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43 Discrete variation in wing morphology is a very common
44 phenomenon in insects and has been used extensively in
45 the past 50 years as a model to study the ecology and evol-
46 ution of dispersal. Wing morph determination can be purely
47 genetic, purely environmental, or some combination of the
48 two. The precise genetic determinants of genetically based
49 wing morph variation are unknown. Here we explore the
50 genetic basis of wing polymorphism in the pea aphid, which
51 can produce either winged or wingless males. We confirm
52 that three types of pea aphid clones coexist in natural popu-
53 lations, those producing winged males only, those producing
54 wingless males only, and those producing a mixture of both.
55 A Mendelian genetic analysis revealed that male wing poly-
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71 Introduction
72 In a wide variety of taxa, two or more discrete morphs
73 coexist with intermediate morphs rare or absent. Distinct
74 phenotypes can result from expression of alternative
75 alleles at specific loci. The resulting phenotypic variation
76 is referred to as ‘polymorphism’. Early reported
77 examples include the single-locus polymorphism for
78 color pattern in the snow goose Lampropeltis caerulescens
79 (Pough, 1951)�● <aq1>● � and the ladybird Harmonia
80 axyridis (Tan, 1946). Similar genetic polymorphisms have
81 been described for features of anatomy, life-cycle and
82 behavior. Alternatively, production of different morpho-
83 logies can be facultative and depend primarily on
84 environmental conditions experienced by each individual
85 as it develops. The resulting phenotypic variation is
86 referred to as ‘polyphenism’. The caste differentiation of
87 social insects, in which alternative castes may differ dras-
88 tically in morphology even though they are genetically
89 identical, is one of the most dramatic examples of polyph-
90 enic development (Wilson, 1971; Nijhout and Wheeler,
91 1982).
92 Discrete variation in wing morphology is a very com-
93 mon phenomenon in insects and has been used exten-
94 sively in the past 50 years as a model to study the ecology
95 and evolution of dispersal and life history traits1
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morphism in pea aphids is determined by a single locus, two
alleles system. Using microsatellite loci of known location,
we show that this locus is on the X chromosome. The exist-
ence of a simple genetic determinism for wing polymorphism
in a system in which genetic investigation is possible may
help investigations on the physiological and molecular
mechanisms of genetically-based wing morph variation. This
locus could also be used in the search for genes involved
in the wing polyphenism described in parthenogenetic
females and to investigate the interplay between polymor-
phisms and polyphenisms.
Heredity (2002) 88, 000–000. doi:10.1038/sj.hdy.6800146

(Harrison, 1980; Roff, 1986; Zera and Denno, 1997). One
of the alternative morphs is winged, displays migratory
tendency and has low fecundity, whereas the other
morph is short winged or wingless, sedentary and highly
fecund. Wing morph determination can be purely gen-
etic, purely environmental, or some combination of the
two (Roff and Fairbairn, 1991; Zera and Denno, 1997). In
species that have a genetically controlled wing length,
two types of genetic determination are known: single
locus systems, typically with the short winged (or
wingless) condition dominant, and polygenic systems
(Roff, 1986; Roff and Fairbairn, 1991; Fairbairn, 1994). In
a 1991 survey, single locus systems were listed for 31%
of the cases of wing dimorphism reported (Roff and Fair-
bairn, 1991). In species that have a strictly environmen-
tally controlled wing length, the environmental signal
appears to be mediated by the endocrine system, as with
other polyphenisms. It is well known, for instance, that
exogenous juvenile hormone (JH) can induce the wing-
less or short-winged morph in wing-polyphenic grass-
hoppers, crickets, and several species of Hemiptera
(McCaffery and Page, 1978; Hardie and Lees, 1985; Din-
gle and Winchell, 1997; Zera and Denno, 1997). JH could
also be the mediator in genetically controlled wing length
polymorphisms. According to the threshold model, the
segregating alleles could determine the titre of JH at some
critical stages for wing morph determination (Roff, 1986;
Roff and Fairbairn, 1991). If the JH titre is above a critical
threshold, short winged or wingless individuals are for-
med. Interestingly, the pea aphid represents a rare case
in which wing presence or absence is determined either
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genetically or environmentally, depending on the morph
of the individual (male or parthenogenetic female,
respectively).

