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 22 
Abstract 23 

Supergenes are sets of genes and genetic elements that are inherited like a single gene and 24 
control complex adaptive traits, but their functional roles and units are poorly understood. 25 
In Papilio polytes, female-limited Batesian mimicry is thought to be regulated by a 26 
~130kb inversion region (highly diversified region: HDR) containing three genes, UXT, 27 
U3X and doublesex (dsx) which switches non-mimetic and mimetic types. To determine 28 
the functional unit, we here performed electroporation-mediated RNAi analyses (and 29 
further Crispr/Cas9 for UXT) of genes within and flanking the HDR in pupal hindwings. 30 
We first clarified that non-mimetic dsx-h had a function to switch from male to non-31 
mimetic female and only dsx-H isoform 3 had an important function in the formation of 32 
mimetic traits. Next, we found that UXT was involved in making mimetic type pale-33 
yellow spots and adjacent gene sir2 removed excess red spots in hindwings, both of which 34 
refine more elaborate mimicry. Furthermore, downstream gene networks of dsx, U3X and 35 
UXT screened by RNA sequencing showed that U3X upregulated dsx expression and 36 
repressed UXT expression. These findings demonstrate that a set of multiple genes, not 37 
only inside but also flanking HDR, can function as supergene members, which extends the 38 
definition of supergene unit than we considered before. Also, our results indicate that dsx-39 
H functions as the switching gene and some other genes such as UXT and sir2 within the 40 
supergene unit work as the modifier gene. 41 
 42 

Article summary 43 
Supergenes are thought to control complex adaptive traits, but their detailed function are 44 
poorly understood. In Papilio polytes, female-limited Batesian mimicry is regulated by an 45 
~130kb inversion region (highly divergent region: HDR) containing three genes. Our 46 
functional analysis showed that doublesex switches the mimicry polymorphism, and that 47 
an inside gene UXT and an outside gene sir2 to the HDR work to refine more elaborate 48 
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mimicry. We here succeed in defining the unit of mimicry supergene and some novel 49 
modifier genes. 50 

 51 
 52 
Introduction 53 

Batesian mimicry is a phenomenon in which a non-toxic species (mimic) escapes 54 
predation from predators such as birds by mimicking the appearance, colors, shape, and 55 
behavior of a toxic and unpalatable species (model) (1) and can be achieved only when 56 
multiple traits are properly combined. For example, the butterfly's wing pattern is 57 
composed of various colors and complex patterns, and unless almost all wing pattern 58 
elements are similar to the model species, mimicry cannot be achieved successfully. In the 59 
Batesian mimicry butterflies, it is also known that not only wing patterns and shapes but 60 
also the flying behavior should resemble the model species (2, 3). In addition, some 61 
Papilio species show polymorphic Batesian mimicry, but few intermediate offspring 62 
between mimetic and non-mimetic types was observed (4–7). These facts indicate that the 63 
multiple sets of traits for the mimicry are inherited in tightly linked manners, which have 64 
led to the “supergene” hypothesis (8). It was originally considered that supergene is 65 
composed of multiple flanking genes which are linked in the same chromosomal loci and 66 
inherited tightly together (9–13). On the other hand, it has also been hypothesized that a 67 
single gene or a single regulatory element may regulate complex phenotypes such as 68 
mimicry by controlling multiple downstream genes (14, 15). Although many studies have 69 
reported that the supergene loci may be involved in the formation of complex phenotypes, 70 
no attempt has made to reveal the functions of multiple genes within the supergene locus. 71 

In a swallowtail Papilio polytes, only females have the mimetic and non-mimetic 72 
phenotypes, and males are monomorphic and non-mimetic (Fig. 1A). The mimetic female 73 
of P. polytes has red spots on the outer edge of hindwings and pale-yellow spots in the 74 
center of hindwings, which mimics the unpalatable model butterfly, Pachliopta 75 
aristolochiae (6, 16, 17). The pale-yellow spots of the mimetic and non-mimetic forms 76 
differ not only in shape and arrangement, but also in the pigment composition (18, 19). 77 
Males and non-mimetic females fluoresce under the UV irradiation, whereas mimetic 78 
females and model species, Pachliopta aristolochiae, do not fluoresce under the UV 79 
irradiation (18, 19). It is also known that the mimetic female also resembles Pachliopta 80 
aristolochiae in the behavior of flight path (2). Previous studies have shown that mimicry 81 
is regulated by the H locus and that the mimetic female (H) is dominant to the non-82 
mimetic female (h) according to the Mendelian inheritance (6). Recently, whole genome 83 
sequences and genome-wide association studies have shown that about 130 kb of 84 
chromosome 25 which includes doublesex (dsx) is responsible for the H locus (Fig. 1B) 85 
(20, 21). The direction of this region differs between the H allele and the h allele due to 86 
the inversions at both ends, suggesting that the H allele evolved from the h allele, given 87 
the conserved structure for the h allele type among lepidopteran insects (20, 21). It is 88 
thought that recombination between the two alleles is suppressed by the inversion, and the 89 
accumulation of mutations and indels over the years has resulted in a highly diversified 90 
region (HDR) with low sequence homology between H and h (21). 91 

Nishikawa et al. (21) found in P. polytes, that knockdown of mimetic (H) type dsx (dsx-H) 92 
in the hindwings of mimetic females switched to a wing pattern similar to that of the non-93 
mimetic females using the electroporation mediated RNAi method (22, 23). Knockdown 94 
of non-mimetic (h) type dsx (dsx-h) did not cause such a switch, suggesting that dsx-H is 95 
essential for the formation of mimetic patterns, but the functional role of dsx-h is unknown 96 
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(21). The mimicry HDR contains not only dsx but also the 5'-untranslated region (UTR) 97 
portion of the Ubiquitously Expressed Transcript (UXT), a transcriptional regulator, and 98 
the long non-coding RNA Untranslated 3 Exons (U3X), present only in the HDR of the H 99 
allele (HDR-H) (Fig. 1B), but functions of UXT and U3X are still unclear (21). In P. 100 
memnon, which is closely related to P. polytes and exhibits female-limited Batesian 101 
mimicry, the locus responsible for mimicry (A) is a dsx-containing region of chromosome 102 
25 and consists of two types of HDRs with low homology between A-allele and a-allele 103 
(24–26). The mimetic-type HDR (HDR-A) of P. memnon also contains the 5'-UTR portion 104 
of UXT in addition to dsx (25). Although an inversion is present in P. polytes and absent in 105 
P. memnon, the left-side breakpoint/boundary sites of the mimicry HDR is commonly 106 
located (25). Furthermore, also in the closely related species, P. rumanzovia, which 107 
possesses the female-limited polymorphism, the left-side boundary of the mimicry HDR is 108 
thought to be located at the same position, i.e., in the 5’UTR of UXT (26, 27). These 109 
suggest that the left-side breakpoint/boundary sites of the mimicry HDR, i.e., the 5' UTR 110 
of UXT and its surrounding regions, may have an important role in the regulation of the 111 
polymorphism (27). Furthermore, in P. polytes, UXT and U3X are expressed in the 112 
hindwing, suggesting that these genes in the HDR may also be involved in the formation 113 
of mimetic patterns (21). 114 

