Insect Science (2019) 26, 3543, DOI 10.1111/1744-7917.12501

karmoisin and cardinal ortholog genes participate
in the ommochrome synthesis of Nilaparvata lugens
(Hemiptera: Delphacidae)

Shu-Hua Liu™ "2, Ju Luo”, Bao-Jun Yang, Ai-Ying Wang and Jian Tang
State Key Laboratory of Rice Biology, China National Rice Research Institute, Hangzhou, China

Abstract Ommochrome is the major source for eye coloration of all insect species so far
examined. Phenoxazinone synthetase (PHS) has always been regarded as the terminal step
enzyme for ommochrome formation, which is encoded by cardinal or karmoisin genes.
Our previous study indicated that the karmoisin ortholog gene (NI-karmoisin) product
in the brown planthopper (BPH) was a monocarboxylate transporter, while not a PHS.
Here, based on full-length complementary DNA, the cardinal ortholog gene in BPH (NVI-
cardinal) product was predicted to be a haem peroxidase rather than a PHS. We suggest
for the first time that neither karmoisin nor cardinal encodes the PHS, but whether PHS
participates in BPH eye pigmentation needs further research. Nymphal RNA interference
(RNAI) experiments showed that knockdown NI-cardinal transcript led the BPH ocelli and
compound eye to color change from brown to red, while knockdown NI-karmoisin only
made the ocelli present the red phenotype. Notably, not only the Nl-cardinal transcript,
dscd injection (NI-cardinal targeting double-stranded DNA (dsRNA)) also significantly
reduced the NI-karmoisin transcript by 33.7%, while dska (NI-karmoisin targeting dsSRNA)
injection did not significantly change the Ni-cardinal transcript. Considering the above
RNAI and quantitative real-time polymerase chain reaction results, we propose that NI-
cardinal plays a more important role in ommochrome synthesis than Nl-karmoisin, and it
may be an upstream gene of Ni-karmoisin. The present study suggested that both karmoisin
and cardinal ortholog genes play a role in ommochrome synthesis in a hemimetabolous
nsect.

Key words cardinal; eye color; karmoisin; Nilaparvata lugens; ommochrome; phenox-
azinone synthetase

Introduction

Ommochrome is the major source for eye coloration
of all insect species so far examined, such as the fruit
fly, silkworm, moths, bees, beetles, bugs, grasshopper
and mosquitoes (reviewed by Grubbs ef al., 2015). Ge-
netic analyses of Drosophila eye color mutants have
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revealed that ommochrome is derived from trypto-
phan through several enzyme-catalyzed reactions. In
brief, tryptophan is oxidized by tryptophan dioxygenase
(TDO) to N-formyl-L-kynurenine (NFK), followed by the
hydrolysis of NFK to kynurenine by kynurenine for-
mamidase (KFA); kynurenine may further be hydroxy-
lated to 3-hydroxykynurenine (3-HK) by kynurenine 3-
monooxygenase (KMO) (Rasgon & Scott, 2004; Han
et al., 2012). In Drosophila, TDO and KMO are encoded
by genes of vermilion and cinnabar, respectively, which
are named by the mutation eye-color of their correspond-
ing enzyme (Searles & Voelker, 1986; Walker et al., 1986;
Warren et al., 1996).
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3-HK is the precursor of ommochrome and is syn-
thesized in cytoplasm, then is transported into pigment
granules for final processing by heterodimeric ABC
(adenosine triphosphate-binding cassette) transmembrane
transporters, encoded by white and scarlet genes (Tearle
et al., 1989; Pepling & Mount, 1990; Mackenzie et al.,
2000). The early steps of ommochrome synthesis path-
way are conservative in different insects and are clearly
understood (Quan et al., 2002; Quan ef al., 2007; Komoto
et al., 2009; Tatematsu ef al., 2011). However, the molec-
ular mechanisms involved in the conversion of 3-HK
into ommochrome pigment are largely unknown, even
in Drosophila.

