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bstract

Phytophagous insects have evolved traits that help them avoid predation risks, traits that may be affected by characteristics of
he host plant. Since most phytophagous insects have narrow host ranges, we expect differences in risk avoidance between plant-
pecialized populations of several closely related insect lineages. To test this hypothesis, we used the pea aphid (Acyrthosiphon
isum), which forms a complex of about 15 biotypes, each adapted to one or a few species of legume plants (Fabaceae). We
xamined the differences in defensive behaviors of 38 clones from 13 distinct plant-specialized biotypes of pea aphids. We
xposed mature aphids to simulated breath of a mammalian herbivore, a cue that causes part of the aphids in a colony to
mmediately drop off the plant to avoid incidental ingestion during mammal feeding. Dropping tendency varied substantially
etween biotypes (15–93% average rates). Dropping rates of a certain biotype of aphid reflected their host’s palatability to
ammalian herbivores, with ∼80–90% rates in fodder and pasture plants and ∼15–40% dropping in inedible plants. The

ropping tendency showed no correlation with walking ability (tarsal & body length), nor with the tendency to escape in
esponse to the alarm pheromone released by conspecifics in response to arthropod enemies. The specialization on a specific
ost plant brings with it particular selective pressures, and it seems that the palatability of the plants to mammals promotes

ehavioral divergence between biotypes, reinforcing diversification through ecological divergence.

 2018 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.
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hytophagous insects have evolved a wide range of effective
efensive traits (e.g. physiological, behavioral, symbiont-
ediated) (Gross 1993; Oliver, Russell, Moran, & Hunter

003). Since defensive responses are usually costly (Nelson
007) and different plant species incur different predation
ressures (e.g. Ballabeni, Wlodarczyk, & Rahier 2001), we
xpect a link between defensive responses and the intensity
f specific natural enemy pressures on various plant species.
e addressed this hypothesis with genetically distinct pop-

lations of the pea aphid, Acyrthosiphon  pisum, adapted to
eeding on different legume plants.

This aphid feeds in large colonies on a variety of legumes
family Fabaceae) (Van Emden & Harrington 2007) and can
e a pest of legume crops. Pea aphid populations on distinct
egume hosts experience considerable reproductive isolation
Peccoud & Simon 2010). This restriction in gene flow results
n genetic divergence between populations, from partially
solated host races to incipient or cryptic species (Peccoud,
llivier, Plantegenest, & Simon 2009). So far, 15 distinct
iotypes (a term that applies to any degree of genetic or
henotypic divergence below or at the species level), each
pecialized on one or a few legume species and with their own
enetic make-up have been characterized in the pea aphid
omplex (Peccoud et al. 2009; Ferrari, West, Via, & Godfray
012; Peccoud, Mahéo, Huerta, Laurence, & Simon 2015).
Interestingly, in addition to plant specialization, this

enetic divergence is associated with other phenotypic dif-
erences. For example, A.  pisum  populations specialized on
ea, clover and alfalfa showed varying degrees of defense
esponses to the aphid alarm pheromone (E)-�-farnesene
Kunert, Belz, Simon, Weisser, & Outreman 2010), which
esulted in variable responses to an arthropod enemy (i.e.,
redators and parasitoids). Such differences may have arisen
imply via the accumulation of enough genetic differences
etween the biotypes (i.e. genetic drift). However, a new host
lant entails a whole suit of characteristics, some of which
ffect the aphids’ ability to avoid and withstand predation and
arasitism (Hufbauer & Via 1999). Such characteristics may
nclude plant topology, phenology, size, plant blooming and
ruiting timing and the presence of other herbivorous insects
Feder 1995). The various legume plants that serve as hosts
or A.  pisum  vary in many traits – size, color and shape, abun-
ance, architecture, specialized metabolites and subsequent
alatability to herbivores.
The differences in palatability of the different legumes to

arge mammalian herbivores may have bearings on the fate of
ea aphids feeding on the same plant. Mammalian herbivores
void unpalatable plants (Augustine & McNaughton 1998)
hat have chemical and physical defenses (Bryant et al. 1991).

