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Abstract Semiochemicals influence many aspects of insect
behavior, including interactions between parasites and their
hosts. We studied the chemical recognition system of
bumblebees (Bombus) by examining the cuticular hydrocar-
bon cues of 14 species, including five species of social
parasites, known as cuckoo bees (subgenus Psithyrus). We
found that bumblebees possess species-specific alkene
positional isomer profiles that are stable over large geo-
graphical regions and are mimicked by three host-specific
cuckoo parasites. In three host-cuckoo associations where
mimicry is poor, possibly due to recent host shifts, these
cuckoos produce dodecyl acetate a known chemical repellent
that allows the cuckoos to invade their host colonies. Our
findings indicate cuckoos use two chemical mechanisms,
mimicry and repellents, to invade their hosts, and this may
reflect different stages of an ongoing dynamic arms race.
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Introduction

The first line of defence in an insect society is its
sophisticated cuticular hydrocarbon recognition system.
Colonies usually can recognize their nest-mates and detect
intruders, whom they often attack vigorously. Many social
parasites, however, are able to break into the fortresses of
their hosts and take advantage of them for extended periods
without being harmed. Parasites have evolved some
remarkable strategies, such as chemical mimicry (Lenoir
et al. 2001) that enable them to evade the colony’s
recognition system. These adaptations provide a way of
studying the chemical recognition systems of social insects.

Recent studies have begun to reveal the groups of
hydrocarbons (Greene and Gordon 2007; Martin et al.
2008a) and mechanisms (Ozaki et al. 2005; Martin et al.
2008b) involved in the recognition systems used by social
insects. These studies show the importance of looking at
relationships within and between groups of hydrocarbons,
rather than assuming that all hydrocarbons form part of the
signal. By using this new approach, rather than the standard
multivariate statistical methods that compare all compo-
nents simultaneously (Martin and Drijthout 2009a), we
studied the host specific Psithyrus cuckoo bees as a tool to
search for the bumblebee species recognition system.
Hydrocarbons are synthesized in the oenocytes and trans-
ported to the cuticle and Dufour’s gland where they are
secreted. These hydrocarbons are present as a thin oily
layer that covers the insects’ entire surface and that acts
primarily as an anti-desiccation agent. In bumblebees, these
hydrocarbons are dominated by n-alkanes and alkenes. The
alkenes are unusual in that they are rich in (Z) positional
isomers, which include all positions from 5 to 15 (Lanne et
al. 1987; Tengd et al. 1991; Ayasse et al. 1995, 1999). This
unique richness is likely to have a functional role, since it

@ Springer


http://dx.doi.org/10.1007/s10886-010-9805-3

J Chem Ecol

should be costly to maintain biochemical mechanisms to
produce a variety of isomers (Morgan 2004), and bees are
able to detect and recognize different isomers (Chaline et al.
2005; Blazyté-Cereskiené and Biida 2007).

There are over 250 species of bumblebees, Bombus, of
which 30 have evolved into social parasites known as cuckoo
bumblebees (Williams 1998). For simplicity, all cuckoo
bumblebees are referred to as Psithyrus, although they are
now considered a subgenus within Bombus (Williams 1998),
while all remaining non-parasitic bumblebee species are
referred to as Bombus. The Psithyrus female (queen) invades
an established nest of its host bumblebee species and lays
eggs that are reared by host workers into new Psithyrus
sexuals, since all Psithyrus species lack a worker caste.
Typically, Psithyrus females of a given species only parasitize
nests of one, or a few, host species (Richards 1927; Reinig
1935; Alford 1975; Fisher 1987; Williams 2008), but their
host invasion behavior can be highly variable (Kupper and
Schwammberger 1995; Frehn and Schwammberger 2001).

