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Abstract The bird cherry-oat aphid, Rhopalosiphum padi (L.), and the damson-hop aphid,
Phorodon humuli (Schrank), migrate at the same time of year and colonize closely related
Prunus spp. as primary hosts, but utilize (1R,4aS,7S,7aR)-nepetalactol and (1RS,4aR,7S,7aS)-
nepetalactol, respectively, as sex pheromones. Interactions between these sex pheromones
and benzaldehyde and methyl salicylate, plant volatiles common to primary hosts of both
species, were investigated to assess whether they confer reproductive isolation between these
species. Female autumn migrants (gynoparae) and males of these two species were caught in
the field with water traps baited with their respective sex pheromones. Rhopalosiphum padi
gynoparae and males also responded positively to benzaldehyde. Release of either
benzaldehyde or methyl salicylate with the conspecific sex pheromone increased catches of
both species of aphid. However, releasing both plant volatiles with the sex pheromone of R.
padi increased catches of gynoparae and males, but reduced those with the sex pheromone of
P. humuli. These results support the hypothesis that specific plant volatiles synergize
responses of autumn migrating aphids to their sex pheromone. Because these interactions are
species-specific, they may be important in allowing males to discriminate between
conspecific sexual females (oviparae) and those of other aphid species.
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Introduction

The interaction between host-plant volatiles and sex pheromones of phytophagous insects,
including aphids, is well established (Landolt and Phillips, 1997; Powell and Hardie, 2001).
In many insect species, the response of males to a female-produced sex pheromone is
directly influenced by host-plant volatiles. Host-plant volatiles may synergize the response
to the sex pheromone, as has been shown for several species of Lepidoptera and Coleoptera
with the simple addition of one or more green leaf volatiles (Light et al., 1993; Ruther et al.,
2000, 2002; Reinecke et al., 2002a,b). Examples also exist where host-plant volatiles other
than green leaf volatiles, or intact host plants, act synergistically with pheromones (Landolt
and Phillips, 1997).

In contrast to the Lepidoptera and Coleoptera, for which many hundreds of species-
specific sex pheromone components have been identified, of the 12 species of aphids
for which sex pheromones are known, only three sex pheromone components have been
identified (Hardie et al., 1999). There is also conflicting evidence as to whether male
aphids can discriminate between the sex pheromone produced by conspecific sexually
reproducing egg-laying females (oviparae) and those produced by oviparae of other
species (Marsh, 1975; Eisenbach and Mittler, 1987; Steffan, 1990; Hardie et al., 1990,
1992).

The limited range of aphid sex pheromone components, and inconclusive evidence that
aphids can discriminate between them, led Steffan (1987) and Guldemond (1990) to argue
that the primary host plant may be important in promoting reproductive isolation.
Subsequently, Powell and Hardie (2001) suggested that a more important role of host-
plant volatiles may be to synergize the response of male aphids to sex pheromones.
Gynoparae (female parthenogens that uniquely produce the sexually reproducing oviparae)
of several species of aphid are known to respond to odors from primary host plants (Powell
and Hardie, 2001) as do those and males also of the bird cherry-oat aphid, Rhopalosiphum
padi (L.) and the damson-hop aphid, Phorodon humuli (Schrank). In olfactometer studies,
gynoparae and males of R. padi responded positively to crushed buds of bird cherry, Prunus
padus L., the primary host of this species (Pettersson, 1970). Subsequently, benzaldehyde
was identified as an active component in the odor of bird cherry, eliciting positive
behavioral responses on its own (Pettersson, 1970; Park et al., 2000). In contrast, in the
field neither a steam distilled extract of bird cherry or benzaldehyde increased numbers of
male R. padi caught in water traps (Hardie et al., 1994). However, when the steam distilled
extract or benzaldehyde were released simultaneously with (1R,4aS,7S,7aR)-nepetalactol
(I), the sex pheromone of this species, significantly more males were trapped than with the
pheromone alone, indicating a significant interaction. Phorodon humuli males responded
positively to leaf and twig material from myrobalan, Prunus cerasifera Ehrhart, one of its
primary hosts, as well as a bark extract from the same host in an olfactometer and in the
field (Campbell et al., 1990). In a second study, steam distilled extracts of two other
primary hosts, sloe (Prunus spinosa L.) and plum (P. domestica L.), also increased catches
of gynoparae, but not males, in clear water traps (Lösel et al., 1996b). In addition, release of
extracts from these hosts increased catches of gynoparae and males to the sex pheromone
produced by conspecific oviparae, (1RS,4aR,7S,7aS)-nepetalactol (III) (Campbell et al.,
1990; Lösel et al., 1996a,b).
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These results suggest that primary host-plant volatiles elicit positive responses, both on
their own and through synergistic interactions with sex pheromones, in autumn migrants of
R. padi and P. humuli. However, gynoparae and males of R. padi and P. humuli migrate to
closely related species of Prunus, which may provide similar olfactory cues. In addition,
because the migrations occur at similar times of the year, there is no temporal separation.
Thus, these two species of aphid respond to different sex pheromones but are presented
with similar olfactory cues from their respective host plants. The responses of gynoparae
and males of these species to their respective sex pheromones presented together with plant
volatiles common to their primary hosts may provide insight into how aphids are able to
make species-specific responses with such a limited range of sex pheromone components.