hile grazing, mammalian herbivores consume large quan-
ities of plant material, and may incidentally ingest insects
hat are feeding on the same plant (van Klink, van der Plas,

an Noordwijk, WallisDeVries, & Olff 2015; Gish, Ben-Ari,

 Inbar 2017). This direct interaction between mammals
nd insects (henceforth referred to as “incidental ingestion”)
as exerted substantial predation pressure on plant-dwelling

t
a
i
u
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nsects, as several insects have evolved the ability to detect
n approaching mammalian herbivore and drop to the ground
o avoid being eaten (Gish, Dafni, & Inbar 2011; Ben-Ari &
nbar 2013). Specifically, pea aphids very effectively avoid
ncidental ingestion by sensing the heat and humidity of the
erbivore’s breath and dropping to the ground (Gish, Dafni,

 Inbar 2010). However, dropping to the ground has dire con-
equences for aphids by exposing them to ground predators
e.g. carabid beetles) and by inducing costs to re-establish on
lants (Nelson 2007; Agabiti, Wassenaar, & Winder 2016).
herefore, pea aphids use several mechanisms to avoid drop-
ing and reaching the ground unnecessarily (Gish, Dafni, &
nbar 2012; Ribak, Gish, Weihs, & Inbar 2013; Ben-Ari &
nbar 2014).

This interaction between insects and large mammals and
he very distinctive dropping response it entails provide an
pportunity to examine the link between host plant features
nd the biotype’s phenotypic characteristics. In this paper we
im to explore two questions: (a) Is there variability in the
ehavioral response of various aphid biotypes to the threat of
ncidental predation? And (b) in case it exists, what factors
ould cause and maintain such a variability? To answer the
rst question, we screened the dropping response in multiple
lones from the complex of pea aphid biotypes. To answer the
econd question, we formulated and tested several hypotheses
hat may account for dropping variation. These hypotheses
re listed below:

. Random, non-adaptive variability between biotypes accu-
mulated through genetic drift.

. Variability stems from differences in walking ability (size
and leg length), which affect the clones’ ability to survive
on the perilous ground after dropping.

. The variability in response to mammalian breath reflects
another unknown factor in the clones’ original habitat or
their physiology – e.g. differences in costs of dropping
to the ground or a variability of the tendency to drop in
response to all threats.

. The variability in the host plants’ palatability to grazing
mammalian herbivores affects a clone’s level of response
to the threat of incidental ingestion. Aphid biotypes spe-
cializing on a plant inedible to mammalian herbivores are
less exposed to the risks of incidental ingestion, thus they
will be less responsive to mammalian-born escape cues
(warm and humid breath).

aterials and methods

phid and plant collection and rearing

We used 38 pea aphid clones belonging to 13 aphid bio-

ypes (2–4 clones/biotype). Each clone was established from

 single aphid collected from natural populations of A.  pisum
n France (Supplementary Appendix A: Table 1). Every clone
sed in this study has a unique genotype, as revealed by
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Table  1.  The legume host plants on which the aphid biotypes used in this experiment were feeding when they were collected. Palatability for
mammals was determined according to the literature.

Scientific name Common name Palatability for mammals Sources

Medicago  sativa  Alfalfa, Lucerne Edible, used for animal fodder Hopkins and Nicholson (1999)
Trifolium  pratense  Red clover Edible, used for animal fodder Collomb Bütikofer, Sieber,

Jeangros, and Bosset (2002)
Lotus  corniculatus Bird’s foot trefoil Edible Min et al. (1999)
Vicia  cracca  Cow vetch, tufted vetch Edible, used as food crop Orhan et al.(2009)
Pisum  sativum  Common pea Edible, used for animal fodder Vern et al. (2004)
Medicago  lupulina  Hop clover, black medick Unknown, saponins in roots Oleszek, Price, and Fenwick

(1988)
Lathyrus  pratensis  Meadow pea Unknown, grown in the past as

fodder
http://www.luontoportti.
com/suomi/en/NatureGate
plant database

Ononis  spinosa  Spiny restharrow Unknown, but plant has long
spines

Morisset and Boutin (1984)

Melilotus  officinalis  Yellow sweet clover Edible, but may be toxic when
moldy

Kresge, Simoni, and Hill (2005)

Securigera  varia  Crown vetch Low palatability, inedible for
non-ruminants

Gustine and Moyer (1990)

Cytisus  scoparius  Common broom Inedible Saito, Suzuki, Yamashita, and
Murakoshi (1994);