Pea aphids (Acyrthosiphon pisum) are non-host-alternat-
ing cyclical parthenogens with a single sexual generation
in the fall and many successive parthenogenetic gener-
ations from early spring to late fall. Sexual morphs
(sexual females and males) are born from parthenogen-
etic females in the fall by a combination of cold tempera-
tures and decreased photoperiods. Sex determination is
of the XX/X0 (female/male) type. Males are generated
by an unusual oocyte division or ‘mini-meiosis’ in which
only one X chromosome undergoes reduction while the
other homologue is lost after failing to attach to the
spindle on metaphase plate (Orlando, 1974). Recent work
using molecular markers linked to sex chromosomes has
demonstrated, in the aphid species Sitobion near fragariae,
that the loss of one or the other X is equally probable
(Wilson and Sunnucks, 1997). In the spring, diapausing
eggs hatch into fundatrices representing the first par-
thenogenetic generation. Since no recombination occurs
during parthenogenesis (Blackman, 1987), each partheno-
genetic genotype essentially represents a clone. Sexual
females are mostly wingless (with notable exceptions,
Miyazaki, 1987) but winged and wingless individuals can
be found among parthenogenetic females, and among
males. The production of winged morphs in partheno-
genetic females is triggered by environmental stimuli
such as high density, short day length, low temperature
and /or poor food quality (Hardie and Lees, 1985). The
wing polyphenism of parthenogenetic females is thought
to be controlled by the JH, although the evidence is
equivocal (Hardie, 1980). In contrast, wing morph vari-
ation in males seems to have a clear genetic component
as shown for the pea aphid by Smith and MacKay (1989).
Clones of this aphid species collected in the field
appeared to fall into three distinct categories. Some
clones produced only wingless males, others produced
only winged males, and a third category of clones pro-
duced both winged and wingless males in a 1:1 ratio.

The coexistence of alternative (ie, environmental vs
genetic) control mechanisms within a single species
makes the pea aphid a unique study organism for exam-
ining the interplay between polyphenisms and polymor-
phisms. Although they are determined by different cues,
polyphenisms and polymorphisms may involve similar
genetic and developmental architectures. Both could
result from genetically based ‘switches’ which regulate
the expression of morph-specific alternative sets of genes
(Hazel et al, 1990; West-Eberhard, 1992; Roff, 1994a, b).
Determination of which set of genes will be expressed
(and therefore of which phenotype will be expressed)
could be governed by alleles at other loci within the gen-
ome (in the case of a genetically determined variation),
or by external cues correlated with a particular agent of
selection (in the case of an environmentally-determined
variation). Pea aphids thus may provide the opportunity
to uncover these developmental switches. An important
first step in this endeavour is the thorough characteriz-
ation of the genetic basis of wing polymorphism in pea
aphids. In this paper, we first replicate the experiments
of Smith and MacKay (1989) with clones of the pea aphid
collected in a different geographical area. Then, we
explore the genetic basis of wing polymorphism in males
of the pea aphid by conducting crosses between winged

192and wingless male-producing clones. Lastly, we use
193microsatellite markers to determine whether the locus
194that controls alary polymorphism is X-linked.

