GfO _ Basic and
GfO Ecological Society of Germany, AppIIEd ECOIOgy

Austria and Switzerland

Basic and Applied Ecology 34 (2019) 108-117 www.elsevier.com/locate/baae

Differences in escape behavior between pea aphid biotypes
reflect their host plants’ palatability to mammalian
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Abstract

Phytophagous insects have evolved traits that help them avoid predation risks, traits that may be affected by characteristics of
the host plant. Since most phytophagous insects have narrow host ranges, we expect differences in risk avoidance between plant-
specialized populations of several closely related insect lineages. To test this hypothesis, we used the pea aphid (Acyrthosiphon
pisum), which forms a complex of about 15 biotypes, each adapted to one or a few species of legume plants (Fabaceae). We
examined the differences in defensive behaviors of 38 clones from 13 distinct plant-specialized biotypes of pea aphids. We
exposed mature aphids to simulated breath of a mammalian herbivore, a cue that causes part of the aphids in a colony to
immediately drop off the plant to avoid incidental ingestion during mammal feeding. Dropping tendency varied substantially
between biotypes (15-93% average rates). Dropping rates of a certain biotype of aphid reflected their host’s palatability to
mammalian herbivores, with ~80-90% rates in fodder and pasture plants and ~15-40% dropping in inedible plants. The
dropping tendency showed no correlation with walking ability (tarsal & body length), nor with the tendency to escape in
response to the alarm pheromone released by conspecifics in response to arthropod enemies. The specialization on a specific
host plant brings with it particular selective pressures, and it seems that the palatability of the plants to mammals promotes
behavioral divergence between biotypes, reinforcing diversification through ecological divergence.
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Introduction

Phytophagous (plant-feeding) insects face complex selec-
tive pressures imposed by their host plants and natural
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phytophagous insects have evolved a wide range of effective
defensive traits (e.g. physiological, behavioral, symbiont-
mediated) (Gross 1993; Oliver, Russell, Moran, & Hunter
2003). Since defensive responses are usually costly (Nelson
2007) and different plant species incur different predation
pressures (e.g. Ballabeni, Wlodarczyk, & Rahier 2001), we
expect a link between defensive responses and the intensity
of specific natural enemy pressures on various plant species.
We addressed this hypothesis with genetically distinct pop-
ulations of the pea aphid, Acyrthosiphon pisum, adapted to
feeding on different legume plants.

This aphid feeds in large colonies on a variety of legumes
(family Fabaceae) (Van Emden & Harrington 2007) and can
be a pest of legume crops. Pea aphid populations on distinct
legume hosts experience considerable reproductive isolation
(Peccoud & Simon 2010). This restriction in gene flow results
in genetic divergence between populations, from partially
isolated host races to incipient or cryptic species (Peccoud,
Ollivier, Plantegenest, & Simon 2009). So far, 15 distinct
biotypes (a term that applies to any degree of genetic or
phenotypic divergence below or at the species level), each
specialized on one or a few legume species and with their own
genetic make-up have been characterized in the pea aphid
complex (Peccoud et al. 2009; Ferrari, West, Via, & Godfray
2012; Peccoud, Mahéo, Huerta, Laurence, & Simon 2015).

Interestingly, in addition to plant specialization, this
genetic divergence is associated with other phenotypic dif-
ferences. For example, A. pisum populations specialized on
pea, clover and alfalfa showed varying degrees of defense
responses to the aphid alarm pheromone (E)-fB-farnesene
(Kunert, Belz, Simon, Weisser, & Outreman 2010), which
resulted in variable responses to an arthropod enemy (i.e.,
predators and parasitoids). Such differences may have arisen
simply via the accumulation of enough genetic differences
between the biotypes (i.e. genetic drift). However, a new host
plant entails a whole suit of characteristics, some of which
affect the aphids’ ability to avoid and withstand predation and
parasitism (Hufbauer & Via 1999). Such characteristics may
include plant topology, phenology, size, plant blooming and
fruiting timing and the presence of other herbivorous insects
(Feder 1995). The various legume plants that serve as hosts
for A. pisum vary in many traits — size, color and shape, abun-
dance, architecture, specialized metabolites and subsequent
palatability to herbivores.