The present study investigated responses of gynoparae and males of R. padi and P. humuli
to combinations of I, III, benzaldehyde, and methyl salicylate. The headspace profiles of
Prunus padus, the primary host of R. padi, and P. spinosa, P. domestica, and P. cerasifera,
primary hosts of P. humuli, are rich in volatile compounds including benzaldehyde and
methyl salicylate (Pettersson, 1970; Pettersson et al., 1994; Pope, unpublished data).
Benzaldehyde alone, as outlined above, is known to elicit positive responses in R. padi
autumn migrants and to synergize responses to I. Methyl salicylate has been shown to
evoke negative behavioral responses in spring migrants of both R. padi and P. humuli,
which suggests some role for these specific compounds in primary host plant recognition
(Campbell et al., 1993; Pettersson et al., 1994; Lösel et al., 1996a; Ninkovic et al., 2003).

Methods and Materials

Chemicals (4aS,7S,7aR)-Nepetalactol (I) was prepared from an extract of the catmint
Nepeta cataria (L.) (see Dawson et al., 1987). A 7:3 mixture of the 1S- and 1R-
diastereoisomers of (4aR,7S,7aS)-nepetalactol (III) was prepared from N. racemosa (syn.
mussinii) (see Campbell et al., 1990, 2003). Benzaldehyde (B) and methyl salicylate (MS)
were purchased from Sigma-Aldrich (Poole, UK) (purity 99% and 98%, respectively).

Field Experiments Randomized block factorial experiments were conducted in plantations
of dwarf hops growing on 2.4-m-high trellises at East Malling Research (EMR) in 1996,
2000, and 2001. The experimental design consisted of two, four, and two blocks in 1996,
2000, and 2001, respectively. Water traps were made from transparent plastic Petri dishes
(14 cm diam×2 cm deep) as described by Hardie et al. (1997). Traps were filled with a
dilute solution of Lipsol, a nonionic detergent. Pheromones (10 mg) in 50 μl Et2O and B
(50 mg) were placed into individual glass vials (08-CPV Chromacol), with a 1-mm hole
drilled through the cap. The antioxidant butylatedhydroxytoluene (BHT, 5 mg), was added
to vials containing 50 mg of B. MS (41 mg) was placed into closed polyethylene vials (WP/
5, Fisons) with four 1-mm holes drilled through the cap. Control vials were added as
necessary so that all traps presented an identical visual image. Vials were suspended 1 cm
above the surface of the water. The traps were spaced 3 m apart and 60 cm above the
ground and sited centrally in the 3-m-wide alleys between the rows of hops. Traps were
emptied and their positions rerandomized daily. Trapped P. humuli and R. padi gynoparae
and males were counted in the laboratory.

The release rates of B and MS were determined by suspending vials within a fume
cupboard with an air flow of 0.6 m sec−1 at 18±2°C. Weight changes in vials were recorded
over a 7-d period and the release rates were calculated (mean±SE) as 1.03±0.02 mg day−1

for B, and 0.81±0.16 mg day−1 for MS.
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The experiments were conducted from October 8 to 25, 1996, from October 14 to 30,
2000, and from September 22 to October 26, 2001. A complete factorial design was used in
1996 with each chemical at two levels (present and absent). The treatments were (1) III, (2)
B, (3) MS, (4) III+B, (5) III+MS, (6) B+MS, (7) III+B+MS, and (8) control. Incomplete
factorial designs were used in 2000 and 2001; all treatments that combined both sex
pheromones were omitted. Therefore, the treatments in both years were (1) I, (2) III, (3) B,
(4) MS, (5) I+B, (6) I+MS, (7) III+B, (8) III+MS, (9) B+MS, (10) I+B+MS, (11) III+
B+MS, and (12) control.

