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ABSTRACT

Adaptive phenotypic plasticity describes the phenomenon in which a single genotype can produce a variety of phenotypes that
match their environments. Like any trait, plasticity is a phenotype that can exhibit variation, but despite the ecological impor-
tance of plasticity variation, little is known about its genetic basis. Here we use the pea aphid to investigate the genetic basis of
wing plasticity variation. Previous reports have suggested an ecological association between body coloration and wing plasticity
strength in the pea aphid, so we tested the hypothesis that the body colour determination locus (tor) associated with wing plas-
ticity variation. We discover that there is no relationship between body colour and wing plasticity in natural populations or in a
genetic mapping population. We also localise the tor locus to the third autosome, whereas it was previously thought to be on the
first autosome, a finding that will be important for future studies of the locus. We find that the presence of the bacterial symbiont
Regiella is associated with higher levels of wing plasticity. Genome-wide association analysis of wing plasticity variation did not
reveal an impact of the tor locus, consistent with independence of body colour and wing plasticity. This analysis implicated one
possible candidate gene—a Hox gene, abdominal-A—underlying wing plasticity variation, although SNPs do not reach the level
of genome-wide significance and therefore will require further study. Our study highlights that plasticity variation is complex,
impacted by a bacterial symbiont and genetic variation, but not influenced by body colour.

1 | Introduction Spencer 2002) as well as the potential costs and limits of plas-

ticity (e.g., DeWitt, Sih, and Wilson 1998; Murren et al. 2015).

Many organisms have evolved the ability to respond to chang-
ing environmental conditions by altering development to pro-
duce adaptive phenotypes. Such developmental plasticity can
be highly advantageous, allowing individuals within popula-
tions to adjust to changing environmental circumstances on
short, non-evolutionary time scales (Bradshaw 1965; West-
Eberhard 2003). Considerable studies have addressed the factors
that promote the evolution of plasticity versus genetic adapta-
tion (Moran 1992; Gavrilets and Scheiner 1993; Sultan and
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These studies have greatly advanced our understanding of the
ecological and evolutionary role of plasticity, especially as a
potentially critical phenomenon for buying time in the face of
rapidly changing environments (Chevin, Lande, and Mace 2010;
Fox et al. 2019; Vinton et al. 2022) or for enabling adaptive pro-
cesses (Pfennig et al. 2010; Moczek et al. 2011).

Like other traits, plastic traits exhibit genetic variation (e.g.,
Roff 1996; Lively 1999; West-Eberhard 2003; Ehrenreich and
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Pfennig 2016). The sensitivity to environmental cues differs
among genotypes, such that some genotypes are highly respon-
sive to the environment and react by producing environment-
specific phenotypes, while others are not. Underlying this
differential phenotypic response must be allelic variation at
environmentally responsive loci, creating gene-by-environment
interactions. And, like all phenotypic variation, the underlying
genetic variation is subject to natural selection and is critical for
adapting a plastic response to its fitness optimum. Despite the
importance to studies of evolution and interest from theoretical
perspectives (e.g., Hazel, Smock, and Johnson 1990; Leimar and
McNamara 2015), how variation in plasticity is generated at the
developmental genetic level largely remains an open question.
For example, what kinds of genes/genetic pathways and mecha-
nisms are the targets of selection with respect to plasticity? This
lack of knowledge represents a significant roadblock to under-
standing how plastic traits evolve (Schlichting and Smith 2002;
Sommer 2020; Ledon-Rettig and Ragsdale 2021).

Here we use the pea aphid (Acyrthosiphon pisum) wing plasticity
to investigate genetic variation for plasticity strength. Wing
plasticity occurs naturally in pea aphids during the spring and
summer months. During this time, females reproduce parthe-
nogenetically, producing clonal daughters for multiple gener-
ations. Females are viviparous, giving live birth to genetically
identical daughters via a modified meiosis that bypasses recom-
bination (Blackman 1987). These females are flightless, lack-
ing wings. When a host plant becomes overcrowded, mothers
produce winged daughters which disperse to other host plants
(Sutherland 1969). Because the winged and wingless morphs are
genetically identical and induced by an environmental cue, this
is called wing plasticity.