Many supergenes show intraspecific polymorphism due to inversions, but in some cases, 115 
such as P. memenon, there is no inversion, but two types of HDR structures for mimetic 116 
and non-mimetic alleles are maintained (25). However, it has not been clear whether the 117 
functional unit of the supergene that regulates complex adaptive traits is limited in the area 118 
within the inversion or the region of low homology (i.e., HDR), or whether it extends to 119 
neighboring regions. Both in P. polytes and P. memnon, the external gene prospero, which 120 
is adjacent to the internal gene UXT in the HDR, has read-through transcripts only in 121 
mimetic females (21, 25). This suggests that some cis-regulatory element in the mimetic 122 
HDR may control the gene expression even in the external region, and that such a gene 123 
may be involved in the formation of the mimetic pattern. 124 

In this study, we would like to elucidate the involvement of multiple genes other than dsx-125 
H in the female-limited Batesian mimicry in P. polytes and the range of functional units in 126 
the supergene by examining the function of genes within and flanking the mimicry HDR. 127 
First, to search the allele- or phenotype- specific expression, the expression patterns of 128 
genes within and flanking the mimicry HDR were analyzed by RNA sequencing (RNA-129 
seq) and reverse transcription quantitative PCR (RT-qPCR). Second, we explored the 130 
more detailed function of dsx: dsx-H is thought to switch mimetic and non-mimetic 131 
phenotypes, but the functional roles of dsx-h and three isoforms in dsx have been unclear. 132 
Third, to know the function of UXT and U3X other than dsx within the HDR-H, as well as 133 
prospero and sir2 in close proximity to the outside of the HDR, we performed RNAi by in 134 
vivo electroporation (22, 23) and Crispr/Cas9 knockout for UXT. In addition, RNA-seq 135 
was performed on the dsx-H, UXT, and U3X gene knockdown wings and the control wings 136 
to elucidate the regulatory relationship and downstream genes of the three genes. 137 

 138 
 139 
Results  140 

Comparison of the expression levels of genes inside and flanking the mimicry HDR-141 
H 142 
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It is reported and that wing coloration occurs after day 9 of pupation (P9), and that the 143 
expression of dsx-H, which is thought to play a major role in the formation of mimetic 144 
patterns in P. polytes, peaked on days 1–3 of pupation (P1–P3), suggesting that the 145 
mimetic pattern formation is determined on days 1–3 of pupation (18, 21). Therefore, gene 146 
expression in the first half of the pupal stage was considered to be important for the 147 
mimetic wing pattern formation. In order to investigate whether each gene in and flanking 148 
the HDR-H is involved in these process, we examined the expression levels of the genes, 149 
prospero, UXT-H (UXT from H-allele), UXT-h (UXT from h-allele), U3X, dsx-H, dsx-h, 150 
Nach-like, and sir2, in the hindwing imaginal discs at the wandering stage (W) of the last 151 
instar larvae, P2 and P5, by RNA-seq (Table S1 shows the list of samples used). The 152 
results showed that Nach-like was not expressed at all in any developmental stage as 153 
reported in P. memnon (25). Other genes were expressed in mimetic females, non-mimetic 154 
females and males (Fig. 1C and fig. S1). 155 

In the RNA-seq data of mimetic females, dsx-H and dsx-h showed contrasting expression 156 
patterns. dsx-H showed a peak expression in the P2 stage, while dsx-h was highly 157 
expressed in the P5 stage (Fig. 1C). The expression of U3X, which is only present in the H 158 
locus, tended to show the constant expression and relatively high in P2, while the data was 159 
not statistically significant (Fig. 1C). There was no significant difference in the expression 160 
pattern of UXT between UXT-H and UXT-h, and the expression level of UXT was higher 161 
in W and P2 and significantly lower in P5 (Fig. 1C). The expression pattern of prospero 162 
was significantly larger in P2 as in dsx-H, and that of sir2 was largest in W as in UXT, but 163 
not statistically significant (Fig. 1C), In the RNA-seq experiment, we used three or more 164 
samples at each stage (W, P2, P5) for mimetic females, but insufficient numbers of 165 
samples for some non-mimetic females and males (Fig. S1), and thus we further 166 
performed RT-qPCR using P2 and P5 samples for mimetic females (Hh), non-mimetic 167 
females (hh), and males (Hh) (Fig. 1D).  168 

RT-qPCR showed that the dsx-H expression was significantly high in P2 of mimetic 169 
females but low in P5 and males in every stage (Fig. 1D). The dsx-h expression was 170 
significantly high in P5 of non-mimetic females compared to other stages, mimetic 171 
females and males (Fig. 1D). It is noteworthy that the expression of dsx was low in males 172 
at all stages (Fig. 1D). The highly expression of dsx-H in P2 of mimetic females is 173 
consistent with RNA-seq results (Fig. 1C) and previous studies, which may be related to 174 
the mimetic color pattern formation (21, 28). U3X was not detected in non-mimetic 175 
females (hh) because it is present only in the H locus, and was expressed in mimetic 176 
females and males at P2 and P5 stages (Fig. 1D). For UXT-H, there was no significant 177 
difference in expression levels among mimetic females and males in any stages (Fig. 1D). 178 
The expression of UXT-h was significantly greater in non-mimetic females (hh), probably 179 
because they are h homozygous, but it was particularly high in non-mimetic females in P5, 180 
about five times higher than the expression of UXT-h in mimetic females (Fig. 1D). The 181 
expression of sir2 and prospero in mimetic females was similar to that of RNA-seq 182 
results, and their expression was also observed in non-mimetic females and males (Fig. 183 
1D). The expression of sir2 was significantly higher in males in P5 than in mimetic or 184 
non-mimetic females (Fig. 1D). 185 

