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O R G A N I S M A L  B I O L O G Y

Prepatterning of Papilio xuthus caterpillar camouflage 
is controlled by three homeobox genes: clawless, 
abdominal-A, and Abdominal-B
H. Jin, T. Seki, J. Yamaguchi, H. Fujiwara*

Color patterns often function as camouflage to protect insects from predators. In most swallowtail butterflies, 
younger larvae mimic bird droppings but change their pattern to mimic their host plants during their final molt. 
This pattern change is determined during the early fourth instar by juvenile hormone (JH-sensitive period), but it 
remains unclear how the prepatterning process is controlled. Using Papilio xuthus larvae, we performed transcrip-
tome comparisons to identify three camouflage pattern–associated homeobox genes [clawless, abdominal-A, 
and Abdominal-B (Abd-B)] that are up-regulated during the JH-sensitive period in a region-specific manner. 
Electroporation-mediated knockdown of each gene at the third instar caused loss or change of original fifth in-
star patterns, but not the fourth instar mimetic pattern, and knockdown of Abd-B after the JH-sensitive period 
had no effect on fifth instar patterns. These results indicate the role of these genes during the JH-sensitive period 
and in the control of the prepatterning gene network.

INTRODUCTION
Body coloration is an adaptive and ecologically important trait that 
is often involved in prey-predator interactions and diversified among 
closely related species. In insects, in particular, mimesis (mimicry), 
crypsis (camouflage), and aposematism (warning signals) are suc-
cessful survival strategies to effectively deceive or avoid predators 
(1–3). Recent studies on butterfly wings have unveiled the gene regu-
lation and molecular mechanisms controlling color pattern forma-
tion involved in Müllerian or Batesian mimicry (4–10). However, 
our understanding of color pattern formation in caterpillars remains 
limited, although larvae are soft-bodied and much more immobilized 
on the host plant than butterflies, making them an easy prey for birds 
once they have been noticed.

Most species in the Papilio genus drastically change their body 
coloration patterns during larval development (11, 12), and these 
changes are fixed and irreversible (13). For example, in Papilio xuthus 
(Asian swallowtail butterfly), younger larvae from the first to the 
fourth instar show black and brown color patterns with white 
V-shaped patches, which is thought to mimic bird droppings 
(mimetic pattern) (Fig. 1A). In the final instar, however, they switch 
their coloration pattern to a greenish body with a pair of false eye-
spots on the third thoracic segment (T3) and a dark green, V-shaped 
marking on the dorsal side of the abdominal segments. This pattern 
is thought to conceal the larvae on the host plant (cryptic pattern) 
from a distance and may deter predators at close range (Fig. 1A) 
(14). It is thought that larval color pattern switching is an advanced 
antipredator adaptation that adjusts larval body color to the poten-
tial changes in microhabitat and foraging behavior that occur 
during the final instar stage (15).

We previously found that the larval color pattern switch in 
P. xuthus is disturbed following topical application of juvenile 
hormone analog (JH-analog, JHA) in the early stages of the fourth 
instar, yielding bird dropping–type (mimetic type) fifth instar larvae 
instead of the typical greenish cryptic-type larva (16). The effect of 
JHA application on the pattern switch is limited to the first 20 hours 

after the third molt, which is thus named the JH-sensitive period 
(Fig. 1B). We also found that the JH titer in the larval hemolymph 
declines rapidly during the JH-sensitive period. In this period, 
therefore, JH (the decline of the JH titer) is suggested to govern and 
determine the prepattern of the camouflage coloration in the final 
instar, although the genes and gene networks involved in its regula-
tion remain unclarified.

Cuticle formation and pigmentation (especially melanin synthesis) 
for an upcoming larval instar take place mainly during the molting 
period, which is controlled by 20-hydroxyecdysone (20E) (17). Our 
comprehensive screening using microarray analysis has identified 
many genes involved in larval pigmentation or coloration during the 
third and fourth molts of P. xuthus (18). It is noteworthy that either 
pigmentation or cuticle formation, which produces the camouflage 
pattern that appears during the fifth instar, occurs about 3 days after 
prepatterning during the JH-sensitive period (Fig. 1B). Therefore, we 
predicted that the body color switch of P. xuthus larvae is composed 
of two separate processes: a preceding prepatterning process during 
the JH-sensitive period and the pigmentation process occurring 
during the fourth molt. However, the exact gene or gene network 
that reprograms the body color patterns during the JH-sensitive 
period remains to be elucidated.

Recent reports of the whole genome sequence of P. xuthus, to-
gether with associated transcriptome data (8, 19), have motivated us 
to explore the genetic basis of the larval pattern switch. To identify 
the genes involved in the prepatterning process, we screened nine 
different RNA samples via RNA sequencing (RNA-seq) and identified 
20 candidate genes that undergo spatial and temporal expression 
fluctuations during the JH-sensitive period. Of the candidates 
screened, we regarded three homeobox genes—clawless (hereinafter 
cll), abdominal-A (hereinafter abd-A), and Abdominal-B (hereinafter 
Abd-B)—as upstream transcriptional regulators. By knocking down 
their expression using in vivo electroporation-mediated RNA inter-
ference (RNAi) (20), we found that cll expression plays a role in 
eyespot marking coloration, and both abd-A and Abd-B expression 
play a role in the V-shaped marking pattern. In addition, the expres-
sion of all three homeobox genes was marking-specific and poten-
tially repressed by the addition of JHA, suggesting that decreased 
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Fig. 1. Sampling strategy in RNA-seq experiment. (A) Body color patterns shown in the fourth and fifth instar stage. The dorsal view of the fourth instar larva (black/
brown mimetic pattern) is shown on the left. The dorsal view of the fifth instar larva (green pattern) is shown on the right. The enlarged side views in the middle represent 
the areas where the fourth and fifth instar larvae are framed by black dashed lines, respectively. The colored lines indicate the sampling regions in the fourth instar stage. 
The red oval shows the eyespot region (denoted as E), the purple box shows the white region (denoted as W), and the orange box shows the black region (denoted as B). 
The colored dashed lines are the corresponding regions in the fifth instar after the body color switch. A3, A4, and A5: the third, fourth, and fifth abdominal segments. Scale 
bars, 5 mm. (B) Sampling time during the JH-sensitive period. The third, fourth, and fifth instars indicate the larval development stage of P. xuthus. The JH-sensitive period 
is the first 20 hours of the fourth instar. The blue line indicates the presumptive JH titer (16). The red dots represent the sampling time points at 0, 6, and 12 hours during 
the JH-sensitive period. The fourth intermolt period lasts for 2 to 3 days, and the molting period lasts for about 20 hours. The gray box indicates the pigmentation process. 
HCS, head capsule slippage. (C to E) DEG numbers in three sampling regions of different sampling time combinations. The central white number indicates the 20 can-
didate genes. Photo credit: H.J.
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JH titer up-regulates the expression of these genes during the 
JH-sensitive period. The present study describes the early events of 
color patterning in larval coloration change and reveals insights 
into the mechanism by which hormonal regulation shapes morpho-
logical appearance in insect mimicry and camouflage.