195Materials and methods
196We designed three experiments to analyze the genetic
197basis of wing polymorphism in males of pea aphids. In
198a first experiment, we evaluated the ratio of winged vs
199wingless males in 16 field-collected clones. These geno-
200types were collected in the summer of 1998, in alfalfa
201fields located in the vicinity of Ithaca (NY, Tompkins
202county, USA), in an area of approximately 40 square
203miles, and on the same plant species (Alfalfa, Medicago
204sativa). To induce the production of sexuals, and for each
205of the 16 clones, five 3rd instar parthenogenetic nymphs
206were taken from a stock culture (20°C, 16h:8h, L:D) and
207placed on alfalfa in a growth chamber at 18°C and a pho-
208toperiod of 13.5:10.5 (L:D). The photoperiod was then
209decreased every 3 days by 15 min until it reached a pho-
210toperiod of 12.5:11.5 (L:D). The temperature was then
211lowered to 16°C. Six to 7 weeks after the beginning of
212the induction, we started collecting males which can be
213easily recognized by the presence of two black claspers
214close to the tip of the abdomen (Miyazaki, 1987). For each
215clone, two replicates of this experiment were performed.
216In a second experiment, we performed reciprocal
217crosses between a clone producing only winged males
218(PBR8) and a clone producing only wingless males
219(LSR1). Sexual morphs for clones LSR1 and PBR8 were
220induced as described above. Six weeks after the begin-
221ning of the induction, we isolated sexual females and
222males from these stock cultures. In order to obtain virgin
223sexual females of known age, sexual females were iso-
224lated as nymphs from the stock culture and newly
225emerged adults were collected every day. Sexual females
226can be easily recognized by their thick hind tibia. Crosses
227were performed as described in Via (1992). Three repli-
228cates of two males and three females for each direction
229of the cross were established. All fertilized eggs produced
230throughout the life of the females were harvested, surface
231sterilized and placed in an incubator under daily cycles
232of 4°C during a 10 h day and 0°C during a 14-h night.
233After about 100 days of this cold treatment, eggs were
234removed from the incubator and the hatchling progeny
235were reared in Petri-dishes containing alfalfa foliage. Fif-
236teen F1 hybrid clones were obtained. Three months after
237these hybrid clones were initiated, thus after about six
238parthenogenetic generations, we chose two of them and
239crossed them to generate an F2 generation: winged males
240from one F1 hybrid clone Fem(PBR8)*Male(LSR1) were
241mated to sexual females from another F1 clone
242Fem(LSR1)*Male(PBR8). All resulting F2 clones were
243maintained under long-day conditions for 3 months,
244which corresponds to approximately five to eight par-
245thenogenetic generations. We analyzed the proportion of
246winged versus wingless males in eight F1 hybrid clones
247and 97 F2 hybrid clones. For each clone, we established
248two replicates containing three to four third-instar-
249nymphs, which were exposed to short-day conditions to
250induce the production of the sexual morphs as described
251above. Over the course of the following 2 months, we
252screened all F1 and F2 clones for the occurrence of winged
253and wingless males. Once a week, all adult males were
254counted, removed and their phenotype noted. For each
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255 clone that produced both winged and wingless males,
256 numbers of the two morphs were tested for departure
257 from a 1:1 ratio using a heterogeneity chi-Square test
258 (Zar, 1999).
259 In a third experiment, we genotyped eight field-col-
260 lected clones at 10 microsatellite loci, including three that
261 were X-linked. Microsatellites Sm10 and Sm11 were
262 cloned from Sitobion miscanthi (Sunnucks et al, 1997) and
263 were shown to exhibit cross-amplification for S. avenae by
264 Simon et al (1999). Microsatellites S10, S16b, S17b, S23,
265 S25, S30, S35 were also isolated from S. miscanthi (Wilson
266 and Sunnucks submitted) while Sa5L was cloned from
267 Sitobion avenae (JC Simon et al, unpublished). DNA from
268 individual aphids was extracted using the ‘salting-out’
269 protocol described by Sunnucks and Hales (1996). The
270 DNA was then resuspended in 20 to 40 �l of TE buffer
271 (10 mM Tris pH 7.5, 0.1 mM EDTA) depending on the
272 aphid size. The amount of DNA obtained was roughly
273 quantified by gel electrophoresis. Dilutions were then
274 performed in order to get a DNA concentration of about
275 5 to 7 ng/�l. Microsatellite amplifications were carried
276 out in 15 �l reaction mixtures consisting of 0.2 unit of Taq
277 polymerase (Promega), 1 × MgCl2-free reaction buffer, 2
278 mM MgCl2, 200 �M dNTP, 0.2 mM of each primer and
279 1 �l of the diluted aphid DNA. Amplifications were
280 made in a PTC-100 programmable thermal controller (MJ
281 Research) using a regime of initial denaturation at 94°C
282 for 3 min, followed by 40 cycles of denaturation at 94°C
283 for 1 min, annealing for 1 min with temperature
284 depending on locus and elongation at 72°C for 45
285 seconds. This was followed by an extend 72°C for 4 min.
286 For loci S10, Sm10, Sm11, Sa5L, annealing took place at
287 56°C, for S23 at 58°C, S24, S25, S30, and S35 at 62°C and
288 S17b at 68°C. A 1.8% agarose gel electrophoresis was
289 used to check the quality of the amplification and the
290 concentration of the PCR products. These were then
291 diluted by half with a 4 ×-loading buffer before electro-
292 phoresis. For each sample, about 2.5 �l (according to
293 concentration) of the diluted PCR product was run on a
294 6% polyacrylamide gel (with urea present) for 2h30 to 3
295 h at 1000 V and 75 W in 0.5 × TBE buffer. The gel was
296 silver stained as described in Budowle et al (1991). The
297 size of the alleles of each locus was estimated using a
298 sequencing ladder (sequence of pGEM -3Zf(+) vector
299 PROMEGA). An X-OMATRA photograph of the gel was
300 taken as a permanent document.