Because ommochrome is a phenoxazinone chro-
mophore compound, Phillips’ team have indicated that
it is formed from bimolecular oxidative condensation
of 3-HK, and phenoxazinone synthetase (PHS) is just
the catalyzing enzyme of this step (Phillips et al., 1970;
Phillips & Forrest, 1970; Phillips ef al., 1973; Wiley &
Forrest, 1981). In some studies, the Drosophila cardi-
nal gene product has been regarded as a PHS (Howells
et al., 1977; Harris et al., 2011), because the cardinal
mutant of D. melanogaster showed delayed eye pigmen-
tation resulting from slow conversion of 3-HK to om-
mochrome (Howells et al., 1977; Mackenzie et al., 2000;
Harris et al., 2011). Like cardinal mutant, Drosophila
karmoisin mutant also accumulates excess 3-HK during
larval life (Howells et al., 1977). So, in some other papers,
karmoisin gene product was deemed as the PHS (Lloyd
et al., 1998; Grubbs et al., 2015). Unfortunately, the re-
lationships among cardinal, karmoisin and PHS have re-
mained unclear until to now.

Osanai-Futahashi et al. (2016) indicated that
Drosophila cardinal ortholog gene plays a major role in
ommochrome synthesis of Bombyx mori and Tribolium
castaneum, which are both holometabolous insects. This
is the first evidence at the molecular level for the pres-
ence of cardinal ortholog gene functions in ommochrome
synthesis. Whether cardinal ortholog gene plays a con-
served role in hemimetabolous insects or not is still un-
known. The cardinal ortholog gene product in B. mori
has in fact been proven to be a haem peroxidase, not
a PHS (Osanai-Futahashi et al., 2016). The Drosophila
karmoisin ortholog gene product in Nilaparvata lugens
(Stal) (Hemiptera: Delphacidae) is not a PHS either, which
is predicted to be a member of MCTs (monocarboxylate
transporters) (Liu ez al., 2016). However, whether the kar-
moisin gene functions in eye pigmentation or not has not
been further analyzed at the molecular level.

The brown planthopper (BPH), N. lugens, is a
hemimetabolism insect and a notorious rice pest in East
Asian countries (Cheng, 2009). The wild-type compound

eye color of BPH is brown, while red-eye color mutation
phenotype can also be observed (Seo et al., 2011; Liu
etal.,2014). In order to clarify the ommochrome synthesis
pathway of this insect pest, we cloned and characterized
the cardinal ortholog gene from BPH. RNA interference
(RNAI) study showed that BPH cardinal ortholog gene
also plays a major role in ommochrome synthesis. More-
over, we also analyzed the function of karmoisin gene and
its relationship with cardinal gene. This study is expected
to contribute to the understanding of the ommochrome
synthesis pathway of BPH and other similar insects. It
also can help to reveal the red-eye color mutation mecha-
nism of this insect pest.

Materials and methods
Insects

The BPH was a laboratory strain originally collected
from China National Rice Research Institute in 2000. In-
sects were kept in a constant temperature incubator with
rice plants at 27 £ 1°C, 80% =+ 10% relative humidity,
anda 16 h: 8 h L : D photoperiod. Synchronized insects
were collected with the same method as Liu ef al. (2015).

Total RNA isolation and cDNA synthesis

The total RNA was extracted using Trizol® reagent
(Invitrogen, Life Technologies, Carlsbad, CA, USA)
according to the manufacturer’s protocol. First-strand
complementary DNA (cDNA) for RT-PCR (reverse
transcription-polymerase chain reaction) was synthesized
from 2 pg of total RNA using the reverse transcrip-
tase (Moloney murine leukemia virus) with oligo dT18
(Promega, Madison, WI, USA). cDNAs for RACE (rapid-
amplification of cDNA ends) were synthesized accord-
ing to the Smart Race kit protocol (Clontech, Mountain
View, CA, USA). cDNAs for quantitative RT-PCR (qRT-
PCR) were synthesized from 1 pg of total RNA using the
Primescript™ RT reagent Kit with genomic DNA eraser
(perfect real time) (TaKaRa, Dalian, China), according to
the manufacturer’s instructions.

Gene cloning and sequence analysis

For cloning the cardinal ortholog gene from BPH (NVI-
cardinal), a translated Basic Local Alignment Search
Tool nucleotide (tBLASTn) search of the N. lugens
egg transcriptome database (unpublished) using the
D. melanogaster Cardinal protein (Genbank number:
NP_651081.1) as query, revealed one cardinal-like
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Fig. 1 The strategy used to amplify the full-length complementary DNA (cDNA) sequence of the Nl-cardinal gene. Lines below the
full-length cDNA sequence represent each of the polymerase chain reaction fragments mentioned in Table 1. Fragment 2 was obtained
from our transcriptome database. Fragments 1 and 3 were amplified with primers located in the predicted exons.

unigene with 3 501 bp in length (BGI_novel_G002008).
This unigene was first used as the query to blast the BPH
genome database (Genbank number: AOSB00000000.1),
a scaffold was obtained (scaffoldl 196). Then the
genes in this scaffold were predicted with AUGUSTUS
(http://augustus.gobics.de/). The predict gene includ-
ing the sequence of BGI_novel_G002008 was collected
for further research. Combining bioinformatics analysis,
RT-PCR and RACE, the full-length ¢cDNA sequence of

Nl-cardinal was obtained with the strategy in Figure 1.
Gene-specific primers (GSPs) designed to obtain over-
lapping PCR products are shown in Table 1.

