor sampled

from recently mated females when compared by GC-MS.

100

Courtship duration (s)

80 1

60

40

20

Control

Males did not significantly change their behaviors toward
females painted with hexane (control) as neither the mean
number of courtship bouts (Z=1.069, P=0.285, Wilcoxon
matched pair test, N=10) nor the mean courtship duration
(Z=0.815, P=0.451, Wilcoxon matched pair test, N=10)

Esters (E)-B-Ocimene +
esters

Fig. 5 Mean courtship duration in experiments where female abdomens were painted with 2 pl of control (hexane) or test mixtures to assess their
effect on male sexual behavior. Test mixtures contained 1 mg of esters or a combination of 100 ng of 1:1 (E/Z)-f-ocimene plus esters
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differed in the two experimental phases. Moreover, in 8 out of
10 tests males initiated copulation by grasping female
abdomens after hexane was added to their abdomens.

Similarly, the ester mixture alone did not make females
less attractive to courting males, as courtships were as long
as those directed to control females (Mann—Whitney Test,
P=0.705, N=10, Fig. 5). Furthermore, 70% of the couples
engaged in copulation after painting females with esters, a
percentage comparable to the one observed in control
experiments (Fisher’s exact test, P=1, N=10). Male
behavior toward control or ester-painted females was
similar to that observed in the first experimental phase. In
all cases, males quickly approached and courted females,
and in more than 90% of these tests, they grasped female
abdomens within the first 2 min of the experiment.

In contrast to esters, 3-ocimene strongly reduced female
attractiveness. Although males exposed to females with (3-
ocimene plus esters quickly and repeatedly approached
them, they courted them only for a few seconds and then
left. The courtship duration was in average significantly
shorter than in control experiments (Mann—Whitney Test,
P=0.002, N=10, Fig. 5). In addition, only one of the 10
couples engaged in copulation in the second experimental
phase, a lower proportion compared to that in control tests
(Fishers exact test, P=0.006, N=10).

Discussion

Our results show that male H. melpomene produce a
complex odor profile that consists of volatile components
as 1, and a matrix of low-boiling-point components
dominated by esters and hydrocarbons. This mixture is
transferred to females during copulation, and the volatile
component {3-ocimene (1) makes females unattractive to
courting males. As both ocimene isomers occur naturally
and our synthetic sample also contained both, we cannot
determine their relative strengths as repellents at this time.
However, the prevalence of the (£)-isomer suggests this
isomer to be active. The semivolatile ester matrix does not
repel males, but in our experiments it reduced the
evaporation rate of the ocimene, thus suggesting that this
could be, at least in part, its function in female glands.
Because the abdominal scent glands in this butterfly
produce a bouquet that contains many different compounds,
the possibility that other constituents of the scent gland also
have antiaphrodisiac activity cannot be excluded. Such
components might also provide other kinds of information
to conspecifics, as in insects, even trace compounds of
extracts can be important cues (e.g., Danci et al. 2006).
Interestingly, (£)-f3-ocimene is one of the most promi-
nent plant semiochemicals. It is commonly released by

leaves in response to insect feeding or by flowers to attract
pollinators (Pare and Tumlinson 1999; Andersson et al.
2002). Although the presence of this volatile has not been
investigated in natural host plants or preferred pollen
sources of H. melpomene (Boggs et al. 1981; Estrada and
Jiggins 2002), 1 has been found in larval and adult host
plants that are common in disturbed areas or that are
frequently used to keep these butterflies in captivity, e.g. L.
camara and P. caerulea (Piel et al. 1998; Andersson et al.
2002; Andersson and Dobson 2003b). Therefore, even if
our experiments with labeled precursors show that H.
melpomene has the capacity to synthesize 1 de novo, the
additional contribution of 1 obtained from flowers or larval
host plants cannot be ruled out.