Previous work has established that there is considerable natu-
ral variation for the pea aphid wing plasticity, with some lines
producing many winged offspring in response to environmen-
tal cues and others very few (e.g., Lamb and MacKay 1979;
Grantham et al. 2016; Parker et al. 2021). Some of that work
initially focused on the possible influence of body colour
on wing plasticity (Lowe and Taylor 1964; Sutherland 1969;
Weisser and Braendle 2001). Pea aphids are red or green, con-
trolled by a single locus, the tor locus, with red dominant to
green (Moran and Jarvik 2010). The red colour results from
the action of a carotene desaturase gene, laterally transferred
from a fungal origin, producing the red colour (Moran and
Jarvik 2010). The colour polymorphism is thought to balance
predation and parasitism: red aphids on green plants are eas-
ier for visual predators like ladybird beetles to see (Losey
et al. 1997), while parasitoid wasps prefer to attack green
aphids (Libbrecht, Gwynn, and Fellowes 2007). Multiple stud-
ies have found that red pea aphid lines produce more winged
offspring in response to high densities (Lowe and Taylor 1964;
Sutherland 1969; Weisser and Braendle 2001). High densities,
in turn, are associated with increased predation by ladybird
beetles (Schellhorn and Andow 2005; Honék, Martinkova,
and Strobach 2018). In this way, wing plasticity and colour are
linked at the ecological level, although it is not known if they
are linked at the genetic level.

Aphid wing plasticity occurs via a multi-step process from
environmental sensing to offspring morph determination

(reviewed in Deem et al. 2024) and variation could theoret-
ically accrue anywhere in that process. A pea aphid mother
must first sense that her environment is overcrowded. This is
reported to be a tactile stimulation response (Sutherland 1969;
Miiller, Williams, and Hardie 2001), so it likely involves gene
products responsible for transmitting mechanosensory infor-
mation. After environment sensing, the mother must signal
to her developing embryos to be winged or wingless, which
is mediated by mechanisms including the biogenic amine
dopamine (Liu and Brisson 2023) and the ecdysone signal-
ling pathway (Vellichirammal et al. 2017), and the embryos
must respond to that signal. Variation could impact any part
or multiple parts of this series of events: the mechanosensory
sensitivity, the strength of the maternal signal, and/or the sen-
sitivity of the embryonic response.

One potential clue to the mechanistic basis of pea aphid
wing plasticity variation can be found in the work of Parker
et al. (2021), who examined the maternal transcriptional re-
sponse to environmental crowding in a high wing plasticity
pea aphid line compared to a low plasticity pea aphid line.
We found a strong response, in terms of many differentially
expressed genes, in the former and a lack of a detectable re-
sponse in the latter, with zero differentially expressed genes.
This result indicated that the low plasticity line was likely un-
able to sense the high density of its environment and/or the
cue could not be acted upon, and therefore was not mount-
ing a plasticity response. It is likely, therefore, that genes re-
sponsible for environmental sensing, for example, genes with
mechanosensory neuronal functions, may harbour the genetic
variation for plasticity in this system.

Here, we explored factors that may impact wing plasticity vari-
ation. To do this, we used plasticity variation among 178 unique
pea aphid lines [phenotype assayed in Parker and Brisson (2019)]
along with the genotyping data on these lines found in Chung
et al. (2020). We performed genome-wide association studies
(GWAS) to independently map red/green colour variation and
wing plasticity variation to investigate their potential genetic
linkage, within the wider context of studying the evolution of
plasticity using the pea aphid system.

2 | Materials and Methods
2.1 | Pea Aphids

Pea aphids were collected from two alfalfa fields separated by
~800m in Ithaca, NY. Unique genotypes were selected for fur-
ther analysis (Chung et al. 2020). We determined the body co-
lour of a line by visual inspection. Colour data is available in
Table S1.

2.2 | Wing Plasticity Phenotyping

Two replicates of a standardised crowding assay (Grantham
et al. 2016; Vellichirammal, Madayiputhiya, and Brisson 2016)
were carried out as detailed and reported in Parker and
Brisson (2019). Briefly, we reared aphids on fava bean plants
(Vicia faba) at low densities (<7 individuals per plant) for
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three generations. We then placed adult aphids that had begun
reproducing in 3.5cm Petri dishes for 24 h at a density of 12
aphids per dish. Aphids were then placed on a fava bean plant
for a further 24h and allowed to reproduce, and the percent-
age of winged offspring produced during this period was re-
corded. The average offspring winged percentage from the
two replicates was used for analyses. Note that most pea aphid
lines produce very few offspring under low-density conditions
on plants (e.g., see data in Grantham et al. 2016), so using the
per cent winged offspring produced under crowded conditions
is a proxy for the difference in winged offspring percentages
produced under these two conditions. Wing plasticity data is
available in Table SI.