The isoelectric point (pI) and molecular weight
(MW) were analyzed by ExPASY Proteomic Server
(http://ca.expasy.org/tools/pi_tool.html). The TMHMM
Server v. 2.0 (http://www.cbs.dtu.dk/services/ TMHMM/)
was used to predict the transmembrane helices. The
putative motifs and domains were analyzed with

Table 1 Oligonucleotide primers used for reverse transcription polymerase chain reaction (PCR), rapid-amplification of complementary
DNA ends (RACE), quantitative real-time PCR and double-stranded RNA synthesis.

Purpose Primer name! Primer sequence (5" to 3°) PCR product (bp)
Gene clone Cd-F1 CAGAGCCTCCAAGCCAAGGATG 1944
Cd-R1 CAGACTGTCACAGGTCACTCTG
Cd-F2 GACCAGTTCAAGAGACTGAAAGTTGG 3217
Cd-R2 TCTCTTCATTGTCAGGCTTGGGTG
Cd-F3 CTCAAGGCAGTATGCAGTTTGGAG 2987
Cd-R3 GTCAGGCGAGTAATGACCTAGAAG
5'RACE Cd-T1 (outer) GATCATCTCTGTATTCGGGTCTGTGG >680
Cd-T2 (inner) TGGAGCTAGAACCCTTCTGAAC >571
3'RACE Cd-S1 (outer) CTAGCTTATGCTCCATCTCAGGATG >0642
Cd-S2 (inner) TTGACGCATTCATGACAGCCGGTCAG >146
RNA interference dsCd-F ggatcctaatacgactcactataggc ACGATTTCCTGTTGCGATGT 509
dsCd-R ggatcctaatacgactcactataggGCCACTATTTTCCTGCTTTC
dsKa-F ggatcctaatacgactcactatagge ATTTGCTGCGTCTTTCTCC 314
dsKa- R ggatcctaatacgactcactatagg GCGTATCATCAGCCGTAAT
dsGFP-F ggatcctaatacgactcactatagg ATGCCACCTACGGCAAGCT 360
dsGFP-R ggatcctaatacgactcactatagg TCGGCCATGATATAGACGTT
Quantitative real-time PCR Cd RT-F CGACTATGCTGATGGTGT 100
Cd RT-R GTATTCGGGTCTGTGGAT
Ka RT-F GGTCCGATTGCGTTCGACTTGTG 284
Ka RT-R TGGATGAGTTGCGAGGTGGCTGT
RPS15-F CCGATCGTGTGGCGTTGAAGGG 150
RPS15-R ATGGCCGACATTCTTCCAGGTCC
TUB-F ACTCGTTCGGAGGAGGCACC 174
TUB-R GTTCCAGGGTGGTGTGGGTGGT

'Cd and Ka represent the Ni-cardinal and Ni-karmoisin gene of N. lugens, respectively.
iThe lower case letters in primers are the T7 promoter sequence.
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InterPro (http://www.ebi.ac.uk/interpro/). The Molecu-
lar Evolutionary Genetic Analysis software version 6.0
(MEGA 6.0) (http://www.megasoftware.net/) was used to
construct the phylogenetic tree using the neighbor-joining
(NJ) method and the bootstrap values were calculated on
1000 replications.

RNAi experiments

In order to explore the function of Nl-cardinal, a 509 bp
Nl-cardinal cDNA fragment was synthesized by PCR (ex-
ons 7-9), using GSPs incorporating the T7 RNA poly-
merase promoter sequence (Table 1). A previous verified
plasmid was used as template. PCR product was puri-
fied using the Wizard SV Gel and PCR Clean-Up Sys-
tem (Promega, Madison, WI, USA) and used for double-
stranded RNA (dsRNA) synthesis using the T7 Ribomax
Express RNAi System (Promega, Madison, WI, USA).
The synthesized dsRNA was respectively isopropanol-
precipitated, resuspended in nuclease-free water, quanti-
fied by a spectrophotometry (NanoDrop 1 000, Thermo
Fisher Scientific, USA) at 260 nm, and kept at —80°C until
use.