301 Results

302 Experiment 1
303 Three classes of clones were present among the 16 clones
304 surveyed for male wing polymorphism (Table 1): seven
305 clones produced only wingless males, two clones pro-
306 duced only winged males and seven clones produced
307 winged and wingless males. In clones producing both
308 male morphs, the number of wingless and winged males
309 produced did not differ significantly from 1:1 in any of
310 the clones (chi-square test, P � 0.05).

311 Experiment 2
312 F1 hybrids between a clone producing only wingless
313 males and a clone producing only winged males pro-
314 duced wingless and winged males in a 1:1 ratio (chi-
315 Square test, P � 0.05, Table 2). The direction of the cross1
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Table 1 Pattern of male morph production for 16 clones (two repli-
cates per clone). A chi-square test shows that, within a replicate,
the proportions of wingless and winged males are not different
(P � 0.05)

Clones replicate No. of No. of Chi-square
wingless winged test for

males males 1:1 ratio

PBG7 1 40 –
2 36 –

LSR3 1 78 70 NS
2 82 95 NS

FVG3 1 24 27 NS
2 25 28 NS

LSG1 1 32 26 NS
2 61 38 NS

PBR8 1 – 37
2 – 44

LSG2 1 104 –
2 101 –

PBG3 1 19 32 NS
2 26 31 NS

PBR2 1 – 21
2 – 20

LSR1 1 64 –
2 67 –

LSG3 1 30 –
2 35 –

PBG4 1 42 –
2 68 –

FVR1 1 45 –
2 29 –

PBG6 1 36 –
2 51 –

PBR7 1 41 32 NS
2 55 51 NS

LSR2 1 71 59 NS
2 54 61 NS

PBR1 1 29 21 NS
2 16 29 NS

Table 2 Pattern of male morph production for eight F1 hybrid
clones between a clone producing only wingless males (LSR1) and
a clone producing only winged males (PBR8). A chi-square test
shows that, within a replicate, the proportions of wingless and
winged males are not different (P � 0.05)

Cross F1 clone No. of No. of Chi-square
no. wingless winged test for

males males 1:1 ratio

Fem(PBR8)* 1 72 54 NS
male(LSR1) 2 101 69 NS

3 52 65 NS
4 75 70 NS

Fem(LSR1)* 1 164 159 NS
male (PBR8) 2 141 126 NS

3 75 86 NS
4 71 76 NS
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Table 3 Pattern of male morph production for 47 F2 hybrid clones
generated by mating a winged male from an F1 hybrid clone to a
female of another F1 hybrid clone. A heterogeneity chi-square test
shows that, overall, the proportions of wingless and winged males
are not different (P � 0.05)

F2 Clone No. of No. of F2 Clone No. of No. of
no. wingless winged no. wingless winged

males males males males

8 37 27 106 47 38
22 4 6 107 11 11
24 1 3 109 3 3
25 34 26 113 20 13
26 5 4 117 15 12
32 6 9 125 12 9
35 5 5 132 48 58
38 2 3 136 13 21
49 18 13 137 25 12
56 14 18 139 10 5
60 4 6 143 12 4
61 16 8 157 11 9
63 14 10 159 24 20
67 5 2 168 13 24
70 19 18 176 15 16
73 9 13 189 20 29
76 6 7 191 27 29
79 15 19 192 6 2
82 15 22 193 5 5
84 16 13 196 19 8
93 4 7 204 10 12
94 4 1 210 10 11
97 22 12
98 23 17
104 14 10

did not influence this ratio. Furthermore, 50 clones out
of 97 F2 hybrid clones (�50%) produced only winged
males while 47 clones (�50%) produced both winged and
wingless males. In those 47 heterozygous clones, the
number of wingless and winged males did not differ sig-
nificantly from 1:1 (Heterogeneity chi-Square test, P =
0.41, Table 3).