Genista  sagittalis  Winged broom Inedible Harborne (1969)
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enista  tinctoria  Dyer’s broom Inedi

icrosatellite profiles (Leclair et al. 2016). Correct assigna-
ion of these clones to their corresponding biotype has been
hecked using genotyping data and comparison with a refer-
nce dataset (Peccoud et al. 2009). Since their collection in
011–2014, the clones have been maintained on Vicia  faba, a
niversal host plant for all pea aphid biotypes, at 20 ◦C, 60%
elative humidity and a 16:8 h L:D cycle. Before the exper-
ment, adults from the various clones were placed on new
. faba  plants and allowed to reproduce for 24 h and then
emoved, consequentially all adults used in the experiment
ere of the same age (10 days old).

scaping in response to mammalian breath

To test for the variability in dropping response to mam-
alian herbivores, we exposed all clones to simulated
ammalian breath. To avoid possible interference by colony
embers, we placed 30 single adult apterous (wingless)

phids from every clone, each on a separate small (10–15 cm
igh) V.  faba  plant. We used different plants for every
xperimental test to avoid residues of aphid feeding and
heromones. We conducted every test run on aphids from
wo clones, to avoid the possibility that special conditions
n the experimental room affected the response of an entire
lone. Plants were placed on a table, 50 cm between every
wo plants, and aphids were allowed one hour to acclimatize

nd settle. During that time, extra care was taken not to touch
he experimental table or plants, or to move adjacent to the
lants, which may affect their behavior (see Ben-Ari & Inbar,
014).

i
u
t
j

Harborne (1969)

After acclimatization, we exposed each aphid to two sec-
nds of simulated mammalian breath. The mammalian breath
imulator (as described in detail in Gish et al. 2010), via
ubbling filtered air through hot water at a constant speed,
llowed us to produce a constant airflow with heat and humid-
ty resembling those of a mammal’s breath (35.5 ◦C, 80–90%
umidity). The airflow is of very low velocity (0.5 m/s) and
s unlikely to dislodge an aphid, unless it intentionally lets go
f its grip (Gish et al. 2011; Ben-Ari, Talal, & Inbar 2014).
e held the muzzle of the apparatus for 2 s, 5 cm from the

phid, with the airflow reaching it from the dorsal side, fur-
her reducing the chances of unwillful dislodgement. To avoid
nnecessary visual stimuli, the experimenter stood next to
lants that had already been tested and approached the exper-
mental plant only during the experiment. After two seconds,
he response of the aphid was recorded (drop vs. remain on
he plant).

To examine the link between dropping rates and palatabil-
ty to mammals we surveyed the relevant literature on the 13
ost plants as fodder or pasture for mammalian farm animals
nd the content of their defensive metabolites. Results of the
iterature survey are given in Table 1.

scaping in response to the alarm pheromone

Aphids show variability in several behavioral responses,

ncluding the dropping response in reaction to arthropod nat-
ral enemies (Braendle & Weisser 2001). To test whether
he tendency to drop in response to any cue, and not
ust mammalian breath, is a genetic attribute of a clone,

http://www.luontoportti.com/suomi/en/NatureGate plant database
http://www.luontoportti.com/suomi/en/NatureGate plant database
http://www.luontoportti.com/suomi/en/NatureGate plant database
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e applied another cue mimicking a threat of an arthro-
od natural enemy. We assessed the dropping response of
elected biotypes to the threat of an arthropod enemy by
xposing aphids to the volatile aphid alarm pheromone ((E)-
-farnesene—EBF) in order to examine whether there was

 correlation between the response to the two cues (EBF vs
ammalian breath). We tested three clones from four bio-

ypes each (total of 12 clones) that showed the most notable
ontrast in dropping tendencies in the mammalian breath
xperiments – two biotypes with high dropping rates and
wo with low dropping rates.