The differences in palatability of the different legumes to
large mammalian herbivores may have bearings on the fate of
pea aphids feeding on the same plant. Mammalian herbivores
avoid unpalatable plants (Augustine & McNaughton 1998)
that have chemical and physical defenses (Bryantetal. 1991).
While grazing, mammalian herbivores consume large quan-
tities of plant material, and may incidentally ingest insects
that are feeding on the same plant (van Klink, van der Plas,
Van Noordwijk, WallisDeVries, & Olff 2015; Gish, Ben-Ari,
& Inbar 2017). This direct interaction between mammals
and insects (henceforth referred to as “incidental ingestion™)
has exerted substantial predation pressure on plant-dwelling

insects, as several insects have evolved the ability to detect
an approaching mammalian herbivore and drop to the ground
to avoid being eaten (Gish, Dafni, & Inbar 2011; Ben-Ari &
Inbar 2013). Specifically, pea aphids very effectively avoid
incidental ingestion by sensing the heat and humidity of the
herbivore’s breath and dropping to the ground (Gish, Dafni,
& Inbar 2010). However, dropping to the ground has dire con-
sequences for aphids by exposing them to ground predators
(e.g. carabid beetles) and by inducing costs to re-establish on
plants (Nelson 2007; Agabiti, Wassenaar, & Winder 2016).
Therefore, pea aphids use several mechanisms to avoid drop-
ping and reaching the ground unnecessarily (Gish, Dafni, &
Inbar 2012; Ribak, Gish, Weihs, & Inbar 2013; Ben-Ari &
Inbar 2014).

This interaction between insects and large mammals and
the very distinctive dropping response it entails provide an
opportunity to examine the link between host plant features
and the biotype’s phenotypic characteristics. In this paper we
aim to explore two questions: (a) Is there variability in the
behavioral response of various aphid biotypes to the threat of
incidental predation? And (b) in case it exists, what factors
could cause and maintain such a variability? To answer the
first question, we screened the dropping response in multiple
clones from the complex of pea aphid biotypes. To answer the
second question, we formulated and tested several hypotheses
that may account for dropping variation. These hypotheses
are listed below:

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

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

3. 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.

4. 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).

Materials and methods
Aphid and plant collection and rearing

We used 38 pea aphid clones belonging to 13 aphid bio-
types (2—4 clones/biotype). Each clone was established from
a single aphid collected from natural populations of A. pisum
in France (Supplementary Appendix A: Table 1). Every clone
used 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
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mammals was determined according to the literature.

Scientific name

Common name

Palatability for mammals

Sources

Medicago sativa
Trifolium pratense

Lotus corniculatus
Vicia cracca
Pisum sativum

Medicago lupulina

Lathyrus pratensis

Ononis spinosa
Melilotus officinalis
Securigera varia
Cytisus scoparius

Genista sagittalis
Genista tinctoria

Alfalfa, Lucerne
Red clover

Bird’s foot trefoil
Cow vetch, tufted vetch
Common pea

Hop clover, black medick

Meadow pea

Spiny restharrow
Yellow sweet clover
Crown vetch
Common broom

Winged broom
Dyer’s broom

Edible, used for animal fodder
Edible, used for animal fodder

Edible

Edible, used as food crop
Edible, used for animal fodder
Unknown, saponins in roots

Unknown, grown in the past as
fodder

Unknown, but plant has long
spines

Edible, but may be toxic when
moldy

Low palatability, inedible for
non-ruminants

Inedible

Inedible
Inedible

Hopkins and Nicholson (1999)
Collomb Biitikofer, Sieber,
Jeangros, and Bosset (2002)
Min et al. (1999)

Orhan et al.(2009)

Vern et al. (2004)

Oleszek, Price, and Fenwick
(1988)
http://www.luontoportti.
com/suomi/en/NatureGate
plant database

Morisset and Boutin (1984)

Kresge, Simoni, and Hill (2005)
Gustine and Moyer (1990)
Saito, Suzuki, Yamashita, and
Murakoshi (1994);

Harborne (1969)
Harborne (1969)

microsatellite profiles (Leclair et al. 2016). Correct assigna-
tion of these clones to their corresponding biotype has been
checked using genotyping data and comparison with a refer-
ence dataset (Peccoud et al. 2009). Since their collection in
2011-2014, the clones have been maintained on Vicia faba, a
universal host plant for all pea aphid biotypes, at 20 °C, 60%
relative humidity and a 16:8h L:D cycle. Before the exper-
iment, adults from the various clones were placed on new
V. faba plants and allowed to reproduce for 24 h and then
removed, consequentially all adults used in the experiment
were of the same age (10 days old).

