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Expression Analysis of a Bilin-Binding Protein Gene in Relation to Green and Yellow Larval Coloration in Antheraea pernyi
ABSTRACT
Background: The larval color patterns of the wild silkworm Antheraea pernyi (Lepidoptera: Saturniidae) exhibit high diversity. However, the molecular basis underlying larval pigmentation in this species remains poorly understood and little pigment-related genes has been characterized so far. 
Aims: The aim of this study is to determine the role of BBP2 in the differentiation of body color in the larvae of Antheraea pernyi.
Study Design: The F2 generation larvae obtained from the cross between A. pernyi strains Xuanda (green) and Shenhuang No. 1 (yellow) were analyzed to evaluate the inheritance pattern of larval coloration and the expression profile of BBP2.
Place: College of Bioscience and Biotechnology. 

Methodology: Hemocyte, fat body, midgut, silk gland, and integument were obtained from 5-6 green and yellow 5th larvae of F2 generation, respectively. Quantitative real-time PCR (qRT-PCR) was performed to determine the relative expression levels of BBP2 across different tissues.
Results: The inheritance of green and yellow body color follows Mendelian segregation. However, no significant differences in BBP2 expression were detected between green and yellow larvae in more of the tissues analyzed.
Conclusions: BBP2 may not play key roles in regulating the formation of green and yellow body coloration in A. pernyi larvae. 
Keywords: Antheraea pernyi; Body color; BBP2; qRT-PCR
1. INTRODUCTION
Lepidopteran insects, including moths and butterflies, have evolved a diverse array of strategies to avoid predation, particularly during their extended larval stage. Body coloration and markings in these insects vary considerably, not only among closely related species but also across developmental stages within a single species (Scoble, 1992). Recent research has increasingly focused on the genetic and molecular mechanisms that govern the development of adult wing patterns and larval colouration (Futahashi et al., 2012; Fujiwara and Nishikawa, 2016; Nadeau, 2016).

The green pigmentation of lepidopteran larvae is generally derived from a combination of blue bile pigments (bilins) and yellow carotenoids (Riley et al., 1984), typically organised in pigment–protein complexes (Law and Wells, 1989). Quantitative analyses have shown that blue strains exhibit significantly higher levels of biliverdin IXα, IXγ, and IXδ compared with white strains (Liu et al., 2026). Bilins complexed with specific proteins, referred to as biliproteins, have been isolated from various insects, although their precise biological roles remain incompletely understood (Kayser et al., 2016).

Two main types of insect biliproteins have been characterised: arylphorins (Kayser et al., 2009; 2016) and lipocalins (Kayser et al., 2005). Several bilin-binding proteins (BBPs), which bind blue bile pigments and belong to the lipocalin family, have been identified across multiple insect species (Huber et al., 1987; Yamanaka et al., 2000; Futahashi and Fujiwara, 2008a), following the initial discovery of insecticyanin in the tobacco hornworm (Manduca sexta) (Cherbas, 1973; Riddiford et al., 1990). In Papilio xuthus larvae, the expression of BBP correlates closely with blue and green larval pigmentation, indicating that it serves as a key gene regulating green coloration (Futahashi and Fujiwara, 2008a; 2008b).

The Chinese oak silkworm, Antheraea pernyi (Lepidoptera: Saturniidae), is an economically important wild silkworm species widely used for silk production and as a food source in China (Pan et al., 2012; Peigler, 2012). The larvae of the wild-type A. pernyi, which is discussed in several references, are only green in body color. However, the domestic type display a wider range of larval color phenotypes (Su, 1981) although they eat the same oak leaves. In practice, yellow larvae exhibit a higher ability to resist high temperatures and drought than green larvae do (Shi et al., 2014, Chen et al., 2019). The larval body color has long been considered as one of the most important markers in the breeding of A. pernyi. Despite the diversity and significance of the larval color patterns of A. pernyi, the studies have been conducted at the molecular level was little. Molecular elucidation of these genes will enhance our knowledge of the pigment transport/metabolism system in this organism and will pave the way for scientific manipulation of the color and pigment content of A. pernyi strains. Meanwhile, the assembly of the whole-genome chromosome level sequence of the A. pernyi has also provided a foundation for the functional genes (Duan et al., 2020).
In the present study, we conducted segregation analysis by crossing green and yellow body color types of A. pernyi. We also molecularly characterize BBP in A. pernyi by comparing the protein sequence with related BBPs from other organisms, determining the phylogenetic relationship, and investigating the tissue-specific expression pattern between green and yellow color larvae. The results presented here will provide the basic information for understanding the relationship between BBP and the body color formation of insects.