RESULTS
Screening of color patterning–related genes based on 
RNA-seq data
Our previous research indicated that the larval color pattern switch 
in P. xuthus is regulated by a complex hormone-controlled gene 
network and that the prepatterning process during the fifth instar 
is likely initiated and determined during an early stage of the fourth 
instar, the JH-sensitive period (16, 18). Although some genes for larval 
coloration or patterns were identified in these previous studies, the 
genes regulated during the JH-related period remained unidentified.

To screen the genes critical for the prepatterning or pattern switch-
ing to the fifth instar coloration, we performed RNA-seq using samples 
of larval epidermis from three color marking regions (Fig. 1A), at three 
time points during the JH-sensitive period (Fig. 1B). We selected three 
regions that markedly changed their colors and patterns from the fourth 
to the fifth instar: “the eyespot region” (hereinafter E region, on the 
T3 segment), “the white region” (hereinafter W region, on the third 
to fourth abdominal segment), and “the black region” (hereinafter 
B region, on the fourth to fifth abdominal segment). In the E region, 
the protruded structures and brown area seen during the fifth instar 
change to a pair of false eyespots connected by a black and green 
labyrinthine pattern during the fifth instar. The color of the W re-
gion changes from white to green, and the B region changes from 
black to green or dark green V-shaped markings (Fig. 1A). The JH-
sensitive period is determined to occur from 0 to 20 hours after the 
third molt based on the JHA application experiment, and the JH titer 
in the hemolymph declines quickly during this period (16). There-
fore, we dissected the samples at hours 0, 6, and 12 of the JH-sensitive 
period, each of which represents a different level of decline in the JH 
titer (Fig. 1B).

A total of nine RNA libraries (three epidermal regions with three 
sampling time points) were produced and used for the RNA-seq 
analyses. All RNA reads were mapped on the latest P. xuthus tran-
scriptome, containing 13,102 predicted protein coding genes (8). To 
efficiently target the region-specific expressed genes that function in 
the prepatterning process, we used a two-step screening approach. 
In the first step, we compared the gene expressions in three sets of 
pairwise regions (fig. S1A). To screen the E-specific genes, for example, 
we compared the gene expressions in E versus B and in E versus W 
and identified those genes that were differentially expressed (fig. S1A; 
red spots in the left and middle columns). Thereafter, we searched 
the differentially expressed genes (DEGs) observed that were common 
to both comparisons, E versus B and E versus W (fig. S1A), and 
detected those genes specifically expressed in the E region (DEGs) 
(red spots in fig. S1B). Using this approach, we selected a total of 230 
genes in the E region (fig. 1C and fig. S1B), 256 genes in the W re-
gion (Fig. 1D and fig. S1B), and 297 genes in the B region (Fig. 1E 
and fig. S1B). In the second step, we further compared the distribu-
tion patterns of these genes at each sampling time (Fig. 1B). On the 
basis of the comparison of DEGs at each sampling time, we clustered 
the DEGs and produced the Venn diagrams in Fig. 1 (C to E), as 
well as heat maps for the relative expression of region-specific DEGs 

in each cluster in the diagram (fig. S2). Although respective DEGs in 
each cluster of the Venn diagram may have important roles in prepat-
terning or pattern switching during the JH-sensitive period, we fo-
cused on the DEGs commonly observed across all sampling times: 
0, 6, and 12 hours (Fig. 1, C to E, white numbers). According to this 
classification, we identified 9 genes specific to the E region (fig. S3A), 
10 genes specific to the W region (fig. S3B), and 1 gene specific to the 
B region (fig. S3C).