Experiment 3
Every aphid clone has a unique multilocus genotype
(Table 4). We determined whether the 10 microsatellite
loci were autosomal or X-linked by comparing the geno-
type of sexual females and males for each locus. Let us
consider a microsatellite locus with two alleles, a and b.
If this locus is located on the X-chromosome, then clones

Table 4 Genotype of eight clones (parthenogenetic females) at 10 microsatellite loci. Some clones share the same genotype at a given
microsatellite locus but each clone has a unique multilocus genotype

clones Microsatellite loci

S17b S23 S30 S5.L Sm10 S25 S35 S24 S10 Sm11

LSR2 216:218 135:137 172:174 205:205 150:153 135:135 109:109 167:171 105:107 142:144
LSR3 216:218 133:137 172:174 205:205 150:153 135:139 109:109 167:171 113:118 142:142
LSG2 218:218 133:137 172:174 205:205 150:150 135:135 109:109 167:171 118:118 142:149
LSG3 218:218 133:137 172:174 205:205 150:153 135:135 109:109 167:171 105:105 142:142
LSG1 216:218 133:133 172:172 205:205 150:150 135:135 109:109 167:171 105:118 142:142
FVG3 218:218 133:137 172:174 205:205 150:150 135:139 109:109 167:171 105:118 142:149
PBG7 216:218 133:137 163:172 205:205 150:150 135:135 109:109 170:174 113:118 142:142
PBR8 218:218 132:133 172:174 205:207 150:153 135:135 109:111 167:171 105:118 142:142

330that have heterozygous sexual females (XaXb) should also
331have males that display only one of the two alleles (they
332are either Xa0 or Xb0). Table 5 shows that three of the
33310 microsatellites considered were X-linked. For instance,
334sexual females of clone LSR2 are heterozygous for locus
335S17b (they have alleles 216 and 218) while the males have
336either allele 216 or allele 218. Last, we examined the geno-
337type of winged and wingless males for X-linked microsat-
338ellite loci S17b, S10 and Sm11 (Table 6). In clones that
339produce both wingless and winged males, we found that
340each morph inherited one of the two allele types carried
341by the females. Let us examine the case of LSR3 for
342instance. Sexual females (XX�) show two alleles for
343marker S10 while males (X0 or X�0), as expected, show
344only one allele type. However, the distribution of allele

12361237

1238Table 5 Genotype of eight clones (sexual females and males) at
1239three microsatellite loci (S17b, S10, Sm11). The presence of two
1240allelic categories within the males of heterozygous clones shows
1241that the locus is X-linked
1242
12431244

clones Locus S17b Locus S10 Locus Sm11
1249
12501251

LSR2 1253

Sexual females 216:218 105:107 142:144 1258

males 216 or 218 105 or 107 142 or 144
1263

LSR3 1265

Sexual females 216:218 113:118 142:142 1270

males 216 or 218 113 or 118 142
1275

LSG2 1277

Sexual females 218:218 118:118 142:149 1282

males 218 118 142 or 149
1287

LSG3 1289

Sexual females 218:218 105:105 142:142 1294

Males 218 105 142
1299

LSG1 1301

Sexual females 216:218 105:118 142:142 1306

males 216 or 218 105 or 118 142
1311

FVG3 1313

Sexual females 218:218 105:118 142:149 1318

males 218 105 or 118 142 or 149
1323

PBG7 1325

Sexual females 216:218 113:118 142:142 1330

males 216 or 218 113 or 118 142
1335

PBR8 1337

Sexual females 218:218 105:118 142:142 1342

males 218 105 or 118 142
1347
1348
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1354 Table 6 Genotype of sexual females, winged males and wingless males at an X-linked microsatellite locus. The male phenotype (winged
1355 or wingless) and the marker genotype cosegregate
1356
13571358