Psithyrus females are well adapted to their parasitic life
style, having thicker cuticles, longer stings, tougher inter-
segmental membranes, sharper more powerful, mandibles,
and a larger venom sac and Dufour’s gland than their hosts
(Richards 1927; Free and Butler 1959; Alford 1975). These
features facilitate the successful usurpation of the host nest
(Fisher and Sampson 1992) and are found also in socially
parasitic wasps (Edwards 1980) and ants (Tsuneoka and
Akino 2009), both distantly related but socially similar
taxa. The Psithyrus females often visually mimic their host
color patterns, especially in Europe (Williams 2008), and
employ a variety of chemical mechanisms that facilitate
nest invasion. For example, B. (Ps.) norvegicus secrete
dodecyl acetate from their enlarged Dufour’s gland, which
repels host workers (Zimma et al. 2003). Psithyrus females
are thought to locate their host colony by species-specific
olfactory cues (Sladen 1912; Fisher 1983), since Psithyrus
species can distinguish host from non-host species based on
their Dufour’s gland extract (Fisher et al. 1993).

Free and Butler (1959) suggested that, to aid in nest
invasion, Psithyrus species may have evolved similar recog-
nition cues to their host species that could explain their high
host-specificity. Here, we tested the hypothesis that Psithyrus
species mimic the chemical profiles of their host species. In
addition, we investigated whether the presence of the repellent
dodecyl acetate is a general feature of Psithyrus bumblebees,
since the production of a repellent appears counter-productive
for species thought to use chemical mimicry.

Methods and Materials

Sample Collection Between April and June 2007, bum-
blebee queens were caught while feeding on flowers or
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searching for nest-sites in the Hanko region of Southern
Finland and the Sheffield region of South Yorkshire,
UK. Queens also were collected from the Burren in
Western Ireland during early June 2006. All samples
were killed by freezing and stored at —20°C. Across the
three sites, 76 queens were collected representing 14
species. These comprised nine nest-building species
belonging to five different sub-genera, and five Psithy-
rus-cuckoo species (Fig. 1). An additional 19 dried
Psithyrus queens were obtained from three different
private collections of bumblebees collected mainly in
Leicestershire and Buckinghamshire, England (Fig. 1).

Chemical Analyses Cuticular hydrocarbon extracts from
each bumblebee were prepared by removing one pair of
wings and immersing them in a vial containing 80 pl of
HPLC grade hexane at room temperature for 15 min. Wings
were used in order to minimize potential contamination
from glandular secretions. The extracts were evaporated
and stored at 5°C. A Dufour’s gland extract of each
bumblebee (excluding the 19 dried Psithyrus samples) also
was obtained following the same procedure used for the
wings. The Dufour’s gland contains only internally pro-
duced hydrocarbons. The remaining pairs of wings then
were pooled for each species providing a stronger extract
that allowed better resolution of the positional isomers after
dimethyl disulfide (DMDS) derivatization (see below). The
cuticular hydrocarbon extracts from the 19 dried Psithyrus
samples were obtained by immersing the entire body and
wings in a small glass dish containing 1 ml of hexane for
5 min before transferring the hexane to a vial where it was
evaporated. This ensured that sufficient extract was avail-
able for DMDS derivatization. Just prior to analysis, 30 ul
of hexane were added to the vials, and the samples were
analyzed on an HP6890 gas chromatograph (GC) equipped
with an HP-5MS column (length: 30 m; internal diam:
0.25 mm; film thickness: 0.25 pm) connected to an HP5973
quadrupole mass spectrometer (MS) with 70 eV electron
impact ionization. Samples were injected in the splitless
mode, and the oven was programmed from 70°C to 200°C
at 40°C/min, and then from 200°C to 320°C at 15°C/min,
and held for 2 min at 320°C. Helium was used as carrier
gas, at a constant flow rate of 1.0 ml/min. Compounds were
characterized by the use of standard MS databases,
diagnostic ions, and their Kovats indices. Pooled wing
extracts, individual body washes, and individual Dufour’s
gland samples were subject to DMDS derivatization in
order to determine the alkene double bond positions
(Carlson et al. 1989) and re-analyzed on the GC-MS under
the same conditions as the non-derivatizated samples.