2.3 | Symbiont Detection

To assess their potential involvement in wing plasticity varia-
tion, we used data on bacterial symbiont presence/absence as
assessed in Chung et al. (2020). Briefly, 12-ul reactions included
40ng DNA, 10uM primers and Master Mix Quick-Load Taq
(New England BioLabs), with the ‘Touchdown’ PCR cycle: 94°C
for 2min; 11cycles of 94°C for 20s, 56°C (declining by 1°C in
each cycle) for 50s and 72°C for 30s; 25cycles of 94°C for 2min,
45°C for 50s, and 72°C for 2min; and a final extension of 72°C
for 5min. Amplification products were separated by electropho-
resis in a 2% agarose gel and visualised with SYBR Safe DNA Gel
Stain (Invitrogen). Primer sequences are provided in Table S1 of
(Chung et al. 2020). Symbiont presence or absence is available
in Table S1.

2.4 | Restriction Fragment Length Polymorphism
(RFLP) Analysis

To test if body colour associated with two different autosomal
regions, we used RFLP analysis. We designed primers that
amplified two different SNPs resulting in restriction enzyme
cut site differences. The primers for the amplicon on auto-
some 1 are AAGATACACGAGACGACAATGG and AGTGTC
CAAATCGATCACCTCC, which cuts with Mspl (New
England BioLabs), and for the amplicon on autosome 3 are
CACTCTACAACAGTTCTCGTCG and ATCGGATTTGGAA
ACTGTGTGG, which cuts with HpyCH4V (New England
BioLabs). DNA from individual backcross progeny was am-
plified with both primer sets separately with a standard PCR
reaction with a 55°C anneal, then cut for 1 h with the relevant
enzyme, and run on a 3% gel for visualisation.

2.5 | Genotype by Sequencing (GBS) Analysis

gDNA was extracted from 10 aphids for each line. GBS was
conducted according to the procedure given by (Elshire
et al. 2011). Briefly, the purified DNA was digested with
the methylation-sensitive restriction enzyme ApeKI (New
England BioLabs) at 75°C for 2h, and the fragments were li-
gated with barcode adaptors, and then amplified, purified and
sequenced on an Illumina HiSeq platform as 100-bp single-
end reads.

Raw GBS reads were retrieved from PRINA497124 (Chung
et al. 2020) and were demultiplexed and trimmed of bar-
codes using Sabre (github.com/najoshi/sabre). Reads were
aligned to the pea aphid reference genome (v3.0, Li et al. 2019)
with default settings using bowtie2 (v2.4.5, Langmead and
Salzberg 2012). SAM files were sorted using samtools v1.15.1
and reads were piled using bcftools mpileup (Li 2011). Calls
were made using bcftools call with the “m’ flag for a mul-
tiallelic calling model. Called SNPs were filtered using
vcftools for a minimum Phred score of 20. Genotypes were
sorted using the TASSELS ‘SortGenotypeFilePlugIn’ (v5.2.80,
Glaubitz et al. 2014).

2.6 | Linkage Disequilibrium (LD) Analysis

We used PopLDdecay (Zhang et al. 2018) to calculate LD decay
across the pea aphid genome. LD data are available in Table S2.
LD pruning was conducted using PLINK 1.9 (Chang et al. 2015)
using a window size of 50, step size of 1, and an r? threshold of
0.75 (Gusareva and Van Steen 2014; Joiret et al. 2019). LD prun-
ing yielded 22,217 SNPs.

2.7 | Genome-Wide Association Study

Genome-wide association analyses were carried out in TASSELS5
(v5.2.80) and filtered for site minimum count of 90% of samples
and site minor allele frequency of 0.05. After filtering, 31,991
sites remained for downstream analyses.

