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A key focus of evolutionary developmental biology is on how phenotypic
diversity is generated. In particular, both plasticity and developmental
instability contribute to phenotypic variation among genetically identical indi-
viduals, but the interactions between the two phenomena and their general
fitness impacts are unclear. We discovered a striking example of asymmetry
in pea aphids: the presence of wings on one side and the complete or partial
absence of wings on the opposite side. We used this asymmetric phenotype
to study the connection between plasticity, developmental instability and
fitness. We found that this asymmetric wing development (i) occurred equally
on both sides and thus is a developmental instability; (ii) is present in some
genetically unique lines but not others, and thus has a genetic basis; and
(iii) has intermediate levels of fecundity, and thus does not necessarily have
negative fitness consequences. We conclude that this dramatic asymmetry
may arise from incomplete switching between developmental targets, linking
plasticity and developmental instability. We suspect that what we have
observed may be a more widespread phenomenon, occurring across species
that routinely produce distinct, alternative phenotypes.

1. Introduction

How phenotypic variation is generated by developmental systems is a key ques-
tion in evolutionary developmental biology. Typically, developmental processes
produce a target phenotype [1] that is specified by a combination of genetics
and environment. Some phenotypes are highly canalized, meaning that despite
perturbations in the genetic, outside or internal environment, the target pheno-
type is largely achieved [2,3]. But developmental noise may still lead to
variation around a mean phenotype. This type of random phenotypic variation
is often referred to as developmental instability (DI) [4] and can be observed
through subtle asymmetries in bilateral characters. These subtle departures
from symmetry are often quantifiable and measured as the difference between
the left and right sides, referred to as fluctuating asymmetry [5,6]. In a highly
canalized trait that successfully attains its target phenotype, fluctuating asymme-
try measures hover around zero, while traits with high developmental noise show
larger values.

When a developmental environment changes, the target phenotype can
change. This is the case for organisms that display adaptive phenotypic plasticity,
wherein a single genotype can produce one or more phenotypes in response to
environmental conditions during development [7]. These alternative phenotypes
can themselves each be highly canalized, with different target phenotypes that
each match their respective environments. But depending on how stable the
developmental processes are, these environment-specific developmental targets
can also display DI and thus asymmetries.

Phenotypic plasticity and DI are often considered in tandem because both
contribute to phenotypic variation (e.g. [8]). In particular, plasticity may result
in increased DI and consequently introduce an evolutionary cost, thus limiting
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the more widespread phylogenetic occurrence of plasticity [9].
The rationale underlying this connection is that in plastic
organisms, the genotype must produce more than one pheno-
type. Because of this increased complexity, developmental
mistakes may happen. Some studies have demonstrated a gen-
eral positive correlation between the degree of plasticity of a
trait and the extent of DI in that same trait [8], while others
have not [10], indicating that the relationship between pheno-
typic plasticity and DI may be trait specific. And DI does not
always lead to negative fitness consequences. If there are no
negative fitness consequences, then there is no evolutionary
cost to DL

Here, we investigate the connection between phenotypic
plasticity, DI and fitness by interrogating DI and fitness in a
textbook case of phenotypic plasticity: the wing dimorphism
of the pea aphid (Acyrthosiphon pisum). Pea aphids, like many
aphid species, are asexual and viviparous during the spring
and summer months. During this part of their life cycle, two
different winged and wingless morphs are present in the
population. Adult females can produce both morphs, and
because their asexual reproduction occurs without recombina-
tion, these morphs are genetically identical (reviewed in [11]).
Females produce winged daughters in a high-density environ-
ment and wingless daughters in a low-density environment
[12]. The traits associated with winged or wingless morphs
are a result of the trade-offs between dispersive and reproduc-
tive life-history traits, respectively (reviewed extensively in
[13]). Trade-offs emerge from the fact that each aphid has a
finite amount of resources that can be spent on development
and reproduction.

During a previous study examining natural variation for
the propensity to produce winged offspring in response to
environmental cues by individual lines of pea aphids [14],
we observed the appearance of a striking wing-asymmetry
phenotype: aphids missing fore- and hindwings on one side
but not the other. We therefore set out to investigate the link
between the pea aphid wing phenotypic plasticity and DI
We describe the wing-asymmetry phenotype, characterize it
as a DI and explore its fitness effects. Our results indicate
that there is a genetic basis to this tendency to develop asym-
metric wings and there is little to no fitness cost associated
with this curious phenotype. Our results suggest a more
general connection between DI and plasticity: that DI in organ-
isms with non-continuous plasticity (i.e. polyphenisms) can
manifest as dramatic developmental asymmetries in bilateral
traits because of instability in the switch to different target
phenotypes between sides of individuals. Moreover, although
seemingly maladaptive, they can, in fact, have no observable
fitness consequences.