Behavioral experiments were carried out in small tubes
3 cm diameter, 3 cm height) filled with agar-agar medium,
p to a height of 3 cm, containing one leaf of V.  faba  plant.
or a later application of EBF or control solution, we placed

 piece of filter paper on a small toothpick, which we put
nto the agar next to the leaf. We then placed a single aphid
f a given clone on the V.  faba  leaf and the set-up was cov-
red with a cellophane bag to avoid aphid escape. The single
xperimental aphids had three to five hours to settle on the
eaf before the behavioral test. The test started with the appli-
ation of either 5 �l of EBF solution (containing 100 ng EBF
issolved in n-hexane) or 5 �l of the solvent (n-hexane) on
he filter paper through a hole in the cellophane bag, using a
icropipette. After five minutes of continuous observation,
e recorded the response of the aphid: escaping by walking

dropping in response to EBF was very rare) or remaining on
he plant. We conducted all the experiments in a laminar flow
ood, in a room kept at constant 20 ◦C. For each aphid clone,
e tested about 20 replicates per experimental treatment.

phid morphology

An aphid’s body size and the length of its legs both reflect
ts ability to move on the ground after leaving the plant
Tokunaga & Suzuki 2008). We tested whether variability
n dropping response was linked to body and tibia length. We
reserved adult individuals of 26 of the 38 clones from the
ammalian breath experiment (at least 2 clones of each bio-

ype) in 70% ethanol. For each clone, we used 6–20 adults for
orphometric analyses. These adults were not the ones used

n the dropping experiment, rather they were from the same
lone and sampled in the stock cultures soon after the exper-
ment. We photographed the wingless adults using a Leica

Z12.5 binocular and an attached Olympus DP72 digital
amera, and measured their body length from the base of the
ntennae to the cauda and tibia length using CellSense Entry
oftware.

tatistical analyses
The data from the two behavioral experiments (i.e. escap-
ng response to simulated breath and to EBF exposure) were
nalyzed separately. The dependent variable tested was the
roportion of aphids dropping off the host plant, that is, a

a
b
c
t
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inomial response variable. In the mammalian breath experi-
ent, the biotype was the unique fixed independent variable.

n the EBF experiment, two fixed independent variables and
heir interaction were analyzed: treatment (EBF or Control)
nd biotype. In both statistical modelling, the clone effect
as included as a random factor nested within the biotype

actor, and the replicate level was the single aphid. Statistical
nalyses were done by fitting generalized linear mixed mod-
ls (GLMM) with binomial errors and a logit-link using the
me4 package (Bates & Darkar 2007) in R 2.6.2 (R Devel-
pment Core Team, 2014). Pairwise comparisons between
iotypes were performed using a contrast method (DoBy
ackage, ‘esticon’ function). For clones used in both behav-
oral experiments, we tested the correlation between the two

easurements of plant leaving using the Pearson correlation
ndex. We checked for correlation between escaping rates
n the mammalian breath experiment and two morphomet-
ic criteria (body length and tibia length) using the Pearson
orrelation index.

Following initial results showing a marked variability in
he dropping response, we tested whether dropping differ-
nces were linked to biotype genetic divergence. We used
he genetic distance among these host-adapted aphid popu-
ations obtained from Peccoud et al. (2015) and tested for a
orrelation between the matrix of phenotypic variation (i.e.
ropping rates) between all pairwise combinations of pea
phid biotypes and the genetic distance between the same
airs of biotypes.

esults

ammalian breath experiment

Aphid biotypes showed remarkable variability in their
ropping response when exposed to mammalian breath sim-
lation (GLMM: χ2 = 45.858, df = 12, p < 0.001). While in
ome biotypes almost all aphids dropped immediately in
esponse to simulated breath (93.33% dropping rates in Med-
cago sativa), aphids of other biotypes almost did not react
o the mammalian presence cue (14.8% in Genista  tincto-
ia) (Fig. 1). In general, within-biotype variability was low,
ith different clones of the same biotype displaying similar

esponses to the mammalian breath cue (with the exception
f Cytisus  scoparius). Standard error rates within clone were
nly 2–10% of the mean value, except in plant species in
hich the mean was very low.
Strikingly (Fig. 1), variation in dropping rates corre-

ponded to the level of host-plant palatability as revealed
n the literature survey (see Table 1 and references therein).

hile palatability is not a quantitative measure, plants with
he highest levels of dropping rates for the corresponding

phid biotype were those described in the literature as edi-
le for farm animals (M.  sativa, Trifolium  pratense, Lotus
orniculatus and Pisum  sativum). Conversely, aphid bio-
ypes showing the lowest dropping rates came from plants
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Fig.  1.  The dropping rates of Acyrthosiphon  pisum  clones collected from 13 different legume species, in response to simulated mammalian
breath. Bars denoted with the same letter do not differ significantly. Each value is the average of 2–4 clones tested and error bars indicate
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escribed as inedible due to toxic secondary metabolites
hey contain (for example, quinolizidine alkaloids in C.  sco-
arius (Wink, Hartmann, Witte, & Rheinheimer 1982) and
enista  species (Wink 1987), and flavonoids in G.  tinctoria

nd Genista  sagittalis  (Harborne, 1969)). The ratio of drop-
ing rates between biotypes did not show a significant link to
enetic divergence between biotypes (r = −0.183, p = 0.108).