Compressed mixed linear models (MLM) with the optimal
grouping setting were used for all GWA analyses in TASSELS.
Population structure was estimated in TASSELS5 using princi-
pal component analysis (PCA) on genetic data with the first five
principal components included as fixed effect covariates in the
MLM. A kinship matrix was determined in TASSELS5, using the
centred IBS setting, and included as a covariate in the MLM to
account for cryptic relationships among SNPs. Genetic marker
data was included as a fixed effect. Genetic and residual vari-
ance for each trait and marker were estimated using the P3D
method in TASSELS.

For the body colour GWA, body colour was assigned as the sole
phenotype data (n=182). For the wing plasticity GWA, aver-
age per cent wingedness was assigned as the primary trait data
(n=182), with Regiella status as a cofactor (n=178). In each
analysis, population structure and kinship matrices were in-
cluded as covariates as listed above.

MLMs run in TASSELS can be described in Henderson's ma-
trix notation as Y=Xf+Zv+e¢; where Y is a vector of pheno-
typic observations, X and Z are known design matrices, {8 is
a vector with fixed effects (marker and population structure),
v is a vector with random additive genetic effects, and ¢ is a
vector of random residual effect (Henderson 1975; Bradbury
et al. 2007). Manhattan plots and g-q plots were created in R
(v2023.06.0+421) using the ‘ggman’ package (Turner 2018).
Genome-wide significance threshold for SNPs was determined
using Bonferroni correction (-log,,(0.05/31,991)).
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3 | Results

3.1 | Association Between Body Colour and Wing
Plasticity

To investigate any potential linkage between body colour and
wing plasticity, we examined if these phenotypes were asso-
ciated. As noted in the Introduction, red lines have a hypoth-
esized stronger response to wing-inducing cues (Lowe and
Taylor 1964; Sutherland 1969; Weisser and Braendle 2001).
However, using our 182 phenotyped lines from a natural
population, we found no significant difference in the wing
plasticity response strength between red and green lines
(Figure 1A; Mann-Whitney U test, p=0.09). We then asked
this same question using individuals from a laboratory cross
between a green and red line (Driscoll, Liu, McDonough,

A

100

~
o

Percentage winged offspring
N n
(4] o

Green Red

Schmidt, and Brisson (in press)). In this cross, the red parent
exhibited a strong plasticity response, while the green parent
did not. Among the backcross progeny, we observed no wing
plasticity differences between red and green lines (Figure 1B;
Mann-Whitney U test, p=0.86). We conclude that there is no
linkage between body colour and plasticity response, either as
displayed through linkage disequilibrium in natural popula-
tions (Figure 1A) or in the large linkage blocks generated in
our laboratory cross (Figure 1B).

3.2 | Linkage Disequilibrium in the Pea Aphid
Before we performed genome-wide association analyses, we

first updated the genotype-by-sequencing data previously used
by Chung et al. (2020) by mapping raw reads to a more recent

p=086

~
n

Percentage winged offspring
N o
(62} o

Green Red
backcross backcross

FIGURE1 | Colour does not impact the wing plasticity response. (A) Colour phenotype of 182 unique lines from natural populations, with no
difference in mean plasticity response as measured by the percentage of winged offspring following maternal high-density treatment. (B) Backcross

progeny in a lab-generated cross between a red, high plasticity line and a green, low plasticity line shows no linkage between colour and plasticity
variation (n=49). p-Values for Mann-Whitney U tests are shown for each panel. [Colour figure can be viewed at wileyonlinelibrary.com]

1.0

04

0.2

0.0

Distance between SNPs (bp)

FIGURE2 | Linkage disequilibrium levels in the pea aphid fall quickly within 1000 bp. Shown is the correlation (%) between every two SNPs and

their corresponding distance in base pairs (bp) for all SNPs within a 1kb window as calculated by PopLDdecay (Zhang et al. 2018).
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version of the pea aphid genome [v3.0 (Li et al. 2019)]. Our anal-
ysis identified 31,991 single-nucleotide polymorphisms (SNPs),
which averaged to one SNP every 16.2kb across the ~517Mb
genome. To understand the extent of genomic variation we
captured with this SNP density, we calculated linkage disequi-
librium among the lines using the pairwise correlation (r?) be-
tween any two SNPs. We found that r? falls quickly within 1kb
(Figure 2), and each SNP in our dataset is not, on average, in
strong linkage disequilibrium with neighbouring SNPs.