Characterization of marking-specific genes expressed 
during the JH-sensitive period
From the 20 candidate genes screened above, 3 were characterized 
as homeobox genes, 2 were characterized as genes involved in cell-cell 
communication, 9 were characterized as putative pigmentation-related 
genes, 3 were characterized as cuticular protein–encoded genes, and 
3 were characterized as unknown genes with low homology to any 
other species, which are denoted as Papilio-specific genes (table S1).
Transcription factors and cell communication–related genes
It is noteworthy that three of the transcription factor (TF) genes studied 
retain a homeobox domain. PxGene0007795 (Pxclawless, cll) showed 
a high similarity to cll in Drosophila melanogaster (formerly known 
as C15) (table S1), the expression of which is necessary for leg devel-
opment during the late larval stage (21). The RNA-seq data used for 
the candidate screening indicated that the expression of cll was ob-
served only in the E region and increasing from 0 to 12 hours, just 
after the third molt (fig. S3A). PxGene0002984 and PxGene0002985 
were classified as homologs of abd-A and Abd-B, respectively, as judged 
from their conserved homeobox domain sequences by phylogenetic 
analysis (fig. S4). Hox genes, abd-A and Abd-B, are members of the 
bithorax complex, and they play essential roles during embryogenesis 
(22). The expression of abd-A was observed in the B and W regions, 
but minimally in the E region (fig. S3A). By contrast, the expression 
of Abd-B was limited to the B region, increasing from 0 to 12 hours 
during the JH-sensitive period (fig. S3C). PxGene0007446 was indi-
cated to encode Delta, which serves as a ligand in the Notch signaling 
pathway (table S1), and PxGene0011762 was indicated to encode 
Enhancer of split m [E(spl)m], which acts as a downstream regu-
lator in the Notch signaling pathway (table S1) (23, 24). Both genes 
showed a similar expression specifically in the W region during the 
JH-sensitive period (fig. S3B).
Pigmentation-related genes
PxGene0012461 was identified as tyrosine hydroxylase, which cata-
lyzes tyrosine to 3,4-dihydroxyphenylalanine, the main precursors 
for insect melanization (table S1 and fig. S3B) (25), and PxGene0001193 
was identified as a homolog of the peroxidase, which is related to the 
neuromelanin synthesis in guinea pig brain (26). Both genes were 
similarly expressed in the E and B regions where the melanin pig-
ments accumulate but were repressed in the W region (fig. S3B).

PxGene0003422, PxGene0003423, and PxGene0003349 encode 
proteins containing a juvenile hormone binding protein (JHBP) do-
main (PfamID: PF06585). PxGene0003422 and PxGene0003423 were 
formerly annotated as putative carotenoid-binding protein 2 (PCBP2) 
and PCBP1, respectively (18). PCBP1 was highly expressed in the E 
and B regions, whereas PCBP2 was expressed only in the W region 
(fig. S3B). By contrast, PxGene0003349 was specifically expressed in 
the E region (fig. S3A). On the basis of its temporal-specific expres-
sion and its sequence similarity with PCBP1 and PCBP2, we denoted 
PxGene0003349 as the PCBP3 gene. The other four genes were suggested 
to play a role in transporting the pigments or pigment precursors. 
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PxGene0010678 was identified as scarlet gene (table S1), which 
is involved in the transport of the red/brown pigment ommo-
chrome (27). Both PxGene0006377 and PxGene0009224 encode 
the major facilitator superfamily domain (PfamID: F07690). 
PxGene0006377 was predicted as cis-muconate transporter protein 
(cts) gene, and PxGene0009224 was predicted as proton-coupled 
folate transporter-like gene (PCFT-like gene) (table S1). Both ex-
pressions were repressed in the W region but elevated in the E re-
gion (PCFT-like gene) or in the E and B regions (cts) (fig. S3, A and 
B). PxGene0009442 was predicted as a putative homolog for nose 
resistant to fluoxetine protein 6 (nfr-6) in Caenorhabditis elegans 
(table S1) (28), with 23% amino acid sequence similarity. The ex-
pression of this gene was dominant in the E region but was repressed 
gradually during the JH-sensitive period (fig. S3A).
Cuticular protein–related genes
Three genes contained domains with a low homology to the known 
cuticular protein group named putative cuticular protein with 
glycine-rich repeats and hypothetical cuticular protein hypothesis (CPH) 
(29, 30). PxGene0006632 (CPH30 homolog) showed a relatively high 
expression in the E region (fig. S3A), and PxGene0003756 (CPG8 
homolog) and PxGene0003947 (CPH16 homolog) showed a low ex-
pression in the W region (fig. S3B), indicating the possibility that 
these are related to the black pigmentation in the E or B region during 
the fifth instar.

The other three genes showed no remarkable homologs with any 
known genes. PxGene0001405 (E-selectin-like gene) was predicted 
to encode a sushi repeat domain (PfamID: PF00084), which has 
30% sequence identity to a brown plant hopper selectin family 
gene (table S1) and was repressed in the E region (fig. S3A). 
PxGene0009177 was formally identified as marking-associated 
unsecreted protein (18), and its homolog was only found in swallowtail 
butterflies such as Papilio machaon and Papilio polytes (table S1). 
PxGene0009177 was expressed only in the E region (fig. S3A), and 
this observation is also supported by the former results using in situ 
hybridization (18). PxGene0011136 showed 28% sequence similarity 
with glycine-rich cell wall structural protein 1.8-like (XM_014501245.1) 
and a relatively high expression in the E region just after the third 
instar larva.

Temporal and spatial expressions of cll, abd-A, and Abd-B
Among the 20 candidate genes, many melanin-related genes and 
cuticular protein genes are expressed during both the third and 
fourth molting stages, suggesting that they are involved in both the 
mimetic and cryptic patterns expressed during the fourth and fifth 
instar, respectively (18, 29). Other evidence showed that YRG, a 
downstream gene with a role in yellow pigmentation, is under trans-
regulation (18). Thus, we reasoned that coloration genes are less likely 
to be involved in the prepatterning process itself. We here selected 
the candidate genes that were not included in the former gene list 
screened mainly for the pigmentation process (18). Therefore, we 
focused on three homeobox genes, cll, abd-A, and Abd-B, which 
are TFs known to regulate downstream gene networks and modify 
morphological characteristics (21, 22).

We first checked their expressions using quantitative real-time 
polymerase chain reaction (qRT-PCR) under the same sampling 
conditions used for the RNA-seq experiment. Among the time points 
sampled during the JH-sensitive period, cll was expressed predomi-
nantly in the E region (especially at 12 hours), Abd-B was expressed 
only in the B region, and abd-A was expressed only in the W and B regions 

(Fig. 2A). These results were consistent with the expression patterns 
of the three genes in fig. S3 (A and C), which confirms the results of 
the RNA-seq analyses.