Furthermore, to understand whether the Drosophila
karmoisin ortholog gene participated in the ommochrome
synthesis in BPH, we also synthesized the dsRNA target-
ing the Ni-karmoisin gene (Genbank number: KT304312),
which is 314 bp in length (exons 2—4). As a control, a
400 bp enhanced green fluorescent protein (GFP) gene
(Genbank number: GQ404376.1) dsSRNA was also pro-
duced as described above.

Following carbon dioxide anesthesia, early third-instar
nymphs were immobilized on the 1% agarose plate and
50 nL of purified dsRNA (5 pg/ul) was injected with
the same method as that of Liu et al. (2010). The eye
color phenotype was observed every day after injection,
and the messenger RNA (mRNA) levels of Ni-cadinal and
Nl-karmoisin were determined in 4 days after injection.

Quantitative real-time PCR

N. lugens were collected at 4 days after injection of
dsRNA targeting Ni-cardinal, Nl-karmoisin and GFP to
perform a digital gene expression (DGE) experiment.
Total RNAs were extracted from the whole body using
a Trizol kit. Quantitative real-time PCR reactions were
performed on an ABI 9600 Real-time PCR system (Ap-
plied Biosystems, Foster City, CA, USA) using Power
SYBR® Green PCR Master Mix (Applied Biosystems,
Warrington, UK). Quantitative real-time PCR was per-
formed in a 20 L total reaction volume containing 4 uL

diluted cDNA, 0.4 uL of each primer (10 umol/L), 10 uL
Master Mix (2x) and 5.2 uLL ddH,O. Ribosomal protein
S15e (RPS15) (Genbank number: ACN79501.1) and «-
tubulin (Genbank number: ACN79512.1) were used as
internal controls, and the primers are the same as in Yuan
et al. (2014). Thermocycling conditions were set as a
standard quantitative PCR protocol according to the man-
ufacturer’s instruction. Data were analyzed by the 274ACt
method (Livak & Schmittgen, 2001). Each quantitative
real-time PCR experiment was performed in three inde-
pendent biological replicates and analyzed in three tech-
nical replications. The specific primer pairs for each gene
are provided in Table 1.

Results
Cloning and sequence analysis of the Nl-cardinal gene

Based on the initial cDNA fragment/unigene from the
egg transcriptome database and its genome database (Xue
et al., 2014), the full-length cDNA sequence of the car-
dinal ortholog gene of N. lugens (hereafter referred to
as Nl-cardinal) was obtained from multiple PCR am-
plifications, and the GenBank number is KY769575
(Fig. 1). The full-length Nl-cardinal cDNA (8 167 bp)
contains an ORF (open reading frame) of 7824 nucleotides
that encodes 2607 amino acid residues and it predicted a
protein with molecular mass of 288.26 kDa and pI of 7.06
(Fig. S1). At the 3’- end of the Nl-cardinal cDNA se-
quence, a polyadenylation signal sequence AATAAA was
apparent upstream of the poly A tail.

The genomic DNA (gDNA) sequence of the Ni-cardinal
gene was found by BLASTn searching against the brown
planthopper Genome Database with the full-length cDNA
sequence of Nl-cardinal as a query. Subsequent genomic
structure analysis showed that the Nl-cardinal gene con-
tains 14 exons and a large last exon, following the GT-AG
splicing rule (Fig. 2A). The first exon of Nl-cardinal is
predicted not to encode amino acids but the untranslated
region, which is the same as the cardinal gene of B. mori
(Osanai-Futahashi et al., 2016).

As shown in Figure S1 and Figure 2B, the predict pro-
tein of Ni/-cardinal (hereafter referred to as NI-Cardinal)
has a hydrophobic transmembrane (TM) domain and a
haem peroxidase domain at the positions of 37-59 and
211-747, respectively. In B. mori and D. melanogaster,
cardinal homolog genes also encode proteins with a TM
domain at the amino terminus and a haem peroxidase do-
main, respectively (Harris ef al., 2011; Osanai-Futahashi
et al., 2016). With the D. melanogaster chorion peroxi-
dase gene product as an outgroup protein, phylogenetic
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Fig. 2 Structure and phylogenetic analyses of the Ni-cardinal gene. (A) Genomic structure of the Nl-cardinal gene. The exons encoding
amino acids are indicated by solid boxes, the untranslated exons are indicated by open boxes and the spaces between two boxes indicate
the introns. The figure is drawn to scale, and the corresponding scale bar is shown. (B) The predicted protein structure of the Nl-cardinal
gene product. (C) Phylogenetic relationship of the cardinal homolog gene products in insects. The Drosophila melanogaster chorion
peroxidase gene product was included as an outgroup protein. Accession numbers are in brackets. (D) Alignment of peroxidase domains

of the insect cardinal product homologs.