Escaping in response to mammalian breath

To test for the variability in dropping response to mam-
malian herbivores, we exposed all clones to simulated
mammalian breath. To avoid possible interference by colony
members, we placed 30 single adult apterous (wingless)
aphids from every clone, each on a separate small (10-15 cm
high) V. faba plant. We used different plants for every
experimental test to avoid residues of aphid feeding and
pheromones. We conducted every test run on aphids from
two clones, to avoid the possibility that special conditions
in the experimental room affected the response of an entire
clone. Plants were placed on a table, 50 cm between every
two plants, and aphids were allowed one hour to acclimatize
and settle. During that time, extra care was taken not to touch
the experimental table or plants, or to move adjacent to the
plants, which may affect their behavior (see Ben-Ari & Inbar,
2014).

After acclimatization, we exposed each aphid to two sec-
onds of simulated mammalian breath. The mammalian breath
simulator (as described in detail in Gish et al. 2010), via
bubbling filtered air through hot water at a constant speed,
allowed us to produce a constant airflow with heat and humid-
ity resembling those of a mammal’s breath (35.5 °C, 80-90%
humidity). The airflow is of very low velocity (0.5 m/s) and
is unlikely to dislodge an aphid, unless it intentionally lets go
of its grip (Gish et al. 2011; Ben-Ari, Talal, & Inbar 2014).
We held the muzzle of the apparatus for 2s, 5cm from the
aphid, with the airflow reaching it from the dorsal side, fur-
ther reducing the chances of unwillful dislodgement. To avoid
unnecessary visual stimuli, the experimenter stood next to
plants that had already been tested and approached the exper-
imental plant only during the experiment. After two seconds,
the response of the aphid was recorded (drop vs. remain on
the plant).

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

Escaping in response to the alarm pheromone

Aphids show variability in several behavioral responses,
including the dropping response in reaction to arthropod nat-
ural enemies (Braendle & Weisser 2001). To test whether
the tendency to drop in response to any cue, and not
just 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

M. Ben-Ari et al. / Basic and Applied Ecology 34 (2019) 108-117 111

we applied another cue mimicking a threat of an arthro-
pod natural enemy. We assessed the dropping response of
selected biotypes to the threat of an arthropod enemy by
exposing aphids to the volatile aphid alarm pheromone ((E)-
B-farnesene—EBF) in order to examine whether there was
a correlation between the response to the two cues (EBF vs
mammalian breath). We tested three clones from four bio-
types each (total of 12 clones) that showed the most notable
contrast in dropping tendencies in the mammalian breath
experiments — two biotypes with high dropping rates and
two with low dropping rates.

Behavioral experiments were carried out in small tubes
(3 cm diameter, 3 cm height) filled with agar-agar medium,
up to a height of 3 cm, containing one leaf of V. faba plant.
For a later application of EBF or control solution, we placed
a piece of filter paper on a small toothpick, which we put
into the agar next to the leaf. We then placed a single aphid
of a given clone on the V. faba leaf and the set-up was cov-
ered with a cellophane bag to avoid aphid escape. The single
experimental aphids had three to five hours to settle on the
leaf before the behavioral test. The test started with the appli-
cation of either 5 p.l of EBF solution (containing 100 ng EBF
dissolved in n-hexane) or 5 pl of the solvent (n-hexane) on
the filter paper through a hole in the cellophane bag, using a
micropipette. After five minutes of continuous observation,
we recorded the response of the aphid: escaping by walking
(dropping in response to EBF was very rare) or remaining on
the plant. We conducted all the experiments in a laminar flow
hood, in a room kept at constant 20 °C. For each aphid clone,
we tested about 20 replicates per experimental treatment.