It is known that the gradient expressions of abd-A and Abd-B are 
essential for identity determination (22) of the abdominal domain of 
D. melanogaster; we thus examined their spatial expressions within 
the larval abdominal segments. We dissected the larval epidermis at 
12 hours after the third molt and found a gradual increase in both gene 
expressions from segment T3 to segment A6 (head-to-tail direction), 
although Abd-B was highly expressed only in segments A5 and A6 
at 12 hours after the third molt (Fig. 2B and fig. S5). To determine 
whether abd-A and Abd-B are related to each specific color pattern, 
we examined in greater detail the regional expression of both genes 
in the five separate abdominal regions (Fig. 2, C and D; “D,” “W,” 
“M,” “V,” and “G” regions; fig. S5, A and B) that show specific colors 
or markings at the fourth or fifth instar. Because examining these gene 
expressions using in situ hybridization during the JH-sensitive period 
in Papilio larvae poses a considerable technical challenge, we pre-
pared each sample for the five regions at 12 hours after the third 
molt and performed qRT-PCR (Fig. 2, C and D, and fig. S5C) on each 
sample. The expression of abd-A was ubiquitous across the V-shaped 
marking (the V region) from segment A3 to segment A5. Unexpect-
edly, qRT-PCR showed that the expression of Abd-B was not equiv-
alent in the B region (Fig. 1A); its expression was relatively low in 
the presumptive V-shaped marking (Fig. 2D, the V region), but sig-
nificantly higher in the neighboring green region in segment A5 
(Fig. 2D, the G region). The basal data and detailed sampling re-
gions for Fig. 2 are shown in fig. S5.

Functional analysis: Electroporation-mediated RNAi of cll, 
abd-A, and Abd-B
To determine whether the three homeobox genes play a role in reg-
ulating the coloration pattern switch in Papilio larva, we next tried 
to knock down their gene expression during the JH-sensitive period 
and analyze their phenotypic effects on larval color markings. It has 
been suggested that RNAi is not effective in most Lepidoptera, espe-
cially in their larval stages (31). However, we used the electroporation-
mediated RNAi method for this experiment (20), which enables the 
efficient introduction of small interfering RNA (siRNA) (negatively 
charged) for the target gene into the specific region (on the side of 
the positive electrode, hereinafter denoted as the experimental side 
or siRNA side) of larval epidermis via electroporation. Effects of gene 
knockdown can be easily observed in the introduced area (32, 33). 
In the present study, we performed electroporation-mediated knock-
down on the last day of the third instar stage and observed pheno-
typic effects during the fourth to fifth instar stages. We confirmed 
the RNAi effect using qRT-PCR and found that the expression of all 
three genes was significantly repressed on the experimental side at 
hour 12 of the JH-sensitive period (Fig. 3A).

We knocked down cll in the E region on the T3 segment, where 
we found that cll was highly expressed. First, we checked the RNAi 
effect during the fourth instar stage. However, no phenotypic changes 
were observed between the si-cll side and the control side (Fig. 3B, 
blue dashed oval in the fourth instar). Next, we continued to ob-
serve the RNAi effect in the fifth instar stage. The E region of the 
fifth instar larvae comprises a pair of false eyespots and complicated 
lines between them (Fig. 3B, blue dashed oval in the fifth instar).We 
found that the eyespot size on the si-cll side became smaller than 
that on the control side in the fifth instar (Fig. 3B and fig. S6, enlarged 
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side view, hollow blue arrowhead). In particular, the red region of the 
eyespot became indistinguishable in some individuals, and the com-
plicated black lines around the eyespot appeared out of order (Fig. 3B 
and fig. S6, enlarged side view, blue asterisk). We further measured 
the size of the red area in the E region using cuticular specimen and 
found that the ratio of the red area significantly decreased after RNAi 

of cll (Fig. 3C). Among all the seven larvae (one in Fig. 3B and six in 
fig. S6) on which we performed knockdown of the cll gene, the pattern 
formation of the E regions was disturbed to varying degrees, although 
there were no effects on the control side (Fig. 3B and fig. S6).

Next, we knocked down the abd-A and Abd-B genes around the 
presumptive V-shaped marking in the B region (segments A4 to A5). 

Fig. 2. Expressions of cll, abd-A, and Abd-B by qRT-PCR. (A) Relative expressions of cll, abd-A, and Abd-B in larval epidermis using the same sampling regions and time 
points as in the RNA-seq experiment. n = 3. Error bars indicate SD. Tukey’s test, *P < 0.05 and **P < 0.01. (B) Relative expressions of abd-A and Abd-B in larval segments T3 
to A6. The samples were dissected as shown in fig. S5. The expression of a certain gene in a particular segment was calculated as the sum of the relative expressions of 
that gene within that particular segment. n = 3. Error bars indicate SD. (C) The sampling regions used for detecting the precise gene expression in different color patterns. 
(D) Relative expressions of abd-A and Abd-B by presumptive fifth color patterns during the fourth instar. The expression of a certain gene in a particular color pattern was 
calculated as the sum of the relative expressions of that gene within that color pattern. Error bars indicate SD. Student’s t test, *P = 0.0325. rpL3 gene was used as the inner 
control. D, the dorsal region that is black and lies between segments A2 and A3; W, the white region; M, the region that lies across the white region and the presumptive 
V-shaped marking across segments A4 and A5; G, the region that lies next to the posterior side of the presumptive V-shaped marking in segment A5; A, anterior; P, posterior.
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Fig. 3. Electroporation-mediated RNAi. (A) Measurement of knockdown effect using qRT-PCR. After injection of siRNA and electroporation, the epidermal samples were 
dissected at hour 12 of the fourth instar. Relative expressions of cll (n = 6), abd-A (n = 5), and Abd-B (n = 5) were measured. Student’s t test, *P < 0.05. (B) Injection of siRNA 
was performed at the end of the third instar, followed by observation during the fourth and fifth instars. Knockdown of cll was performed on the T3 segment (black 
dotted box). The blue dashed oval indicates the corresponding region of the eyespots in the fourth and fifth instars. The asterisk indicates that the complicated lines 
around it have changed after RNAi. The hollow arrowhead shows the si-cll side where the presumptive eyespot changed in size after RNAi. The filled arrowhead shows 
the control side where no phenotypic changes were detected. (C) Measurement of the red area in the E region after RNAi of cll. The cuticular samples were collected (n = 3), 
and the size for each region was measured using ImageJ. Student’s t test, *P < 0.05. Photo credit: H.J.
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We performed RNAi at the third instar, followed by observation 
during the fourth and fifth instars. We confirmed that there were no 
phenotypic changes during the fourth instar for both RNAi of 
abd-A and Abd-B individuals (Fig. 4, A and B, and see the fourth 
phenotype in Fig. 1A). However, after abd-A was knocked down in 
the B region, the V-shaped marking in both segments A4 and A5 
completely disappeared and only the green body coloration remained 
in the area of introduced si-abd-A during the fifth instar stage (Fig. 4C, 
enlarged side view, hollow arrowhead). In contrast, when we knocked 
down Abd-B in the B region, the V-shaped marking itself did not 
disappear during the fifth instar stage (fig. S7A), but some ectopic 
light-black regions appeared on the posterior side of the marking 
between segments A5 and A6 (fig. S7B).