Andersson and Dobson (2003a) showed that male and
female H. melpomene antennae detect 1 and, in combina-
tion with other flower volatiles and color cues, was
attractive to both sexes of butterflies. Taking into account
the acute vision of Heliconius (Swihart 1972; Stavenga
2002; Zaccardi et al. 2006), the attractive or repellent
activity of 1 might be explained by context specificity. In
combination with other flower volatiles and visual flower
cues, ocimene might be attractive, whereas with other
conspecific gland constituents and visual signals, 1 could
be repellent. This model points to further functions of the
other male bouquet components besides the matrix effect
discussed above. It also supports the observation that the
antiaphrodisiac acts only over a short range.

Male behavior of H. melpomene toward mated females
was similar to that described for pierid butterflies
(Andersson et al. 2000) and Drosophila melanogaster
(Scott 1986). Males approach mated females as often as
unmated ones, clearly attracted by visual cues (Jiggins et al.
2004). When males come into close range to the mated
females, the latter take mate-refusal posture by exposing
their scent glands and release previously transferred
compounds. Males immediately leave, so they spend less
time courting mated than virgin females. In Heliconius,
wing color patterns of females and males are identical, and
males are visually attracted to both sexes. Males also
release (3-ocimene from their genitalia (claspers, unpub-
lished data), which might serve for recognition of males and
terminate male-male encounters. Therefore, it does appear
that the antiaphrodisiac(s) of H. melpomene make mated
females unattractive because they smell like males, as
suggested earlier in Heliconius (Gilbert 1976) and found in
Pieris brassicae and D. melanogaster (Scott 1986;
Andersson et al. 2003).

Although antiaphrodisiac pheromones have been found in
other groups of butterflies (Andersson et al. 2003), only the
females of the Heliconiinae expose abdominal scent glands
when they are courted or disturbed (Emsley 1963). This
suggests that these odor mixtures might serve both as
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antiaphrodisiac and protection. In fact, defense mechanism
and sexual communication are tightly linked in unpalatable
butterflies and moths (Boppré 1978, 1984; Weller et al. 1999;
Conner et al. 2000; Schulz et al. 2004). The Lepidopteran
scent glands studied so far show that the bouquets contain
many different compounds (Miyakado et al. 1989; Ross et
al. 2001; Schulz et al. 2007). Hence, it is possible that such
odors provide conspecifics and predators with information.
For example, the odor bouquet of H. melpomene contains
three pyrazines, e.g., 3-isopropyl-2-methoxypyrazine (2),
which are general warning odors of chemically defended
insects and deter rats and birds (Kaye et al. 1989; Moore et
al. 1990; Lindstrom et al. 2001). Unpalatable insects often
use combinations of warning signals that target different
sensory modalities (Lindstrom et al. 2001; Jetz et al. 2001).
There is no evidence, other than the response to rough
handling, that Heliconius females expose glands during
attacks by predators. However, components in Heliconiinae
odors, together with visual signals from the yellow glands,
could alert, remind, and discourage predators.

Our findings that semiochemicals with evidence of
antiaphrodisiac function are transferred from male to female
H. melpomene support the observations published earlier by
Gilbert (1976) for H. erato. Furthermore, we have similar
results for other Heliconius and two other Heliconiinae in
the genus Argynnis (Schulz, Yildizhan, Boppré, Estrada,
Gilbert, unpublished; Schulz et al. 2007). Although the
composition of these bouquets varies widely, male secre-
tions of most Heliconiinae consists of more volatile
compounds and a complex matrix of semivolatile compo-
nents. This suggests a similar function of the scent glands
in other Heliconiinae.
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Abstract Sexually mature male beetles of the genus
Nicrophorus (Coleoptera: Silphidae) exhibit a conspicuous
behavior, recognized as pheromone-releasing activity. Lab-
oratory and field studies demonstrated that females are
attracted to males that exhibit this behavior, both on or off
reproductive resources. Here, we report the results of a
study in which volatile chemicals released by calling
Nicrophorus vespilloides were collected by solid-phase
microextraction and analyzed by using coupled gas chro-
matography—mass spectrometry. These analyses revealed
that ethyl 4-methyl heptanoate and (E)-geranylacetone are
emitted by males that engage in the behavior. In the field,
traps baited with racemic ethyl 4-methyl heptanoate caught
roughly equal numbers of male and female N. vespilloides.
Some male and female Nicrophorus vespillo and male
Nicrophorus humator were also caught in traps baited with
this compound. Traps baited with (E)-geranylacetone did
not catch significant numbers of beetles.
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Introduction