2. MATERIALS AND METHODS
2.1 Insects and tissues
The A. pernyi strains Xuanda and Shenhuang No. 1 were used in this study. The larvae were reared routinely on oak tree leaves (Quercus liaotungensis) in the field of Shenyang Agriculture University, Shenyang, China. Green and yellow larvae at day 10 of the fifth instar derived from a F2 hybrid offspring population were chosen for dissection of the various tissues on ice. Because the body color of the larvae at day 10 of 5th instar. These tissues, including hemocyte, fat body, midgut, silk gland, and integument, were immediately frozen in liquid nitrogen and stored at −80°C until further analysis. The tissues from 6 yellow individuals and 5 green individuals were used in this study.
2.2 Gene isolation and sequence analysis
From the whole-pupal RNA-seq transcriptome of the Antheraea pernyi strain Shenhuang No. 1 (pooled from six individuals; 52,966,386 reads totaling 7,748,974,740 nucleotides; unpublished data), a bilin-related gene encoding a BBP2 homolog was identified. The open reading frame (ORF) of the ApBBP2 gene was amplified by PCR using the primer pair ORF-F and ORF-R (Table 1).
Sequence homology was evaluated using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The predicted isoelectric point (pI) and molecular weight (MW) of the deduced amino acid sequence were determined using the Compute pI/MW tool available through the Expert Protein Analysis System (ExPASy; http://web.expasy.org/compute_pi/). The presence of a signal peptide was predicted using the SignalP online server (http://www.cbs.dtu.dk/services/SignalP/), and the transmembrane topology of the protein was analysed with the TMHMM server (http://www.cbs.dtu.dk/services/TMHMM/). Conserved protein domains were identified using the NCBI Conserved Domain (CD) search tool.

Table 1. Primers for RT-PCR used in this study.

	Gene
	Primers and sequences (5’-3’)
	Product (bp)
	Efficiency (%)

	BBP2 (Full ORF)
	F: GGCGGATATAAATTACTACT
	720
	

	
	R: GCTCCAGTATGTAAACACATC
	
	

	BBP2 (qRT-PCR)
	F: ATTGTCCCTTGCCCTCATT
R: TGCCTGTCCTGCTGTTGA
	107
	92.4

	rpL32 (Control)
	F: CCTAATGATGCAGAACAGGAAATAC
	110
	117.3

	
	R: TGGTGACCCTGATGCTTAAC
	
	


2.3 RNA isolation and first-strand cDNA synthesis
Total RNA was isolated from various tissues using the RNAprep Pure Tissue Kit (TIANGEN Biotech, Beijing, China) following the manufacturer’s protocol. RNA quality was assessed spectrophotometrically by determining the OD₂₆₀/OD₂₈₀ ratio, and RNA concentration was calculated from the OD₂₆₀ value. RNA integrity was further evaluated by electrophoresis on a 1.2% (w/v) agarose gel.

First-strand cDNA was synthesised from 2 μg of total RNA per sample using the PrimeScript™ RT Reagent Kit (TaKaRa Biotech, Dalian, China). The resulting cDNA was stored at –20 °C for subsequent experiments.