2. Results
(a) The wing-asymmetry is a developmental instability

Wing-asymmetric aphids show missing or deformed forewings
and/or hindwings on one side of the body, compared to their
symmetric, two-winged sisters (figure 1a). Our first goal was
to characterize the wing-asymmetry phenotype. For this, we
focused on three lines that consistently produced wing-
asymmetric aphids (lines 507, 509 and 584). We collected a
total of 88 wing-asymmetric aphids from the three lines.
Of these, 44 had missing or deformed wings on the right side,
while 44 had missing or deformed wings on the left side,

indicating that the deformity occurs with equal frequency [ 2 |

on both sides (952 =0, p>0.99; figure 1b). The lack of direction
to this asymmetry indicates that this phenotype is a result
of DI (i.e. the inability of developmental processes to produce
a wild-type, target phenotype that is the same on both
sides of a bilateral individual, which therefore renders it
asymmetric) [15].

We also scored the severity of the deformity on the
affected side using a score of 0, 1, 2 or 3, from most to least
abnormal (see Material and methods). The forewing was
much more likely to be reduced or absent than the hindwing;:
69 of the 88 aphids examined had no forewing at all
(figure 1c), with 36 of those aphids having a small or shri-
velled hindwing. However, we observed no occurrences of
the inverse pattern of a small or deformed forewing in the
absence of any hindwing development (figure 1c). Overall,
the degree of deformation of the forewing was positively cor-
related with the degree of deformation of the hindwing
(Spearman’s rho=0.55, p <0.001). We also did not observe
cases where fore- and hindwings were defective on opposite
sides. Therefore, the development of the hindwing appears to
be coupled with that of the forewing.

To determine if variation in other, non-wing related
structures was correlated with variation in wing asymmetry,
we focused on a character known to differ between winged
and wingless asexual female aphids: the number of secondary
rhinaria. Secondary rhinaria are olfactory sensilla located on
the third and fourth antennal segments of adult aphids
that are used to detect volatile compounds: winged females
have many and wingless females have few (figure 2a) [16].
As expected, we found that winged aphids had many
more rhinaria than wingless aphids (figure 2b). We further
found that among wing-asymmetric aphids, the side with
the missing or deformed wing was not more likely to be
accompanied by a lower rhinaria count relative to the other
side (Mann-Whitney U-test; p=0.23). Therefore, wing-
asymmetry does not correlate with rhinaria trait variation.
Furthermore, because rhinaria are not asymmetric, the
asymmetry is not a whole-body phenomenon.

The wingless females and rhinaria we examined for
figure 2b were females whose mothers had never been
crowded and who developed on uncrowded plants. When
we examined rhinaria from wingless females derived from
crowded mothers, we observed that some of them had rhi-
naria counts that were almost, but not quite, as high as
those from winged aphids (figure 2c). This suggests that
these two categories of wingless females might be qualitat-
ively different, and more differences between them might
be found if more characters were examined.

(b) The wing developmental instability has a
genetic basis

Our second goal was to determine if the wing developmental
instability has a genetic basis. We examined 192 genetically
unique aphid lines as described in [17]. We used a 24 h crowd-
ing treatment to induce adult, wingless mothers to produce
winged offspring as in [14]. Because wing-asymmetric aphids
are a subset of winged aphids, we only considered lines further
if they produced a large number of winged females, at least
45% winged offspring out of a minimum number of 120 off-
spring over three crowding replicates. Seventeen of the 192
lines fit these criteria and are presented here.
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Figure 1. Characteristics of the wing-asymmetry phenotype across individuals. (@) Winged, wingless and wing-asymmetric aphids (photos by Adam Fenster); the
wing-asymmetric aphid is an example of one completely missing fore and hindwings on its left side. (b) The affected side of wing-asymmetric aphids from all three
lines combined. n = 88. () The co-occurrence of forewing (x-axis) and hindwing (y-axis) asymmetries. By definition, in all cases the forewing was either absent or
deformed (a score of 0, 1 or 2; see Material and methods for a full explanation). The key indicates the number of aphids. n = 88. (Online version in colour.)
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Figure 2. The number of secondary rhinaria on the third antennal segment of different morphs. (a) Photos of typical antennae plus rhinaria (small clear circles; 17
shown for the winged and 2 for the wingless) for winged and wingless aphids. (b) Rhinaria counts for winged (W), wing-asymmetric (WA), and wingless (WL)
aphids. n = 20 for each morph. Left (on the left, lighter colour) and right (on the right, darker colour) sides were counted for each individual. Of the WA aphids, the
deformed side is shown in parentheses, with L = left and R = right. For W and WA aphids here, their mothers were subjected to crowding; the WL aphids were
maintained at low density for several generations prior to collection and thus never experienced high density. (c) Rhinaria counts of wingless females whose mothers
were crowded. Given that we observed no differences between left and right sides, only data for the left antennae are shown (n = 106). All data are from line 509.
(Online version in colour.)
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Figure 3. Lines differ in their production of wing-asymmetric aphids. (a) The percentage of winged aphids that were wing-asymmetric for the 17 lines, shown for
the three replicate crowding treatments (replicates represented in three colours, with means shown as a bar). The lines are ordered by the average number of wing-
asymmetric aphids they produced across all replicates. (b) The percentage of winged offspring produced for these same lines across the three replicates, presented in
the same order as (a). (c) The percentage of wing-asymmetric offspring produced by each of the 17 lines (averaged across the three replicates) relative to the
average percentage of winged offspring produced by that line in response to crowding. (Online version in colour.)