In the past few decades, the chemical signals and defenses
produced by Coleoptera have been the subject of numerous
studies that focus on occurrence, biosynthesis, and biolog-
ical significance (Francke and Dettner 2005). However,
some coleopteran families have received relatively little
investigation. In particular, there have been few studies on
the chemical ecology of the Silphidae. In Necrodes
surinamensis, several terpenes (necrodols) with a repellent
function have been identified (Eisner and Meinwald 1982;
Eisner et al. 1986; Roach et al. 1990). Silpha americana
(Meinwald et al. 1985) and Silpha novaboracensis (Meinwald
et al. 1987) utilize steroids that act as defensive chemicals.
A recent study analyzed the composition of anal secretions
in Nicrophorus marginatus (Woodard 2006).

Beetles of the genus Nicrophorus (Coleoptera, Silphi-
dae) search for small vertebrate carcasses that are suitable
as a reproductive resource. Once a suitable carcass has been
found, the beetles drive away intra- and interspecific
competitors and bury the carrion, thus hiding it from other
potential competitors. Although fights over the carcass
often result between competing Nicrophorus beetles,
various breeding associations may also form on the carcass,
from monogamous pairs to polygynandrous groups
(reviewed in Eggert and Miiller 1997).

Males of most, if not all, Nicrophorus species engage in
pheromone emission during a species-specific time of day
(Pukowski 1933; Eggert and Miiller 1989a, 1997; Scott
1998). Males select elevated sites and assume a headstand-
like posture, pointing the head down and raising the tip of
the abdomen. Males differ from females morphologically in
that they have an additional distal abdominal segment,
presumably the site of the pheromone gland (Mosebach
1936). Since Pukowski’s (1933) detailed study of burying
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beetles provided the first accurate description of this
behavior, numerous studies have attempted to elucidate its
biological implications. Pukowski (1933) called the behav-
ior “sterzeln,” stating that Nicrophorus males exhibit
sterzeln only when they have discovered a reproductive
resource on which no female is present. Later observations
revealed that male pheromone emission is not contingent on
the presence of reproductive resources, at least in some
species (Miiller and Eggert 1987; Eggert and Miiller 1989a;
Beeler et al. 1999), with pheromone emission in the absence
of carrion being interpreted as an alternative mate-finding
behavior (Eggert 1992).

The time of day and the extent to which pheromone
emission occurs is known for several Nicrophorus species
(Miiller and Eggert 1987). Furthermore, Miiller and Eggert
(1987) have demonstrated that individuals of congeneric
species may also be attracted to pheromone-emitting males,
although the ecological significance of such interspecific
attraction is unclear. Beeler et al. (2002) proposed that
females discriminate among potential mates by assessing
pheromone signals, which would require that the signals
contain information about the calling individual beyond sex
and species. In this study, we report the identification of the
male-produced pheromone of Nicrophorus vespilloides, the
most abundant Nicrophorus species in Central Europe.

Methods and Materials

Beetles Nicrophorus vespilloides males used for headspace
analysis were first- or second-generation offspring of
beetles caught in pitfall traps baited with pieces of pigs’
lung in a field near Freiburg, Germany (48°02'14"N, 7°50’
52"E). The traps used were identical to those used in the
experiment that tested the attractiveness of synthetic
chemicals in the field (Fig. 1). Individual beetles were kept
in transparent plastic boxes (100x100x65 mm) filled with
moist peat under a 16:8 light/dark photoperiod. Some male
beetles were provided with a small mouse carcass, whereas
others were given decapitated mealworms.

