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In most aphid species, facultative parthenogenetic reproduction
allows rapid growth and formation of large single-genotype
colonies. Upon predator attack, individual aphids emit an alarm
pheromone to warn the colony of this danger. (E)-β-farnesene
(EBF) is the predominant constituent of the alarm pheromone in
Myzus persicae (green peach aphid) and many other aphid species.
Continuous exposure to alarm pheromone in aphid colonies raised
on transgenic Arabidopsis thaliana plants that produce EBF leads
to habituation within three generations. Whereas naive aphids are
repelled by EBF, habituated aphids show no avoidance response.
Similarly, individual aphids from the habituated colony can revert
back to being EBF-sensitive in three generations, indicating that
this behavioral change is not caused by a genetic mutation. In-
stead, DNA microarray experiments comparing gene expression
in naive and habituated aphids treated with EBF demonstrate an
almost complete desensitization in the transcriptional response to
EBF. Furthermore, EBF-habituated aphids show increased progeny
production relative to EBF-responsive aphids, with or without EBF
treatment. Although both naive and habituated aphids emit EBF
upon damage, EBF-responsive aphids have a higher survival rate in
the presence of a coccinellid predator (Hippodamia convergens),
and thus outperform habituated aphids that do not show an
avoidance response. These results provide evidence that aphid
perception of conspecific alarm pheromone aids in predator avoid-
ance and thereby bestows fitness benefits in survivorship and
fecundity. Therefore, although habituated M. persicae produce
more progeny, EBF-emitting transgenic plants may have practical
applications in agriculture as a result of increased predation of
habituated aphids.
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Rapid population growth of aphids is facilitated by their par-
thenogenetic lifestyle, which often results in the establish-

ment of large single-genotype colonies in the field. In agricultural
settings, aphid populations can be controlled with natural ene-
mies such as coccinellid beetles and parasitoid wasps. Despite
the effectiveness of biological control, behavioral responses to
the threat of predation may allow aphids to persist as pests.
Aphid avoidance of predators involves the production of an
alarm pheromone. Across a remarkable diversity of aphids, the
alarm pheromone contains a mixture of compounds with (E)-
β-Farnesene (EBF) as the predominant component (1–3). De-
tection of EBF results in an array of aphid escape behaviors that,
depending on the species and developmental stage, can include
flying, walking away, and dropping off the plant.
EBF is a volatile sesquiterpene released from cornicles on the

aphid’s abdomen (4). When an aphid is attacked, it can release
EBF in a range of concentrations, depending on the stress that is
encountered, as well as the specific species, lineage, and de-
velopmental stage of the aphid itself (5–10). EBF-treated Acyr-
thosiphon pisum do not propagate this signal by releasing more
EBF (11, 12), suggesting an uncoupling of alarm pheromone
perception and biosynthesis. As EBF from wounded aphids can

remain associated with the attacking predator, other aphids in the
colony have a reliable signal for avoiding further predation (13).
Even more so than, for instance, the alarm call of ground squirrels
(14), EBF release by aphids increases the inclusive fitness of the
attacked individual, because the other aphids in a colony are
generally of the identical genotype.
Most aphid species can exhibit winged and nonwinged pheno-

types, with the winged form being produced in response to envi-
ronmental stresses, including crowding and low nutritional value
of the host plant (reviewed in ref. 15), and the presence of natural
enemies (16, 17). Treatment of early-instar A. pisum larvae with
EBF results in wing formation in the next generation (18, 19), but
it requires additional stimuli such as crowding. Alate aphids can
move more rapidly to enemy-free space or more nutritious hosts,
but this comes at a cost of a significantly slower development,
lower fecundity, and a shorter life span (4).
A variety of plant species produce EBF, either constitutively

or in response to herbivore damage (reviewed in ref. 20). Such
insect-induced EBF production has been hypothesized to func-
tion either as a direct repellent (i.e., alarm pheromone function)
or act as a kairomone for natural enemies of aphids (e.g., par-
asitoid wasps; reviewed in ref. 21). In fact, a study with transgenic
Arabidopsis thaliana expressing peppermint EBF synthase
revealed that both phenomena can take place. Myzus persicae
(green peach aphids) were repelled by plants producing EBF,
and the specialist parasitoid Diaeretella rapae was more attracted
by transgenic than control plants (22).
It has been hypothesized that aphids, like many other animals