2.4 Quantitative RT-PCR analysis
Real-time quantitative RT-PCR (qRT-PCR) was used to determine the mRNA expression levels of the ApBBP2. Primers for qRT-PCR were designed using Beacon Designer 7.0 software (Premier Biosoft International, Palo Alto, CA, USA). The gene encoding the ribosomal protein L32 (rpL32; GenBank accession No. KY825253) was used as the internal control (Wang et al., 2014) (Table 1). The qRT-PCR was carried out using a CFX Connect Real-Time System thermal cycler (Bio-Rad Laboratories, Inc., USA). Each reaction had a final volume of 10 μL and contained 5 μL 2× SYBR Premix Ex Taq (Tli RNaseH Plus) (TaKaRa Biotech, Dalian, China), 1 μL of the cDNA sample and 20 pmol of the gene-specific primer. Quantitative real-time PCR (qRT-PCR) cycling conditions were set as follows: an initial denaturation at 95 °C for 30 s, followed by 40 amplification cycles consisting of 95 °C for 5 s (denaturation) and 60 °C for 30 s (annealing/extension), followed by 95 °C for 10 s. Melting curve analysis was performed from 65 °C to 95 °C to verify the specificity of the amplification.

The amplification efficiency (E) of each primer pair was determined using serial dilutions of cDNA, with mean Ct values plotted against the logarithm of template concentration (Zhang et al., 2012). Relative gene expression levels were calculated using the 2^–ΔΔCt method (Livak and Schmittgen, 2001). For each cDNA sample, three technical replicates were performed, and three independent biological replicates were included. Statistical differences between groups were assessed using a two-tailed Student’s t-test, with significance defined as P < 0.01.

2.5 Sequence comparison and phylogenetic analysis
Alignment was conducted based on the translated protein sequence with default settings using ClustalX2 software (Larkin et al., 2007). Phylogenetic trees were constructed by the maximum likelihood (ML) method with the MEGA 7.0 program (Kumar et al., 2016). The LG+G model was selected by the Akaike information criterion in MEGA for the protein sequence. The confidence of the various phylogenetic lineages was assessed by bootstrap analysis with 1000 replications.
3. RESULTS
3.1 Segregation analysis of larval body color by crossing green and yellow types 

The A. pernyi strains XD and SH display distinct green and yellow larval body color, respectively. When we crossed them by XD♀×SH♂, the body color of their F1 offspring appeared yellowish green, which obeys the law of intermediary color. However, their F2 offspring displayed four kinds of body colors in each of the four F1 mating pairs, including green, yellowish green, greenish yellow, and yellow (Fig. 1). The total number of larvae for the four F1 mating pairs was 539, with the distribution of green 142, yellowish green 131, greenish yellow 137, and yellow 129, which fitted the expected 1:1:1:1 segregation ratio. The yellowish green and greenish yellow types are the intermediary color of their parents but display some differences. In this study, only the larvae with green and yellow body color derived from F2 offspring were used to further investigate the mRNA expression pattern of the target genes.
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Fig. 1. The phenotypes of strains Xuanda and Shenhuang No. 1 and their F2 offspring.
3.2 Sequence analysis of the ApBBP2 

The cDNA sequence and the deduced amino acid sequence of the ApBBP2 is shown in Fig. 2. The ORF of ApBBP2 encodes a polypeptide of 202 with a predicted molecular weight of 21.88 kDa and an isoelectric point of 8.40. The BLASTP search revealed that the predicted protein of ApBBP2 shared 72% identity with BBP of Samia ricini (BAB85482). An analysis of the conserved domains indicated that ApBBP is a lipocalin domain-containing protein. Lipocalins are transporters for small hydrophobic molecules, such as bilins, lipids, steroid hormones, and retinoids. Therefore, we referred to this protein as ApBBP2. ApBBP2 contains a signal peptide sequence between position1 and 16, indicating that it is a secretory protein. ApBBP contains no membrane helices as determined by an analysis of the transmembrane protein topological structure. The cDNA sequence of ApBBP has been deposited in GenBank under accession No. MG897155.
1                                                                         GGCGGATA
 TAAATTACTACTTTTAGTAACTCACTATCGTGCATAGTGACAATATTCATATTGAATATATCGATATAAAGAAAA