Data Analysis Data were analyzed by analysis of variance (ANOVA). To stabilize variances,
daily counts were transformed to square roots (n0.5) and summed for the whole sampling
period. A two-way classification of treatments within blocks was used for first-step
analyses, with differences between means compared against the least significant difference
(LSD) only if the overall treatment terms were significant. The data were then reanalyzed
with the variance partitioned into factorial contrasts. Separate terms for block-to-block
variance, main effects of each chemical individually, two- and three-chemical interactions,
and residual variance for the incomplete factorial designs in 2000 and 2001 were accumulated
into analysis of variance from regressions using GenStat 5 (Payne, 2000).

Results

A total of 2120 P. humuli gynoparae and 9764 males were caught in the 1996 experiment
(Table 1). P. humuli gynoparae and males were more numerous in traps baited with III than
in traps without pheromone. Furthermore, traps baited with III together with either B or MS
caught significantly more gynoparae and males (1.9–2.1 and 2.5–2.7 times as many
respectively) than did traps baited with III alone. The factorial ANOVA of these data
showed that P. humuli gynoparae and males responded significantly to III (gynoparae, F1,7=
71.57, P<0.001; males, F1,7=162.93, P<0.001). The three-way interactions between III,
B, and MS were also significant for both morphs (gynoparae, F1,7=5.73, P<0.05; males,
F1,7=11.27, P<0.05). Both morphs responded positively to the plant volatiles, but only in
the presence of III (III+B vs. III, gynoparae, t=2.95, P<0.05, males, t=3.69, P<0.01;
III+MS vs. III, gynoparae, t=3.11, P<0.05, males, t=3.98, P<0.01), but the response was
negated when both plant volatiles were presented with III (III+B+MS vs. III gynoparae,
t=1.33, males, t=0.82).

Treatment P. humuli

Gynoparae Males

Control 110d 201c
Nepetalactol (III) 252bc 1213b
Benzaldehyde (B) 122cd 160c
Methyl salicylate (MS) 96d 177c
III+B 488a 3039a
III+MS 534a 3278a
B+MS 127cd 154c
III+B+MS 391ab 1542b

Table 1 Total numbers of Phor-
odon humuli gynoparae and
males caught in water traps
releasing benzaldehyde, methyl
salicylate, and (1RS,4aR,7S,7aS)-
nepetalactol (III) in 1996

Numbers in a column followed
by the same letter are not signif-
icantly different at P<0.05 based
on two-way ANOVA of n0.5

transformed counts.
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Few gynoparae of R. padi and P. humuli were caught in the year 2000 experiment (29
and 1, respectively), which was conducted after the peak migration period for that morph.
Totals of 441 R. padi and 368 P. humuli males were caught (Table 2). Males of R. padi
responded significantly to their own pheromone (I) irrespective of the presence of the two
plant volatiles, and more males responded to I released with B±MS (1.6–2.3 times as
many) than to I alone. In contrast, catches of males in traps releasing III were no different
from controls. The factorial ANOVA confirmed that R. padi males responded to I compared
with either no pheromone (t=7.48, P<0.001) or III (t=6.24, P<0.001), as did gynoparae (I
vs. control, t=2.16, P<0.05; I vs. III, t=2.27, P<0.05; III vs. control, t=0.11; data not
shown). Rhopalosiphum padi males also responded to B (F=9.45, P<0.05) but not to MS.
Although the two- and three-way interactions between pheromones, B, and MS were not
significant at the 5% probability level, the two-way interaction between pheromones and B
were close for both morphs (males, F=2.90, P=0.069; gynoparae F=2.63, P=0.087).
Although these results must be treated with caution owing to the borderline significance of
the F ratios, almost twice as many males responded to B when released with I compared
with I alone (t=3.32, P<0.01) and a similar proportion to B alone compared with control
(t=2.04, P<0.05). Gynoparae also responded to B when released together with I, as
compared with I alone (t=2.58, P<0.05), but not otherwise.

The results for P. humuli males in 2000 were similar to those in 1996. They responded to
III±B and III±MS, but the release of both plant volatiles with III halved the response.
Males did not respond to I. The factorial ANOVA of these data confirmed that male P.
humuli responded to III (III vs. control, t=7.25, P<0.001; III vs. I, t=7.22, P<0.001).
Although the three-way interaction was not significant, an examination of the means
showed that release of plant volatiles together with III reduced responses of males (III vs.
III+B+MS, t=3.09, P<0.01).