Data Analyses The analysis of the three main groups of
compounds (acetates, n-alkanes, and alkenes) were con-



J Chem Ecol

Fig. 1 The simplified . .
sub-generic classification of the Sub genera Sp ceies M Llfestyle
bumblebees studied adapted FEBP

from Williams et al. (2008) Melanonombus B. lapidarius 6 2 Nest-building

showing the phylogenetic
relationships among the 14
species studied. The number of
Bombus queens and Psithyrus
females of each species
collected from Finland (F),
England (£), the Burren in
Ireland (B) or from private
English collections (P). Their
lifestyle also is presented

120E+10) g
1.00E+10
2 8.00E+09
S
e
=]
£ 6.00E+09
g
g
= 4.00E+09
2
=
2.00E+09
1.20E+10 |
1.00E+10
2 8.00E+09
g
o
=}
£ 6.00E+09
g
g
5 400E+09
e
2.00E+09
0.00E+00 |
“ “
TaesS.
2 « = RZ RS
<S55%8s8e §2888
SE5S58358s S28F%®
TEERERsEE 250
SESSEESES LL44L
P S P e P S

Fig. 2 The average relative amount of n-alkanes (white), alkenes (black),
and dodecyl acetate (stripes) extracted from a wings and b the Dufour’s
gland of 14 bumblebee species. Error bars are not shown for clarity
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ducted separately, as there is growing evidence (Chaline et
al. 2005; Greene and Gordon 2007; Martin and Drijthout
2009a) that the profile perceived by the insect and that
produced by the GC-MS are not congruent. For acetates
and n-alkanes, peak areas were integrated from the
original (i.e., non-derivatized) individual Dufour’s gland
and wing gas chromatograms. Data were log-transformed
in order to meet the assumption of equal variances before
conducting f-tests in SPSS v14. For the alkenes, the
presence of several isomers, often with overlapping
retention times, meant accurate integration from the
original gas chromatograms was not possible. Therefore,
the proportion of each alkene isomer present was
calculated from the derivatized sample chromatograms as
follows. By using the characteristic ions for each isomer at
each chain length, the amounts of these ions were
individually integrated using the ‘extract ion’ function in
MSD Chem-Station. This produced a table of ion counts
for each isomer at each chain-length for each individual.
This was converted to a percentage of the overall count,
and any compound (i.e., an isomer at a specific chain
length) that represented less than 0.5% was excluded. The
percentage of the remaining isomers was re-calculated.
We then investigated whether any patterns existed that
connected the positional isomers to chain-length before
calculating the proportion of each isomer irrespective of its
chain-length for each individual. Initially, the proportion
of each isomer was calculated in the normal way, i.e., total
(2)-10 = (2)-10Cy3 + (£)-10C,5 + (£)-10C,5. This produced
an unusual isomer pattern in B. hortorum (see “Results”).
However, the apparent anomaly might be explained better
from a functional viewpoint since isomers potentially can be
read from either end of the molecule. Therefore, we calculated
the proportion of each isomer so that only odd isomers were
present e.g., (£)-13 = (£)-10C,; + (£)-12Cy5 + (£)-13C,5.
This approach is supported by the facts that even positional
isomers (e.g., [Z]-8 and [Z]-10) are a biochemical rarity,
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since (Z)-9-oleic acid is the key precursor, and in insects A
desaturases are normally odd-numbered (e.g., 5, 9, 11, and
11) (Byers 2006).

Results

General Findings Figure 2 shows that non-polar com-
pounds extracted from the bumblebee wings and their
Dufour’s glands are almost exclusively (>99%) composed
of n-alkanes (C,;—Cs;) and alkenes (various isomers)
except in B. (Ps.) campestris, in which it is >90% due the
presence of methylated compounds that are rare (<1%) in
all other species. In addition to the hydrocarbons, dodecyl
acetate, a volatile compound, was detected in the Dufour’s
gland of three of the five Psithyrus species (Fig. 2). The
hydrocarbon ion counts (n-alkanes and alkenes) extracted
from the wings (Fig. 2a) and the Dufour’s gland (Fig. 2b)
are significantly higher among Psithyrus than the non-
parasitic Bombus (wings P=0.018, t=—2.729 df=12;
Dufour’s gland P=0.018, r=—2.735 df=12).

n-Alkanes For all species, the n-alkanes account for 23—
54% of the hydrocarbons in the wing extracts and 14-50%
of the Dufour’s gland extracts (Figs. 2a, b). Comparison of
the n-alkane profiles shows high variability between
individuals. Consequently, no distinct differences between
species, and no clear associations between the n-alkane
profiles of Psithyrus and their hosts were apparent in either
the wing or the Dufour’s gland samples (Supplemental
Fig. 1). This is further supported by Discriminant Analysis

(DA) in which the n-alkanes only separate one of the non-
parasitic Bombus species, whereas the alkenes separate all
of the non-parasitic Bombus species (Fig. 3).