 84 ATGAAATTGTTCAGCCTGATTCTTACGATTTTGGGGGTGGCGTCTGCGGAGGTTATCCTCAATGGTGCCTGTCCT

     M  K  L  F  S  L  I  L  T  I  L  G  V  A  S  A  E  V  I  L N  G  A  C  P

159 GCTGTTGAACCTGTTAAGGACTTCGATATGAATGCTTACGCGGGCACGTGGTACGAAGTCAAGAAGCTTCCTTTA

     A  V  E  P  V  K  D  F  D  M  N  A  Y  A  G  T  W  Y  E  V  K  K  L  P  L
234 GCCAATGAGGGCAAGGGACAATGTGGAACTGCCTTATATACGTTGGACGGTGATTCATACAAAGTCAAGAATTCT

     A  N  E  G  K  G  Q  C  G  T A  L  Y  T  L  D  G  D  S  Y  K  V  K  N  S
309 CACGTAATAAACGGTGTCGAGAAATATGTAACTGGTACTGTAAACAAAGCTGCCGATGCCAACAACGCAGCCAAG

     H  V  I  N  G V  E  K  Y  V  T  G  T  V  N  K  A  A  D  A  N  N  A  A  K
384 CTACAAATCACCGTGACCGTTGGAAGGTTCACCCGCGTGGGACCTCTATGGATACTGGCTACCGATTATTCCAAC

     L  Q  I  T  V  T  V  G  R  F  T  R  V  G  P  L  W  I  L  A T  D  Y  S  N
459 TATGCTGTCTCTTACTCCTGTAAATACGACCAAAAGAGCAATACACACAGACTGAACCTGTGGGTCCTTTCAAGG

     Y  A  V  S  Y  S  C  K  Y  D  Q  K  S  N  T H  R  L  N  L  W  V  L  S  R

534 ACTAAGGGTCTCAGTAGTGAAGTCCAGGCTACCGTGGACGCTTTCCTAAGTAGCAACTTTAGTAACGTCGATGCT

     T  K  G  L  S  S  E  V  Q  A T  V  D  A  F  L  S  S  N  F  S  N  V  D  A
609 TCTAAGTTCATTACGATAGACCTATCGGAAGGAGCGTGTCAGACCAGAAGCTCCCGCGGGTATACTGCCCCTGTA

     S  K  F  I  T  I  D  L  S  E  G  A  C  Q  T  R  S  S  R  G  Y  T  A  P  V

684 GGACATTAACAACTTTGATGTGTTTACATACTGGAGC
     G  H  *

Fig. 2. The complete nucleotide and deduced amino acid sequence of A. pernyi BBP. 
The amino acid residues are represented by one-letter symbols, the initiation codon ATG is bolded, and the termination codon TAG or TAA is bolded and marked with an asterisk. The conserved lipocalin domain is shaded. 
3.3 Homologous search and sequence comparisons
The protein sequence of ApBBP2 was used as the query to search against the GenBank database, and a number of BBPs, insecticyanin, and bombyrin sequences from Lepidoptera insects were retrieved, which suggests that these proteins might be Lepidoptera-specific. The apolipoprotein D (APOD) sequences from insect species were also retrieved. To calculate the sequence identity, 17 amino acid sequences of BBP, insecticyanin, and bombyrin from lepidopteran species and 8 sequences of APOD from vertebrates and invertebrates were included (Figs. 3 and 4). Sequence comparisons revealed that A. pernyi BBP2 has the highest identity of 72% to that of S. ricini, 24~44% to that of other lepidopteran BBPs, and 22~32% to that of invertebrate APODs. The amino acid sequences for the lipocalin domain of BBP and related proteins were relatively conserved (Fig. 3). The four conserved cysteine residues for binding proteins of lipophilic ligands (Futahashi and Fujiwara, 2008a) were also observed in ApBBP2. 
                                                     %