To observe more detailed phenotypic changes during the fifth 
instar stage at segment A6 in which Abd-B was highly expressed, we 
further knocked down the gene at A6 and found that a larger ectopic 
melanized region appeared in parallel to the original two V-shaped 
markings on the experimental side (Fig. 4D, dashed arrowhead). 
Thus, the knockdown of Abd-B may cause an ectopic V-shaped 
marking between segments A5 and A6, suggesting that higher ex-
pression of Abd-B during the JH-sensitive period represses the for-
mation of future V-shaped marking and causes the green coloration 
during the fifth instar stage.

It is noteworthy that knockdown of the above three homeobox 
genes during the third instar did not affect the fourth instar color 
patterns (Fig. 3B and Fig. 4, A and B) but broke the original pattern 
(cll or abd-A; Fig. 3B and Fig. 4C) or caused a new ectopic pattern 
(Abd-B) during the fifth instar stage (Fig. 4D). In addition, knock-
down of Abd-B after the JH-sensitive period on the second or third 
day of the fourth instar (siRNA injection beyond the JH-sensitive 
period, n = 4; Fig. 4E) did not produce any color pattern change during 
the fifth instar stage. This indicates that these three genes may affect 
only the prepatterning process for the specific color markings of the 
fifth instar through their higher (or lower) region-specific expres-
sion during the JH-sensitive period. In contrast, knockdown of the 
Laccase 2 (Lac2) gene, which plays a role in melanization during the 
molting period (34), inhibited the black/brown colorations in both 
the fourth and fifth instar larvae (fig. S8).

Effects of JH on prepatterning genes
Because the JH titer drastically decreased during the JH-sensitive 
period, most of the genes screened are thought to be regulated by 
the JH-signaling pathway. We applied a JHA (fenoxycarb) on the 
fourth instar larvae just after the third molt; prepared RNA samples 
from each region (E, W, and G) at 0, 6, and 12 hours after this addi-
tion; and performed RNA-seq analysis. In contrast to the expres-
sion of a known JH-inducible gene Kr-h1 (35) (which is increased 
by the application of JH in all marking regions), those of cll, abd-A, 
and Abd-B decreased in a region-specific manner (Fig. 5A). This 
indicates that the expressions of three homeotic genes are repressed 
by JH; thus, the decreased concentration of JH in hemolymph re-
leases gene repression.

To further explore the relationship between JH effects on prepat-
terning genes and the phenotypic switch, we produced the fifth in-
star larvae with intermediate color pattern around the T3 segment 
(Fig. 5B), by the addition of fenoxycarb, as described in a previous 
study (16). In these larvae, the pattern formation in the E region was 
disturbed in the fifth instar and the size of the red area decreased 
(Fig. 5B, purple arrowhead), which is similar to the phenotypic 

effects shown in cll RNAi individuals (Fig. 3B). By qRT-PCR, we 
confirmed a significant decrease of cll expression after the addition 
of JHA (Fig. 5C). This indicates that artificial addition of JHA 
inhibits the eyespot formation for the fifth instar by repressing 
prepatterning gene such as cll.

We summarized the above knockdown results of prepatterning 
and pigmentation genes, together with hormonal action on color 
pattern switching of P. xuthus larva in Fig. 6.

DISCUSSION
Spectacular color pattern changes are observed among caterpillars of 
a wide variety of Papilio species. In many broad-leaved plant-eating 
species, the bird dropping–type pattern (mimetic pattern) seen during 
the fourth instar stage switches to a green camouflage pattern (cryptic 
pattern) during the fifth instar stage, although most species in the an-
cestral lineage of the Papilio genus (subgenus Heraclides) show only 
the black and white mimetic pattern during all larval stages (12). It 
remains an open question how some Papilio species gain (or lose) the 
ability to change larval pattern during development. We predicted that 
the JH-mediated color pattern change may have been incorporated 
into larval development during Papilio evolution and speciation.

Using electroporation-mediated knockdown with siRNA injected 
during the third instar larva, we demonstrated that knockdown of 
the three homeobox genes caused some defects in the color patterns 
of the fifth instar larva, without affecting the mimetic patterns of the 
fourth instar larvae. This observation suggests that these genes are 
involved only in prepatterning of the camouflage pattern for the last 
larval instar, but not necessarily in all marking patterns in other 
stages. Many melanin-related genes and cuticular protein genes are 
expressed during both the third and fourth molting stages (18), sug-
gesting that they are involved in both the mimetic and camouflage 
patterns of the fourth and fifth instars, respectively. Most of these 
downstream network genes, with roles in coloration or melanization, 
may not be involved in the prepatterning process itself. According 
to the prepatterns determined by upstream genes, such as the homeo-
box genes identified here, they are expressed during the molting 
stages. However, we also identified a dozen pigmentation-related or 
cuticular protein-related genes, the expressions of which fluctuate 
during the JH-sensitive period. Among them, it is presumed that 
the gene expressions of yellow or orange pigment-associated proteins 
PCB1, PCB2, and PCB3 are initiated during the JH-sensitive period, 
and the pigments accumulate until the greenish camouflage patterns 
appear during the final instar. However, the functional roles of other 
downstream genes expressed during the JH-sensitive period are 
ambiguous, and further studies are necessary to certify them.