Alkenes The alkenes are the most abundant group of
compounds detected in the wing, Dufour’s gland, and
whole body extracts with a wide range of isomers detected,
even within the profile of a single species. These include
all isomers from (2)-5 to (2)-14. All three B. hortorum
queens possessed the same rich and highly unusual isomer
pattern, with respect to which isomer was prevalent at each
chain-length (Fig. 4). However, when double bond positions
are viewed differently see (“Methods"), the apparently
unusual isomer pattern of B. hortorum becomes clear; i.e.,
the production of mainly the (2)-13 isomer (Fig. 4).

Although we detected odd and even isomers from (Z)-
5 to (£)-14, our re-interpretation of the results is that odd
isomers from (£)-5 to (£)-21 were detected (as shown in
subsequent figures). The same overall conclusions are
reached, irrespective of the method used to calculate the
isomer profiles, but fewer odd isomers are implied.

We were able to separate all of the non-parasitic
Bombus species by using only the observed variation
between species in their alkene isomer profile (Fig. 3).
The only exceptions were three samples from the B.
terrestris-group that all had distinctive isomer profiles
(Fig. 5). This chemo-group (B. terrestris II) was composed
of a Finnish B. lucorum, and two B. terrestris from
Sheffield that were morphologically indistinguishable
from their conspecifics.
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Fig. 3 Comparison of the discriminant analysis using SPSS based on the
transformed proportions (for method see Martin and Drijthout 2009a) for a
alkanes and b alkene isomers from the Dufour’s gland of each bumblebee
queen. Different symbols are used where ellipses that enclose all
individuals of that species overlap. Ellipses for the cuckoo species are
dashed. The two factors indicate the amount of variation explained by
each discriminate component. The isomer profile of Bombus hortorum
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(No. 8) was so different from all other species that it was removed from
the analysis otherwise it was difficult to visualize the data. 1.B.
pascuorum;, 2. B. lapidarius; 3. B. jonellus; 4. B. pratorum; 5.B. terrestris
II; 6. B. terrestris; 7. B. lucorum; 8.B. hortorum; 9. B. muscorum; 10. B.
monticola; 11. B. (Ps.) campestris; 12. B. (Ps.) rupestris; 13. B. (Ps.)
sylvestris;14. B. (Ps.) vestalis; 15. B. (Ps.) bohemicus
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Fig. 4 b The gas chromatogram of Bombus hortorum showing at
each chain length three alkene peaks that contain up to seven
different co-eluting isomers and a single n-alkane peak. a The
proportion of each isomer after derivatization that revealed an

In two species (B. pascuorum and B. lucorum),
conspecific queens were collected from three different
countries (Fig. 1). Despite this, all 11 B. pascuorum queens
had similar alkene isomer profiles, as shown by the small
amount of variation (Fig. 5) and forming a single cluster
(Fig. 3b). Although the 15 B. lucorum queens also form a
single cluster (Fig. 3b), there were small but consistent
differences in the isomer profiles between the Sheffield and
Finnish populations (Fig. 5).