To summarize the results of the expression analyses by RNA-seq and RT-qPCR, dsx-H 186 
and dsx-h appear to be regulated separately, as dsx-H and dsx-h showed contrasting 187 
expression patterns. The trend of high expression at P2 as well as dsx-H was observed in 188 
prospero and U3X, and the trend of gradually decreasing expression at W, P2, and P5 was 189 
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observed in UXT-H, UXT-h, and sir2. Only dsx-h showed a tendency to increase 190 
expression at P5. 191 

 192 

 193 

Expression and functional roles of dsx-h and three isoforms of dsx 194 

It is important to clarify the functional roles of dsx-H and dsx-h in the evolution of 195 
mimicry supergene. Although the involvement of dsx-H in the formation of mimetic traits 196 
has been shown, the function of dsx-h has been unclear (19, 21, 29). The hindwing 197 
patterns of non-mimetic females and males are almost the same in the bright field, but 198 
there are minute differences when observed under the UV irradiation. In non-mimetic 199 
females, the innermost and second innermost pale-yellow spots do not fluoresce, whereas 200 
in males the innermost one fluoresces slightly and the second one fluoresces completely 201 
(see Nontreated in Fig. 2, A and B). We injected siRNA of the target gene (i.e., dsx in this 202 
case) into the hindwing immediately after pupation (Day 0 of pupation: P0) and performed 203 
electroporation to cover most of the hindwing, which induces RNAi only in the target area 204 
(22, 23). When dsx was knocked down in non-mimetic females (hh), the second pale-205 
yellow spot fluoresced, showing a similar pattern to males (Figs. 2A and S2). In males, 206 
however, there was no clear change after knockdown (Figs. 2B and S2), indicating that 207 
dsx-h maintains its original function of sexual differentiation in the hindwing as well as 208 
the mimetic pattern formation. 209 

In addition, dsx has three female isoforms (F1, F2, F3) both in dsx-H and dsx-h, and one 210 
isoform in dsx-H and dsx-h in males (20, 21). To investigate the function of the three 211 
isoforms in females, we performed expression analysis by RNA-seq and knockdown 212 
experiment by RNAi. There was no significant difference in the expression levels of F1, 213 
F2, and F3, but F3 showed relatively higher expression levels (Figs. 2C and S3). RNAi by 214 
in vivo electroporation showed that only the F3-specific knockdown of dsx-H changed the 215 
mimetic pattern to the similar of the non-mimetic pattern (Figs. 2, D–F and S4): red spots 216 
became smaller, and the non-mimetic specific pale-yellow spots appeared (Figs. 2F and 217 
S4). In the RNAi experiment, we confirmed that only the target isoform was down-218 
regulated by RT-qPCR (Fig. 2, G–I). These results indicate that only isoform 3 of dsx-H 219 
has an important function in the formation of mimetic traits. 220 

 221 

Functional analysis of UXT and U3X in the HDR  222 

In the UXT knockdown by siRNA injection in the hindwing, the pale-yellow spots were 223 
reduced, and the shape of pale-yellow region was flattened like non-mimetic phenotype, 224 
and the red spots were reduced or disappeared (Figs. 3A and S5). Knockout of UXT by 225 
Crispr/Cas9 was also performed. guide RNA was designed to target the functional domain 226 
of UXT, the prefoldin domain (Fig. S6A), and was injected into eggs immediately after 227 
egg laying together with Cas9 protein (CP-01, PNA Bio). A total of 294 eggs were 228 
injected and 21 adults were obtained (Mimetic female: 8; nonmimetic female: 5; male: 8, 229 
Fig. S6B). Eight of the mimetic females were subjected to PCR, cloning, Sanger 230 
sequencing to confirm the introduction of mutations (Fig. S7), and phenotypic 231 
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observation. The hatching rate (7.1%) of the injected individuals was very low, suggesting 232 
that UXT may have an important function in survival. Genotyping using DNA extracted 233 
from the abdomen, head and wings of emerged individuals yielded five types of sequences 234 
in which mutations were introduced (Fig. S7). We observed individuals with the mosaic 235 
knockout, in which the pale-yellow spots were flattened as in the non-mimetic form, and 236 
the red spots were reduced or disappeared (Fig. 3B). In only one individual, the pale-237 
yellow spots were changed, but the red spots were reduced in four individuals (Fig. S8). 238 
These results indicate that UXT is involved in mimetic pattern formation in both pale-239 
yellow and red spots. In pale-yellow spots, both dsx-H and UXT are involved in the 240 
mimetic pattern formation, but dsx-H acts to suppress the two pale-yellow spots 241 
characteristic of non-mimetic female in outer side of hindwings (Fig. 2F), whereas UXT is 242 
thought to be involved in the overall shape of the pale-yellow spots (Fig. 3A). 243 

In the U3X knockdown, the pale-yellow spots were extended downward (Figs. 3C and 244 
S9), and the red spots below the innermost pale-yellow spots, which were only slightly 245 
visible in the control, were enlarged (indicated by red arrow in Fig. 3C). Phenotypic 246 
changes were observed by U3X knockdown, but not simply a change from mimetic to 247 
non-mimetic phenotype. Since U3X is a non-coding RNA, the phenotypic changes 248 
observed upon knockdown of U3X may be due to changes in the expression of other genes 249 
that are regulated by U3X. The expansion of red and pale-yellow spots upon knockdown 250 
of U3X suggests the existence of genes that play a role in suppressing the excessive 251 
appearance of these spots.  252 

 253 

The regulatory relationship and downstream genes of the three genes inside the 254 
HDR-H 255 

Since all three genes in the HDR-H, dsx-H, U3X, and UXT, were found to be involved in 256 
the formation of mimetic patterns, we decided to examine their regulatory relationships 257 
and downstream genes. On the second day after injection (P2), siRNA un-injected 258 
hindwings (control) and injected hindwings (knockdown) were sampled for RNA 259 
extraction. The extracted RNA was subjected to RT-qPCR to confirm the decreased 260 
expression of the knocked-down gene (Fig. 4A), and RNA-seq was performed to compare 261 
the expression levels in the control and knockdown sides (the list of samples used for 262 
RNA-seq is shown in Table S2). First, we confirmed siRNA injections of dsx-H, UXT and 263 
U3X reduced the expression levels of the target genes (Fig. 4A). According to the 264 
comparative analyses, about 500 to 1500 differentially expressed genes (DEGs) were 265 
extracted as genes whose expression was decreased or increased when each gene was 266 
knocked down (Fig. 4B). 267 