Headspace Sampling Headspace chemicals were obtained
from 15 individual males, in separate plastic boxes, by
using solid-phase microextraction fibers (SPME, coating
polydimethylsiloxane/divinylbenzene, Supelco, Bellefonte,
PA, USA) and analyzed by gas chromatography—mass
spectrometry (GC-MS). GC-MS analysis was performed
on a Hewlett Packard (Palo Alto, CA, USA) 6890-5973
system equipped with a DB-1 column (30 mx0.25 mm ID;
df=0.25 um; J & W, Folsom, CA, USA). Conditions were
as follows: injector temperature 250°C, splitless mode,
oven temperature 50-250°C at 10°C min '. The electron
impact mass spectra (EI-MS) were recorded with an

ionization voltage of 70 eV and a source temperature of
230°C.

For collection of volatile chemicals, small holes were
bored into the lids of boxes such that fibers could be placed
close to the male during pheromone emission. Sampling
took place from just before to the end of a beetle assuming
the headstand posture typical of “sterzeln.” Pheromone
emission typically occurred between 1 hr before and 3 hr
after lights off. After lights off, sampling continued under
red light. We sampled the headspace of males with or
without access to a carcass.

Chemicals Synthesis of racemic ethyl 4-methyl heptanoate
was carried out by the method of Joung et al. (1998). The
product was purified by liquid chromatography. (E)-
geranylacetone was purchased from Fluka (Deisenhofen,
Germany).

Field Experiment The field experiment was carried out in
the oak-dominated mixed forest near Freiburg, southwest-
ern Germany, from which our laboratory colonies originat-
ed. Five pitfall traps (Fig. 1) were arranged in a circle
equidistant (ca. 50 m) from each other. A dispenser
consisted of a 1.5 ml glass vial filled with silica gel
(Merck, Darmstadt, Germany), 0.7 ml distilled water for
wetting, and a 50-ul solution of the test chemicals. Vials
were secured inside a tea ball with a small amount of liquid
plaster. Each trap was baited with a tea ball placed above
the center of the trap opening (Fig. 1). The vial remained
closed until the bait was placed above a trap, at which point

NN

/

16 cm .
1

Fig. 1 Cross section of pitfall trap used in the field experiment. 4
container for trapped beetles, polyethylene. B funnel, polyethylene. C
bait unit, consisting of a tea ball with dispenser inside. D PVC tube. £
nail, stainless steel. F' crossbar, aluminum
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Table 1 Numbers of N. vespilloides beetles captured in five baited traps during 10 d of trapping

No. Bait D Sum Median Range

1 Ethyl 4-methyl heptanoate 9 23 2 0-5 a
2 Water (control A) 1 1 - 0-1 b
3 Pentane/dichloromethane (control B) 2 2 - 0-1 b
4 (E)-Geranylacetone 2 3 - 0-2 b
5 Ethyl 4-methyl heptanoate/(E)-geranylacetone 9 37 2 0-12 a

Different letters in the last column indicate differences between numbers of captured beetles (Wilcoxon—Wilcox post hoc test, P<0.05)

D = Days (out of ten) on which beetles were trapped with the respective

the cap was removed. The following treatments were tested:
bait 1, ethyl 4-methyl heptanoate (34 nmol); bait 2 (control
A), silica gel with distilled water; bait 3 (control B), same
as control A but with 50 pl of n-pentane/dichloromethane
(9:1); bait 4, (E)-geranylacetone (2.6 nmol); and bait 5,
ethyl 4-methyl heptanoate and (£)-geranylacetone (34 and
2.6 nmol, respectively). The ratio of methyl heptanoate to
geranylacetone in bait 5 was similar to that observed in the
SPME analyses.

