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senting an estimated 10% of the coding genome (1,734 
genes) to examine differential transcript accumulation 
between winged and unwinged females and males. We 
identified several transcripts that differentially accu-
mulate between winged and unwinged morphs in both 
sexes, the majority of which are involved in energy pro-
duction. Unexpectedly, the extent of differential tran-
script accumulation between winged and unwinged 
morphs was greater for adult males than for adult fe-
males. Together, these results suggest not only that sim-
ilar physiological differences underlie the polyphenism 
and polymorphism, but that male morphs, like females, 
are subject to trade-offs between reproduction and dis-
persal that are reflected in levels of transcript accumu-
lation and possibly genome-wide patterns of gene reg-
ulation. These data also provide a baseline for future 
studies of the molecular and physiological basis of life-
history trade-offs.

the relationship between the two phenomena because they 
avoid the confounding effects of genetic divergence and al-
low for examination of how they interact genetically.

In the pea aphid, Acyrthosiphon pisum, alternative wing 
morphs (i.e., winged and unwinged forms) are produced 
by a polyphenism in females and a polymorphism in males. 
The wing polyphenism occurs during the summer months 
when female pea aphids reproduce asexually with no ge-
netic recombination, giving live birth to genetically identi-
cal daughters (Blackman 1987; Hales et al. 2002). Such fe-
males typically develop without wings, but produce winged 
daughters in response to crowding and possibly other cues 
such as poor host plant quality or interactions with other in-
sects (Sutherland 1969; Muller et al. 2001). The mother per-
ceives these cues and then transmits a wing-permissive sig-
nal to her embryos, which are competent to respond only 
within 48 hours before birth (Sutherland 1969). Winged 
daughters then disperse to less crowded host plants.

SUMMARY
The pea aphid, Acyrthosiphon pisum, exhibits several en-
vironmentally cued polyphenisms, in which discrete, 
alternative phenotypes are produced. At low-density, 
parthenogenetic females produce unwinged female 
progeny, but at high-density females produce progeny 
that develop with wings. These alternative phenotypes 
represent a solution to the competing demands of dis-
persal and reproduction. Males also develop as either 
winged or unwinged, but these alternatives are deter-
mined by a genetic polymorphism. Winged and un-
winged males are morphologically less distinct from 
each other than winged and unwinged females, possi-
bly because males experience fewer trade-offs between 
dispersal and reproduction. To assess whether shared 
physiological differences mirror the shared morpholog-
ical differences that characterize the wing polyphenism 
and polymorphism, we used a cDNA microarray repre-
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INTRODUCTION

Many organisms can develop discrete alternative pheno-
types, allowing them to adapt to environments that change 
in predictable ways. Examples include diet-induced trophic 
morphs of salamanders, seasonal morphs of butterflies, and 
seed-specific beak morphologies of finches (Collins and Ho-
lomuzki 1984; Smith 1993; Nijhout 2003). Examples such as 
these can be polyphenisms or polymorphisms. In a poly-
phenism, environmental cues lead to the use of alternative 
developmental pathways, whereas in a polymorphism, the 
chosen pathway is determined genetically. Although vari-
ous theoretical treatments have suggested that polyphenism 
and polymorphism can evolve from each other (reviewed in 
West-Eberhard 2003), exactly how the two are related evolu-
tionarily or mechanistically remains unclear. Species exhibit-
ing both a polyphenism and a polymorphism for similar al-
ternative phenotypes provide valuable models for studying 
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Differential transcript accumulation associated with the 
wing polyphenism and polymorphism

Because many morphological and behavioral differences 
between wing morphs are similar in females and males, we 
predicted that differences in physiology, reflected as dif-
ferences in transcript accumulation, would also be similar. 
We also predicted that such differences would be less pro-
nounced for males, as male morphs are less divergent mor-
phologically and possibly experience fewer trade-offs. Here, 
we report genome-wide patterns of transcript accumulation 
in winged and unwinged females and males at two develop-
mental stages. The results provide a window into the phys-
iological differences and similarities that underlie the wing 
polyphenism and polymorphism. To our knowledge, this is 
the first study examining genome-wide patterns of differ-
ential transcript accumulation associated with wing dimor-
phism, a common phenomenon in insects. Readers should 
note the recent publication of a micro-array analysis of tran-
script accumulation in winged and unwinged adult females 
of the green peach aphid Myzus persicae (Ghanim et al. 2006).