The number of wing-asymmetric aphids varied greatly
among the lines, from 0% of the winged offspring being
wing-asymmetric, to as many as 30% (figure 3a). Although
there were differences among replicates, some lines consist-
ently produced wing-asymmetric aphids while others did

not (figure 3a). These differences among lines suggest that
the wing developmental instability has a genetic basis. Further-
more, all 17 of these lines produce relatively high proportions
of winged offspring when crowded (figure 3b), which suggests
that the higher observed numbers of wing-asymmetric aphids
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Figure 4. Fitness attributes of winged (W), wing-asymmetric (WA) and wingless (WL) aphids. (a) The days to reproductive maturity across morphs. (b) The number
of offspring produced in the first 5 days once reproductive maturity is achieved. The 507 (darker colour, on the left for each morph) and 584 (lighter colour) represent
two genetically unique lines used to replicate these experiments. For both panels, points are samples within genetic lines and the line shown is the median.

**¥p < 0.001. (Online version in colour.)

in some lines is not a trivial consequence of those lines produ-
cing more winged aphids. In fact, the propensity to produce
winged offspring when crowded had a negative correlation
with wing-asymmetric aphid production (figure 3c).

(c) Fitness differences associated with unstable wing

development

To determine whether or not there are fitness costs associated
with the unstable wing development phenotype, we measured
two aspects of fitness: time to reproductive maturity and
fecundity (number of offspring produced over the first 5 days
of reproductive maturity). For time to reproductive maturity,
the lines and phenotypes, but not the interaction term,
were significantly different (quasi-Poisson generalized linear
model (GLM); line: F=5.5, 1 d.f.,, p = 0.021; phenotype: F=8.3,
2d.f,, p<0.001, interaction: F =0.9,2 d.f., p = 0.41). In particular
post-hoc tests revealed that winged females spent more time
developing than wingless females (z = 4.1, p <0.001; figure 4a).
This is consistent with previous studies in other aphid species
that have shown that wingless females attain reproductive
maturity earlier than winged females (e.g. [18]). The reproduc-
tive output across the first 5 days of offspring production also
differed by phenotype (figure 4b; quasi-Poisson GLM; F =38,
2 d.f., p <0.001). Wingless aphids produced significantly more
offspring than wing-asymmetric aphids (z=4.7, p<0.001),
and wing-asymmetric aphids produced significantly more off-
spring than winged aphids (z =4.0, p <0.001). These data show
that fitness differed among aphid morphs.

3. Discussion

Our study aimed to examine the connections between pheno-
typic plasticity, developmental instability (DI) and fitness.
Overall, we (i) find that the DI has a heritable basis, (ii) discover
that fitness differed among aphid morphs, and (iii) suggest that
later developmental switching between winged and wingless
target phenotypes leads to more DI, and that the resulting dra-
matic asymmetry might be a common phenomenon among
plastically polymorphic (i.e. polyphenic) species.

Our first major result is that we have demonstrated that
pea aphid wing DI, which yields asymmetric wings, has a
genetic basis, as evidenced by the differences among pea
aphid genotypes (figure 3a). Some aphid genotypes routinely
produce wing-asymmetric aphids while others never do. DI
has been observed to have a genetic basis in other systems
as well (reviewed in [19]). In contrast with most other studies,
the wing DI observed here is dramatic and easily observable,
while DI is usually inferred from relatively minor, quantitat-
ive differences between sides as measured by fluctuating
asymmetry [20]. For example, the differences in wing shape
between the left and right side of Drosophila melanogaster
individuals are subtle and only quantifiable with precise
geometric-morphometric analyses [21]. Here we have asym-
metries that can be seen by the eye. The obvious difference
between the fly example and the pea aphid wing-asymmetry
is that flies have a single developmental target when they
are developing a wing, while aphids have one of two alterna-
tives depending on the environment. This observation—that
such a dramatic asymmetry accompanies developmental
plasticity—shows that the two can go hand in hand.