Mimicry of Hosts’ Species Specific Alkene Isomer Patterns
by Psithyrus The nine non-parasitic Bombus species all had
species-specific alkene isomer patterns in their Dufour’s gland
extracts (Fig. 5) that mirrored their pooled wing extracts
(Fig. 5). The (Z2)-7 and (Z)-9 alkene isomer ratios of several
Psithyrus species showed a remarkable resemblance to those
of their hosts (Figs. 5, 6), irrespective of whether wing, entire
body, or Dufour’s gland extracts were compared (Fig. 5). For
example, the (Z2)-7: (£)-9 ratio is dominated by (£)-9 in both
B. pascuorum and its cuckoo B. (Ps.) campestris, while it is
dominated by the (Z)-7 isomer in B. lapidarius and its cuckoo
B. (Ps.) rupestris. This chemical similarity between the
cuckoos and their hosts is even more remarkable considering
that the hosts are spread across four sub-genera (Fig. 1) with
greatly differing (2)-7: (2)-9 ratios (Fig. 6). Bombus (Ps.)
vestalis is a close mimic of a rare chemo-type detected within
the ferrestris-group, while all other B. ferrestris possess a very
different isomer ratio. Furthermore, the match between host
and cuckoo in the case of B. lucorum and B. (Ps.) bohemicus
is closer in the UK population than the Finnish population, as
the UK B. (Ps.) bohemicus queens are the only Psithyrus
species to produce isomers other than (Z2)-7 and (£)-9 in any
appreciable amounts (Fig. 5).
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z7 Cy
712 75
Vo S
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unusual isomer pattern. ¢ However, the most abundant isomer at
each chain length (2)-10-Cy3.1, (£)-12-Cys.1, and (Z)-13-Cy5.; are in
fact all (Z)-13 if position is determined from either end of the
molecule

Presence of Dodecyl Acetate The presence of volatile
repellent dodecyl acetate was not detected on any of the
wing samples (N=76) (Fig. 2a) nor the Dufour’s gland
extracts of any non-parasitic Bombus species studied
(Fig. 2b). However, dodecyl acetate was a major compound
detected in the Dufour’s gland of all B. (Ps.) bohemicus
(N=6), B. (Ps.) sylvestris (N=3) and B. (Ps.) vestalis (N=2)
females (Fig. 2b). These are all species that invade hosts
with slightly different alkene isomer patterns from their
own (Fig. 5). In these species, dodecyl acetate represented
an average of 21% of the non-polar compounds extracted
from the Dufour’s gland. Dodecyl acetate was absent from
the Dufour’s glands of all B. (Ps.) campestris (N=2) and B.
(Ps.) rupestris (N=3) (Fig. 2b), both species that mimic
closely the isomer profiles of their hosts (Fig. 5).

Discussion

This study has revealed an additional level of detail contained
within an insect’s cuticular hydrocarbon profile that is a
potential candidate for encoding the recognition cues used by
bumblebees. Among the insects, bumblebees are unusual in
the variety of isomers they produce, as shown by this and
previous studies (Lanne etal. 1987; Tengd et al. 1991; Ayasse
et al. 1995, 1999; Urbanova et al. 2004). The nine non-
parasitic Bombus species in this study and four additional
species (B. ignitus, B. diversus, B. hypocrita, and B.
deuteronymus; authors’ unpublished data) all have species-
specific alkene isomer patterns. The high isomer diversity
and stable species-specific patterns are consistent with a
functional role in recognition, which is supported by the
mimicry of these isomer profiles by the three corresponding
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species of social parasite (i.e., cuckoos). In contrast, in those
cases where the host and cuckoo isomer profiles do not
match, the cuckoos produce a known worker repellent,
dodecyl acetate, that represents an alternative strategy for
invading colonies. Within each species, the variability of
alkene isomers remained small, even where specimens were
collected from three countries and had different color forms
e.g., B. pascuorum. Species-specific alkene isomer profiles
found in this study also can be seen in B. terrestris collected
from Sweden, Israel, and Germany (Tengd et al. 1991) and
B. lapidarius collected from Sweden (Tengé et al. 1991).
This stability of discrimination signals within a species
across coarse geographical scales also has been found
previously in Drosophila flies (Rouault et al. 2001), bark
beetles (Symonds and Elgar 2004), and Formica ants
(Martin et al. 2008c). Conversely the n-alkanes show high
variability both among individuals within species and among
species, resulting in no species-specific profiles. Alkane
production is influenced by environmental factors, such as
temperature, humidity, and task (Wagner et al. 2001; Martin
and Drijthout 2009b), which may explain this variation.