MATERIALS AND METHODS

Materials

Aphids of the F1 clone, described previously in Braendle 
et al. (2005a), were used for all experiments in this study. 
Aphids were reared in an incubator at 19°C with 16 hours of 
light alternating with 8 hours of dark, in 15 mm Petri dishes, 
each with a leaf of Medicago arborea inserted into 3 ml of 
2% agar containing 1 g/l Miracle-Gro. To collect winged 
and unwinged females, female asexual aphids were reared 
at a low density (two to three aphids per plate) for three gen-
erations, initiating each generation with unwinged aphids, 
in order to eliminate grand-maternal effects. In the fourth 
generation, first instar females were reared in isolation to 
third-day adults and then placed in groups of 10 in a 10 mm 
Petri dish containing a moistened piece of Whatman paper. 
After 24 hours of crowding, the females were re-isolated in 
dishes with leaves. Progeny were removed on a daily ba-
sis and placed in individual dishes where they were moni-
tored daily for molting. From these, winged females (iden-
tified by external wing buds) were collected in groups of 15 
as second-day fourth instars (the last instar before adult-
hood) or second-day adults and immediately frozen in liq-
uid nitrogen. This process was repeated three times to ob-
tain three biological replicates. Unwinged female aphids 
were collected in the same manner, with the exception that 
their mothers were not crowded. All aphids were harvested 
during the same time of the day (~11:00 AM) to avoid the ef-
fects of photoperiod on the collections.

To collect winged and unwinged males, we induced asex-
ual females to produce sexual females and males under pho-
toperiod conditions of 13 hours of light alternating with 11 
hours of dark at 16°C. Offspring were transferred to individ-

Pea aphid males are produced asexually in the fall in re-
sponse to shortened day length and lower temperatures (Via 
1992). Males are XO and the male wing polymorphism is de-
termined by a single unidentified locus on the X chromo-
some called aphicarus (api) (Smith and MacKay 1989; Cail-
laud et al. 2002; Braendle et al. 2005a). Winged and unwinged 
male siblings are thus genetically identical, except for their 
X-chromosomes, which carry either the api-unwinged or the 
api-winged allele. It is unknown when during development 
api acts to determine morph type.

Although the environment cues the production of winged 
females, populations also harbor genetic variation for the 
propensity to respond to these cues (Markkula 1963; Hazell 
et al. 2005). One source of such variation is genetically linked 
to the api locus itself. Female clones carrying even one api 
unwinged allele produce large numbers of winged females 
compared with clones homozygous for the api-winged allele 
(Braendle et al. 2005b). Hence, the locus controlling the male 
wing polymorphism, api, is genetically linked to a locus or 
loci influencing female wing plasticity. If this linkage results 
from pleiotropy of a single gene, then the two phenomena 
may share aspects of their mechanisms of determination.

Morphological and life-history differences between 
winged and unwinged aphids of both sexes

Although we refer to the two morphs as simply winged 
and unwinged, they are in fact distinguished by systemic 
differences in morphology, behavior, and life history. In 
both sexes, winged morphs possess not only wings but also 
wing musculature, which is absent in unwinged morphs. 
Winged males and females also possess a more heavily scle-
rotized thorax and larger compound eyes relative to un-
winged morphs (Takaoka 1973; Kring 1977; Kawada 1987; 
Miyazaki 1987). In both sexes, the behavior of wing morphs 
differs as well, with unwinged morphs being more sedentary 
(Sack and Stern 2007). Some morphological differences be-
tween wing morphs, however, are either absent or less pro-
nounced in males relative to females. For example, although 
winged females possess ocelli and larger numbers of sec-
ondary rhinaria on their antennae when compared with un-
winged females, both winged and unwinged males possess 
ocelli and the morphs differ less in the number of rhinaria 
(Kring 1977).