A.pernyi          1 ----MKLFSLILTILGVAS------AEVILNGACPAVEPVKDFDMNAYAGTWYEVKKLPL
B.mori_BBP        1 -----MLRLVLLTLLAAAT------AEVIHEGTCPELKPVNNFNLTAYQGIWYEISKFPN
P.brassicae       1 -----MQYLIVLALVAAAS------ANVYHDGACPEVKPVDNFDWSNYHGKWWEVAKYPN
P.xuthus          1 ----MFRFVTIAVLFAAAT------SEVIFEGPCPDIKTVDNFEFEAYGGTWYEMAKYPN
B.mori_APOD       1 MMFQMSILRAIAVFFSVLMFVSLCGSQIIMPGQCPDVKAMENFDPARYLGKWYEAEKYFF
H.sapiens         1 MVMLLLLLSALAGLFGAAE------GQAFHLGKCPNPPVQENFDVNKYLGRWYEIEKIPT
M.musculus        1 MVTMLMFLATLAGLFTTAK------GQNFHLGKCPSPPVQENFDVKKYLGRWYEIEKIPA

                             %
A.pernyi         51 ANEGK--GQCGTALYTL-DGDSYKVKNSHVIN--GVEKYVTGTVNKAADANNAAKLQITV
B.mori_BBP       50 ESEKN--GKCSSAEYKL-EGDVVKVKNVHIID--GVKKYIEGTAKLTDDANKAAKLTVTF
P.brassicae      50 SVEKY--GKCGWAEYTP-EGKSVKVSNYHVIH--GKEYFIEGTAYPVGDS-KIGKIYHKL
P.xuthus         51 AGEENTKGKCTIAEYTV-NGDKGKVKNSHVID--AVRHYISGDLTLVAPG----KIMLTY
B.mori_APOD      61 LFEFGG--KCVTADYKLRDDGAIRVLNKQIDIFSGIQKEIKGEATQVGRS-DEAKLSVRF
H.sapiens        55 TFENG---RCIQANYSLMENGKIKVLNQELRA-DGTVNQIEGEATPVNLT-EPAKLEVKF
M.musculus       55 SFEKG---NCIQANYSLMENGNIEVLNKELSP-DGTMNQVKGEAKQSNVS-EPAKLEVQF

                                              %
A.pernyi        106 TVGRFTRVGPLWILATDYSNYAVSYSCKYDQKSNTHRLNLWVLSRTKGLSSEVQATVDAF
B.mori_BBP      105 KFGEISRDGSVQVLATDYNNYAIAYNCKYDDKKKSHQVFVWILSRNKKLEGDAKTAVDNF
P.brassicae     104 TYGGVTKENVFNVLSTDNKNYIIGYYCKYDEDKKGHQDFVWVLSRSKVLTGEAKTAVENY
P.xuthus        104 TFGGQSKNSYLNILDTDYKSYSIGYSCKYFKDGNKHQVFAWIKSRSKKLDCEAKYKIDNF
B.mori_APOD     118 PTLPVDVAAPYWVVDTDYDNYAVVWSCYEFG--IFHTVNSWILTRQQNPPKSVLDAAYDA
H.sapiens       110 SWFMP--SAPYWILATDYENYALVYSCTCIIQ-LFHVDFAWILARNPNLPPETVDSLKNI
M.musculus      110 FPLMP--PAPYWILATDYENYALVYSCTTFFW-LFHVDFVWILGRNPYLPPETITYLKDI

                                          %
A.pernyi        166 LSSNFSNVDASKFITIDLSEGACQTRSSRGYTAPVGH
B.mori_BBP      165 IKEHSKEIDSSKLVHTDFSEEACKFTISSVITEHGKH
P.brassicae     164 LIG-SPVVDSQKLVYSDFSEAACKVNN----------
P.xuthus        164 LRT-SKVLDSAKFVVNEHTDAACSAPTTKTITEFLK-
B.mori_APOD     176 IDK--NRISRKFFLKTDQSD--CTNFDE---------
H.sapiens       167 LTS--NNIDVKKMTVTDQVN--CPKLS----------
M.musculus      167 LTS--NGIDIEKMTTTDQAN--CPDFL----------