We focused on the transcription factors and signaling factors whose expression is 268 
promoted by dsx-H, UXT, and U3X (Figs. S10 and S11), and found that wnt1, wnt6, and 269 
rotund (rn) were commonly down-regulated by knockdown of dsx-H, UXT, and U3X (Fig. 270 
4C). wnt1 and wnt6 have been reported to be involved in the mimetic pattern formation 271 
(29). When we knocked down rn, there was no characteristic change in the mimetic 272 
pattern, but there was an overall change in the color of the black, red, and pale-yellow 273 
regions, which seemed to become lighter (Figs. 4D and S12). When observed under UV 274 
irradiation in the rn knockdown wings, the UV fluorescence was observed in the pale-275 
yellow spots (Figs. 4D and S12), where UV fluorescence is not observed usually in the 276 
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mimetic form. From these observations, we consider that rn plays an important role in the 277 
pigment synthesis characteristic of the mimetic phenotype. 278 

We next examined the expression levels of genes inside and flanking the HDR (dsx-H, 279 
dsx-h, UXT, U3X, prospero, sir2, rad51) upon knockdown of dsx-H, UXT, and U3X. 280 
These genes were not included in the DEGs described above, but because the 281 
transcriptome sequence information used for screening was incomplete for the genes 282 
inside and around the HDR (especially for dsx, incomplete transcripts containing dsx 283 
fragments and male isoforms are included.), we manually constructed transcript sequence 284 
data and mapped them again for detailed examination. UXT, U3X, prospero, sir2 and 285 
rad51 were mapped to the full length of mRNA, and dsx-H and dsx-h were mapped to the 286 
open reading frame (ORF) sequences of female isoform. When dsx-H was knocked down, 287 
the expression of dsx-H was significantly decreased, but no significant expression changes 288 
were observed in other genes (Fig. 4E). Similarly, when UXT was knocked down, the 289 
expression of UXT tended to decrease (not statistically significant), but there was no 290 
significant effect on the expression of other genes (Fig. 4E). On the other hand, notably, 291 
when U3X was knocked down, in addition to the downward trend of U3X expression (not 292 
statistically significant), the expression of dsx-H was significantly decreased and the 293 
expression of UXT was significantly increased (Fig. 4E). 294 

 295 

Functional analysis of prospero and sir2, two proximal genes outside the HDR-H 296 

Next, the functional roles of prospero and sir2 which locate in close proximity to the HDR 297 
region but outside the inversion, were analyzed in mimetic female hindwings by in vivo 298 
electroporation mediated RNAi. In the prospero siRNA injected hindwing, there were no 299 
obvious changes, but the red spots characteristic of the mimetic form were subtly enlarged 300 
(Figs. 5A and S13). In the case of sir2 RNAi, the pale-yellow spots were flattened like 301 
non-mimetic phenotype, and the red spots were enlarged under the innermost pale-yellow 302 
spots (Figs. 5B and S14). The decreases in prospero and sir2 expressions by RNAi were 303 
confirmed by RT-qPCR, and although not statistically significant, there was a tendency 304 
for those expressions to decrease in the knockdown side (Fig. S15). These results suggest 305 
that multiple adjacent genes outside the HDR are involved in the formation of mimetic 306 
patterns. 307 

 308 
Discussion  309 

In this paper, using the in vivo electroporation mediated RNAi method, we show that not 310 
only dsx, but also UXT and U3X in the inversion region for the H-allele, furthermore even 311 
outside flanking genes prospero and sir2 are involved in the mimetic wing pattern 312 
formation in P. polytes (Figs. 3, 5 and 6A). The transcription factor dsx has been thought 313 
to function as a mimicry supergene as a single gene because it induces downstream genes 314 
to form the mimetic trait (20, 30). However, the present experiments indicate that multiple 315 
genes are involved in pattern formation. These genes are not downstream genes of dsx-H 316 
(Fig. S10), but are likely to function as members of the supergene. On the other hand, it is 317 
also important to note that we found that the expression of U3X may induce the expression 318 
of dsx-H (Fig. 4E). U3X is a long non-coding RNA not found in the h-allele and other 319 
genomic regions and is thought to have arisen specifically in HDR-H during evolution. 320 
U3X is located upstream of the transcription start site of dsx-H, and U3X may cis-regulates 321 
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dsx-H expression. In Daphnia magna, long non-coding RNAs are also present upstream of 322 
dsx and regulate dsx function (31), which indicates that further investigating more details 323 
of the regulatory mechanism of U3X expression are necessary. The knockdown of U3X 324 
did not necessarily cause a change from the mimetic to the non-mimetic patterns, but the 325 
RNA-seq results showed that U3X also repressed the expression of UXT, suggesting that 326 
the knockdown of U3X may have had the effect of increasing the gene expression of UXT 327 
(Figs. 3C and 4E). Knockdown of UXT switches the pattern to resemble the non-mimetic 328 
phenotype, including flattening of the upper part of the pale-yellow spots in the center of 329 
the hindwing (Fig. 3A). Importantly, the mosaic knockout of UXT in Crispr/Cas9 resulted 330 
in a similar phenotypic change (Fig. 3B), and the results were consistent between the two 331 
completely different experimental methods.  332 

By functional analysis of dsx-h, which has been considered to have no specific function, it 333 
was shown that dsx-h induced non-mimetic patterns in females (Fig. 2A). This clearly 334 
indicates that the non-mimetic pattern in males is a default trait, and if dsx-h is expressed 335 
there, it becomes non-mimetic female, and if dsx-H is expressed there, it becomes mimetic 336 
female (Fig. 6B). This result suggests that dsx-h was originally involved in the regulation 337 
of sexual dimorphism in wing pattern, and the recombination was suppressed by an 338 
inversion, resulting in the differentiation of dsx-H and the evolution of female-limited 339 
Batesian mimicry. In butterflies, the evolution of female-limited polymorphism based on 340 
sexual dimorphism has been frequently hypothesized from evolutionary studies (30, 32). 341 
Furthermore, functional analysis suggests that only isoform 3 of dsx-H, induces a mimetic 342 
pattern among the three female isoforms in this study (Fig. 2, D–F). The expression levels 343 
of each isoform were not significantly different (Fig. 2C), suggesting that the function of 344 
isoform 3 as a protein is important for the induction of mimetic traits, rather than the 345 
regulation of expression. Dsx is a transcription factor involved in sexual differentiation, 346 
and each isoform binds to a different response element, suggesting that the downstream 347 
gene network may change among three isoforms. Iijima et al. (29) explored the 348 
downstream gene network of dsx-H for all isoforms, and it may be necessary to explore 349 
the downstream genes specific to isoform 3 of dsx-H for clarifying the mimicry 350 
mechanism in the future.  351 