3.3 | Genome-Wide Association Analysis
of Body Colour

We performed GWAS of red/green body colour to find the location
of the tor locus insertion which causes the red colour (Moran and
Jarvik 2010). This locus is not assembled into the chromosome-
level contigs for the pea aphid genome v3.0 but rather is on an
unassembled 59kb contig (ID: NW_021771109.1). Mandrioli
et al. (2016) previously suggested an autosome 1 placement for the
tor locus based on cytogenetic analysis. Our GWAS using 182 pea
aphid lines identified a single highly significant peak of associ-
ated SNPs on autosome 3 that spanned about 0.5Mb (Figure 3A,
Table S3). We observed no SNPs on autosome 1 that were signifi-
cantly associated with body colour differences. We also did not
observe a significantly associated SNP on the scaffold containing
the tor locus (NW_021771109.1), although closer examination re-
vealed that the only sequencing reads that matched the scaffold
came solely from red aphids. The quantile-quantile plot corre-
sponding to the observed versus expected p-values for these data
indicated low Type I errors (Figure 3B).

To ask if the tor locus was located on autosome 1 or 3, we used
the laboratory cross mentioned above that we generated between
a green and a red line (Driscoll, Liu, McDonough, Schmidt, and
Brisson (in press)). From the F1 progeny of that cross, we pro-
duced backcross progeny to the green line. We then designed
and assayed restriction fragment length polymorphism (RFLP)
markers near the previously reported tor location on autosome
1 (Mandrioli et al. 2016; RFLP primers target a SNP at position

109,101,444) and our discovered peak on autosome 3 (RFLP
primers target a SNP at position 26,668,175). The RFLP marker
on autosome 1 showed no association with red/green colour
(n=48, Fisher's exact test, p=0.53; Table S4) in backcross prog-
eny while the marker on autosome 3 showed complete associa-
tion (n =47, Fisher's exact test, p <0.001; Table S4). We conclude
that the tor locus is within the peak at autosome 3, and not on
autosome 1 as previously thought.

3.4 | Association Between Bacterial Symbionts
and Wing Plasticity

We next turned our attention to wing plasticity variation as a
phenotype. Data on the wing plasticity for our 182 focal lines
was previously generated by Parker and Brisson (2019). As
shown in that paper, pea aphids from this single population
display a full range of phenotypic variation from near 0%-100%
of winged offspring produced in response to a maternal crowd-
ing treatment. Before performing a GWAS on wing plasticity,
we first considered a factor thought to impact wing plasticity in
natural populations: the presence of bacterial symbionts. Pea
aphids can harbour a variety of facultative bacterial symbionts
that convey fitness costs and benefits (Renoz 2024), includ-
ing influencing the wing plasticity response (Leonardo and
Mondor 2006).

Chung et al. (2020) previously assayed the focal pea aphid lines
for the presence of seven bacterial symbionts, detecting five of
them (Regiella, Hamiltonella, Spiroplasma, X-type and Ricketsia)
in at least two lines. Rickettsiella was one of the symbionts that
was not detected. This is important because Rickettsiella is
known to change aphid body colour from red to green (Tsuchida
et al. 2010). Because it was not detected in these lines, it is not
a confounding factor in our analyses of body colour differences.
Of the five detected symbionts, lines carrying Regiella showed a
significantly higher (Mann-Whitney U test; p=0.02) wing plas-
ticity compared to those without Regiella (Figure 4), as reported
in Reyes et al. (2019). All other symbionts showed no effect on the
wing plasticity.