larm pheromone experiment

Aphid clones from the four tested biotypes (which had con-
rasting dropping rates in the mammalian breath experiment)
esponded significantly stronger to alarm pheromone expo-
ure than to the control solution (Fig. 2; χ2 = 62.28, df = 1,

 < 0.001). When exposed to the EBF solution, the proportion
f aphids that escaped from the plant did not differ between
. sativa, T.  pratense, G.  sagittalis  and G.  tinctoria  biotypes

Fig. 2; χ2 = 1.48, df = 3, p = 0.685). The M.  sativa  and T.
ratense biotypes showed much lower escape rates when
xposed to EBF than in reaction to simulated mammalian
reath. Overall, for the 12 clones belonging to four studied
iotypes, the responses to simulated mammalian breath and
o EBF were not correlated (Fig. 3; r = 0.30, p = 0.34). There
as no interaction between the biotype effect and the exper-

mental treatment variables (chi2 = 2.83, df = 3, p = 0.418).

phid body morphology and dropping response

nder mammalian threat

The average body length of the various pea aphid clones
aried considerably, between 0.97 mm (in a clone specialized

2
o
i

als, as described in the literature (see sources in Table 1).

n Ononis  spinosa) and 1.46 mm (in a clone specialized on M.
ativa). Tibia length varied between 1.05 mm (in a different
. spinosa  clone) and 1.48 mm (in a clone specialized on G.

inctoria). Nevertheless, the escape response of the various
phid clones in response to mammalian breath was correlated
either to their body length (r = 0.19, p = 0.33) nor to tibia
ength (r = −0.017, p = 0.934). The escape by walking rates
n the pheromone control experiment were not correlated to
hese morphometric criteria either (body length: r = −0.26,

 = 0.53; Tibia length r = −0.04, p = 0.97).

iscussion

The variety of legume plants used by the complex of pea
phid biotypes (Peccoud et al. 2009) expands the range of
nvironmental factors aphids have to face when adapting to a
ew host, beyond a dichotomous change between two plants.
he various hosts differ in many traits (see Table 1 and ref-
rences therein) some of which may entail different kinds of
election pressures. We found that pea aphid biotypes showed
emarkable variability in their dropping response to simulated
ammalian breath, revealing further phenotypic divergence

mong biotypes. Within-biotype variability was low, further
emonstrating the robustness of the differences we found.
revious studies have shown intra-species and inter-species
ariability in response to the alarm pheromone (Kunert et al.

010). The unique nature of the cues we used allows us not
nly to highlight the extent of this variability, but also to place
t in an ecological context.
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Fig.  2.  The average escape rates (±SD) of Acyrthosiphon  pisum  clones collected from four different legume species, in response to alarm
pheromone (E-�-farnesene) (treatment: control – open bars – vs. alarm pheromone (EBF) – full bars). Different letters indicate significant
differences. Each value is the average of clones tested. Error bars indicate SD.
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ig.  3.  Relationship between the escape rates of Acyrthosiphon  pi
scape rate of these clones in response to mammalian breath. One 

rom four different legume species.

easons for variation in dropping response

In the wild, a sudden puff of hot and humid air can only be
aused by an approaching mammal. Plant-dwelling insects
uch as aphids and ladybird beetles rarely drop when the
ir stream is of ambient heat and humidity (Gish et al. 2010,
011; Ben-Ari & Inbar 2013). The extent of the present study,
ith the large number of clones and biotypes collected from
he field, is a good indication of how variable the response to
he threat of incidental ingestion by mammalian herbivores
eally is.

s
r
d

ones responding to the alarm pheromone (E-�-farnesene) and the
resents the average of one pea aphid clone. Clones were collected

If variability were created randomly (hypothesis #1 pre-
ented in the Introduction) and relying on genetic drift, we
ould expect genetically distant biotypes to show greater
ivergence in their behavioral response. The lack of relation-
hips between genetic distances and behavioral differences
mong the biotypes and the low variation in dropping rates
etween clones within the same biotype support the claim that
he variability is indeed adaptive and not random. Hypothe-

es #2 and #3 (body size and general tendency to escape,
espectively) seem implausible, since clones that display high
ropping rates do not necessarily have longer bodies or legs,
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hich would have suggested improved walking abilities and
ncreased survival on the hot ground (Ben-Ari, Gish, & Inbar
015). Neither did they display a higher tendency to drop in
esponse to another enemy-induced cue, which would have
inted at an overall effect of the host plant on aphid respon-
iveness to threats.