Earlier microarray analyses of P. xuthus larvae revealed gene 
expression changes mainly during the third (making mimetic 
pattern) and fourth (making cryptic pattern) molting stages at six 
different marking regions, and many of the genes responsible for 
larval pattern formation or pigmentation; however, these studies did 
not investigate the genes regulated during the JH-sensitive period 
(18, 29). In contrast, we have identified 20 genes with fluctuating 
expression patterns during the JH-sensitive period in a region-
specific manner, including genes involved in transcriptional regu-
lation [cll, abd-A, Abd-B, and E(spl)m] or in cell-cell communication 
(delta), which may be candidates for the JH-dependent prepattern-
ing process. Using electroporation-mediated knockdown with 
siRNA, we newly confirmed that three homeobox genes function as 
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Fig. 4. Electroporation-mediated RNAi of abd-A and Abd-B. Injection of siRNA was performed at the end of the third instar, followed by observation during the fourth 
and fifth instars. (A) Phenotype of the fourth instar larva after knockdown of abd-A gene (n = 4). (B) Phenotype of the fourth instar larva after knockdown of Abd-B gene 
(n = 17). (C) Knockdown of abd-A on the segments A4 and A5. The enlarged side views show segments A4 to A6 of the experimental and control side (black dotted box). 
The hollow purple arrowhead indicates the regions where formation of the V-shaped marking was completely inhibited after knockdown of abd-A, comparing the control 
side indicated by a filled purple arrowhead. (D) Knockdown of Abd-B gene on segments A5 and A6 (black dotted box). The dashed purple arrowhead indicates the regions 
where the ectopic V-shaped marking appeared after knockdown of Abd-B in segment A6. (E) Knockdown of Abd-B gene after the JH-sensitive period. No phenotypic 
change was observed. Photo credit: H.J.
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prepatterning genes for specific color markings of the cryptic pat-
tern that develops during the fifth instar. Thus, the former and pres-
ent studies revealed sets of genes that are differentially expressed at 
different phases: ecdysteroid-regulated genes during the molting 

period and JH-regulated genes during the JH-sensitive period, 
respectively.

Hox genes are known to define the body plan of binary animals in 
a spatial collinear way (along the anterior-posterior axis) (36). In the 

Fig. 5. Effects of JHA addition on prepatterning genes. (A) The expression changes of cll, abd-A, and Abd-B after the addition of fenoxycarb (JHA) using RNA-seq (n = 2, 
denoted as fenoxycarb1 and fenoxycarb2). The black bar indicates the control group. The green bar indicates JHA-treated samples. Krüppel homolog 1 (Kr-h1) gene, a 
known JH response gene, was used to compare the expression before and after the addition of JHA. RPKM, reads per kilobase million. (B) Phenotype of the fifth instar 
larvae after JHA addition on the T3 segment. Fenoxycarb (5 g per individual) was artificially applied around the T3 segment at the fourth instar stage (n = 3). The purple 
arrowhead shows the corresponding red area. (C) Measurement of cll gene expression after JHA addition using qRT-PCR. The epidermal samples around the E region were 
dissected at hour 12 of the fourth instar (n = 3). Student’s t test, **P < 0.01. Photo credit: T.S.
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present study, we confirmed that abd-A and Abd-B were expressed 
as a gradient along segments A1 to A5 and A5 to A6 in P. xuthus 
larva, respectively (Fig. 2B and fig. S5), which is in agreement with their 
spatial expression patterns during embryogenesis of D. melanogaster 
(37). Compared with our extensive knowledge of the Hox genes in 
embryogenesis, we know less about their functions and regulations 
in the post-embryonic stage, especially in larval development. In 
mammals, some Hox genes are expressed in the adult skeleton in 
regions restricted to the same expression boundaries as seen in the 
embryo stage and are predicted to be involved in cell regeneration 
during fracture repair (38). One possibility is that, as in expression of 
the Hox genes in mammalian skeletal tissues, the spatial expression 
patterns of abdA and abd-B remain consistent throughout larval 
development; in this case, consistent spatial expression of abd-A 
and Abd-B in P. xuthus larvae is necessary to maintain segmental 
identity during larval-larval molt, even after multiple rounds of cell 
division during repeated molting.

However, the expression of Hox genes is regionally dynamic 
during development (37, 39). It is remarkable that during the fourth 
instar stage, and within the same segment (A5), Abd-B shows an 
expression pattern corresponding to the color pattern of the fifth 
instar, lower in the presumptive V-shaped marking (V) but higher 
in its posterior region (G) (Fig. 2D), whereas abd-A was ubiquitously 
expressed (Fig. 2D). When specifying segment identity in the fruit-
fly, abd-A and Abd-B show clear expression boundaries between	
 leads to questions regarding its potential function and regulation 
during the color pattern switch. The results of siRNA-based knock-
down of Abd-B indicate that its higher expression in the posterior 
region (G) may repress melanin formation, causing the V-shaped 

marking (V) in the A5 region. There are some reports on Hox gene 
function during the formation of complex morphological traits, such 
as the differentiation of the “pollen basket” on the hind legs of honey 
bees (40) and cuticle formation and abdominal pigmentation in 
D. melanogaster (37, 41). Although these morphological events occur 
mainly during metamorphosis, when the adult organs grow and de-
velop, the body pattern switch of P. xuthus shown here occurs 
during larval development, suggesting a difference in mechanism. 
In the present study, we predicted that regional changes in the ex-
pression of abd-A and Abd-B occurred during the JH-sensitive pe-
riod, making it possible to repattern the V-shaped marking, changing 
it to a different color pattern.