The mechanisms underlying DI are generally unknown,
with the exception of a few studies that have identified genes
that contribute to DI (e.g. [22,23]). Here, we observe an inverse
relationship between wing inducibility and wing-asymmetry
(figure 3c¢). These two traits therefore seem linked at the genetic
level, such that the same gene(s) or linked gene(s) control the
propensity to produce winged offspring in response to a high-
density environment and the production of wing-asymmetric
aphids. This intriguing result warrants future investigations.

I's unclear how the aphid wing-asymmetry develops
at the mechanistic level. The phenotype is reminiscent of the
first wingless gene mutants in Drosophila melanogaster, which dis-
played fully winged, one-winged and wings absent animals,
with similar changes to halteres (wg') [24]. Later studies
showed that the mutation was a small deletion in an enhancer
that drove expression in the wing and haltere [25]. The link
between lower expression and the variable phenotypes
suggests that wg' mutants produced a near-threshold amount
such that too little resulted in no wing/haltere, and enough
resulted in the opposite [26]. And importantly for this study,
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this threshold could be met or missed independently on each
side of the body. A similar mechanism could be acting in the
wing asymmetry. In the aphids, however, the asymmetry is
not off or on like it was observed in Drosophila. Rather, a grada-
tion of phenotypes is observed (figure 1c) that suggests a more
complicated basis than the action of a single, key gene.

We also show that extreme DI results in fitness differences,
but not necessarily the expected ones. Upon first glance,
wing-asymmetric aphids might be assumed to be highly
maladaptive. But in fact, we show that wing-asymmetric
aphids produce more offspring than winged aphids. Thus, if
an environment has changed from high to low density, there
is a benefit to switching from winged to wingless even if a see-
mingly maladaptive wing asymmetry accompanies the switch.
This lack of cost under these circumstances may be why the
wing-asymmetric aphids exist at relatively high frequency in
some lines (figure 2a). This is an important observation because
itinforms the debate regarding the costs and limits of plasticity.
Developmental constraints are often thought to limit the
ubiquity of plasticity [27]. One possible constraint often men-
tioned is DI, although the literature on whether or not DI
actually results in fitness costs is mixed (reviewed in [28]). In
the pea aphid case, we found no evidence for a cost, at least
with respect to fecundity.

Finally, we suggest that the extreme asymmetry associated
with this plastic wing dimorphism may be one example of a
more widespread phenomenon. First, consider how aphid
wings develop. All viviparous female aphids are born with
wing buds, regardless of their future phenotype [29,30].
Wingedness is also the ancestral state, since aphids evolved
from winged ancestors [31]. Therefore, regardless of pre- or
post-natal wing morph determination, the winged state can
be diverted into the wingless pathway, but not vice versa
[29]. This is presumably because it is possible to degrade
wings and wing musculature and return that energy to
embryo production, while it is less feasible to add wings and
wing musculature past a certain developmental time point.
Wingless, asexual pea aphid females appear to cease wing
bud growth as first instar nymphs [32,33]. Other species can
divert from winged to wingless even later [34]. Thus, switching
from a winged-morph developmental target to a wingless one
is common among aphid species.

We hypothesize that the wing-asymmetric pea aphids
described here have incompletely transitioned from winged
to wingless morphs postnatally. They started life as winged
individuals but switched to the wingless developmental trajec-
tory. Our experiments did not directly address this, but
two ideas support this hypothesis. First, species with earlier
morph determination yield morphs more dedicated towards
reproduction versus dispersal relative to species with post-
natal wing determination [13]. In other words, the earlier a
target phenotype is determined, the better that morph devel-
ops. A later transition likely leads to less conversion from
winged to wingless structures and physiology, and this can
be associated with some DI. Second, we observed possible evi-
dence of wingless aphids that have incompletely transitioned,
in the form of wingless aphids with intermediate rhinaria
counts (figure 2).