Aphid morphology

An aphid’s body size and the length of its legs both reflect
its ability to move on the ground after leaving the plant
(Tokunaga & Suzuki 2008). We tested whether variability
in dropping response was linked to body and tibia length. We
preserved adult individuals of 26 of the 38 clones from the
mammalian breath experiment (at least 2 clones of each bio-
type) in 70% ethanol. For each clone, we used 620 adults for
morphometric analyses. These adults were not the ones used
in the dropping experiment, rather they were from the same
clone and sampled in the stock cultures soon after the exper-
iment. We photographed the wingless adults using a Leica
MZ12.5 binocular and an attached Olympus DP72 digital
camera, and measured their body length from the base of the
antennae to the cauda and tibia length using CellSense Entry
software.

Statistical analyses

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

binomial response variable. In the mammalian breath experi-
ment, the biotype was the unique fixed independent variable.
In the EBF experiment, two fixed independent variables and
their interaction were analyzed: treatment (EBF or Control)
and biotype. In both statistical modelling, the clone effect
was included as a random factor nested within the biotype
factor, and the replicate level was the single aphid. Statistical
analyses were done by fitting generalized linear mixed mod-
els (GLMM) with binomial errors and a logit-link using the
Ime4 package (Bates & Darkar 2007) in R 2.6.2 (R Devel-
opment Core Team, 2014). Pairwise comparisons between
biotypes were performed using a contrast method (DoBy
package, ‘esticon’ function). For clones used in both behav-
ioral experiments, we tested the correlation between the two
measurements of plant leaving using the Pearson correlation
index. We checked for correlation between escaping rates
in the mammalian breath experiment and two morphomet-
ric criteria (body length and tibia length) using the Pearson
correlation index.

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

Results
Mammalian breath experiment

Aphid biotypes showed remarkable variability in their
dropping response when exposed to mammalian breath sim-
ulation (GLMM: x?=45.858, df=12, p<0.001). While in
some biotypes almost all aphids dropped immediately in
response to simulated breath (93.33% dropping rates in Med-
icago sativa), aphids of other biotypes almost did not react
to the mammalian presence cue (14.8% in Genista tincto-
ria) (Fig. 1). In general, within-biotype variability was low,
with different clones of the same biotype displaying similar
responses to the mammalian breath cue (with the exception
of Cytisus scoparius). Standard error rates within clone were
only 2-10% of the mean value, except in plant species in
which the mean was very low.

Strikingly (Fig. 1), variation in dropping rates corre-
sponded to the level of host-plant palatability as revealed
in the literature survey (see Table 1 and references therein).
While palatability is not a quantitative measure, plants with
the highest levels of dropping rates for the corresponding
aphid biotype were those described in the literature as edi-
ble for farm animals (M. sativa, Trifolium pratense, Lotus
corniculatus and Pisum sativum). Conversely, aphid bio-
types 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
STE. Headers describe the palatability of the various host plants to mammals, as described in the literature (see sources in Table 1).

described as inedible due to toxic secondary metabolites
they contain (for example, quinolizidine alkaloids in C. sco-
parius (Wink, Hartmann, Witte, & Rheinheimer 1982) and
Genista species (Wink 1987), and flavonoids in G. tinctoria
and Genista sagittalis (Harborne, 1969)). The ratio of drop-
ping rates between biotypes did not show a significant link to
genetic divergence between biotypes (r=—0.183, p=0.108).

Alarm pheromone experiment

Aphid clones from the four tested biotypes (which had con-
trasting dropping rates in the mammalian breath experiment)
responded significantly stronger to alarm pheromone expo-
sure than to the control solution (Fig. 2; X2 =62.28, df=1,
p<0.001). When exposed to the EBF solution, the proportion
of aphids that escaped from the plant did not differ between
M. sativa, T. pratense, G. sagittalis and G. tinctoria biotypes
(Fig. 2; x*=1.48, df=3, p=0.685). The M. sativa and T.
pratense biotypes showed much lower escape rates when
exposed to EBF than in reaction to simulated mammalian
breath. Overall, for the 12 clones belonging to four studied
biotypes, the responses to simulated mammalian breath and
to EBF were not correlated (Fig. 3; r=0.30, p=0.34). There
was no interaction between the biotype effect and the exper-
imental treatment variables (chi2 =2.83,df=3,p=0.418).