We also demonstrated that the knockdown of cll expression led to 
changes in the shape and size of the eyespot and its surrounding area 
in the T3 segment. In the E region, the red pigmented area that is 
known to be controlled by ebony (13, 19) was particularly shrunken; 
thus, cll may induce ebony expression through the ecdysteroid-
induced cascade during the fourth molting stage. We previously 
demonstrated that an ecdysteroid signal-related TF gene (E75) is ex-
pressed specifically in the E region (18) and is induced by the injection 
of 20E. In addition, another TF gene (spalt) is also induced during 
the fourth molt (but not other stages, including the third molt) specif-
ically in the E region (18), suggesting that spalt expression is also 
under the control of ecdysteroid. Therefore, it is possible that cll 
determines the eyespot prepattern during the JH-sensitive period. 
Thereafter, according to the determined pattern, E75 and spalt are 
induced by ecdysteroid and regulate downstream genes such as 
ebony during the fourth instar, resulting in eyespot formation. It is 
known that Drosophila cll is involved in the differentiation of the 

Fig. 6. A schema of color pattern switching in P. xuthus larva. The fourth instar larva displays bird-dropping mimetic color patterns. The fifth instar larva displays a 
greenish cryptic color pattern. Two processes are necessary for the body color pattern switch, and there is a 2- to 3-day developmental interval between the two processes. 
First, decline of the JH titer [dotted line; the JH titer is from (16)] in the hemolymph starts the prepatterning process in the first 20 hours of the fourth instar. During this 
process, spatial-specific expressions of prepatterning genes such as cll, abd-A, and Abd-B are detected, and RNAi of those genes inhibits normal pattern formation in the 
fifth but not the fourth instar (red arrow). The eye mark indicates the timing for phenotype observation. However, once the fifth color patterning is determined (at least 
beyond the JH-sensitive period), RNAi of prepatterning genes could not change the color patterning (blue arrow). Second, a pigmentation process occurs during the 
molting period as regulated by the ecdysteroid cascade [dash-dotted line; the 20E titer is from (17)]. RNAi of pigmentation genes, such as Lac2, inhibits melanization in 
both the fourth and fifth instars (black arrow). During this process, pigmentation genes, such as melanin synthesis–related genes, carotenoid-binding protein (CBP) genes, 
and bilin-binding protein (BBP) genes, are expressed in the prepatterned regions, which contribute to the visible color transition after the fourth molt.
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leg distal region (21) and that coexpression of cll with aristaless can 
directly activate Notch by repressing gene expression of a Notch lig
and, Delta (42), suggesting the possibility that the Notch signaling 
pathway is also involved in eyespot formation under the expression 
of cll.

The color pattern change of P. xuthus caterpillars is a complex 
developmental process that is precisely modified through multiple 
hormonal actions in a sequential order. On the basis of our re-
sults and earlier studies, we put forward a possible model of color 
pattern change in P. xuthus caterpillars in Fig. 6, comprising a JH-
dependent prepatterning process during the JH-sensitive period and 
an ecdysteroid-controlled pigmentation process during the molting 
period. We note that, the actual transition to the fifth instar camou-
flage pattern occurs during the fourth molting stage, which occurs 
about 3 days after the JH-sensitive period (Fig. 6). Our previous 
JHA addition experiment and the Abd-B RNAi results (Fig. 4) showed 
that the pattern of the cryptic markings of the fifth instar should be 
determined during the JH-sensitive period at the beginning of the 
fourth instar stage and fixed thereafter, though the appearance of 
the fourth larval coloration remains a black/white mimetic pattern. 
It is not until the fourth molting period that the ecdysteroids orches-
trate the pigmentation gene networks and cause the visible pattern 
transition following the fourth to fifth molt.

Our findings regarding the prepatterning process and three ho-
meobox genes suggest the mechanism underlying larval color pat-
tern change and help us understand how swallowtail butterflies protect 
themselves from predators during early stages of life.

MATERIALS AND METHODS
Experimental animals
P. xuthus eggs were purchased from S. Satoshi, and wild larvae were 
collected from a field near the Kashiwa campus of the University of 
Tokyo. Purchased eggs were reared on an artificial diet, and wild 
larvae collected from the field were reared on the leaves of Citrus 
unshiu (Rutaceae) at 25°C under long-day conditions (16 hours 
light and 8 hours dark). Larvae were reared in a plastic petri dish 
[90 mm (inner diameter) by 20 mm (height), As One Co., Osaka, 
Japan] for the first through the fourth instar, and the fifth instar 
larvae were reared in a plastic container [125 mm (inner diameter) 
by 100 mm (height), Mineron Kasei Co., Ltd., Osaka, Japan]. The 
staging of the molting period was based on the timing of the head 
capsule slippage.

RNA isolation and sequencing
Larvae of P. xuthus were first staged at the third molting period, and 
completion of the molt was recorded as hour 0 of the JH-sensitive 
period. Larvae at hours 0, 6, and 12 of the JH-sensitive period 
were used for sampling. Then, the larvae were anesthetized on 
ice and dissected in cold 1× phosphate-buffered saline. After 
muscle and fat body were carefully removed, the epidermis was cut 
according to the regions shown in Fig. 1. Total RNA was isolated 
using precooled TRI reagent (400 l per sample, Sigma-Aldrich 
Co. LLC, Japan) and purified with deoxyribonuclease I (TaKaRa, 
Japan). The final RNA libraries were prepared using a TruSeq 
Stranded mRNA Sample Preparation Kit (Illumina) according to 
the manufacturer’s instructions. RNA-seq was performed at the 
National Institute for Basic Biology of Japan using a HiSeq 2000 
sequencing system (Illumina).