As suggested by hypothesis #3, different habitats and dif-
erent host plants may bring about a difference in the costs
phids experience after dropping, through variation in ground
emperatures (Dill, Fraser, & Roitberg 1990) and ground-
welling predators (Losey & Denno 1998) and can affect the
bility of aphids to grasp plant parts while falling (Meresman,
en-Ari, & Inbar 2017). Such plant-mediated costs may

esult in different dropping tendencies as was found in dif-
erent pea aphid biotypes response to the alarm pheromone
Kunert et al. 2010) and even within the same clone (Dill
t al. 1990). Nevertheless, we show the variation in dropping
esponse is cue-related. Aphid dropping response showed a
arkedly different pattern in response to EBF compared to
ammalian threat. This latter threat induces a much more

apid response and prompts a much higher percentage of
ropping aphids than the alarm pheromone response. The
eaction to mammalian breath therefore reflects the special
osts incidental ingestion may incur on aphids (Gish et al.
017).

We therefore conclude that host plant palatability, and
he increased threat of incidental ingestion by mammalian
erbivores may be a driving factor shaping behavioral differ-
ntiation among pea aphid biotypes (hypothesis #4). This is
nother indication as to the importance of incidental inges-
ion of insects by mammals along with plant material. Recent
orks have shown the place of mammalian consumption

n the shaping of insect behavior and physiology (Ben-
ri & Inbar 2014) and insect populations (van Noordwijk,
lierman, Remke, WallisDeVries, & Berg 2012; Gish et al.
017).

ascading effects of biotype formation

Attack rates of natural enemies (predators and parasitoids)
re often mediated by plant morphological and chemical traits
Lill, Marquis, & Ricklefs 2002). Refuge from natural ene-
ies may explain the host-plant shifts in herbivorous insects

Mulatu, Applebaum, & Coll 2004). Enemy-free space can
rive the preference of insects for hosts on which they per-
orm poorly (Ballabeni et al. 2001). Vosteen, Gershenzon, and
unert (2016) showed that different hosts provided enemy-

ree space for pea aphids against different types of predators,
ompared to the universal host (V.  faba), potentially main-
aining the divergence between biotypes.

The current study emphasizes the importance of host-

riven pressure in the variability of biotype behavior and
iversification. Research on the host plant’s effects on insect
iotypes tends to follow three possible paths: (a) reasons for
nd mechanism of the establishment of reproductive isolation

o
r
r
d
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etween sympatric populations (Matsubayashi, Ohshima,
 Nosil 2010) (b) the different conditions experienced

n the ancestral vs. new host, which provide new niches
r an enemy-free space (Grosman et al. 2005) or (c) the
enetic and/or phenotypic differences these biotypes exhibit
Peccoud et al. 2009; Kunert et al. 2010; Friedemann, Kunert,
orb, Gorb, & Beutel 2015). Here, we link both (b) and (c) –

he move of aphid biotypes to a new host places the aphids in
 new set of selection pressures, and the phenotypic behav-
oral difference may be directly related to the host species
nd its characteristics.

Several studies have shown considerable phenotypic vari-
tion including behavioral ones between biotypes of a certain
pecies (Via 1999; Abrahamson, Eubanks, Blair, & Whipple
001; Prowell, McMichael, & Silvain 2004). Our study
emonstrates the importance of testing as many biotypes as
ossible. Our ability to understand the adaptive value of a
ariable trait (escape response in this case) was achieved
y comparing a large variety of biotypes and clones of
ea aphids. The wide spectrum of reactions we discovered
mphasizes the importance of looking at many different hosts
and see Wood 1993).

rom patterns to mechanisms

Many works on aphids deal with the response to the alarm
heromone as a representation of response to natural enemies
ut such a response may manifest itself in several distinct
ehaviors (e.g. walking, kicking, dropping) (Dill et al. 1990;
unert et al. 2010). The unique threat imposed by mam-
alian herbivores and the severity of the selection pressure it

mposes on plant-dwelling insects (Gish et al. 2017) result
n a very clear and rapid behavioral response (dropping).
his interaction can be an invaluable tool in assessing dif-

erences in defensive behavior between biotypes and clones
nd in exploring the genetic architecture underlying this trait
ariation.