that become habituated through repeated exposure to the same
stimulus, can lose individual responsiveness to their alarm
pheromone. Short-term habituation to EBF has been investi-
gated in A. pisum upon repeated exposure to EBF. This caused
reduced dropping behavior (20) and a lower effectiveness of
insecticides (23). Moreover, several reports show that not all
aphid species and lineages are equally responsive to EBF, sug-
gesting a genetic basis for differences in this predator-avoidance
reaction (5, 24–26).
Here, we present research showing how long-term EBF ex-

posure affects M. persicae responses. Like many other aphids,
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this species uses EBF as the major constituent of its alarm
pheromone (2). M. persicae that detect EBF rapidly withdraw
their stylets from the plant sieve elements and move away from
the emitting source. Maintenance of M. persicae colonies on A.
thaliana that constitutively express EBF synthase (22) makes it
possible to answer proximate and ultimate questions of alarm
pheromone biology: How quickly do M. persicae individuals be-
come habituated to their alarm pheromone? Do habituated
aphids show altered transcriptional responses to EBF? Does
habituation to EBF have fitness consequences in the presence or
absence of natural enemies?

Results
Experiments to testM. persicae responses to the EBF component
of alarm pheromone were conducted with aphids reared on WT
A. thaliana landrace Columbia-0 (Col-0), and otherwise isogenic
A. thaliana constitutively expressing EBF synthase (35S:EBFS)
(22) (Fig. S1A). In choice tests, naive aphids reared on WT A.
thaliana preferred Col-0 A. thaliana plants over those emitting
EBF (Fig. 1A and Fig. S1B). Moreover, in comparison with Col-0,
aphid fecundity was reduced by approximately 60% on 35S:EBFS
plants (Fig. 1B and Fig. S1C). Similar to previous experiments
(22), naive aphids reared on Col-0 were repelled upon treatment
with synthetic EBF relative to solvent-only controls (hexane; Fig.
S2) or volatiles from 35S:EBFS plants (Fig. 1D). Aphids reared on
35S:EBFS were less likely to be repelled by EBF (Fig. 1 C and E).
M. persicae from a colony that was reared for more than 10

generations on 35S:EBFS plants showed a completely different
set of behaviors. They were neither repelled by synthetic EBF nor
by volatiles from EBFS-expressing A. thaliana, suggesting that the
aphids in this colony have become habituated to EBF (Fig. 1 C
and E). In choice experiments, EBFS-reared aphids did not dis-

tinguish between Col-0 or 35S:EBFS leaves, whereas Col-0–
reared aphids preferred Col-0 leaves over those from EBFS-
expressing plants (Fig. 2A). EBF treatment causes transgenera-
tional induction of wing formation in other aphid species (18), but
this phenomenon was not observed withM. persicae in the current
experiments. Although alates were occasionally found in both
Col-0 and 35S:EBFS colonies, the 35S:EBFS colony did not have
more alates, and neither colony showed wing formation in the
next generation after short-term EBF exposure in an experiment
to test this response.
EBF habituation could result from several factors with genetic,

epigenetic, or neurobiological origins. To address the basis of
habituation, we conducted experiments to determine how quickly
aphids become habituated and whether habituated aphids can
revert to the EBF-responsive state. A reduced avoidance response
was observed in the second and third generation of previously
naive aphids on 35S:EBFS plants (Fig. 2B). Conversely, aphid
lines derived from the habituated population revert back to being
EBF-sensitive after only three generations on WT Col-0, showing
that EBF habituation in M. persicae is not caused by a stable ge-
netic mutation (Fig. 2C).
To provide insight into the underlying molecular mechanisms