Aphid body morphology and dropping response
under mammalian threat

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

on Ononis spinosa) and 1.46 mm (in a clone specialized on M.
sativa). Tibia length varied between 1.05 mm (in a different
O. spinosa clone) and 1.48 mm (in a clone specialized on G.
tinctoria). Nevertheless, the escape response of the various
aphid clones in response to mammalian breath was correlated
neither to their body length (r=0.19, p=0.33) nor to tibia
length (r=—0.017, p=0.934). The escape by walking rates
in the pheromone control experiment were not correlated to
these morphometric criteria either (body length: r=—0.26,
p=0.53; Tibia length r=—0.04, p=0.97).

Discussion

The variety of legume plants used by the complex of pea
aphid biotypes (Peccoud et al. 2009) expands the range of
environmental factors aphids have to face when adapting to a
new host, beyond a dichotomous change between two plants.
The various hosts differ in many traits (see Table 1 and ref-
erences therein) some of which may entail different kinds of
selection pressures. We found that pea aphid biotypes showed
remarkable variability in their dropping response to simulated
mammalian breath, revealing further phenotypic divergence
among biotypes. Within-biotype variability was low, further
demonstrating the robustness of the differences we found.
Previous studies have shown intra-species and inter-species
variability in response to the alarm pheromone (Kunert et al.
2010). The unique nature of the cues we used allows us not
only to highlight the extent of this variability, but also to place
it in an ecological context.
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Fig. 3. Relationship between the escape rates of Acyrthosiphon pisum clones responding to the alarm pheromone (E-B-farnesene) and the
escape rate of these clones in response to mammalian breath. One dot represents the average of one pea aphid clone. Clones were collected

from four different legume species.
Reasons for variation in dropping response

In the wild, a sudden puff of hot and humid air can only be
caused by an approaching mammal. Plant-dwelling insects
such as aphids and ladybird beetles rarely drop when the
air stream is of ambient heat and humidity (Gish et al. 2010,
2011; Ben-Ari & Inbar 2013). The extent of the present study,
with the large number of clones and biotypes collected from
the field, is a good indication of how variable the response to
the threat of incidental ingestion by mammalian herbivores
really is.

If variability were created randomly (hypothesis #1 pre-
sented in the Introduction) and relying on genetic drift, we
would expect genetically distant biotypes to show greater
divergence in their behavioral response. The lack of relation-
ships between genetic distances and behavioral differences
among the biotypes and the low variation in dropping rates
between clones within the same biotype support the claim that
the variability is indeed adaptive and not random. Hypothe-
ses #2 and #3 (body size and general tendency to escape,
respectively) seem implausible, since clones that display high
dropping rates do not necessarily have longer bodies or legs,
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which would have suggested improved walking abilities and
increased survival on the hot ground (Ben-Ari, Gish, & Inbar
2015). Neither did they display a higher tendency to drop in
response to another enemy-induced cue, which would have
hinted at an overall effect of the host plant on aphid respon-
siveness to threats.

As suggested by hypothesis #3, different habitats and dif-
ferent host plants may bring about a difference in the costs
aphids experience after dropping, through variation in ground
temperatures (Dill, Fraser, & Roitberg 1990) and ground-
dwelling predators (Losey & Denno 1998) and can affect the
ability of aphids to grasp plant parts while falling (Meresman,
Ben-Ari, & Inbar 2017). Such plant-mediated costs may
result in different dropping tendencies as was found in dif-
ferent pea aphid biotypes response to the alarm pheromone
(Kunert et al. 2010) and even within the same clone (Dill
et al. 1990). Nevertheless, we show the variation in dropping
response is cue-related. Aphid dropping response showed a
markedly different pattern in response to EBF compared to
mammalian threat. This latter threat induces a much more
rapid response and prompts a much higher percentage of
dropping aphids than the alarm pheromone response. The
reaction to mammalian breath therefore reflects the special
costs incidental ingestion may incur on aphids (Gish et al.
2017).

We therefore conclude that host plant palatability, and
the increased threat of incidental ingestion by mammalian
herbivores may be a driving factor shaping behavioral differ-
entiation among pea aphid biotypes (hypothesis #4). This is
another indication as to the importance of incidental inges-
tion of insects by mammals along with plant material. Recent
works have shown the place of mammalian consumption
in the shaping of insect behavior and physiology (Ben-
Ari & Inbar 2014) and insect populations (van Noordwijk,
Flierman, Remke, WallisDeVries, & Berg 2012; Gish et al.
2017).