In recent years, many examples have been reported of supergenes in which complex 352 
adaptive phenotypes showing intraspecific polymorphism are regulated throughout a 353 
certain region of the chromosome (33, 34), but this study is the first to investigate the 354 
functions of multiple genes in and flanking the HDR and to show that the gene cluster 355 
adjacent to dsx work as a supergene (Fig. 6A). dsx-H is thought to switch the phenotype 356 
from a non-mimetic to a mimic phenotype, and genes such as UXT and sir2 are thought to 357 
make the mimetic phenotype more similar to the model (Fig. 6B). Genes such as dsx-H are 358 
called the mimicry gene, while those such as UXT and sir2 are called modifier genes that 359 
are fine-tuned to improve mimicry (35–38). It is predicted that the mimicry gene evolved 360 
first, and modifier genes evolved later (35–38). We hypothesize about the evolution of the 361 
mimicry supergene in P. polytes as follows. First, inversion occurred around dsx, and then 362 
dsx-H and U3X originated, and mimicry females evolved, then U3X and cis-regulatory 363 
elements in the HDR may establish a regulatory mechanism for the expression of 364 
surrounding genes, and these genes may come to act as modifier genes (Fig. 6). 365 

On the other hand, the results of expression analysis of each gene do not clearly indicate 366 
the regulatory relationships among genes in and flanking the mimicry HDR, and whether 367 
each gene is involved in the control of mimicry pattern formation (Fig. 1, C and D). In this 368 
study, all mRNA samples were prepared from the entire hindwing, and thus if a gene is 369 
expressed in a specific region (e.g., red spot region), it may not be possible to clearly 370 
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judge the functional involvement of the gene in a mimetic pattern from the expression 371 
level. The only way to solve this problem is to compare the expression of each gene by in 372 
situ hybridization. In addition, we here compared gene expression levels at only three 373 
developmental timing: W (the first stage of the prepupa), P2, and P5. In order to obtain 374 
clear results, it is necessary to continuously compare gene expression levels at a wider 375 
range of time points. Furthermore, due to technical limitations, electroporation-mediated 376 
RNAi (siRNA injection) in the wing can only be performed immediately after pupation, 377 
which may not necessarily correspond to the time when each gene is functioning. In the 378 
case of dsx-H knockdown, it is noteworthy that the mimetic pattern is switched to the non-379 
mimetic pattern even if RNAi is performed immediately after pupation (21), suggesting 380 
that the fate of pattern formation is carried over at least to the early pupal stage. If RNAi 381 
can be applied to other stages of development, the functional role of each gene can be 382 
more clarified. 383 

We would like to reconsider what is a supergene. Historically, it was assumed that 384 
multiple genes work together to produce more complex traits and to prevent 385 
recombination by placing genes adjacent to each other on the chromosome to avoid 386 
intermediate forms in the next generation, and such regions were defined as supergene (9–387 
13). In many of supergenes, chromosomal inversions are observed, and the structural 388 
diversity of multiple alleles is thought to be fixed by the inversions. And, Thompson and 389 
Jiggins (39) defined supergene as 'a genetic architecture involving multiple linked 390 
functional genetic elements that allows switching between discrete, complex phenotypes 391 
maintained in a stable local polymorphism'. In the case of the female-limited polymorphic 392 
Batesian mimicry of P. polytes and its close relative, P. memnon, the whole genome 393 
sequence and GWAS showed that the causative region of the mimicry was a 150-kb 394 
region including dsx on chromosome 25 (25). Both species have two types of low 395 
homology sequences (HDRs) corresponding to mimetic and non-mimetic alleles, but there 396 
is an inversion between the two alleles in P. polytes, but not in P. memnon (25). It is not 397 
clear how sequence diversity arose and was maintained in P. memnon, but at least in P. 398 
memnon, the supergene cannot be defined in terms of the internal region of inversion. 399 
Then, it may be possible to define a supergene inside an HDR with low sequence 400 
homology, but is it possible to define a supergene including outer regions adjacent to an 401 
HDR with low sequence homology? This is an important question for understanding how 402 
we should think about the unit of the supergene and how the supergene has evolved. 403 

Most supergene by an inversion contain more than a few dozen genes (some large 404 
supergenes contain more than 100 genes) (33, 34). However, there has been no evidence 405 
that multiple genes belonging to the supergene are involved in complex adaptive traits. 406 
The fact that the mimicry supergene of P. polytes is only 130 kb in size and contains only 407 
three genes in the inversion region makes it more suitable than other supergenes for 408 
answering the above questions. In addition, it is a great advantage to be able to discuss it 409 
in comparison with the supergene of a related species, P. memnon, which does not have an 410 
inversion. Further investigation of gene function around the HDR, using multiple closely 411 
related species, will reveal more details about the function and evolution of the supergene.  412 

Our present results suggest that the unit of the mimicry supergene can be defined to 413 
include at least the external neighboring genes. The results of comparative transcriptome 414 
analysis after knockdown of dsx-H, U3X, and UXT did not show that the expressions of 415 
sir2 and prospero were not affected as downstream genes of the 3 genes, suggesting that 416 
sir2 and prospero expression is likely to be regulated by some cis-elements within HDR-417 
H. The existence and location of cis-regulatory elements need to be investigated in the 418 
future, including possible epigenetic regulation of multiple genes in HDR-H. The 419 
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significance of having related genes adjacent to each other on the chromosome should also 420 
be re-considered from the perspective of such expression regulation. For example, in the 421 
past, recombination sites may have been located further out and HDR dimorphism may 422 
have been more widespread, including adjacent sir2 and prospero. In the process of 423 
evolution, sir2 and prospero acquired functions involved in the pattern formation in 424 
addition to their original functions, and if these genes are able to work, they may not 425 
necessarily be in the recombination repression region. However, the regulation of their 426 
expressions may need to be affected by cis-regulatory elements inside the HDR-H. 427 
 428 

 429 
Materials and Methods 430 

Butterfly rearing 431 

We purchased wild-caught P. polytes from Mr. Y. Irino (Okinawa, Japan) and Mr. I. Aoki 432 
(Okinawa, Japan), and obtained eggs and used for the experiment. The larvae were fed on 433 
the leaves of Citrus hassaku (Rutaceae) or on an artificial diet, and were kept at 25 °C 434 
under long-day conditions (light:dark = 16:8 h). Adults were fed on a sports drink (Calpis, 435 
Asahi. Japan). 436 