of EBF perception and signal transduction, four-way comparisons
of M. persicae transcriptional responses to EBF treatment were
conducted (Fig. 3A). Comparison 1 in Fig. 3A shows that, among
10,478 unique genes on theM. persicaeDNAmicroarray (27), 849
were significantly up-regulated and 712 were significantly down-
regulated 30 min after treating Col-0–reared aphids with EBF (x
axis in Fig. 3B; Dataset S1). These 1,561 genes are expressed at
a similar level in Col-0–reared aphids without EBF and 35S:
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Fig. 1. Response of M. persicae to WT (Col-0), EBF-producing (35S:EBFS; line
11.4 in ref. 22) A. thaliana, and volatiles from these plants. (A) Choice tests;
mean ± SEM of n = 25; *P < 0.05, generalized linear model with a binomial
error structure. (B) Aphid progeny production; mean ± SEM of n = 10; *P <
0.05, generalized linear model with a Poisson error structure. (C) Aphids
reared on Col-0 and EBF-producing (35S:EBFS) plants respond differently to
1 μg synthetic EBF (n = 15; P < 0.05, Fisher exact test). (D) Aphids reared on
Col-0 are more repelled by 35S:EBFS than Col-0 volatiles (n = 25; P < 0.05,
Fisher exact test). (E) EBFS-reared aphids are less repelled by 35S:EBFS vol-
atiles than Col-0–reared aphids (n = 25; P < 0.05, Fisher exact test).
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EBFS-reared aphids with EBF (as indicated by the approximate
45° slope of the trend line in Fig. 3B), showing that EBF treatment
has little effect on transcription of these genes in 35S:EFB-raised
aphids. Another microarray experiment (comparison 2 in Fig. 3A)
directly addresses the question whether EBF-regulated tran-
scripts are differentially responsive in EBF-sensitive and habitu-
ated aphids. In this case, the vast majority (96%) of transcripts
that were significantly regulated by EBF in Col-0–reared aphids
are either not regulated or showed attenuated responses in 35S:
EBFS aphids (Fig. 3C and Dataset S1). Transcriptional changes
observed in 35S:EBFS-reared aphids treated with EBF did not
correlate with those induced by EBF in Col-0–reared aphids.
Furthermore, the complete desensitization of the transcriptional
regulation was not a result of inherently higher or lower expres-
sion of the regulated genes in Col-0–reared aphids (Fig. 3D and
Dataset S1). The different slopes of the trend lines in Fig. 3 B
and D (P < 0.0001, linear regression) show that short-term EBF-
induced differences in gene expression between Col-0- and 35S:
EBFS-reared aphids (y axis in Fig. 3B) are not present before the
treatment (y axis in Fig. 3D). Expression of genes that are sig-
nificantly altered by long-term EBF habituation (comparison 4,
421 up and 451 down) shows a low correlation to that of these
same genes in Col-0–reared aphids treated with a single EBF dose
(Fig. 3E). Therefore, the M. persicae transcriptional responses
caused by long-term EBF habituation are very different from
those caused by the acute EBF alarm response.
Two genes previously associated with EBF perception (OBP3;

ref. 28; contig 3757; Dataset S1) and synthesis [IPPS/FPS (29–
31); contig 912; Dataset S1] were not significantly altered by EBF
treatment in either aphid population (comparisons 1 and 3 in

Fig. 3A), nor were there significant differences in the expression
of these genes in aphid populations before adding EBF (com-
parison 4 in Fig. 3A). IPPS/FPS activity also produces precursors
for other sesquiterpenes, including the acyclic juvenile hormones
(JHs; e.g., farnesoic acid and methyl farnesoate), which have
important functions in insect development (32) and are struc-
turally similar to EBF (Fig. S3). Interestingly, several genes
encoding enzymes involved in JH-related processes were signif-
icantly down-regulated by EBF in Col-0–reared aphids. For ex-
ample, JH acid methyltransferase (contig 3986), a key regulator
involved in activation of JH from their precursors and several
members of the multiprotein family of JH-binding proteins (i.e.,
Drosophila takeout; contigs 164, 2,127, and 1,067) are among the
most highly suppressed genes in Col-0–reared aphids treated
with EBF (Dataset S1). Other genes suppressed by EBF include
those involved in dopamine regulation (dopamine N acetyl-
transferase, contig 654), chemosensory responses (OS-D-like
protein, contig 34), odorant-binding (smell impaired 21F, contig
1,338), and pheromone binding (contig 391).
Further experiments were conducted to determine whether