In insects, winged and unwinged morphs represent a trade-
off between dispersal and reproduction (Zera and Denno 
1997). For example, in aphids, unwinged females reach ma-
turity faster and have a higher fecundity than winged fe-
males (Dixon and Howard 1986). In some species, such as the 
pea aphid, winged females also histolyze their wing muscles 
at the start of reproduction following dispersal (Tsuji and 
Kawada 1987). Male life history is poorly studied, but it seems 
likely that trade-offs are less pronounced for male aphids be-
cause they devote proportionally fewer resources to gam-
ete production than females and because winged males do 
not histolyze their wing muscles (Tsuji and Kawada 1987).
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whose percentage of pixels with intensities greater than one 
standard deviation above the background intensity was > 
65% for both channels. All data were then filtered to exclude 
spots that were flagged automatically by GenePix or manu-
ally during feature extraction, had pixel-to-pixel regression 
correlations < 0.6, or a mean signal intensity in either chan-
nel of < 160.

Principal component analysis (PCA) of aphid types

PCA of the variation between aphid types was performed 
in Acuity 4.0 (Molecular Devices) using normalized and fil-
tered data by taking the arithmetic mean of log2 ratios for each 
transcript (against the common referent) for each aphid type.

Identification of genes with differential transcript accumu-
lation

Transcripts whose accumulation differed significantly be-
tween aphid types were identified using a modified t-test 
(SAM, Tusher et al. 2001). Using normalized and filtered 
data, log2 ratios for each gene (against the common referent) 
for each aphid type (three replicates each) were tested using 
a q-value threshold of 0.10 (Storey 2002). To confirm the iden-
tity of genes whose transcripts appeared to accumulate dif-
ferentially between winged and unwinged morphs, we sub-
mitted the polymerase chain reaction (PCR) products that 
were used to spot the array to be sequenced. If sequencing 
was unsuccessful on these products, we sequenced the orig-
inal cDNA clone. Unconfirmed genes (six total) were culled 
from future analyses.

Gene clustering

Identified transcripts for each developmental stage and sex 
were separately clustered in a hierarchical manner (Eisen et al. 
1998) by non-centered Pearson’s correlation using data from 
all three replicates for both winged and unwinged morphs.

Overrepresentation analysis

To identify functionally related groups of genes, we used 
the program Blast2Go (Conesa et al. 2005) to identify ho-
mologs of the aphid ESTs and to link them to their gene on-
tology (GO) terms. We then used Fisher’s exact test as part 
of the GOSSIP Package (Bluthgen et al. 2005), itself built into 
Blast2Go, to look for overrepresentation of GO terms among 
identified lists of genes relative to the whole  microarray.

Real-time quantitative PCR (qPCR)

We used real-time qPCR to quantify the relative transcript 
accumulation between winged and unwinged morphs for 
transcripts identified by the microarray analyses. We tested 
transcripts that showed differential accumulation only in 
fourth instars (5), only as adults (11), and at both life stages 
(12). Primers to target transcripts were designed with Primer 
Express v. 2 (Applied Biosystems, Foster City, CA) using the 
associated EST (supplementary Table S4). Primer specificity 
was verified before qPCR using disassociation curve analysis. 
qPCR was conducted on three biological replicates for each 
aphid type. Because sufficient RNA was not available after 
the microarray experiments, we collected new tissue and ex-
tracted RNA twice each for winged fourth females, unwinged 

ual dishes, monitored for molting, and collected in groups 
of 15 as second-day fourth instars (identified by the pres-
ence or absence of external wing buds) or second-day adults. 
Adult males were distinguished from females by gen-
eral body shape as well as external genitalia. Fourth instar 
males were collected by pulling out the gonads with forceps, 
checking for the presence of testes, and immediately freez-
ing the whole body (plus dissected testes) in liquid nitrogen.