Fresh baits were placed above the traps an hour before
sunset and left for 24 hr, after which the baits and the trapping
containers were removed. Each trap was left without bait for
1 d before adding a new bait and trapping container. The
position of each treatment was moved to the next trap in a
clockwise direction. This procedure was repeated until the
dispensers had rotated through all the traps twice; i.e., a total
of 10 d of trapping, alternating with a total of 10 d without
baits. The field trial was carried out between June 26 and July
14, 2006.

Results

Gas Chromatography—Mass Spectrometry SPME GC-MS
analysis of the SPME samples revealed two volatile
compounds that were detectable only when Nicrophorus
males assumed the typical “sterzeln” posture. Based on
mass spectra and retention times of the two compounds,
and comparison with those of the synthetic versions, we

bait.

concluded that the compounds were ethyl 4-methyl hepta-
noate {m/z (relative abundance): 172 [M+] (<I), 143 (6),
129 (13), 127 (28), 115(15), 109 (26), 101 (100), 88 (88),
73 (30); RT 7.99 min} and (F)-geranylacetone {m/z
(relative abundance): 194 [M+] (2), 176 (2), 161 (3), 151
(28), 136 (24), 125 (12), 107 (22), 93 (13), 69 (64), 43
(100); RT 11.91 min}, in a ratio of approximately 1:13. No
differences were detected in the composition of pheromone
blends of males with and without carcasses.

Attractiveness of Compounds In the field, the number of N.
vespilloides captured (Table 1) differed significantly among
bait types (Friedman test, P<0.0001), as did the number of
successful vs. unsuccessful trapping days (x*=26.3, df=4,
P<0.001). Traps baited with either ethyl 4-methyl hepta-
noate or a mixture of ethyl 4-methyl heptanoate and
geranylacetone caught the greatest number of beetles
(Wilcoxon—Wilcox-test, P<0.05); both of these treatments
caught N. vespilloides on all but one of the trapping days
(Table 1). The catches in traps baited with either of these
two treatments did not differ (Wilcoxon—Wilcox-test, P>
0.1). Traps with treatments that lacked ethyl 4-methyl
heptanoate (i.e., the two controls and geranylacetone)
caught few beetles. Comparison of the daily catches of N.
vespilloides showed similar numbers of males and females
trapped (Wilcoxon MPSR, P>0.3, Table 2). Most of the
beetles caught in the trial (80.5%) were N. vespilloides, but
some Nicrophorus vespillo (17.1% of total) and Nicropho-
rus humator (2.4%) were also caught in traps that contained
ethyl 4-methyl heptanoate (Table 2). There was no effect of

Table 2 Numbers of male and female Nicrophorus spp. captured in traps baited with different test stimuli

No. Bait N. vespilloides N. vespillo N. humator
m f m f m f
1 Ethyl 4-methyl heptanoate 9 14 6 2 1
2 Water (control A) 1
3 Pentane/dichloromethane (control B) 2
4 (E)-Geranylacetone 1 2
5 Ethyl 4-methyl heptanoate/(E)-geranylacetone 18 19 4 2 1
Sum 30 36 10 4 2 -

m = males, f = females
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trap position on the number of beetles trapped (Friedman
test, P>0.25).

Discussion

The data from both the headspace analysis and the field
experiment suggest that ethyl 4-methyl heptanoate is a
male-produced pheromone of N. vespilloides. The role of
geranylacetone, also released by male N. vespilloides,
remains unclear; catches with this compound alone were
not different from those of the controls. Furthermore,
addition of this compound to ethyl 4-methyl heptanoate
did not yield increased catches compared to those with
ethyl 4-methyl heptanoate alone. Interestingly, ethyl 4-
methyl heptanoate has also been found as a minor
component of volatile emissions from the beetle Oryctes
rhinoceros (Coleoptera: Scarabaeidae), a widespread coco-
nut pest in Asia. The principal pheromone component of O.
rhinoceros is, however, ethyl 4-methyl octanoate (Hallett
et al. 1995). Behavioral data suggest that the beetles
produce a mix of both enantiomers of ethyl 4-methyl
octanoate (Hallett et al. 1995). We did not determine the
stereochemistry of ethyl 4-methyl heptanoate in M.
vespilloides, but will do so in future studies.