Fig. 3. Sequence comparisons of BBPs.  
Comparison of BBP and related protein sequences. Included are from A. pernyi BBP2 (MG897155), B. mori bombyrin (NP_001036872), P. brassicae BBP (P09464.2), P. xuthus BBP1 (BAG12758), B. mori APOD (XP_004932390), H. sapiens APOD (NP_001638) and M. musculus APOD (NP_001288283). The sign % shows the conserved four cysteine residues. 
3.4 Phylogenetic analysis
Twenty-five representative BBP, insecticyanin, bombyrin and APOD sequences from different organisms were used to assess their phylogenetic relationships (Fig. 4). In the phylogenetic tree, BBP, insecticyanin, and bombyrin sequences of lepidopteran species were clustered into one group, suggesting that these related proteins come from a common ancestor. The APOD sequences were further divided into two subgroups, corresponding to invertebrates and vertebrates. 
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Fig. 4. Phylogenetic tree based on the amino acid sequence comparisons of BBPs. Maximum likelihood method with LG+G model was used. Numbers above the branches indicate support values with ML analyses. 
3.5 Expression pattern
 We used qRT-PCR to assess the mRNA expression level of ApBBP2. The presence of a single peak in the melting curve analyses for BBP and rpl32 primers indicated their high specificity. The amplification efficiency of BBP and rpl32 was 92.4% and 117.3%, respectively, and all the correlation coefficients of R square were larger than 0.98. Thus, the primers were highly specific and efficient for further assays. BBP mRNAs was present in all tested tissues of A. pernyi, including hemocyte, integument, midgut, silk gland and fat body (Fig. 5). However, there were significant differences in the relative expression level of ApBBP2 among the five tissues tested. The relative expression levels of ApBBP2 mRNA were higher in green larvae than those in yellow larvae (except in hemocyte), with the highest expression level in the integument, followed by the fat body and midgut. Regardless of the larval body color, the midgut and fat body are yellowish in color, and the silk gland is pellucid in both strains (Fig. 5A). The hemocyte and integument are identical in color: they are greenish in the green larvae and yellowish in the yellow larvae. To illustrate the correlation between the mRNA expression levels of ApBBP2 and the larval body color, we further compared the expression levels in each tissue between green and yellow larvae. There were significant differences in the expression levels of ApBBP2 in the midgut (T=0.000) between green and yellow larvae, but no significant differences in the integument (T=0.730), fat body (T= 0.345), hemocyte (T=0.744), and silk gland (T=0.009) (Fig. 5B). 
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Fig. 5. The color patterns of different tissues (A) and expression patterns of ApBBP (B) analyzed by qRT-PCR in various tissues of the fifth instar larvae. 
The horizontal line represents the five tissues in the fifth-instar larvae, S: silk glands, I: integument, H: hemocyte, M: midgut, F: fat body. Yellow larvae (n=6); Green larvae (n=5).
4. Discussion 
The green and yellow coloration of moth and butterfly larvae is due in part to the presence of blue and yellow pigments that are usually associated with proteins in pigment-protein complexes (Law, 1989). The larval color patterns of A. pernyi display high diversity, and larvae varieties with green and yellow body colors are practical varieties (Qin and Li, 2017). Wang et al. (2023) identified several differentially expressed proteins (DEPs) associated with the cyan and yellow A. pernyi larvae using proteomics methods,but no BBP was found. Expression profiling of ApBBP1-6 performed with the epidermis of both white and blue strains showed that ApBBP1, 2, 3, and 6 were expressed in the blue strain, with ApBBP1 exhibiting the highest level of expression (Liu et al., 2026). However, the expression pattern of BBP in different tissues of yellow and green larvae has not been reported. In the present study, ApBBP2 was characterized by homologous alignment, phylogenetic analysis, and expression pattern assays in this economically important insect species. The present study revealed a moderate identity (24~44%) between ApBB2P and other known lepidopteran BBPs, but all of them were lipocalin domain-containing proteins, suggesting that these proteins bind the same known ligand, biliverdin IXγ (Goodman et al., 1985; Huber et al., 1978). To our knowledge, this is the first report to characterize the pigment-related gene, BBP in A. pernyi, and the results presented here would provide basic information for further functional analysis.
Larvae of the domestic type of A. pernyi displays multiple body colorations, in contrast to the wild type being only green in body color, suggesting that this insect is an ideal model to address the issue of the formation mechanism of colorful larval skins in lepidopteran insects. The fact that larvae of the wild type appear green in body color suggests that the green body color is the ancestor body color of A. pernyi. Through long-term artificial selection, the present-day larvae of A. pernyi display multiple body colorations (Pan et al., 2012). In the present study, to investigate the correlation between the mRNA expression level of ApBBP and the larval body color, we used the larvae of the green and yellow type derived from F2 offspring. On the one hand, it is easy to discriminate between the two color types by eye; on the other hand, the individuals from the F2 segregating generation have highly similar genetic backgrounds that make the two color types comparable. 

