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Genetic basis of stage-specific melanism: a putative
role for a cysteine sulfinic acid decarboxylase in insect
pigmentation

SV Saenko1,3, MA Jerónimo2 and P Beldade1,2

Melanism, the overall darkening of the body, is a widespread form of animal adaptation to particular environments, and includes
bookcase examples of evolution by natural selection, such as industrial melanism in the peppered moth. The major components
of the melanin biosynthesis pathway have been characterized in model insects, but little is known about the genetic basis of
life-stage specific melanism such as cases described in some lepidopteran species. Here, we investigate two melanic mutations
of Bicyclus anynana butterflies, called Chocolate and melanine, that exclusively affect pigmentation of the larval and adult
stages, respectively. Our analysis of Mendelian segregation patterns reveals that the larval and adult melanic phenotypes are due
to alleles at different, independently segregating loci. Our linkage mapping analysis excludes the pigmentation candidate gene
black as the melanine locus, and implicates a gene encoding a putative pyridoxal phosphate-dependant cysteine sulfinic acid
decarboxylase as the Chocolate locus. We show variation in coding sequence and in expression levels for this candidate larval
melanism locus. This is the first study that suggests a biological function for this gene in insects. Our findings open up exciting
opportunities to study the role of this locus in the evolution of adaptive variation in pigmentation, and the uncoupling of
regulation of pigment biosynthesis across developmental stages with different ecologies and pressures on body coloration.
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INTRODUCTION

One of the most exciting questions in biology is how the diversity of
living forms has evolved. Animal coloration is a visually compelling
example of such diversification. It is an adaptive trait that plays a role
not only in visual communication (for example, interactions with
predators and mates), but also in thermoregulation, UV protection
and pathogen resistance (True, 2003; Caro, 2005). Variation in
coloration is common in natural populations and recently has become
a foremost model in studies of the interactions between evolutionary
and developmental processes that shape phenotypic variation and
diversification (Protas and Patel, 2008; Mills and Patterson, 2009;
Wittkopp and Beldade, 2009).

In the past decades, evo-devo studies of animal coloration have
advanced our understanding of the genetic mechanisms underlying
adaptive changes in overall body pigmentation, and in the color
patterns formed by the spatial organization of pigmented cells. Multi-
ple signaling pathways, transcription factors and enzymes have been
associated with the evolution of color patterns in vertebrates (Mills
et al., 2007; Manceau et al., 2011) and arthropods (Wittkopp et al.,
2002; Gompel et al., 2005). Some of those have also been implicated in
changes in overall body coloration, including dramatic reduction of
pigmentation in animals inhabiting caves (Gross et al., 2009; Protas
et al., 2011) or light background environments (Rosenblum et al.,
2010), as well as dramatic darkening of the body, or melanism, which
is addressed here.

Naturally occurring melanic phenotypes are widespread in arthro-
pods and vertebrates as an adaptation for life in particular environ-
ments. The genetic basis of melanism has been investigated in different
systems where black coloration renders animals cryptic in relatively
dark backgrounds; for example, in pocket mice living on lava flows
(Nachman et al., 2003), in night-hunting cats (Eizirik et al., 2003) and
in the peppered moth example of industrial melanism (Van’t Hof and
Saccheri, 2010; Van’t Hof et al., 2011). The biosynthesis of melanin
and other tyrosine-derived pigments, the relative levels of which
determine the color of the vertebrate skin and hair and of the insect
cuticle, has been studied extensively in model organisms (Protas and
Patel, 2008). A number of melanogenesis genes have been associated
with larval and adult melanic phenotypes in the insect genetic models
Drosophila melanogaster and Bombyx mori (Wittkopp et al., 2002; True
et al., 2005; Zhan et al., 2010). These genes encode enzymes involved
in melanin biosynthesis and are obvious candidates for harboring
allelic variation contributing to naturally occurring variation in body
pigmentation.

Among insects, Lepidoptera (the order of butterflies and moths)
show spectacular adaptive variation in color of larval and pupal
integument (Hazel, 2002; Jones et al., 2007; Noor et al., 2008), and
in adult wing patterns (Beldade and Brakefield, 2002; Saenko et al.,
2011). Caterpillars and adults typically exploit different habitats, with
specific ecological challenges and selective pressures on their pigmen-
tation. In some cases, stage-specific ecological pressures can lead to
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variation in pigmentation even between larval instars (for example,
white-brown early instars of Papilio xuthus butterflies mimic bird
droppings, whereas the last instar has a green camouflage color;
Futahashi and Fujiwara, 2005), or between different wing surfaces of
adult butterflies (for example, dorsal and ventral color patterns in
Bicyclus anynana butterflies involved in mate choice or in predator
avoidance, respectively, Oliver et al., 2009). The diversified pigmenta-
tion phenotypes of different life-stages of lepidopteran species provide
a good model for studies of the development and evolution of stage-
specific color and color patterns.