analysis revealed that proteins deduced from insect cardi-
nal genes formed a monophyletic cluster (Fig. 2C) and
amino acid sequences of the peroxidase domain were
highly conserved among insects (Fig. 2D). These results
indicated that the gene Ni-cardinal we cloned is the car-
dinal ortholog gene of N. lugens.

RNAi experiments

To investigate whether the Ni-cardinal gene is essen-
tial for BPH compound eye pigmentation, we performed

nymphal RNAi experiments. The Nl-cardinal transcript
in individuals injected with dscd (dsRNA targeting NI-
cardinal) decreased to 19.8% of that in the control ones
at the 4th day after injection (Fig. 3A). Meantime, the
compound eye color changed from brown to partially
bright red, and this phenotype persisted throughout the
rest of the life of this insect (Fig. 4A). The ocelli
color also presented red since the 3rd day after injec-
tion (Fig. 4A). These results suggested that Ni/-cardinal
plays a major role in ommochrome synthesis affecting

the pigmentation of not only the compound eye but also
ocelli.
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Fig. 3 Knockdown of Nl-cardinal and Ni-karmoisin transcripts by RNA interference (RNAi). (A) The relative expression level of
Nl-cardinal at 4 days post-RNAi with dscd and dska. (B) The relative expression level of Nl-karmoisin at 4 days post-RNAi with dscd
and dska. dsGFP, double-stranded RNA (dsRNA) targeting green fluorescent protein; dscd, dsRNA targeting Ni-cardinal; dska, dsSRNA
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Fig. 4 Effects of RNA interference on compound eye and ocelli pigmentation at 2 days after eclosion. (A) Individuals injected with
dscd (double-stranded RNA (dsRNA) targeting NI-cardinal); (B) Individuals injected with dska (dsRNA targeting NI-karmoisin); (C)
Individuals injected with dsRNA targeting green fluorescent protein (dsGFP). Blue arrows indicate the ocellus.

Apart from cardinal gene, karmoisin gene product
has also been deemed as the PHS, which catalyzes the
terminal step of 3-HK to ommochrome (Phillips &
Forrest, 1970; Phillips ef al., 1973). So, in this study, we
also evaluated the function of karmoisin ortholog gene in
BPH, which is reported in our previous study (Liu ef al.,
2016). Injection of dska (dsRNA targeting Ni-karmoisin
gene) reduced the Ni-karmoisin transcript by 89.1%,
compared with dsRNA targeting GFP (dsGFP) injected
individuals after 4 days (Fig. 3B). Different from dscd,
the compound eye color of dska injected individuals had
no change. However, the ocelli color changed from brown
to red (Fig. 4B), which is the same as the dscd injected
individuals. Furthermore, dscd injected individuals also
had significantly lower NI-karmoisin transcript compared
with dsGFP injected individuals, which was only 66.3%

of the control individuals (Fig. 3B). Different from
dscd, dska injection did not significantly change the
Nl-cardinal transcript level (Fig. 3A).

Discussion

Here, we cloned the full-length cardinal ortholog gene
from BPH, which is named Ni-cardinal. Knockdown
Nl-cardinal transcript can lead the compound eye color
change from brown to partially red, and the ocelli also
presented red phenotype throughout the whole adult life-
time, similar to individuals in which ommochrome-related
gene Nl-scarlet was knocked down (Liu et al., 2017).
So, it is reasonable to speculate that Nl-cardinal partic-
ipated in the ommochrome synthesis of BPH, which is

© 2017 Institute of Zoology, Chinese Academy of Sciences, 26, 3543



a hemimetabolous insect. cardinal ortholog gene is also
proven to play a major role in ommochrome synthesis of
holometabolous insects, such as B. mori, T. castaneum
and D. melanogaster (Osanai-Futahashi ef al., 2016). The
conservation of cardinal homolog function in 7. casta-
neum, B. mori, D. melanogaster and N. lugens, and the
widespread distribution of cardinal homologues in in-
sects (Fig. 2C), suggest that cardinal ortholog genes play
a conserved role in the ommochrome synthesis pathway
of insects.