~logio(p)

Chromosome

Observed -logo(p)

Expected -logsq(p)

FIGURE3 | Asingle genomic region contains SNPs that have highly significant associations with red/green colour differences. (A) GWAS identi-

fies a single, highly significant peak on the third autosome, A3. The blue horizontal line indicates the genome-wide significance cut-off. (B) Quantile-

quantile plot of observed to expected p-values for SNP/phenotype associations shows a general underestimation of observed p-values. [Colour figure

can be viewed at wileyonlinelibrary.com]
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3.5 | Genome-Wide Association Analysis of Wing
Plasticity Strength

We performed a GWAS between SNPs and the wing plasticity
phenotype, while controlling for the presence or absence of
Regiella. We were able to use information from 178 genotypes for
this analysis, as Regiella data was missing from four of the lines
with plasticity phenotype data. Unlike the body colour GWAS,
we did not observe a single, highly significant SNP peak. Indeed,
we discovered no SNPs that rose above the genome-wide level
of significance (Figure 5A), and an accompanying quantile-
quantile plot showed linear correspondence between observed
and expected p-values, indicating a roughly normal distribution

100 p=002

~
[¢]

Percentage winged offspring
N a0
(&)} o

Absent Present

Regiella

FIGURE4 | The presence of the symbiont Regiella impacts the wing
plasticity. Across all natural lines, those with Regiella have significantly
higher offspring wing percentages when crowded (n =178). p-Value for
a Mann-Whitney U test is shown.

A

of p-values and no strong outliers. (Figure 5B). Notably, we ob-
served no SNPs at the body colour locus emerging from this
analysis.

Two SNPs, however, neared the level of significance: scaffold
NC_042494.1, positions 144,389,817 and 144,389,827 on auto-
some 1 (Table S5). They are in complete linkage, so their p-values
are identical (1.7x107°). They fall within an intergenic region
that is upstream of abdominal-A (abd-A) and downstream of
Abdominal-B in the pea aphid's single Hox complex. They are,
therefore, labelled ‘abd-A’ in Figure 5A. Again, these SNPs do
not rise above the level of significance, but we observed that they
are always the most significant SNPs from our GWAS analyses,
regardless of how we vary filters for minor allele frequency or
representation at sites, if we use linkage disequilibrium prun-
ing, or if we vary the GWAS model to include colour (see data
in Table S6).

4 | Discussion

The wing plasticity is tightly tied to the ecology of aphids, given
that it results in morphs that trade-off fecundity for dispersal
as in most wing dimorphic insects (Zera and Denno 1997). By
producing more wingless morphs, a clone can maximise repro-
duction but will quickly overwhelm a host plant, necessitating
the production of dispersing winged morphs. But if too many
winged morphs are produced, overall clonal fecundity will de-
crease. The propensity to produce winged or wingless morphs,
that is, the plasticity strength, is therefore closely tied to clonal
fitness (Weisser and Stadler 1994). Our study investigated fac-
tors relevant to the strength of the wing plasticity response and
revealed a number of important insights.

In contrast to previous studies which worked with a rela-
tively small number of pea aphid lines (Lowe and Taylor 1964;
Sutherland 1969; Weisser and Braendle 2001), we did not find any
evidence for a link between body colour and the wing plasticity
response in our comparably large number of lines. Our GWAS
does, however, provide a location for the pea aphid tor locus that

B

-logio(p)
©
1
-

. 5

st
i
£

1
ny

Chromosome

Observed -logyo(p)

T T T T T
0 1 2 3 4

Expected -logso(p)

FIGURE5 | Results of GWAS for the wing plasticity phenotype, controlling for presence/absence of Regiella. (A) Individual SNPs and their asso-
ciated significance value, with the genome-wide significance threshold shown as a horizontal line. The strongest associated SNPs across analyses, in
an intergenic region upstream of abdominal-A (abd-A), are labelled (two SNPs 10bp apart with identical significance values). (B) Quantile-quantile
plot of observed to expected p-values for SNP/phenotype associations showed a general concordance. [Colour figure can be viewed at wileyonlineli-

brary.com]
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may be useful for future studies investigating aphid body colour
genetics and its co-variation with other ecologically relevant phe-
notypes. To determine if other pea aphid genome assemblies were
able to integrate the tor region, we searched two other long-read
pea aphid genome assemblies [the winged and wingless male-
specific assemblies of (Li et al. 2020); another assembly (Mathers
et al. 2020) sequenced a green aphid and therefore that genome
does not have the tor insertion]. In both cases, we were able to
find the tor locus, but the assembled regions were relatively short
(<50kb) and did not agree with one another. It is likely, there-
fore, that the tor locus is flanked by highly repetitive regions that
make assembly into the larger genome challenging.