Pea aphid cDNA microarray

The pea aphid cDNA microarray (Wilson et al. 2006) was 
made in collaboration with Wayne Hunter (USDA, ARS, Fort 
Pierce, FL) and Nancy Moran (University of Arizona). The 
array consists of quadruplicate spots of 1734 unique cDNAs 
from the pea aphid (an estimated 10% of coding genes) and 
117 unique genes from the bacterial endosymbiont Buchnera 
aphidicola. The cDNAs were derived from mRNA harvested 
from multistage whole-body collections of parthenoge-
netic aphids and single-pass sequenced from the 50 end (Sa-
bater-Munoz et al. 2006). The resulting express sequence tags 
(ESTs) were compiled into a unigene set, from which contigs 
and singletons were selected for inclusion on the array. Of 
the 1,734 aphid cDNAs, 105 (6.1%) fail to return BLASTx hits 
against the “nr” protein database (e-value cutoff of 1 × 10-3).

Material preparation and hybridization

Total RNA was isolated using the SV Total RNA Isolation 
Kit (Promega, Madison, WI). Twenty micrograms of total 
RNA was used to produce Alexa Fluor-labeled cDNA with 
the SuperScript Plus Direct cDNA Labeling System (Invitro-
gen, Carlsbad, CA).

Slides were UV-cross linked with 6,000 μJ and prehybrid-
ized for 1 hour in 3 × SSC, 0.1% sodium dodecyl sulfate (SDS) 
and 1% blocking agent (Roche, Nutley, NJ). Slides were 
boiled for 2 minutes before drying. Labeled cDNA was hy-
bridized to slides under lifter slips (Erie Glass, Portsmouth, 
NH) overnight at 65°C in a hybridization buffer containing 
3 × SSC, 0.1% SDS, 20 mM Hepes, 13.6 μg tRNA and 40 μg 
polyA RNA. All dye handling and hybridizations were con-
ducted in an ozone free room. In each case, the experimen-
tal sample was labeled with Alexa Fluor 647 and hybrid-
ized against a common referent, which was prepared from 
a large-scale RNA isolation of parthenogenetic aphids at all 
stages of development and labeled with Alexa Fluor 555.

Slides were scanned using an Agilent DNA Microarray 
Scanner (Agilent Technologies, Santa Clara, CA) and prepro-
cessed images of each of the two fluorescent channels were 
created as separate image files. GenePix v 5.0 (Molecular De-
vices, Sunnyvale, CA) was used to grid slides, flag abnor-
mal features, and to produce a results file of spot features. 
The data discussed in this publication have been deposited 
in NCBIs Gene Expression Omnibus (GEO, http:// www.
ncbi.nlm.nih.gov/geo) and are accessible through GEO Se-
ries accession number GSE8008.

Analysis of microarray data

Before analysis, data were dye-normalized by multiply-
ing data in one channel with a constant such that the mean 
of log2 ratios on the array would be zero. The normaliza-
tion constant was calculated using only well-measured spots 
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The distribution of aphid types along PC2 suggests that 
common differences in transcript accumulation between de-
velopmental stages are found among winged and unwinged 
females and males. Similarly, the distribution of aphid types 
along PC1 suggests that common differences in transcript ac-
cumulation between sexes are found among winged and un-
winged aphids as fourth instars and adults. Consistent with 
our expectations, the distribution of aphid types along PC1 
also suggests that common differences in transcript accu-
mulation between wing morphs are found among females 
and males (i.e., the polyphenism and the polymorphism) 
as fourth instars and adults. Contrary to our expectations, 
the magnitude of these differences is greater for adult males 
than for adult females (see relatively greater distance sepa-
rating adult male wing morphs along PC1, Figure 1). Below 
we discuss the transcripts that exhibit significant differential 
transcript accumulation between the winged and unwinged 
morphs. Analysis of significant differential transcript accu-
mulation between sexes and developmental stages is pro-
vided as supplementary material (supplementary Figure 
S1).

Genes exhibiting differential transcript accumulation be-
tween winged and unwinged morphs