 437 

Analysis of expression levels of genes in and flanking the HDR 438 

In this study, we used the entire hindwing of P. polytes to analyze the expression levels of 439 
internal (U3X, UXT, dsx) and external flanking genes (Nach-like, sir2, prospero) in the 440 
HDR by RNA-seq and RT-qPCR. In addition to the published RNA-seq read data of P. 441 
polytes (BioProject ID: PRJDB2955) (21), newly sampled RNA was used for the analysis. 442 
The sample list used in the experiment is shown in Table S1. The newly added RNA-seq 443 
reads were obtained by the following procedure. The entire hindwing was sampled for 444 
RNA extraction on pupal day 2 (P2) and pupal day 5 (P5), and RNA extraction was 445 
performed using TRI reagent (Sigma) in the same manner as Nishikawa et al. (21) and 446 
Iijima et al. (29). The extracted and DNase I (TaKaRa, Japan) treated RNA was sent to 447 
Macrogen Japan Corporation for library preparation by TruSeq stranded mRNA (paired-448 
end, 101 bp) and sequenced by Illumina platform. The obtained RNA-seq reads were 449 
quality-checked by FastQC (version 0.11.9) (40), mapped by Bowtie 2 (version 2.4.4) 450 
(41), and the number of reads was counted using SAMtools-(version 1.14) (42). Based on 451 
the number of reads, FPKM (Fragments Per Kilobase of transcript per Million mapped 452 
reads) was calculated (FPKM=number of mapped reads/gene length(bp)/total number of 453 
reads×109). For mapping, full-length mRNA sequences including UTRs were used for 454 
prospero, UXT-H, UXT-h, U3X, sir2, and Nach-like, and ORF region sequences were used 455 
for dsx-H and dsx-h. dsx-H and dsx-h were mapped to three female isoforms for female 456 
individuals and one male isoform for male individuals. Sequence information for each 457 
gene was obtained from Nishikawa et al. (21) and Iijima et al. (29). 458 

The expression levels of U3X, UXT-H, UXT-h, dsx-H, dsx-h, sir2, and prospero were also 459 
analyzed by RT-qPCR. RNA obtained by the above method was subjected to cDNA 460 
synthesis using Verso cDNA synthesis kit (Thermo Fisher Scientific). The qPCR was 461 
performed using Power SYBR® Green Master Mix (Thermo Fisher Scientific) by 462 
QuantStudio 3 (ABI). The detailed method was followed by Iijima et al. (29). A total of 18 463 
whole hindwing samples from 18 individuals were used, including three each of mimetic 464 
females (Hh), non-mimetic females (hh), and males (Hh) of P2 and P5. RpL3 was used as 465 
an internal standard and the primers used are shown in Table S2.  466 
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 467 

Knockout of UXT by Crispr/Cas9 468 

A single guide RNA (sgRNA) was used to generate deletions and frameshifts within the 469 
prefoldin domain of UXT (Figure S6). A sgRNA was designed using CRISPRdirect 470 
(https://crispr.dbcls.jp), and the specificity of the sequence of sgRNA was assessed using 471 
BLAST to ensure that there were no multiple binding sites. The target sequence is shown 472 
in Figure S6a. The sgRNA template was generated by PCR amplification with forward 473 
primers encoding the T7 polymerase binding site and the sgRNA target site 474 
(Pp_UXT_F1modi, 475 
GAAATTAATACGACTCACTATAGGCCGACCAGAAGCTTCATCGTTTAAGAGCT476 
ATGCTGGAAACAGCATAGC), and reverse primers encoding the remainder of the 477 
sgRNA sequence (sgRNA_Rmodi, 478 
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATT479 
TAAACTTGCTATGCTGTTTCCAGCATA), using Phusion DNA polymerase (M0530, 480 
New England Biolabs, Ipswich, MA, USA) (43). In vitro transcription was performed 481 
using the Megascript T7 Kit (Thermo Fisher Scientific) and sgRNA was purified with the 482 
MEGAclear Transcription Clean-Up Kit (AM1908, Thermo Fisher Scientific). To collect 483 
eggs for injection, host plants were provided to female butterflies and allowed to lay eggs 484 
for 1 hour. The obtained eggs were aligned on a glass slide and fixed with an instant glue 485 
Aron Alpha (Toagosei Company, Japan). The fixed eggs were disinfected with formalin 486 
for 3 min, the tip of the glass capillary was cut with a razor at an angle of 30–40°, 487 
perforated with a tungsten needle, and the capillary was injected with an injection mixture 488 
containing sgRNA (500 ng/ul) and Cas9 protein (CP-01, PNA Bio; 500 ng/ul) (injection 489 
pressure Pi 100 Pa, steady pressure Pc 40–80 Pa). Finally, the holes were sealed with 490 
Arone Alpha, placed in a Petri dish, and stored in a plastic case along with a well-491 
moistened comfort towel. The hatched larvae were reared in the same manner as described 492 
above. The emerged adults were observed for phenotype, and parts of the head, abdomen 493 
and wings were taken for genotyping. DNA was extracted using a phenol-chloroform 494 
protocol and PCR amplified across the target sites (primers, Pp_UXT_cr_F1, 495 
ttcgtgttcaggatcaacag; Pp_UXT_cr_R1, tatttgttaactgcccgatg). PCR products were used to 496 
perform TA cloning, Sanger sequencing, and genotyping. 497 

 498 

Functional analysis by RNAi using in vivo electroporation 499 

siDirect (http://sidirect2.rnai.jp/) was used to design the siRNAs. The target sequences 500 
were blasted against the predicted gene sequence (BioProject: PRJDB2954) and the 501 
genome sequence (BioProject: PRJDB2954) in P. polytes to confirm that the sequences 502 
were highly specific, especially for the target genes. The designed siRNA was synthesized 503 
by FASMAC Co., Ltd. (Kanagawa, Japan). The RNA powder received was dissolved in 504 
Nuclease-Free Water (Thermo Fisher, Ambion), adjusted to 500 μM, and stored at -20°C. 505 
The sequence information of the siRNA used is listed in Table S3. A glass capillary 506 
(Narishige, GD-1 Model, Glass Capillary with Filament) was processed into a needle 507 
shape by heating it at HEATER LEVEL 66.6 using a puller (Narishige, PP-830 Model). 508 
The capillary was filled with siRNA. siRNA was adjusted to 250 μM when only one type 509 
of siRNA was used for one target gene (dsx-H, dsx-h&H, UXT, U3X, rn), and 500 μM 510 
siRNA solution was mixed in equal amounts when two types of siRNA were mixed for 511 
one target gene (prospero, sir2). The capillary was filled with siRNA and 4 μl of siRNA 512 
was injected into the left hindwing under a stereomicroscope using a microinjector 513 
(FemtoJet, eppendorf). Then, siRNA was introduced into only the positive pole side of the 514 
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electrode by applying voltage (5 square pulses of 7.5 V, 280 ms width) using an 515 
electroporator (Cellproduce, electrical pulse generator CureGine). A PBS gel (20×PBS: 516 
NaCl 80g, Na2HPO4 11g, KCl 2g, K2HPO4 2g, DDW 500ml; 1% agarose) was placed on 517 
the dorsal side of the hindwing and a drop of PBS was placed on the ventral side of the 518 
hindwing. The detailed method follows that described in the previous paper (22). The 519 
pictures of all the individuals who performed the function analysis are described 520 
collectively as Supplementary figures. 521 