A homologous search and phylogenetic analysis suggested that BBP, insecticyanin, and bombyrin might be Lepidoptera-specific and come from a common ancestor with APOD. In the phylogenetic tree, all used protein sequences were further divided into four lineages, and the single A. pernyi BBP was distant from the others. Within the four lineages, the expression patterns of P. xuthus BBP1, M. sexta insecticyanin and P. brassicae BBP have been reported. P. xuthus BBP1 and M. sexta insecticyanin are expressed mainly in the epidermis (Li et al., 1992; Li and Riddiford, 1994; Shirataki et al., 2010), and P. brassicae BBP is expressed not in the epidermis but in the fat body and gonads (Schmidt and Skerra, 1994), whereas A. pernyi BBP is expressed in all tissues tested with the highest expression in the integument but without a differentially expressed pattern between green and yellow larvae. The different expression patterns suggest that these four lineages evolved independently (Futahashi and Fujiwara H, 2008a). 
Our study found that the highest expression level of ApBBP2 mRNA is in the integument, suggesting that this gene plays an important role for larval integument in A. pernyi. However, we found a significant difference in the expression level of BBP in the midgut, rather than in the integument, between the green- and yellow-colored larvae of A. pernyi, which is inconsistent with that observed in the integument of P. xuthus larvae where the expression of BBP is quite important for green body color (Futahashi and Fujiwara, 2008a; 2008b). The expression of BBP in the midgut of A. pernyi is consistent with the observation that biliverdin is found in the midgut cells in Rhodnius prolixus (Paiva-Silva et al., 2006). Since the approximate 1.5-fold difference in ApBBP2 expression between the green and yellow larvae in the midgut is not so large, it does not appear to be sufficient for driving such a large phenotypic difference; thus, we do not think that midgut plays an important role in the body color of A. pernyi larvae. For this inconsistency in the integument, one explanation is that the individual differences of A. pernyi larvae are so large that we could not detect significant differences in the expression level of this gene in the integument. Another explanation for this inconsistency in the integument is that there is a high possibility that other BBP genes or bilin-related genes may contribute largely to the color variation of A. pernyi larvae. In P. xuthus, there are multiple BBP genes whose expressions match the green pattern (Futahashi and Fujiwara, 2008a; 2008b), so it is reasonable to speculate that there are other BBP genes in A. pernyi that may contribute largely to color variation. To address these issues, more individuals with a highly similar developmental stage and size should be sampled to avoid the individual differences, and more effort should be made to isolate and identify all the BBP genes from A. pernyi in the future. 
5. CONCLUSION
ApBBP2 was expressed in all tested tissues, with the highest expression level in the integument. We observed a significant difference in the expression level of ApBBP2 in the midgut between yellow and green larvae. Further research should be conducted in the future to reveal the function of ApBBP2 in A. pernyi.
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