Hydrocarbons identified in the Dufour’s gland of
bumblebees also are present on their eggs (Ayasse et al.
1999) as well as on their cuticles (Oldham et al. 1994;
Ayasse et al. 1995; this study). This may help “fool” host
workers into rearing Psithyrus eggs. The recent finding that
Psithyrus females have retained their ability to produce wax
also may help explain their chemical integration into the
colony (Sramkova and Ayasse 2008).

The possibility that the cuckoos’ profiles have been
acquired from either the hosts that raised them or that they
will invade is small, because 82 out of the 95 Psithyrus females
were caught searching for nests rather than being removed
from host colonies. As there is a close match between the
external (entire body or wing extracts) and internal (Dufour’s
gland extract) hydrocarbon profiles, Psithyrus females may
be examples of mimics that biosynthesize their chemical
disguise prior to invasion rather than acquire it from their
hosts after invasion (Lenoir et al. 2001).

The production of dodecyl acetate by three of the five
Psithyrus species appears inconsistent, but it is produced
only by Psithyrus species that fail to closely mimic their
host in terms of alkenes. Dodecyl acetate is a known
bumblebee worker repellent (Zimma et al. 2003) and
represents an alternative way of invading colonies. Limited
behavioral observations show that host-cuckoo interactions
that involve the two cuckoo species lacking dodecyl acetate
(B. (Ps.) rupestris and B. (Ps.) campestris) are non-
aggressive (Hoffer 1888; Sladen 1912; Fisher 1988),
whereas aggressive and non-aggressive interactions have
been observed against cuckoos that produce dodecyl acetate
(Sladen 1912; Van Honk et al. 1981; Kiipper and
Schwammberger 1995). Similar compounds (e.g., decyl-
acetate and decyl butyrate) also are found in the enlarged
Dufour’s glands of slave-making Formica and Polyergus
ants, where they act as repellents during raids (Regnier and
Wilson 1971; Graham et al. 1979; D’Ettorre et al. 2000;
Tsuneoka and Akino 2009).

Co-evolution is a dynamic process that may be at
different stages for different cuckoo-host associations. For
example, B. pascuorum and B. lapidarius are both common
species, and their cuckoos (B. (Ps.) campestris and B. (Ps.)
rupestris) are close color and chemical mimics. Bombus
(Ps.) sylvestris is a close chemical mimic of B. jonellus and
B. monticola, both uncommon species in Britain, but its
other host there is B. pratorum, a species with a similar
ecology (e.g., early nesting, pollen-stores, small colony size
(Sladen 1912)) and that is common and widespread
(Williams 2007). This may indicate that B. (Ps.) sylvestris
has undergone a host shift. This is supported by the facts
that B. (Ps.) sylvestris produces the worker repellent
dodecyl acetate and remains a much closer color mimic of
B. jonellus than B. pratorum. The UK B. (Ps.) bohemicus
population is unique in its ability to produce other isomers
besides (£)-7 and (Z)-9 in substantial amounts (Fig. 5). This
may result from the cuckoo tracking the profiles of different
species within the /ucorum-complex, and could be evidence
of an ongoing “arms race”.

The presence of two distinct chemo-types within the
terrestris-group (Fig. 5) is supported by Pamilo et al.
(1984) who also suggested the presence of two sibling
species of B. lucorum with a wide distribution in
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Fennoscandia based on phosphoglucomutase (PGM)
gene variation. German laboratory colonies of B. lucorum
also had isomer profiles similar to our B. terrestris 11
group (Tengd et al. 1991), whereas, field caught B.
terrestris (around Bonn) have isomers similar to UK B.
terrestris and B. lucorum (Sramkova and Ayasse 2009).
The B. lucorum-terrestris species complex is poorly
resolved taxonomically, and additional morphological,
chemical, and genetic data are needed before clear
species boundaries can be defined.

The invasion behavior of Psithyrus females ranges from
highly aggressive to passive (Dronnet et al. 2005), as an
invading queen may usurp the host queen (Wilson 1971) or
live in peaceful cohabitation with her (Fisher 1987, 1988;
Carvell et al. 2008). This might arise from different
chemical mechanisms being employed (i.e., mimicry or
repellents) by different Psithyrus species.
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