Clones Male phenotype X-linked locus Sexual females genotype Winged male genotype Wingless male genotype
1365
13661367

1368 LSR2 Both morphs Sm11 142:144 144 (n = 5) 142 (n = 5)1374

1375 LSR3 Both morphs S10 113:118 118 (n = 13) 113 (n = 14)1381

1382 Both morphs S17b 216:218 216 (n = 15) 218 (n = 15)1388

1389 LSG1 Both morphs S10 105:118 105 (n = 5) 118 (n = 4)1395

1396 FVG3 Both morphs Sm11 142:149 149 (n = 6) 142 (n = 5)1402

1403 LSG2 100% wingless Sm11 142:149 none 142 (n = 3) OR 149 (n = 7)1409

1410 PBG7 100% wingless S10 113:118 none 113 (n = 20) OR 118 (n = 8)1416

1417 100% wingless S17b 216:218 none 216 (n = 6) OR 218 (n = 7)1423

1424 PBG4 100% wingless S10 105:107 none 105 (n = 5) OR 107 (n = 5)1430

1431 PBR8 100% winged S10 105:118 105 (n = 4) OR 118 (n = 6) None
1437
1438

345 types among male morphs is not random. All winged
346 males bear one type of allele (they are all X0) while all
347 wingless males bear the alternate allele (they are all X�0).
348 In other words, variation at the S10 marker co-segregates
349 with phenotypic variation for the presence of wings in
350 males of pea aphids.

351 Discussion
352 The results of this study are most simply explained if
353 male wing morph is determined by alternative alleles at
354 a locus on the X-chromosome. If Wg and Wl represent
355 alleles for wingedness and winglessness respectively,
356 then sexuparae (parthenogenetic females precursors of
357 males and sexual females) can be XWgXWg and produce
358 100% of XWg0 males (winged), XWlXWl and produce 100%
359 of XWl0 males (wingless), or XWgXWl and produce 50% of
360 XWg0 (winged) and 50% of XWl0 (wingless) males. If a
361 clone that is XWgXWg (such as PBR8) mates with a clone
362 that is XWlXWl (such as LSR1), then all F1 hybrid clones
363 are XWgXWl and produce an equal proportion of winged
364 and wingless males (Table 2). If a winged male from a
365 F1 hybrid clone XWgXWl, thus carrying only XWg since
366 males are X0, mates with a female of another F1 hybrid
367 clone XWgXWl, then 50% of the progeny will be XWgXWl

368 while the rest will be XWgXWg. This genetic interpretation
369 was first proposed by Smith and MacKay (1989) but it
370 was not supported by genetic data. Our results show that
371 wing dimorphism in male pea aphids is determined by
372 a single sex-linked locus, hereafter called ‘WgMa’. This
373 locus appears to be sex limited in expression since sexual
374 females do not show phenotypic variation for wing mor-
375 phology, whatever their genotype at the locus WgMa is.
376 The existence of a simple genetic determinism for wing
377 polymorphism in a system in which genetic investigation
378 is possible may help investigations on the physiological
379 mechanisms of genetically-based wing morph variation.
380 Current knowledge of the precise determinants of poly-
381 morphism in general is very rudimentary (Nijhout, 1994,
382 1999). Wing polymorphism has been used for over a dec-
383 ade as a model for elucidating its physiological determi-
384 nants (Zera and Denno, 1997; Roff et al, 1997). The most
385 widely discussed hypothesis focuses on JH as the key
386 regulator of wing morph variation. The juvenile hor-
387 mone-wing hypothesis posits that an elevated JH titre
388 during critical stages of development inhibits the full
389 growth and differentiation of wings and/or flight
390 muscles resulting in short-winged or wingless morphs1
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(Southwood, 1961; Wigglesworth, 1961). Despite con-
siderable research effort, this hypothesis has been sup-
ported so far mostly by correlational data rather than
functional data (Fairbairn and Roff, 1999; Zera, 1999).
Knowledge of the causal relationship between endocrine
physiology and the production of alternative wing
morphs could be greatly enhanced using molecular tools
because it would help identifying candidate genes
responsible for the expression of alternative phenotypes.
The demonstration that male alary polymorphism in A.
pisum depends on a single locus-2 alleles system located
on the X chromosome is a first step toward the molecular
characterisation of a locus controlling wing morph vari-
ation.