Gene expression and annotation
Raw reads obtained from RNA-seq were mapped to the P. xuthus 
transcriptome (Nishikawa et al., PapilioBase; http://download.
lepbase.org/v4/sequence/) using Bowtie 0.12.8 (43). The first 32 base 
pairs (bp) of each read were used for mapping, allowing for a mismatch 
of less than 2 bp. Counting data for each predicated protein coding 
gene were calculated. DESeq 1.30.0 (44) was used to test differen-
tially expressed analysis between RNA libraries. Gene annotation 
was performed using online tBLASTn (E value < 1 × 10−5) against a 
National Center for Biotechnology Information reference sequence 
database.

Phylogenetic analysis of homeobox genes
Homologs of abd-A and Abd-B in other insect species were ob-
tained using tBLASTn (E value < 1 × 10−6). Homologs of cll were 
obtained using BLASTx (E value < 1 × 10−6). For abd-A and Abd-B, 
CDS (coding sequences, or coding regions of the genes) nucleo-
tides were aligned using the MUSCLE method in MEGA7 (45) 
with default settings. The Ultrabithorax gene was used as the outer 
group. For cll, protein sequences were aligned using MUSCLE 
with default settings. Distal-less-like was used as the outer group. 
Gaps were removed using the pairwise deletion method. The phy-
logenetic tree was constructed using the neighbor-joining method 
in MEGA7 (45) and confirmed using 1000 rounds of the bootstrap 
test.

cDNA synthesis and qRT-PCR
For qRT-PCR, sample dissection and total RNA preparation were 
conducted using the same method used for RNA-seq. cDNA used 
for qRT-PCR was reverse-transcribed using random hexamers with 
a verso cDNA Synthesis Kit (Thermo Fisher Scientific Inc., USA) 
according to the manufacturer’s instructions. qRT-PCR was per-
formed using the StepOne Real-Time PCR System and QuantStudio 
3 Real-Time PCR System (Thermo Fisher Scientific Inc., USA). The 
ribosomal protein L3 (rpL3) gene was used as an internal control. 
For a single-color region, relative expression of a target gene was 
evaluated by (target gene expression)/(rpL3 expression). For mul-
tiple-color regions, relative expression of a target gene was evaluat-
ed by (sum of target gene expression in regions)/(sum of rpL3 gene 
expression in regions). Primers used for qRT-PCR were designed 
using Primer3Plus; for abd-A, 5′-GCGCTACCCGTGGATGTC-
TATC-3′ and 5′-GTGTACGTTTGTCGGCCTCGT-3′; for Abd-B, 
5′-CGCATACGGTCTCCGGAACTA-3′ and 5′-GGTTAGAG-
GAGCCGCAGCCTA-3′; for cll, 5′-TGACAGACGCACAGGT-
TAAGA-3′ and 5′-GGCATGTAGCCCTTGCTTAG-3′; for rpL3, 
5′-CTGGGCGGAGCATATGTCTGAAG-3′ and 5′-TCTTACTG-
GCTTTAGTGAAAGCCTTCTTC-3′; and for Lac2, 5′-CACAGT-
GTCCCATACAGCAA-3′ and 5′-ATCCTTGGAAGGTGGTTGG-3′.

Double-stranded RNA design and  
electroporation-mediated RNAi
Double-stranded RNAs for RNAi in P. xuthus larvae were designed 
using siDirect (version 2, http://sidirect2.rnai.jp/), and the target 
sequences were used as queries to search the P. xuthus genome to 
avoid off-target sites. The siRNA targeting sequences were as fol-
lows: for cll, 5′-GGGTTACCTTTAAATTTCTCTCA-3′; for abd-A, 
5′-CGCAGTGAAAGAGATCAACGAGC-3′; for Abd-B, 5′-TAC-
TATAATCTGCCAGTTGAAAG-3′; and for Lac2, 5′-ATCCTA-
ATACCGGTTTCATGACG-3′.

http://download.lepbase.org/v4/sequence/
http://download.lepbase.org/v4/sequence/
http://sidirect2.rnai.jp/
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For P. xuthus functional analysis, electroporation-mediated RNAi 
was performed, as previously described (20). Capillaries for injection 
were made from glass capillaries with filament (Narishige Group, 
Tokyo, Japan) and processed by puller-PP-830 (Narishige Group, 
Tokyo, Japan). A microinjector FemtoJet (Eppendorf AG, Tokyo, Japan) 
was used for injection. One microliter of 250 M siRNA was injected 
at the intersegmental membrane between the eighth and ninth seg-
ment into the hemolymph at the third or fourth day of the third 
instar. Then, electroporation was performed using a NEPA21 Su-
per Electroporator (Nepa Gene Co., Ltd., Tokyo, Japan). The param-
eters for electroporation were modified to avoid physical damage to 
larval epidermis. The poring pulse was set to 20 V lasting 5 ms, with 
a 50-ms interval, and was repeated twice. The transfer pulse was set 
to 15 V lasting 90 ms, with a 50-ms interval, and was repeated 20 times. 
Following electroporation, larvae were first kept in an incubator at 
20°C under long-day conditions (16 hours light and 8 hours dark) 
for 12 hours and then subjected to normal conditions as described 
above. The phenotypic changes were observed and recorded during 
the fourth and fifth instars using a Nikon D3100. ImageJ 1.52i was 
used to measure the size of color marking.

Addition of JHA
P. xuthus larvae were staged from the third molting period, and 
fenoxycarb was applied during the JH-sensitive period. Fenoxycarb 
was a gift from H. Kataoka (The University of Tokyo), and it was 
dissolved in acetone (Wako Pure Chemical Industries, Ltd., Japan) 
to a final concentration of 1 g/l. A total of 5 g of fenoxycarb was 
applied on the dorsal side of the larval integument, and 5 l of ace-
tone was used as a negative control. The larvae treated with fenoxy-
carb or acetone were reared separately.

SUPPLEMENTARY MATERIALS
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content/full/5/4/eaav7569/DC1
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