Following the definition of Wertheim et al. (2005), ethyl
4-methyl heptanoate should be classified as an aggregation
pheromone, rather than as a sex pheromone, of N.
vespilloides because beetles of both sexes are attracted to
this compound. Interestingly, in the field, males appear to
attract primarily females (Miiller and Eggert 1987). Males of
the rove beetle Aleochara curtula also release a pheromone
that attracts both sexes (Peschke et al. 1999).

Pheromone emission without carrion has been inter-
preted as an alternative to the primary mate-finding tactic of
searching for carcasses (Eggert 1992; Beeler et al. 1999;
Miiller et al. 2007). According to Eggert (1992), phero-
mone emission benefits males irrespective of the presence
of a reproductive resource. Males that have access to a
suitable carcass can attempt copulation once a female
arrives, and males without such a resource can secure
matings with attracted females. In a field study of N
vespilloides, males that had buried a carcass prior to
pheromone emission attracted equal numbers of females
as males that had not (Eggert and Miiller 1989b).
Responding to the pheromone also benefits females by
allowing them access to a carcass and/or a mate. Benefits
for males that are attracted to males are less clear, especially
if the pheromone-emitting male does not have a carcass.
One possibility is that the attracted male could mate with
surplus females that the pheromone emitter attracts. If the
calling male has a carcass, then presumably the attracted
male would fight the caller for the resource.

In the field trial, two other Nicrophorus species were
attracted to ethyl 4-methyl heptanoate, consistent with
earlier findings that calling male Nicrophorus attract
members of other congeneric species (Miiller and Eggert
1987). There is some evidence (Haberer, Schmitt, and
Miiller, unpublished) that the attracted Nicrophorus species
use similar (i.e., 4-methyl branched heptanoate and
octanoate) esters for their own sex pheromones. Miiller
and Eggert (1987) suggested that the response of larger
congeners to the pheromones of a smaller species might be
adaptive. If the pheromone-emitting male has access to a
carcass, members of larger species would be able to
displace the original owner and utilize the resource for
their own reproduction. The two additional species, M.
vespillo and N. humator, that were attracted to ethyl 4-
methyl heptanoate are both larger than and competitively
superior to N. vespilloides (Pukowski 1933; Otronen 1988).
Future investigations of other Nicrophorus pheromones will
aid our understanding of cross-attraction within the genus.
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Abstract We identified 4-methylquinazoline (4-MeQ) as a
minor component of the male sex pheromone of the
parasitoid Nasonia vitripennis. Like the major components
(4R,5R)- and (4R,5S5)-5-hydroxy-4-decanolide (HDL), 4-
MeQ is synthesized in the abdomen of males. At doses of
6 or 1 ng, 4-MeQ synergized the response of virgin females
to the HDL-diastereomers in a still-air olfactometer, but was
not attractive as a single component. 4-MeQ is also
responsible for the characteristic medicinal odor of N.
vitripennis males.

Keywords Nasonia vitripennis - Parasitoid - Pteromalidae -
Sex pheromone - 4-methylquinazoline

Introduction

There is increasing evidence that with parasitic wasps, for
some species, females attract mates with volatile sex
pheromones, whereas in other species, males release the
attractive chemicals (Consoli et al. 2002; Ruther et al.
2007). Males of the jewel wasp Nasonia vitripennis, a
pupal parasitoid of cyclorraphous flies, release from their
abdomen a mixture of (4R,5R)- and (4R,5S)-5-hydroxy-4-
decanolides (HDL) that is attractive to virgin but not mated
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females (Ruther et al. 2007). Sample containers used for the
storage of live N. vitripennis males and abdomen extracts
from males possess a characteristic medicinal odor. How-
ever, the HDL-diastereomers smell fruity, reminiscent of
peaches, suggesting that N. vitr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>