 522 

Regulatory relationship of dsx-H, UXT, and U3X expression by RNAi and 523 
downstream gene screening  524 

After sampling the hindwings of individuals with dsx-H, UXT, and U3X knockdown by 525 
RNAi in the P2 stage with the siRNA-injected side as knockdown and the non-injected 526 
side as control, total RNA was extracted and DNase I treated RNA was sent to Macrogen 527 
Japan Corporation. Libraries were prepared using TruSeq stranded mRNA (paired-end, 528 
101 bp) and sequenced using the Illumina platform. Sample and read information are 529 
shown in Table 4. dsx-H_Control_2 and dsx-H_knockdown_2 are the read data used in a 530 
previous study (29). We first performed quality check using FastQC (Version 0.11.9) (40), 531 
and the reads were mapped to the transcript sequences of P. polytes to calculate the 532 
expression levels. The transcript sequence was obtained from NCBI, 533 
GCF_000836215.1_Ppol_1.0_rna.fna (BioProjects: PRJNA291535, PRJDB2954). 534 
Because the transcript sequence information of the genes around H locus described in 535 
GCF_000836215.1_Ppol_1.0_rna.fna was incomplete (H and h derived transcripts of dsx 536 
and UXT were confused), read mapping to the genes around H locus (prospero, UXT, 537 
U3X, dsx-H, dsx-h, sir2, rad51) was performed separately: the full-length mRNA 538 
sequences including UTRs were used for prospero, UXT, U3X, sir2, and rad51, and the 539 
ORF region sequences for dsx-H and dsx-h were used. Mapping and calculation of FPKM 540 
value were performed as described above. 541 

In addition, R software was used to extract genes with variable expression by statistical 542 
analysis of read data, and comparison between two groups with correspondence using 543 
Wald-test of DESeq2 (version 3.14) (44) was performed. The transcription factors and 544 
signaling factors were extracted using the GO terms of the top hit amino acid sequences 545 
by Blastx against the Uniprot protein database. “Transcription factor activity” 546 
[GO:0003700], “DNA-binding transcription factor activity, RNA polymerase II-specific” 547 
[GO:0000981] as transcription factors and “signaling receptor binding” [GO:0005102], 548 
“DNA-binding transcription factor activity” [GO:0003700] as signaling factor. 549 

 550 

Statistical analysis 551 

Statistical analysis of the data was performed with R software (45). In the analysis of gene 552 
expression levels (Figs. 1, C and D and 2C), we explored the effects of stage and/or 553 
genotype/sex using a generalized linear model (GLM) with a normal distribution. Tukey’s 554 
post hoc tests were used to detect differences between groups using the “glht” function in 555 
the R package multcomp (46); P<0.05 was considered statistically significant. For the 556 
analysis to examine the effects of gene knockdown (Figs. 2, G–I, 4A and S15), one-tailed 557 
paired t-test was used; P<0.025 was considered statistically significant. 558 

 559 
 560 

 561 
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 708 

Fig. 1. Wing patterns, 709 
structure of mimicry 710 
highly diversified region 711 
(HDR) and expression of 712 
genes within and flanking 713 
the HDR in Papilio 714 
polytes.  715 

(A) Wing patterns of adult 716 
male and non-mimetic and 717 
mimetic females of P. 718 
polytes, and toxic model, 719 
Pachliopta aristolochiae. 720 
Mimicry is regulated by H 721 
locus and mimetic allele (H) 722 
is dominant over the non-723 

mimetic allele (h). (B) Detailed structure of mimicry HDR in P. polytes (21, 25). The direction of 724 
the HDR is reversed between h and H (i.e., inversion). Putative breakpoints of the HDRs are 725 
indicated by orange dotted lines. The breakpoint on the left side is located inside the 5’-726 
untranslated region (UTR) of the ubiquitously expressed transcript (UXT) gene, and that on the 727 
right side is located just on the outer side of doublesex (dsx). (C) Expression levels of genes 728 
within and flanking the HDR in hindwings of mimetic (Hh) females at the wandering stage (W) of 729 
the late last instar larvae, 2 day after pupation (P2) and 5 day after pupation (P5). FPKM values 730 
by RNA sequencing are shown with the error bars of standard error. Different letters indicate 731 
significant differences (Tukey post hoc test, P<0.05). (D) Relative expression levels of genes 732 
within and flanking the HDR in hindwings of mimetic (Hh) and non-mimetic (hh) females and 733 
males (Hh) at P2 and P5 estimated by RT-qPCR. RpL3 was used as the internal control. Red, 734 
white, and black bars indicate mimetic and non-mimetic females and males, respectively. Error 735 
bars show standard error. Different letters indicate significant differences (Tukey post hoc test, 736 
P<0.05). Photo Credit: Shinya Komata, The University of Tokyo.  737 
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 738 
Fig. 2. Functional 739 
analyses of dsx-h 740 
and dsx three 741 
female isoforms in 742 
Papilio polytes.  743 
(A, B) Knockdown 744 
of dsx-h in the left 745 
hindwings of non-746 
mimetic (hh) 747 
female (A) and 748 
male (B). The 749 
siRNA was 750 
injected into the 751 
left pupal hindwing 752 
immediately after 753 
pupation and 754 
electroporated into 755 
the dorsal side. 756 
Pale-yellow spots 757 
are numbered 758 
starting from the 759 
inside. The 760 
numbered spots in 761 
red indicate those 762 
whose UV 763 
response was 764 
altered by 765 
knockdown. In 766 
non-mimetic 767 