Therefore, DI may present itself most radically in plastically
dimorphic species. Alternative phenotypes (i.e. polyphenisms)
are often called threshold traits [35], in contrast with quantitat-
ive traits. Quantitative traits vary in small ways with increases
or decreases of various developmental signals, while threshold

traits do not change unless the signal level is at or near [ 5 |

the threshold. As noted by Palmer [36,37] when discussing
left-right asymmetries, for some traits, thresholds can be
achieved or missed independently on each side of an organism.
He notes that another Hemipteran, the firebug Pyrrhocoris
apterus, also has a wing dimorphism that sometimes yields
extreme wing-asymmetry [38], suggesting that this phenom-
enon might be common among wing-dimorphic insects.
Similarly, dimorphic mites where an individual develops
with or without armoured legs can be asymmetric, with one
armoured leg and one unarmoured leg [39]. These examples
suggest a more common phenomenon of extreme asymmetry
associated with developmentally plastic dimorphisms of
bilateral traits.

4. Material and methods
(a) Aphid lines

The 17 lines of pea aphid (Acyrthosiphon pisum) used here were
initially collected from two alfalfa fields outside of Ithaca, NY
[17]. Lines were reared on fava bean seedlings (Vicia faba)
under long-day conditions (16:8 L: D photoperiod) in an 18 +
1.5°C, 35-45% relative humidity incubator to ensure the aphids
stayed in their asexual cycle. Prior to any experiments, lines
were kept at low density (seven or fewer aphids per plant) for
at least three generations to prevent grandmaternal and maternal
effects on wing phenotype. Aphids reared on the same plants
were divided randomly for all following experiments.

(b) Winged offspring production

To induce production of winged and wing-asymmetric
aphids, wingless adult females from the low-density stock were
subjected to a combined crowding and starvation treatment.
Ten adult asexual wingless females were collected from a stock
within 3 days of becoming reproductively mature and placed
in a 32.5 mm x 15 mm Petri dish (Fisher) with a piece of damp
Whatman paper for 24 h. They were then placed individually on
60 mm x 15 mm Petri dishes with a Vicia faba leaf inserted into
9ml 2% bacto agar and left to produce offspring for 24 h. The
adult females were removed after 24 h and the offspring produced
were reared until they reached adulthood (11 +2 days), at which
point the phenotype (winged, wingless or wing asymmetric)
was recorded.

(<) Phenotype characterization
Once the winged, wingless and wing-asymmetric offspring
reached adulthood, they were placed individually on leaf plates
to test their time to reproductive maturity and their fecundity.
The time to reproductive maturity was defined as the number
of days between their birth and the birth of their first offspring.
Individuals were checked every 24 + 2 h for offspring production.
We recorded the number of offspring each individual produced
per day during the first 5 days of reproductive maturity.
Winged aphids are characterized by a set of forewings and
hindwings as well as a protruding muscle on the back. To describe
the phenotype of the wing-asymmetric aphids, the affected side
(the side lacking a full set of wings) was scored using a two-part
system in which the forewing and hindwing were independently
assigned a number from 0 to 3 denoting the severity of the deform-
ity. A score of 0 indicated the total absence of any muscle or wing
development, 1 indicated the presence of a small protrusion where
the wing would be, 2 indicated the presence of a small, deformed
wing (often shrivelled), and 3 indicated the presence of a normal
wing. The affected side, right or left, was also recorded.
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(d) Antennae collection

Winged, wingless and wing-asymmetric aphids from both the
crowding and rearing density experiments were collected and
put into a 75% ethanol solution to preserve their antennae. For-
ceps were used to remove the antennae from the base of the
head, leaving the pedicel and distal segments intact. A drop of
paraffin oil was placed on a microscope slide and the antenna
was placed in the droplet, then covered by a cover slide. Clear
nail enamel was used to secure the cover slide. Right and/or
left antennae were collected for winged, wingless and wing-
asymmetric aphids. We used a Leica DM5000 B microscope at
10 x and 20 x magnifications to photograph and record the
number of rhinaria.

(e) Statistical analysis

Whether wing-asymmetry was found more frequently on the
right or left side of an aphid’s body, the correlation between
the degree of wing deformation on the fore- and hindwings,
and differences in rhinaria counts were analysed using StatPlus.
Data on the number of days to reproductive maturity were exam-
ined using a quasi-Poisson generalized linear model (GLM)
implemented in R v. 3.5.0 (R-core team). Aphid line (507 and
584) and phenotype (winged, wing-asymmetric and wingless)

were modelled as fixed effects, and minimal models were
derived by first removing the interaction term between these
two factors, then phenotype, then line, and statistical significance
of each factor was determined by comparing models with
ANOVA and F-tests. Post-hoc tests examining differences
between treatments were conducted in the multcomp package
v. 1.4-13 [40]. Fecundity data were analysed in the same way
using a quasi-Poisson GLM.
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