Further analysis of the genetic basis of wing polymor-
phism in male pea aphids may also help elucidate the
proximate control of the wing polyphenism described in
parthenogenetic females. To date, most of the work on
these proximate mechanisms has focused on JH, but the
evidence for the involvement of this hormone is equivo-
cal. Some studies do not support the hypothesis that JH
is involved in aphid wing polyphenisms (reviewed in
Applebaum and Heifetz, 1999). Other studies reported
that application of anti-JH agents induced the production
of winged individuals (Mackauer et al, 1979; Delisle and
Cloutier, 1980). In one case, application of JH caused the
winged precursors of sexual females to develop into
wingless individuals but a similar experiment carried out
on regular parthenogenetic females showed no effect of
JH application (Hardie, 1980). Location and characteriz-
ation of the gene controlling male wing polymorphism
in pea aphids would provide a candidate gene to test JH
function during polyphenic development. Suppression of
this gene could cause asexual females to produce only
one of the phenotypes regardless of the presence or
absence of relevant environmental stimuli. Furthermore,
variation at the locus controlling the male wing polymor-
phism could account for variation in the propensity to
produce winged offspring of parthenogenetic females.
Pea aphid clones show considerable variation in the pro-
duction of winged offspring when exposed to the same
environmental stimulus, suggesting that there is heritable
variation in the sensitivity to the environmental cue gov-
erning morph production (Lamb and MacKay, 1979,
1983; Weisser and Braendle, 2001). This could be tested
by analyzing genetic variation in the production of
winged offspring and molecular variation in the vicinity
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of (and eventually at) the WgMa locus, for a set of field-
collected clones.

If the locus controlling male wing polymorphism in the
pea aphid is also involved in the wing polyphenism dur-
ing the asexual generations, this may may help under-
standing the interplay between polymorphisms and poly-
phenisms. Several lines of evidence suggest that they
involve similar genetic and developmental architectures.
First, phenotypes developed under environmental or
genetic control are sometimes strikingly similar. In the
case of variation in wing morphology in aphids for
instance, genetically-induced winged individuals and
environmentally-induced individuals are similar in many
morphological features including the structure of the sen-
sory system (eg, Kring, 1977). Second, in many instances
a similar alternative phenotype is expressed as an
environmentally controlled polyphenism in some species
and as a genetically controlled polymorphism in another
(closely related) species (Nijhout, 1999). Third, a similar
phenotype can be determined by either the environment
or variation at a single locus. In the buckeye butterfly,
Precis coenia, the autumn morph is most of the time
induced by low temperature and short days, but there
is also a gene (rosa) whose recessive allele produces the
autumn phenotype when homozygous (Rountree and
Nijhout, 1995). It appears likely that there is a
physiological/functional link between polyphenisms and
polymorphisms, but it remains unclear whether a geneti-
cally controlled polymorphism could evolve from an
environmentally controlled polyphenism (or vice versa).
As discussed by Nijhout (1999), once a polyphenism has
been established, it is possible for one or the other morph
to become fixed in a population. This is seen as advan-
tageous if the population enters a habitat that is not fav-
orable for induction of the polyphenic switch (West-Eber-
hard, 1989). A polymorphism-to-polyphenism transition
could also be achieved. If the genetic effect was originally
mediated by the endocrine system, there are many ways
in which hormone secretion, metabolism, thresholds, or
sensitive periods, could be made responsive to environ-
mental variation (Nijhout, 1999). At present, insufficient
genetic, endocrine, or developmental information is
available to examine the evolutionary transition between
polymorphism and polyphenism. The coexistence of both
a polyphenism and a polymorphism creating the same
alternative phenotypes in a single organism, and a single
genotype, gives the pea aphid the potential to become a
key model in the study of this transition.
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