females (A), knockdown of dsx changed the second spot to produce UV fluorescence like males 768 
(hh) (B). Scale bars, 1cm. Supplementary Figure S2 show other replicates. (C) Gene expression 769 
levels of each dsx isoforms in mimetic (Hh) females. FPKM values were calculated by RNA-seq 770 
at the wandering stage (W) of the late last instar larvae, at 2 day after pupation (P2) and at 5 day 771 
after pupation (P5). Orange bars indicate the expression levels of dsx isoforms from mimetic (H) 772 
allele and gray bars indicate from non-mimetic (h) allele. F1, F2 and F3 means female isoform 1, 773 
2 and 3, respectively. There was no statistically significant difference among isoforms. (D–F) 774 
Knockdown experiments of dsx F1, F2 and F3 in the hindwings of mimetic (Hh) females. siRNA 775 
was injected into the left pupal hindwing immediately after pupation and electroporated into the 776 
ventral side. No phenotypic changes were observed by knockdowns of dsx F1 and F2 (D and E), 777 
but knockdown of dsx F3 changed the mimetic pattern to the similar of the non-mimetic pattern 778 
(F). Red and white arrowheads represent the changed red and pale-yellow regions, respectively. 779 
Scale bars, 1 cm. Supplementary Figure S4 show other replicates. (G–I) Gene expression levels 780 
of each isoform in the knockdown wings of mimetic (Hh) females at 2 days after pupation. When 781 
F1 was knocked down, only F1 was down-regulated (G), when F2 was knocked down, only F2 782 
was down-regulated (H), and when F3 was knocked down, only F3 was down-regulated (I). Gray 783 
and red bars shown the expression in nontreated and treated hindwings, respectively. We 784 
estimated the gene expression levels by RT-qPCR using RpL3 as the internal control. Error bars 785 
show standard error of three biological replicates. *P < 0.025 for one-tailed paired t-test. Photo 786 
Credit: Souta Shinozaki, The University of Tokyo.   787 
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 788 
 789 

Fig. 3. Functional analysis of UXT and U3X in Papilio polytes 790 
(A) Knockdown of UXT in the hindwings of mimetic (Hh) females. siRNA was injected into the 791 
left pupal hindwing immediately after pupation and electroporated into the ventral side. Red and 792 
white arrowheads represent the changed red and pale-yellow regions, respectively. Supplementary 793 
Figures S5 show other replicates. (B) Mosaic knockout of UXT by Crispr/Cas9. Dorsal and 794 
ventral views of one representative of the eight individuals observed are shown. Red and white 795 
arrowheads represent the changed red and pale-yellow regions, respectively. In this individual, 796 
phenotypic changes were observed mainly on the left hindwing in dorsal view. Scale bars, 1 cm. 797 
Supplementary Figure S8 shows other replicates. (C) Knockdown of U3X in the hindwings of 798 
mimetic (Hh) females. The red arrow indicates the area where the red spot has expanded, and the 799 
area circled by red line indicates the original area of pale-yellow spots. On the treated side, the 800 
area of pale-yellow spots has slightly extended. Supplementary Figures S9 show other replicates. 801 
Photo Credit: Shinichi Yoda and Yûsuke KonDo, The University of Tokyo. 802 
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 805 
Fig. 4. Comparison of gene expression levels between knockdown and control hindwings, 806 
and knockdown of rotund (rn) 807 
(A) Measurement of knockdown effect using RT-qPCR. We compared the expression levels of 808 
dsx-H, UXT and U3X between nontreated (grey bar) and treated hindwings (red bar) by RT-qPCR 809 
using RpL3 as an internal control. Values and error bars denote the mean and standard deviation 810 
of three biological replicates. *P < 0.025 for one-tailed paired t-test. (B) The number of 811 
differentially expressed genes (DEGs) identified by dsx-H, UXT and U3X knockdowns. (C) Venn 812 
diagram depicting the abundance of DEGs (P < 0.05) for each comparison between three genes 813 
by untreated and siRNA-treated samples and shows only the number of transcription factors and 814 
signal factors. (D) Knockdown of rn in the hindwings of mimetic (Hh) females of Papilio polytes. 815 
siRNA was injected into the left pupal hindwing immediately after pupation and electroporated 816 
into the ventral side. Knockdown of rn changed the pale-yellow spots to produce UV 817 
fluorescence. UV fluorescence is not originally seen in mimetic females. White arrowheads 818 
represent the changed pale-yellow regions by knockdown. Scale bars, 1cm. Supplementary Fig. 819 
S12 show other replicates. (E) Fold Change of FPKM values (knockdown/control sides) of genes 820 
around H locus during knockdowns of dsx-H, UXT and U3X. FPKM fold changes of dsx-H, dsx-h, 821 
UXT, U3X, prospero, sir2, and rad51 are shown. rad51 is a gene adjacent to sir2 (Fig. 1B), but its 822 
involvement in mimetic pattern formation has not been investigated to date. The value is 1 when 823 
the FPKM values of the siRNA treated and untreated sides are equal. Wald-test, paired; 824 
***P<0.001, *P<0.05. Photo Credit: Souta Shinozaki, The University of Tokyo.  825 
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 826 
 827 

Fig. 5. Knockdown of prospero (A) and sir2 (B) in the hindwings of mimetic (Hh) females of 828 
Papilio polytes.  829 
siRNA was injected into the left pupal hindwing immediately after pupation and electroporated 830 
into the ventral side. Red and white arrowheads represent the changed red and pale-yellow 831 
regions, respectively. Scale bars, 1cm. Supplementary Figs. S13, 14 show other replicates. Photo 832 
Credit: Souta Shinozaki, The University of Tokyo. 833 
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 835 
 836 

Fig. 6. Model diagram of supergene structure and formation of mimetic color pattern by 837 
multiple genes in supergene of Papilio polytes.  838 
(A) The mimicry highly diversified region (HDR) on chromosome 25 contains three genes, dsx, 839 
U3X, and UXT, and neighboring genes such as prospero, Nach-like, and sir2. It is hypothesized 840 
that dsx works as mimicry (switching) gene and that UXT, sir2 and probably prospero functions 841 
as modifier genes. U3X upregulates the dsx-H expression and represses the UXT expression, and 842 
that there may be cis-regulatory element (CRE) which influences expressions of supergene 843 
members. (B) Dsx-h switches from male to non-mimetic female and Dsx-H switches from non-844 
mimetic to mimetic female, and genes such as UXT and sir2 may act as modifier genes to make 845 
the phenotype of the mimetic female more similar to the toxic model species. UXT and others 846 
may be involved in shaping the mimetic type of pale-yellow spots, while sir2 and others may be 847 
responsible for removing excess red spots. These modifier genes make the mimicry more like the 848 
model. 849 
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