Variation in defense responses could be associated with the
phid microbiota. Both facultative and obligate symbionts
Dion, Polin, Simon, & Outreman 2011) induce phenotypic
hanges in their aphid host, some of which confer protec-
ion against natural enemies, such as parasitoid wasps (Oliver
t al. 2003; Oliver, Degnan, Burke, & Moran 2010; Leclair
t al. 2016) and pathogens (Scarborough, Ferrari, & Godfray
005). Pea aphids from different biotypes have disparate
ymbiont compositions (Simon et al. 2003; Tsuchida, Koga,

 Fukatsu 2004), and differences in symbiont assortment
ause differences in defensive abilities against natural ene-
ies (Dion et al. 2011; Polin, Simon, & Outreman 2014). It
ould be interesting to explore whether symbiont composi-

ion (as affected by biotype and clone) affects the tendency

f aphids to drop in response to mammalian presence. Initial
eports on aphids from several species have yielded negative
esults (Lavy, Sher, Malik, & Chiel 2015) but examining these
ifferences in our system, with its range of different biotypes
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Peccoud et al. 2009) and our ability to control symbiont
omposition (e.g. Leclair et al. 2016) may provide further
nsights.

In conclusion, the gradient of responses to a single pre-
ation cue over a large variety of hosts demonstrates the
xtent to which biotypes can accumulate phenotypic differ-
nces. The pattern of diversity suggests that changes are not
erely the results of drift, but are rather host-driven and

elated to host plant characteristics and host plant interac-
ions with other unrelated organisms. The various biotic and
biotic conditions an organism acquires on its new host con-
ribute to further ecological differentiation, and in the end

ay bring about diversification.
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Muñoz, B., Latorre, A., et al. (2003). Host-based divergence
in populations of the pea aphid: Insights from nuclear mark-
ers and the prevalence of facultative symbionts. Proceedings

of  the  Royal  Society  of  London  B:  Biological  Sciences, 270,
1703–1712. http://dx.doi.org/10.1098/rspb.2003.2430

okunaga, E., & Suzuki, N. (2008). Colony growth and disper-
sal in the ant-tended aphid, Aphis  craccivora  Koch, and the

dx.doi.org/10.1146/annurev.en.38.010193.001343
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0110
dx.doi.org/10.1016/S0031-9422(00)85914-2
dx.doi.org/10.1016/S0309-1740(98)00105-3
dx.doi.org/10.1111/j.1558-5646.1999.tb05408.x
dx.doi.org/10.1111/j.1365-2311.2009.01146.x
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0135
dx.doi.org/10.1093/ee/nvv044
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0145
dx.doi.org/10.1038/417170a
dx.doi.org/10.1007/s004420050513
dx.doi.org/10.1111/j.1570-7458.2009.00916.x
dx.doi.org/10.1111/1749-4877.12263
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0170
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0175
dx.doi.org/10.1111/j.0030-1299.2004.13157.x
dx.doi.org/10.1007/s00442-006-0573-2
dx.doi.org/10.1002/jsfa.2740430402
dx.doi.org/10.1073/pnas.0335320100
dx.doi.org/10.1146/annurev-ento-112408-085305
dx.doi.org/10.1016/j.foodchem.2008.09.005
dx.doi.org/10.1111/icad.12131
dx.doi.org/10.1073/pnas.0811117106
dx.doi.org/10.1111/j.1365-2311.2009.01147.x
dx.doi.org/10.1002/ece3.991
dx.doi.org/10.1603/0013-8746
dx.doi.org/10.1016/j.cub.2012.12.010
dx.doi.org/10.1016/S0031-9422(00)97066-3
dx.doi.org/10.1126/science.1120180
dx.doi.org/10.1098/rspb.2003.2430