EBF habituation has significant fitness consequences for aphids.
Whereas Col-0–reared aphids experience a significant reduction
in fecundity when transferred onto EBF-producing plants, this did
not happen in the converse experiment with habituated aphids
transferred to Col-0 plants (Fig. 4A). Progeny production was
higher in EBF-habituated aphids feeding on Col-0, suggesting
that EBF responses have a fitness cost in the absence of predation
(Fig. 4A). However, EBF-habituated aphids produce the same
amount of EBF as naive aphids (0.07 ± 0.02 ng and 0.09 ± 0.02 ng
EBF per aphid, respectively; P = 0.44, generalized linear model
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with a Poisson error structure; n=5; Fig. S4), indicating that EBF
production and perception are not coregulated. Experiments with
a coccinellid predator (Hippodamia convergens, convergent lady
beetle) were conducted to determine whether EBF habituation
has fitness consequences in the presence of natural enemies.
When aphids feeding from Col-0 plants were exposed to 24 h of
coccinellid predation, survival was higher among Col-0–reared
aphids than 35S:EBFS-reared aphids (Fig. 4B).

Discussion
Single-genotype aphid colonies rely on visual, tactile, and chem-
ical communication to sense conspecifics in their environment.
Alarm pheromone, which for most aphid species consists pre-
dominantly of EBF, is a central component of this intraspecies
communication (1, 2). Other alarm pheromone components have
been studied less extensively, and it remains to be determined
whether aphids can become habituated to these compounds. In
contrast to previous short-term habituation experiments (20, 23),
our study of M. persicae raised for several generations on trans-
genic 35S:EBFS A. thaliana has produced an EBF-habituated
colony that can be used to study ecological dynamics. It is likely
that the production of alarm pheromone incurs direct biosyn-
thetic costs or indirect opportunity costs if aphids responding to
false alarms spend less time feeding or use more energy as a result
of EBF perception. Aphid development and total offspring
numbers can also be negatively impacted by EBF perception (13).
Consistent with this observation, EBF-habituated aphids, which
still synthesize EBF but are less repelled by this compound (Fig. 1
C and E and Fig. S4), have increased fecundity on WT Col-
0 plants compared with naive aphids (Fig. 4A). Under certain
environmental circumstances, the need for aphid alarm phero-
mone is likely to be minimal. For instance, reduced predation risk
caused by ant tending can lead to reduced EBF responsiveness in
aphids (16, 33).M. persicae is not tended by ants, but there may be
other environmental conditions that affect EBF-responsiveness
within this species.
Continuous alarm pheromone perception in aphids reared on

EBFS-expressing A. thaliana would exert a selective pressure and
therefore could have resulted in amutation in a crucial step inEBF
perception or a subsequent component of the signal cascade.
However, this is not likely to be the case in the current experi-
ments. Even after several months on 35S:EBFS plants, the aphid
colony reverted to EBF sensitivity in only a few generations onWT

Col-0 (Fig. 2C). The observed delay in acquiring EBF resistance or
sensitivity (Fig. 2 B and C) may be a result of the telescoping
generations found in aphids. An adult aphid contains not only
developing parthenogenetic daughters, but also granddaughters
that could be directly or indirectly affected by EBF exposure (34).
Thirty minutes after exposure to synthetic EBF, 15% of the

genes in naive aphids showed significant expression changes (x
axis, Fig. 3B). Although our DNAmicroarray does not contain all
expressed aphid genes, the 10,478 unigenes are likely a good
representation of the more abundant M. persicae transcripts.
Therefore, the immediate M. persicae response to EBF is not
simply to walk away, but also includes a massive change in gene
expression. These transcriptional changes may also lead to the
longer-term changes in aphid development and reproduction that
have been observed in other studies of aphids (15, 35). Given the
large number of gene expression changes in this study and the
unknown function of many aphid genes, it is premature to spec-
ulate about the role of specific genes in altering aphid behavior.
However, it is interesting that EBF-habituated aphids show an
almost complete desensitization in the transcriptional response,
with only 4% of the previously identified responsive genes
showing significant changes in expression (Fig. 3C and Dataset
S1). Moreover, if similar directional changes in gene expression
were observed, these were generally more pronounced in EBF-
responsive aphids (Fig. 3B). The differences in gene expression
between EBF-responsive and habituated aphids are not caused by
intrinsic expression differences before EBF treatment (compari-
son 4; or comparison of Fig. 3 B and D). Therefore, most of the
expression changes seen after 30 min of EBF exposure are likely
transient in nature and different from the altered gene expression
in long-term EBF-habituated M. persicae.
Expression of a predicted IPPS/FPS (contig 912), which enc-