Totals of 629 R. padi gynoparae and 606 males together with 104 P. humuli gynoparae
and 597 males were caught in the 2001 experiment (Table 3). Owing to a shortage of
pheromone, only two blocks of the experiment were deployed, and the distribution of P.
humuli was skewed positionally with 94% of males and 80% of gynoparae trapped in one
experimental block. This positional disparity increased the error variance and contributed to
large differences in numbers trapped between treatments being not statistically significant.
No such disparity in distribution was observed with R. padi. In comparison with I alone,
1.6–4.7 times as many gynoparae and 20–45 times as many males responded to I released
with plant volatiles. The factorial ANOVA of these data confirmed that R. padi gynoparae

Treatment R. padi P. humuli

Control 8ef 1c
Nepetalactol (I) 46cd 2c
Nepetalactol (III) 19def 121a
Benzaldehyde (B) 15def 8bc
Methyl Salicylate (MS) 3f 1c
I+B 72ab 4c
I+MS 59bc 2c
III+B 38cde 122a
III+MS 19def 148a
B+MS 21cde 5c
I+B+MS 107a 2c
III+B+MS 10ef 58b

Table 2 Total numbers of Phor-
odon humuli and Rhopalosiphum
padi males caught in water traps
releasing benzaldehyde, methyl
salicylate, and (4aS,7S,7aR)-
nepetalactol (I)) or (1RS,4aR,7-
S,7aS)-nepetalactol (III) in 2000

Numbers in a column followed
by the same letter are not signif-
icantly different at P<0.05 based
on two-way ANOVA of n0.5

transformed counts.
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responded significantly to I compared either with no pheromone (t=4.29, P<0.01) or with
III (t=3.72, P<0.01). Rhopalosiphum padi gynoparae responded to B as in previous trials
(F=10.54, P<0.01), but not to MS. The factorial ANOVA showed that males of R. padi
also responded to I compared either with no pheromone (t=6.72, P<0.001) or with III (t=
6.97, P<0.001), but did not respond to III. In contrast to the 2000 experiments, R. padi
males also responded to MS in 2001 (F=9.17, P<0.05), but not to B. The significant two-
way interaction between pheromones and MS (F=10.49, P<0.01) showed that males
responded to MS only when it was released with I (I+MS vs. I, t=5.49, P<0.001; I+MS
vs. MS, t=7.42, P<0.001). The three-way interaction between pheromones and plant
volatiles was not significant.

Gynoparae of P. humuli responded only to III in 2001 (Table 3). The factorial ANOVA
of these data confirmed that gynoparae responded to III irrespective of the plant volatiles
(III vs. no pheromone, t=2.58, P<0.05; III vs. I, t=2.50, P<0.05). Trap catches were
unaffected by the presence of I. The two- and three-way interactions between pheromones,
B, and M were not significant. Although the response of males to III+B was the only
treatment combination greater than the control by two-way ANOVA, the factorial analysis
showed that significantly more males were trapped in response to III than either to no
pheromone (t=2.81, P<0.05) or to I (t=2.67, P<0.05). Gynoparae did not respond to either
B or MS.

Discussion

Autumn migrants of both R. padi and P. humuli responded to the plant volatiles when the
latter were released individually with their conspecific sex pheromone. The strength of
these interactions differed between aphid species, with benzaldehyde inducing a stronger
effect on R. padi than P. humuli. Rhopalosiphum padi males and gynoparae responded

Table 3 Total numbers of Phorodon humuli and Rhopalosiphum padi gynoparae and males caught in water
traps releasing benzaldehyde, methyl salicylate, and (4aS,7S,7aR)-nepetalactol (I) or (1RS,4aR,7S,7aS)-
nepetalactol (III) in 2001

Treatment R. padi P. humuli

Gynoparae Males Gynoparae Males

Control 5d 4c 5ab 0b
Nepetalactol (I) 37cd 5c 4ab 1b
Nepetalactol (III) 8d 6c 15ab 153ab
Benzaldehyde (B) 59bcd 17c 7ab 4b
Methyl Salicylate (MS) 9d 5c 2b 2b
I+B 130ab 102b 5ab 2b
I+MS 60abc 224a 6ab 3b
III+B 78abcd 14c 12ab 340a
III+MS 18cd 2c 28a 83ab
B+MS 20cd 17c 4ab 1b
I+B+MS 172a 200ab 5ab 7b
III+B+MS 33bcd 10c 11ab 1b

Numbers in a column followed by the same letter are not significantly different at P<0.05 based on two-way
ANOVA of n0.5 transformed counts.
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significantly to the release of benzaldehyde in 2000 and 2001, and catches of both morphs
were enhanced by the release of benzaldehyde with I. These results confirm those of Hardie
et al. (1994), where extracts from bird cherry synergistically increased the number of males
caught in the field in response to I, as did the release of benzaldehyde with I.