We identified genes that exhibit significant differential tran-
script accumulation (q < 0.10) between winged and unwinged 

fourth females, unwinged fourth males, and unwinged fifth 
males, and once each for winged fourth males and winged 
fifth males. One microgram of RNA from each sample was 
reverse transcribed using the high capacity cDNA reverse 
trancription kit (Applied Biosystems) and 2.5 μl added to 25 
μl PCR reactions using Power SYBR Green Master Mix (Ap-
plied Biosystems). Samples were split into technical repli-
cates and run on an ABI Prism 7900HT (Applied Biosystems) 
for 10 minutes at 95°C, followed by 40 cycles of 15 seconds at 
95°C, followed by 1 minute at 60°C. Using the Sequence De-
tection System v. 2.1 (Applied Biosystems), the resulting data 
within each sample were normalized against an endogenous 
control (ΔCT), non-ATPase subunit 12 of the 26S proteasome 
(CF587510), selected because of its relative stability across all 
microarray experiments (more stable, in fact, than the com-
monly used endogenous control GADPH, CN586865). The 
ΔCT values for winged samples were then calibrated against 
respective unwinged samples within each of the four aphid 
classes as determined by sex and instar (ΔΔCT) and this value 
was used to calculate fold-difference in expression between 
winged and unwinged morphs.

RESULTS AND DISCUSSION

Pea aphids are born as first instar nymphs and pass through 
three additional instars before the final adult molt. In fe-
males, winged development appears to be the default devel-
opmental pathway, as all female nymphs possess wing buds 
and flight musculature in the first instar (Tsuji and Kawada 
1987). By the second instar, the winged and unwinged de-
velopmental pathways have diverged; at this stage, the wing 
buds of future unwinged females have degenerated and the 
development of flight musculature has ceased (A. Ishikawa 
and S. Hongo, personal communication). In males, the de-
velopmental divergence has not been as carefully charac-
terized, although it presumably commences before the ap-
pearance of subtle external morphological differences in the 
third instar. Below we describe genome-wide differences in 
transcript accumulation that accompany the events occur-
ring in both sexes after the winged and unwinged forms di-
verge. We extracted RNA from whole animals of eight dif-
ferent types: winged and unwinged fourth instar nymphs of 
both sexes, as well as winged and unwinged adults of both 
sexes. Three samples of each type, 24 total, were hybridized 
to a pea aphid cDNA microarray possessing probes to an es-
timated 10% of the coding genome (1,734 unique genes).

PCA reveals common differential transcript accumulation 
between female and male wing morphs

We used PCA to investigate how the eight aphid types are 
distributed with respect to the major axes of variation. PCA 
reveals that principal component 1 (PC1), which accounts for 
44% of the variance in the data, separates winged and un-
winged morphs within each sex and developmental stage 
(Figure 1). PC1 also partially separates sexes for each wing 
morph and developmental stage. PC2, which accounts for 
14% of the variance, primarily reflects differences between 
fourth instars and adults.
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males (141 and 131, q < 0.10). Likewise, the overall magni-
tudes of these fourth instar differences in transcript accumu-
lation are similar in both sexes.

In contrast, adult males exhibit a much larger number of 
differentially accumulated transcripts between wing morphs 
than do adult females (353 and 142 transcripts, respectively). 
Further, the overall magnitudes of these differences are much 
greater for males than for females (paired t-test, P = 2.2 × 10-5; 
also note greater contrast along the yellow to blue spectrum 
of fold differences shown for adult males, Figure 2A). This 
is due primarily to an increase in transcript levels in winged 
males upon maturation rather than a decrease in transcript 

morphs of each sex and developmental stage (Figure 2A). 
We performed qPCR on a subset of these transcripts to ver-
ify the differential transcript accumulation observed with the 
micro-array (supplementary Table S3). As a general measure 
of consistency, we determined the correlation between the 
average fold difference of the microarray data and the qPCR 
data to be 0.76 (n = 17), 0.64 (n = 17), 0.99 (n = 23), and 0.99 
(n = 23), for fourth instar females, fourth instar males, adult 
females, and adult males, respectively. We thus regard the 
overall patterns of the microarray data to be reliable.