odes a known enzyme in EBF biosynthesis, was not altered by
EBF treatment. This is consistent with the observation that aphids
do not propagate the alarm pheromone signal with further EBF
release (11, 12). Given that enzymes involved in activation of JH
are suppressed uponEBF treatment (Dataset S1), it is tempting to
speculate that these transcriptional changes influence long-term
changes in aphid development (ref. 15 and references therein).
However, although transgenerational wing formation has been
observed in other aphid species (9, 16, 36), our experiments do not
provide evidence of this effect in M. persicae. Predator-triggered
transgenerational alate formation is a clone-specific response in
other aphid species (9). As we are unaware of similar experiments
conducted with other M. persicae lineages, we can only confirm
that our specific isolate does not show this response under our
experimental conditions.
It has been proposed that EBFS expression in crop plants could

be used to increase aphid resistance (22). This hypothesis is
consistent with the observation that naive aphids avoid EBF-
producing A. thaliana and reproduce less well in no-choice
experiments (Fig. 1 A and B) (22). However, as these effects
disappear when aphids have become habituated to EBF over the
course of a few generations (Figs. 1, 2, and 4A), there is unlikely to
be a direct agricultural benefit from plant-based EBF synthesis
alone. However, the increased predation of EBF-habituated
M. persicae by coccinellid beetles (Fig. 4B) indicates that the
coupling of transgenic EBFS-expressing crops with aphid preda-
tors would be a promising control strategy. Some plants, e.g.,
Solanum berthaultii, produce EBF at levels comparable to those in
the transgenic A. thaliana (22, 37). However, it remains to be
determined whether this can result in aphid habituation to EBF,
rather than just deterrence, in a more complex natural setting.
Some coccinellids, includingH. convergens, and parasitoid wasps

use EBF as a kairomone for locating aphid prey (5, 22, 38–41), and
might be less effective hunting in a field of EBF-producing plants. It
is unknown whether parasitoids and predators become habituated
to EBF upon constant stimulation, or whether they would alter
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their behavior toward EBF as a reliable kairomone if no suitable
host/prey is found. However, other volatiles that are produced by
plants in response to aphid feeding (42, 43) can permit prey loca-
tion, even in the absence of EBF as a reliable cue. Plants that nat-
urally produce EBF may receive a similar indirect defensive benefit
if aphid herbivores become habituated to their alarm pheromone
and are thereby more likely to be eaten by predators.

Methods
Plant and Aphid Rearing.WTA. thaliana landrace Col-0was obtained from the
Arabidopsis Biological Resource Center (www.arabidopsis.org) and trans-
genic A. thaliana expressing EBFS from the cauliflower mosaic virus 35S
promoter were supplied by J. Pickett (Rothamsted Research, Harpenden, UK).
Plants were grown in Conviron growth chambers in 20 × 40-cm nursery flats
using Cornell Mix [by weight, 56% peat moss, 35% vermiculite, 4% lime, 4%
Osmocoat slow-release fertilizer (Scotts), and 1% Unimix (Peters)] at 23 °C,
60% relative humidity, with a light intensity of 180 μmol m−2 s−1 photosyn-
thetic photon flux density and a 16:8-h light:dark photoperiod.