We did observe that pea aphid lines carrying the bacterial sym-
biont Regiella had a stronger wing induction response com-
pared to those without (Figure 4). Regiella protects aphids from
aphid-specific fungal pathogens (Scarborough, Ferrari, and
Godfray 2005; Parker et al. 2013). The impact of Regiella on
wing plasticity result is in line with another study showing that
lines cured of Regiella produced fewer winged offspring (Reyes
et al. 2019) but contradicts earlier studies showing the opposite
effect (Leonardo and Mondor 2006; Liu, Lei, and Chen 2019).
These contrasting results may be due to different Regiella gen-
otypes, which can have different effects on the wing plasticity
(Reyes et al. 2019). We did not assay for the Regiella genotypes
in our pea aphid population, so whether or not the Regiella
genotype differentially affected the wing plasticity remains
unknown. Also unknown is the mechanism by which Regiella
impacts the wing plasticity phenotype.

We implicated a potential candidate gene for wing plasticity
variation, with the strong caveat that it approached but did not
reach the level of genome-wide significance: a Hox gene, abd-A.
The relevant SNPs at abd-A are upstream of the gene's tran-
scription start site. In Drosophila melanogaster, abd-A is within
the Bithorax complex, which contains the genes Ultrabithorax
(Ubx), abd-A, and Abd-B; these genes control thoracic and ab-
dominal segmental identity (Duncan 1987; Peifer, Karch, and
Bender 1987; Martin et al. 1995). The region upstream of abd-A
in Drosophila houses an extensive amount of sequence contain-
ing cis-regulatory elements that control the expression of both
abd-A and Ubx (Bender et al. 1983; Duncan 1987), so it is pos-
sible that the SNP we have identified is part of a regulatory unit
that impacts expression of abd-A, Ubx, or even both. Ubx has an
important role in wing development, including repression of the
wingless gene in haltere formation (Weatherbee et al. 1998), and
the pea aphid's wingless gene homologue is necessary for wing
formation (Zhou et al. 2023). We hypothesize that this genomic
region might contribute to the embryonic response to the moth-
er's signal to be winged or wingless, setting up that embryo to
either develop or not develop wings as an adult. Nucleotide vari-
ation within an enhancer or silencer region could mediate this
response by activating or inhibiting Ubx expression in relevant
cells. This finding warrants further investigation with func-
tional studies.

The lack of finding a single, highly significant locus for wing
plasticity variation indicates that the variation that we have
measured is likely caused by several loci of relatively small effect
and/or epistatic interaction among loci. Our results are consis-
tent with the continuous range of plasticity variation that was

observed in this pea aphid population (Parker and Brisson 2019),
and with small effect variants that commonly contribute to vari-
ation in complex phenotypes (Rockman 2012). This result is
also consistent with results from the pea aphid mapping study
mentioned above, which examined wing plasticity via a cross be-
tween a high and low plasticity line (Driscoll, Liu, McDonough,
Schmidt, and Brisson (in press)) and found that variation was
likely due to multiple loci.

Parker and Brisson (2019) previously found that two laterally
transferred viral genes were expressed at higher levels in re-
sponse to crowding, specifically in lines with strong versus
weak plastic responses (subsets of the lines used here). We did
not find any SNPs at these two loci (Apnsl: ACYPI085607 auto-
some 2, position 116.3Mb and ACYPI36509: unplaced scaffold
NW_021769898, position 7.5kb) that were associated with plas-
ticity variation. Upon close examination of SNPs in these two
regions, we noted that the closest marker to each was 20kb and
8kb away, respectively. If these genes are associated with plas-
ticity variation in this pea aphid population, we were unlikely to
detect them given the levels of linkage disequilibrium at these
distances (see Figure 2).

Overall, here we have discovered that both non-genomic
(a bacterial symbiont) and genomic sources likely impact
the ecologically important trait of wing plasticity variation.
Our study joins others showing that plasticity variation is
complex (Mackay and Lyman 2005; Lafuente, Duneau, and
Beldade 2018; Orsted et al. 2018). In the future, whole or
nearly whole genome sequencing will be necessary to pro-
vide the density of SNPs required, given the very low levels
of linkage disequilibrium across the genome (Figure 2). Also,
a much larger sample size is crucial for detecting genes of
smaller effect (Wray et al. 2013), as well as epistatic interac-
tions (Gauderman 2002).
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