In fourth instar nymphs, similar numbers of transcripts dif-
ferentially accumulate between wing morphs in females and
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muscle components: flightin, muscle actin, and myosin 1 
light-chain protein. Pea aphid flightin (CN584796; e-value = 2 
× 10-17 to Drosophila melanogaster flightin) in particular exhib-
its the greatest differential transcript accumulation in winged 
morphs of both sexes at both developmental stages (Table 1 
and Supplementary Table S3). In D. melanogaster, flightin’s 
gene product is a myosin rod-binding component of indi-
rect flight muscles (Vigoreaux et al. 1993; Ayer and Vigore-
aux 2003). It is associated with the assembly of indirect flight 
muscle thick filaments during late pupal development and 
necessary for thick filament stability of these muscles in adult 
flies; in flightin mutants, the indirect flight muscles degener-
ate following the initiation of contraction (Reedy et al. 2000). 
The disproportionately high levels of flightin transcript in 
winged versus unwinged morphs likely result from the pres-
ence and absence of indirect flight muscles in winged and 
unwinged morphs, respectively. Because of flightin’s role in 
maintaining flight muscles, however, it is possible that its 
differential transcript accumulation also plays a causal role 
in the morphological divergence of the wing morphs.

Function of differentially accumulated transcripts: energy 
production

Of the genes showing higher transcript levels in the winged 
morphs of both sexes (i.e., genes found in the overlap of Fig-
ure 2B), many are predicted to function in the mitochondria, 
including both nuclear-and mitochondrial-encoded genes. 
The proportion of transcripts with mitochondrial function is 
larger in fourth instars than adults (27 out of 40 for fourth in-

levels in unwinged males (data not shown). The larger num-
ber and greater magnitude of differences in transcript levels 
between adult male morphs relative to adult female morphs 
indicates that transcript levels in males diverge substantially 
as they transition from fourth instars to adults, underlying the 
unexpected observation of greater separation of adult male 
morphs relative to adult female morphs along PC1 (Figure 1).

In both sexes and both stages, most of the differentially 
accumulated transcripts show higher levels in the winged 
morph rather than the unwinged morph (Figure 2B, Supple-
mentary Tables S1 and S2). In both fourth instars and adults, 
much of this differential accumulation is found in both fe-
males and males (i.e., 54 transcripts for fourth instars and 67 
transcripts for adults differentially accumulate in the same 
direction between the wing morphs in both sexes, overlap 
in Figure 2B). Fourteen transcripts differentially accumulate 
between winged and unwinged morphs regardless of sex or 
developmental stage (Table 1). Only one transcript in this 
set, trehalase, shows higher levels in the unwinged morphs; 
the remaining transcripts show higher levels in the winged 
morphs. The identification of a substantial number of genes 
that show higher transcript levels in the winged morphs of 
both females and males suggests that the polyphenism and 
polymorphism rely upon similar gene products to develop 
and maintain the winged state.

Function of differentially accumulated transcripts: muscles

Among the genes showing higher transcript levels in winged 
morphs are homologs of genes whose products are known 
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transcript accumulation that we observe. Males may have co
opted the genetic and developmental programs used by fe-
males to reallocate resources from dispersal to reproduction.
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stars, 21 out of 54 for adults; supplementary Tables S1 and 
S2). In contrast, of the genes that show higher transcript lev-
els in the unwinged morphs of both sexes, none are known to 
have mitochondrial function (supplementary Tables S1 and 
S2). Consistent with differential mitochondrial function, bio-
logical process GO terms associated with energy production 
are significantly overrepresented among GO terms associ-
ated with the genes that show differential transcript accu-
mulation between wing morphs of both sexes (asterisks, Fig-
ure 2C). We observed similar results when we extended the 
analysis to the male and female data sets, which included the 
transcripts exhibiting shared differential accumulation (Fig-
ure 2C).

The observation that genes involved in energy produc-
tion show increased transcript levels in winged morphs rel-
ative to unwinged morphs is consistent with the metabolic 
requirements for the production of wings and muscles as 
fourth instars, and the capability of flight and the mainte-
nance of flight muscles as adults (Zera and Denno 1997).