As mentioned in the Introduction section, PHS has al-
ways been deemed to catalyze the conversion of 3-HK
to ommochrome of D. melanogaster (Ryall et al., 1976;
Yamamoto et al., 1976; Wiley & Forrest, 1981). The orig-
inal Drosophila cardinal gene product was regarded as
a PHS (Howells ef al., 1977; Harris et al., 2011). How-
ever, the Ni-cardinal product is predicted to be a haem
peroxidase with a transmembrane domain and the perox-
idase domain, which is the same as Bm-cardinal product
(Osanai-Futahashi et al.,2016). So it is safe to say that car-
dinal is not the PHS encoding gene. However, apart from
cardinal, PHS has also been regarded as the karmoisin
product in some other papers (Lloyd et al., 1998; Grubbs
et al., 2015), because Drosophila karmoisin mutant has
been shown to accumulate 3-HK just like cardinal mu-
tant (Howells et al., 1977; Tearle, 1991). The full-length
cDNA has already been cloned in our previous study (Liu
et al.,2016). Homologous analysis showed that BPH kar-
moisin product is a member of MCTs (monocarboxylate
transporters) with 11 predicted TMDs (transmembrane
domains), while also not being a PHS (Liu ef al., 2016).
The present study firmly suggested that neither cardi-
nal nor karmoisin genes encode PHS, and PHS may be
the product of a mysterious unknown gene. However, no
reports have described the sequence of PHS in insects.
Nie et al. (2014) indicated that Streptomyces antibioticus
PHS like gene (BGIBMGA006740) may only function in
melanin pigmentation rather than ommochrome pigmen-
tation in B. mori. So, whether PHS participated in the eye
pigmentation of insects needs further study.

Different from NI-cardinal, knockdown Ni-karmoisin
transcript did not change the compound eye color, but
made the ocelli color turn into red (Fig. 4B). These results
indicate that NI-karmoisin plays a key role in ocelli pig-
mentation, while not the compound eye coloration. Note
that Nl-karmoisin is not a tissue-specific gene, which can
be detected in body wall, ovary, fat body, midgut and
Malpighian tubule (Liu et al., 2016). So karmoisin ho-
molog genes may also have other than ocelli pigmen-
tation functions in insects, which needs further study.
Furthermore, dscd injected individuals also had signifi-
cantly lower NI-karmoisin transcript (Fig. 3B), while dska
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(dsRNA targeting Nl-cardinal) injection did not signifi-
cantly change the Ni-cardinal transcript level (Fig. 3A).
So, it is hard to conclude whether the red ocelli pheno-
type of dscd injected individuals is caused by the lower
level of Nl-cardinal or Nl-karmoisin, which needs fur-
ther research. Considering above RNAi and quantitative
real-time PCR results, we propose that Nl-cardinal plays
a more important role in ommchrome synthesis than N/-
karmoisin, and NI-cardinal may be an upstream gene of
Nl-karmoisin. Although they indeed affect the eye pig-
mentation, the specific roles in ommochrome synthesis
are still unclear.

BPH is an important insect pest of rice (Cheng, 2009).
Except the wild-type brown eye, red-eye color mutation
phenotype can also be observed (Seo et al., 2011; Liu
et al., 2014). Moreover, red eye mutation phenotype is
also present in other Hemipterans, such as Sogatella fur-
cifera, Laodelphax striatellus (Wang et al., 2013) and
several bugs (Shimizu & Kawasaki, 2001; Pires et al.,
2002; Snodgrass, 2002; Moraes et al., 2005; Allen, 2013;
Hull et al., 2014). However, the mutation mechanisms
of these insects are still unknown, limited by the lack
of clarity regarding the eye pigment synthesis pathway.
This is the first report suggests that cardinal and kar-
moisin genes participated in the ommochrome synthesis
of a hemimetabolous insect, and cardinal may be an up-
stream regulation gene of karmoisin. These results will
accelerate the research on the eye color mutation mecha-
nisms of the above-mentioned Hemipteran mutants.
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Fig. S1 Nucleotide and deduced amino acid sequence
of the Nl-cardinal gene. Numbers on the left indicate
the nucleotide (upper) and amino acid (lower) position of
the Nl-cardinal gene. The start codon (ATG), stop codon
(TAA), and putative polyadenylation signal (AATAAA)
of the complementary DNA sequence are highlighted in
green with bold characters. The predicted transmembrane
domain is indicated in brown with red characters. The
signature motif of haem peroxidase gene is shaded in
yellow with black characters.