M. persicae colonies were established with offspring from a single par-
thenogenetic female of a lineage collected from tobacco by S. Gray (US
Department of Agriculture, Ithaca, NY). M. persicae were reared on WT A.
thaliana Col-0 or 35S:EBFS plants for at least 6 mo before experimentation
with a 16-h day (150 mmol m−2 s−1 at 24 °C) and an 8-h night (19 °C) at 50%
relative humidity. For no-choice growth experiments, 3-wk-old plants were
infested with one adult aphid and the number of progeny was determined
after 7 d of aphid feeding. For choice tests, fully expanded leaves from Col-
0 or 35S:EBFS plants with their petioles were inserted into a 1.5-mL micro-
centrifuge tube containing 500 μL of water and were placed in a Petri dish.
Twenty adult aphids were allowed to choose between plant genotypes for
24 h, after which the aphid numbers on each genotype were determined.

Aphid behavior upon exposure to synthetic EBF (Chromadex), 100 ng to
100 μg in 5 μL hexane, and volatiles from Col-0 and 35S:EBFS A. thaliana was
observed. An individual fourth instar Col-0- or EBFS-reared larva was placed
on a filter paper in the center of a previously unused, sealed 50-mL plastic
tube (Fisher Scientific) and its response was monitored visually (Fig. S2A). EBF
and hexane solvent-only control samples were introduced with a syringe at
one end of the tube. Leaf volatiles were created by crushing a single leaf in
a 1-mL syringe (Becton Dickinson) pushing the volatiles into aphid behavior
chamber.M. persicae behavior was scored as walking away, attraction to the
odor source, or no response. Among all aphids tested, those that were re-
sponsive usually acted within the first 30 s after the treatment was adminis-
tered, a measure of the upper end for the range of the time required for the
EBF volatile front tomove from the inlet to the center of the tube. Aphids not
showing any movement within 2 min were scored as unresponsive.

Wing formation assays were performed similarly to the manner of Kunert
et al. (18). In brief, 50 adult Col-0- and EBFS-reared aphids were treated with

1 μg EBF in hexane or hexane alone for 30 min by applying a 5-μL droplet to
a filter paper in a 50-mL tube. Subsequently, individual aphids were put on
Col-0 plants to give birth to the next generation. Adult aphids were removed
after 48 h and wing formation was assessed in the next generation.

To investigate the time course of habituation, fourth-instar individuals
from synchronized populations arising from 10 adults from the Col-0 colony
were placed on 3-wk-old Col-0- and EBFS-expressing plants. The behavioral
responses to 1 μg EBF were assessed in three subsequent generations. Con-
versely, to test for loss of habituation, EBFS-reared aphids were synchronized
and placed on Col-0- and EBFS-expressing plants, and the behavioral response
of individual aphids was assessed upon treatment with 1 μg EBF in three
subsequent generations.

To determine whether habituated aphids have a higher fitness (fecundity)
in the absence of natural enemies, progeny produced over a period of 7 d by
a single fourth-instar aphid (Col-0- or EBFS-reared) on Col-0 and 35S:EBFS
plants were counted. The other component of aphidfitness (survivorship) was
measured in the presence of a predator; oneH. convergens adult was allowed
to attack 30 fourth-instar M. persicae larva from the Col-0– or EBFS-reared
colony confined to a Col-0 plant in a cage. After 24 h of predation, the sur-
viving aphids were counted.

Aphid Transcriptome Analysis. For DNA microarray experiments, fourth-instar
M. persicae in a closed container were exposed to 1 μg EBF in 5 μL hexane
or hexane alone for 30 min. Synthesized 60-mer DNA oligonucleotide mi-
croarrays for measuring M. persicae gene expression changes were obtained
from Agilent (27) and were hybridized and analyzed as described in
SI Methods.

EBF Measurements. Aphid-emitted EBF was measured using a zNOSE 4200
Ultra Fast GC Analyzer (Electronic Sensor Technology) according to the
protocol developed by Schwartzberg et al. (44), with minor changes. In brief,
one adult Col-0- or EBFS-reared aphid was placed in a 4-mL glass GC-MS vial
(Chrom Tech), the stainless steel inlet needle of the zNOSE was inserted
through the septum of the vial, and EBF was measured before and after
crushing the aphid with a needle. Ambient air replaced the air pulled into
the zNOSE during sampling. The surface acoustic wave detector was held at
60 °C. Known concentrations of a synthetic EBF standard, ranging from 0.1 to
10 ng, were sampled for quantification purposes and to verify the identity of
the observed peak.
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