Concluding remarks
We have characterized genome-wide changes in transcript 

accumulation that are associated with the developmental di-
vergence of the winged and unwinged morphs of female and 
male pea aphids. These data provide a foundation for future 
studies on the molecular and physiological basis of trade-
offs in life-history evolution. We have used these data to test 
the hypothesis that there are similarities in differential tran-
script accumulation, and possibly gene regulation, between 
the female wing polyphenism and the male wing polymor-
phism. We find that many transcripts differentially accumu-
late in both sexes, as fourth instar nymphs and as adults (Fig-
ures 1 and 2B). This indicates that similar gene products are 
associated with the divergent development and maintenance 
of wing morphs in the polyphenism and the polymorphism. 
Further, differential transcript accumulation between wing 
morphs that appears specific to the polymorphism or poly-
phenism nevertheless overlaps in function. Surprisingly, the 
extent of differential transcript accumulation between wing 
morphs appears to be more pronounced in adult males (Fig-
ures 1 and 2), contrary to our expectations based on differ-
ences in the morphology and considerations of reproductive 
investment. Although it is possible that this observed dispar-
ity between males and females was biased by a swamping ef-
fect of RNA from the daughter embryos of harvested females, 
the data support the hypothesis that male wing morphs, like 
female wing morphs, are subject to selective trade-offs be-
tween reproduction and dispersal.

Whereas the evolutionary relationship between wing poly-
phenism and polymorphism is not well understood, the 
winged state is ancestral for both females and males (re-
viewed in Braendle et al. 2006). The differences in morphology 
and behavior between wing morphs that are shared between 
females and males may be related to the shared patterns of 
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during the fourth instar (% < 0.10).
Table S2. Transcripts showing differential accumulation 

between winged and unwinged morphs of males and fe-
males as adults (% < 0.10).

Table S3. Quantitative PCR results.
Table S4. ESTs and their associated forward and reverse 

qPCR primers.
Figure S1. Numbers of genes showing significant differ-

ences in transcript levels between developmental stages and 
sexes. The number of transcripts showing significantly (q < 
0.10) higher levels (small arrow up) and lower levels (small 
arrow down) of transcript in adults relative to fourth in-
stars (horizontal comparisons) and males relative to females 
(vertical comparisons) are indicated for winged (A) and un-
winged (B) morphs. Most of the genes that show differen-
tial levels of transcript between stages decrease transcript 
levels during the transition from fourth instar to adult. This 
trend is true for all four aphid types, although the number 
of genes showing significant differences in transcript levels 
between stages are greater for males than for females (893 
and 340 versus 83 and 143 genes) and greater for winged 
than for unwinged males (893 versus 340 genes). The num-
ber of genes showing significantly different transcript lev-
els between females and males increases substantially upon 
maturation to adulthood. This increase is greater for winged 
aphids (0 genes as fourth instars to 1,155 genes as adults, 
representing two-thirds of the genes on our array) than for 
unwinged aphids (228 genes as fourth instars to 881 genes as 
adults). Although sexual differences are fewer in the fourth 
instars of both wing morphs, the lack of any detectable dif-
ferences between female and male winged fourth instars 
most likely reflects the observed delay in the developmental 
rate of winged versus unwinged morphs (Dixon and How-
ard 1986). In contrast to the relatively large number of genes 
showing a decrease in transcript levels during the fourth in-
star-adult transition, sexual differences in transcript levels 
were approximately equally divided between those that are 
higher in females and those that are higher in males.

Colored numbers indicate significant overrepresentation 
of biological process gene ontology terms relative to all genes 
on the array. Red indicates over-representation for genes in-
volved in protein synthesis whose products are components 
of ribosomes (q < 0.05). Of these, genes showing lower tran-
script levels in unwinged male adults relative to fourth in-
stars are also enriched for cuticle components (q < 0.05), 
while the group of genes lower transcript levels in winged 
and unwinged adult males relative to adult females is addi-
tionally enriched for transcripts whose products are found in 
intracellular vesicle coats (q < 0.10). Green indicates enrich-
ment for transcripts involved in transition metal ion binding, 
oxidoreductase activity, and carbohydrate metabolism (q < 
0.05) among genes showing higher transcript levels in un-
winged adult males relative to females.

The fact that genes with higher levels of transcript in male 
fourth instars relative to adults, and females relative to
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males, are enriched for genes involved in protein synthesis 
may reflect, respectively, a need to accommodate the diver-
gent gene expression that males experience upon maturation 
to adulthood and the demands of asexual reproduction and 
embryogenesis placed on fourth instar and adult females.

This material is available as part of the online article from: 
http://www.blackwell-synergy.com/doi/abs/10.1111/j.
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