Applied

T

V

v

v

V

V

V

W

W

W

M. Ben-Ari et al. / Basic and 

non-ant-tended aphid, Acyrthosiphon  pisum  Harris, under the
absence of predators and ants. Population  Ecology, 50, 45–52.
http://dx.doi.org/10.1007/s10144-007-0065-1

suchida, T., Koga, R., & Fukatsu, T. (2004). Host plant special-
ization governed by facultative symbiont. Science, 303, 1989.
http://dx.doi.org/10.1126/science.1094611

an Emden, H. F., & Harrington, R. (2007). Aphids  as  crop  pests.
Oxfordshire: Cabi International.

an Klink, R., van der Plas, F., Van Noordwijk, C. G. E., WallisDe-
Vries, M. F., & Olff, H. (2015). Effects of large herbivores on
grassland arthropod diversity. Biological  Reviews, 90, 347–366.
http://dx.doi.org/10.1111/brv.12113

an Noordwijk, C. G. E., Flierman, D. E., Remke, E., Wallis-
DeVries, M. F., & Berg, M. P. (2012). Impact of grazing
management on hibernating caterpillars of the butterfly Melitaea
cinxia  in calcareous grasslands. Journal  of  Insect  Conservation,
16, 909–920. http://dx.doi.org/10.1007/s10841-012-9478-z

ern, S., Baron, A. A., Clayton, G. W., Campbell Dick,

A., & McCartney, D. H. (2004). Swath grazing poten-
tial of spring cereals, field pea and mixtures with other
species. Canadian  Journal  of  Plant  Science, 84, 1051–1058.
http://dx.doi.org/10.4141/P03-143

Available  online  at  www.s

ScienceD
 Ecology 34 (2019) 108–117 117

ia, S. (1999). Reproductive isolation between sym-
patric races of pea aphids. I. Gene flow restriction
and habitat choice. Evolution, 53(5), 1446–1457.
http://dx.doi.org/10.1111/j.1558-5646.1999.tb05409.x

osteen, I., Gershenzon, J., & Kunert, G. (2016). Hoverfly prefer-
ence for high honeydew amounts creates enemy-free space for
aphids colonizing novel host plants. Journal  of  Animal  Ecology,
85, 1286–1297.

ink, M. (1987). Quinolizidine alkaloids: Biochemistry,
metabolism, and function in plants and cell suspension cultures.
Planta  Medica, 53, 509–514.

ink, M., Hartmann, T., Witte, L., & Rheinheimer, J. (1982). Inter-
relationship between quinolizidine alkaloid producing legumes
and infesting insects: Exploitation of the alkaloid-containing
phloem sap of Cytisus  scoparius  by the broom aphid Aphis
cytisorum. Zeitschrift  für  Naturforschung  C, 37, 1081–1086.
http://dx.doi.org/10.1515/znc-1982-11-1206

ood, T. K. (1993). Speciation of the Enchenopa  binotata  com-

plex (Insecta: Homoptera: Membracidae). In D. R. Lees, &
D. Edwards (Eds.), Evolutionary  patterns  and  processes  (pp.
299–317). New York: Academic Press.

ciencedirect.com

irect

dx.doi.org/10.1007/s10144-007-0065-1
dx.doi.org/10.1126/science.1094611
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0265
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0265
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0265
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0265
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0265
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0265
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0265
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0265
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0265
dx.doi.org/10.1111/brv.12113
dx.doi.org/10.1007/s10841-012-9478-z
dx.doi.org/10.4141/P03-143
dx.doi.org/10.1111/j.1558-5646.1999.tb05409.x
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0290
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0295
dx.doi.org/10.1515/znc-1982-11-1206
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://refhub.elsevier.com/S1439-1791(18)30126-9/sbref0305
http://www.sciencedirect.com/science/journal/14391791

	Differences in escape behavior between pea aphid biotypes reflect their host plants’ palatability to mammalian herbivores
	Introduction
	Materials and methods
	Aphid and plant collection and rearing
	Escaping in response to mammalian breath
	Escaping in response to the alarm pheromone
	Aphid morphology
	Statistical analyses

	Results
	Mammalian breath experiment
	Alarm pheromone experiment
	Aphid body morphology and dropping response under mammalian threat

	Discussion
	Reasons for variation in dropping response
	Cascading effects of biotype formation
	From patterns to mechanisms

	Acknowledgements
	Appendix A Supplementary data
	References