Cascading effects of biotype formation

Attack rates of natural enemies (predators and parasitoids)
are often mediated by plant morphological and chemical traits
(Lill, Marquis, & Ricklefs 2002). Refuge from natural ene-
mies may explain the host-plant shifts in herbivorous insects
(Mulatu, Applebaum, & Coll 2004). Enemy-free space can
drive the preference of insects for hosts on which they per-
form poorly (Ballabeni etal. 2001). Vosteen, Gershenzon, and
Kunert (2016) showed that different hosts provided enemy-
free space for pea aphids against different types of predators,
compared to the universal host (V. faba), potentially main-
taining the divergence between biotypes.

The current study emphasizes the importance of host-
driven pressure in the variability of biotype behavior and
diversification. Research on the host plant’s effects on insect
biotypes tends to follow three possible paths: (a) reasons for
and mechanism of the establishment of reproductive isolation

between sympatric populations (Matsubayashi, Ohshima,
& Nosil 2010) (b) the different conditions experienced
on the ancestral vs. new host, which provide new niches
or an enemy-free space (Grosman et al. 2005) or (c) the
genetic and/or phenotypic differences these biotypes exhibit
(Peccoud et al. 2009; Kunert et al. 2010; Friedemann, Kunert,
Gorb, Gorb, & Beutel 2015). Here, we link both (b) and (c¢) —
the move of aphid biotypes to a new host places the aphids in
a new set of selection pressures, and the phenotypic behav-
ioral difference may be directly related to the host species
and its characteristics.

Several studies have shown considerable phenotypic vari-
ation including behavioral ones between biotypes of a certain
species (Via 1999; Abrahamson, Eubanks, Blair, & Whipple
2001; Prowell, McMichael, & Silvain 2004). Our study
demonstrates the importance of testing as many biotypes as
possible. Our ability to understand the adaptive value of a
variable trait (escape response in this case) was achieved
by comparing a large variety of biotypes and clones of
pea aphids. The wide spectrum of reactions we discovered
emphasizes the importance of looking at many different hosts
(and see Wood 1993).

From patterns to mechanisms

Many works on aphids deal with the response to the alarm
pheromone as a representation of response to natural enemies
but such a response may manifest itself in several distinct
behaviors (e.g. walking, kicking, dropping) (Dill et al. 1990;
Kunert et al. 2010). The unique threat imposed by mam-
malian herbivores and the severity of the selection pressure it
imposes on plant-dwelling insects (Gish et al. 2017) result
in a very clear and rapid behavioral response (dropping).
This interaction can be an invaluable tool in assessing dif-
ferences in defensive behavior between biotypes and clones
and in exploring the genetic architecture underlying this trait
variation.

Variation in defense responses could be associated with the
aphid microbiota. Both facultative and obligate symbionts
(Dion, Polin, Simon, & Outreman 2011) induce phenotypic
changes in their aphid host, some of which confer protec-
tion against natural enemies, such as parasitoid wasps (Oliver
et al. 2003; Oliver, Degnan, Burke, & Moran 2010; Leclair
et al. 2016) and pathogens (Scarborough, Ferrari, & Godfray
2005). Pea aphids from different biotypes have disparate
symbiont compositions (Simon et al. 2003; Tsuchida, Koga,
& Fukatsu 2004), and differences in symbiont assortment
cause differences in defensive abilities against natural ene-
mies (Dion et al. 2011; Polin, Simon, & Outreman 2014). It
would be interesting to explore whether symbiont composi-
tion (as affected by biotype and clone) affects the tendency
of aphids to drop in response to mammalian presence. Initial
reports on aphids from several species have yielded negative
results (Lavy, Sher, Malik, & Chiel 2015) but examining these
differences in our system, with its range of different biotypes
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(Peccoud et al. 2009) and our ability to control symbiont
composition (e.g. Leclair et al. 2016) may provide further
insights.

In conclusion, the gradient of responses to a single pre-
dation cue over a large variety of hosts demonstrates the
extent to which biotypes can accumulate phenotypic differ-
ences. The pattern of diversity suggests that changes are not
merely the results of drift, but are rather host-driven and
related to host plant characteristics and host plant interac-
tions with other unrelated organisms. The various biotic and
abiotic conditions an organism acquires on its new host con-
tribute to further ecological differentiation, and in the end
may bring about diversification.
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