In contrast, P. humuli autumn migrants responded to benzaldehyde only when it was
released with III, and then only in one of three years. Interestingly, in 1996, when
responses to benzaldehyde were recorded, far more P. humuli were trapped in the 12.2 m
Rothamsted Insect Survey suction trap at Wye (approximately 48 km from EMR) than in
the two subsequent years of this study. The suction trap results showed that catches of P.
humuli in 1996 were approximately 30 times greater than in 2000 or 2001.

Methyl salicylate elicited responses from R. padi and P. humuli only when released with
the conspecific sex pheromone. In addition, responses were inconsistent, with methyl
salicylate significantly increasing catches of R. padi males in 2001, and P. humuli
gynoparae and males in 1996. Despite this, the responses of autumn migrants to methyl
salicylate in the present study contrasts with the lack of response of spring migrants
recorded previously (Campbell et al., 1993; Pettersson et al., 1994; Lösel et al., 1996a;
Ninkovic et al., 2003). Therefore, our results offer moderate support for the suggested role
of methyl salicylate as a cue allowing R. padi migrants to discriminate between primary and
secondary hosts.

In contrast to the positive responses of the two aphid species to individual plant
volatiles, responses of P. humuli males were reduced by the release of both plant volatiles
with the conspecific sex pheromone. The same pattern was also evident for males in 2001.
In addition, this response appeared to be species-specific because similar numbers of R.
padi responded to the three-way combination and each two-way combination.

It is interesting to note that in spring, production of methyl salicylate by hop plants was
increased from plants infested with P. humuli spring migrants (Campbell et al., 1993).
Methyl salicylate acted as an antiaggregant, negating previously identified positive
behavioral responses to (E)-2-hexenal and (−)-β-caryophyllene. Similarly, primary hosts
of P. humuli also produced more methyl salicylate when infested with gynoparae
(Wadhams, unpublished data.). Therefore, methyl salicylate may have a similar antiag-
gregation role in the response of P. humuli autumn migrants to III as does, for example,
verbenone as an antiaggregant for the spruce bark beetle, Ips typographus (L.) (Zhang,
2003; Zhang and Schlyter, 2003).

The effect on catches of P. humuli males of releasing the plant volatiles with III
depended upon whether benzaldehyde and methyl salicylate were released individually or
together. Both of these plant volatiles are produced by primary hosts of P. humuli, and
extracts of these hosts enhanced catches of gynoparae and males to III (Campbell et al.,
1990; Lösel et al., 1996a,b). Therefore, the importance of other factors such as the ratio of
compounds must be considered. Indeed, there is some evidence to suggest that aphids are
able to discriminate between different ratios of I and (4aS,7S,7aR)-nepetalactone (Marsh,
1975; Eisenbach and Mittler, 1987; Steffan, 1990; Hardie et al., 1990, 1992). Aphids also
discriminate between ratios of their common alarm pheromone, (E)-β-farnesene (EBF), and
specific plant volatiles (Dawson et al., 1984). Dawson et al. (1984) noted that although hop
plants also produce EBF, they are readily colonized by aphids, and that it was the corelease
of (−)-β-caryophyllene by hop plants that allowed several aphid species, including P.
humuli, to discriminate the source of EBF.

Rhopalosiphum padi and P. humuli are, to date, the only aphid species for which host-
plant volatiles have been found to increase responses to sex pheromones (Campbell et
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al., 1990; Hardie et al., 1994; Lösel et al., 1996a,b). The host-plant extracts used in those
studies would have contained many of the same volatiles, given that the hosts are closely
related species of Prunus, and likely included both methyl salicylate and benzaldehyde. The
results presented here indicate that both benzaldehyde and methyl salicylate can affect the
responses of R. padi and P. humuli autumn migrants to their respective sex pheromones, but
show also that these responses are species-specific. Our results also provide some support
for assertions that host plant volatiles and their interactions with aphid sex pheromones may
be important in promoting reproductive isolation (Steffan, 1987; Guldemond, 1990; Powell
and Hardie, 2001).
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