The availability of mutants with altered pigmentation or color
patterns is especially useful for dissecting the genetic basis of variation
in coloration (for example, Weatherbee et al., 1999; Koch et al., 2000;
Futahashi et al., 2010; Saenko et al., 2010). Here, we focus on two
spontaneous melanic mutations of the nymphalid butterfly B. any-
nana, a lab model for studies of wing pattern evolution and develop-
ment (Beldade and Brakefield, 2002; Beldade et al., 2005; Conceição
et al., 2011) and of developmental plasticity (Beldade et al., 2011).
Both mutant alleles lead to overall darkening of the body, but while
one (named Chocolate) affects exclusively the larval stages, the other
(named melanine) affects only adult pigmentation (Figure 1). We
describe the Mendelian segregation of both alleles and show that the
larval and adult melanism are not due to genetic variation at the same
locus. Furthermore, we provide a detailed genetic investigation of
the larval melanism locus, with characterization of sequence and

expression differences in pigmentation genes. This study suggests a
role in body pigmentation for a gene whose orthologs in other insects
have not yet been associated with any biological process.

MATERIALS AND METHODS
Experimental animals and candidate genes
The Chocolate (Choc) and melanine (mln) stocks of B. anynana (for clarity,

we refer to phenotypes in regular font and to genotypes in italics) were each

originally set-up from single individuals isolated from a ‘wild-type’ (WT) lab

population (Brakefield et al., 2009), and since maintained with selection in

favor of the mutant phenotype. To preserve the health of mutant stocks facing

potential effects of inbreeding depression or disease, these can be occasionally

outcrossed with healthy WT individuals. All animals in this study were reared

at 27 1C as described before (Brakefield et al., 2009).

The complete list of B. anynana candidate genes analyzed in this study

(different subsets in the linkage and expression analyses described below)

include those encoding key enzymes in melanogenesis (pale, Ddc, black, tan,

yellow, ebony and purple) and one suggested by previous linkage mapping work

(CSAD, details below). The B. anynana orthologs of these genes were derived

from the species’ EST collection available on GenBank (Beldade et al., 2006,

2009), as explained below for each of the different cases.

Cloning and phylogenetic analysis of Ba_black and Ba_CSAD
Candidate genes black (encoding an enzyme involved in melanin synthesis) and

CSAD (encoding cysteine sulfinic acid decarboxylase) were chosen based on

function in pigmentation in other insects or position in the sequenced genome

of the reference lepidopteran B. mori (see below), respectively. B. anynana ESTs

corresponding to these candidate genes were identified by BLAST-screening the

NCBI EST database with the predicted protein sequences of D. melanogaster

black (FlyBase; http://flybase.org/) and B. mori BGIBMGA010122 (Silkworm

Genome Database; http://silkworm.genomics.org.cn/). The full coding

sequences of Ba_black and Ba_CSAD were then obtained with regular PCR

or rapid amplification of cDNA ends (RACE), respectively.

Two B. anynana ESTs with the highest similarity to D. melanogaster gene

black (FlyBase: CG7811), GE718264 (tblastn e-value¼1e-59, 59% identities)

and GE718255 (tblastn e-value¼5e-59, 64% identities), correspond to the

5¢ and 3¢ regions of Ba_black, respectively. The full coding sequence of this gene

was obtained by PCR with primers 5¢-ACGTTGCACGCTATTCAGTG-3¢ and

5¢-CTGCCATAAACGCCAGAAG-3¢ on cDNA prepared from total RNA

(extracted from whole cuticle of last instar larvae using Trizol, Invitrogen,

Paisley, UK) with Reverse Transcription System (Promega, Leiden, The Nether-

lands). B. anynana EST GE676169, that with the highest similarity (tblastn

e-value¼2e-54, 68% identities) to B. mori predicted protein BGIBMGA010122

(Silkworm Genome Database), corresponds to the 3¢ region of Ba_CSAD. Its

full coding sequence was obtained by RACE PCR with primers 5¢-CGCTAC

CATTGCTTGAGATCGCAGTG-3¢ and 5¢-AACTTCCACCCCAACAAGCATC

GACA-3¢ on cDNA prepared from total RNA (extracted as above) with SMART

RACE Amplification Kit (Clontech, Saint-Germain-en-Laye, France). The

nucleotide sequences of Ba_CSAD and Ba_black complete coding regions were

deposited to GenBank under accession numbers JN003848 and JN003850,

respectively.

Orthologs of both genes from other insects were identified using BLASTp in

NCBI (that is, top hits for different species with e-value below e-150) and

aligned with Multiple Sequence Comparison by Log-Expectation (MUSCLE)

tool (http://www.ebi.ac.uk/Tools/). A phylogenetic tree was generated using the

neighbour-joining method with the bootstrap analysis in the MEGA5 program

(http://www.megasoftware.net/).

Mapping families and linkage analysis
To determine whether mutations responsible for Choc and mln phenotypes

occurred in the same gene, reciprocal crosses between one Choc and one mln

homozygous individuals were set-up: two crosses between a Choc male and a

mln female and two crosses between a mln male and a Choc female (Figure 2a).

From each of the four F1 families, two males were crossed to their sisters to

obtain eight F2 families with a total of 259 individuals (details in Supplemen-

tary Table S1). All these were phenotyped for larval (Choc vs WT; Figure 1a)

Figure 1 Stage-specific melanic mutants of Bicyclus anynana. (a) Lateral

view of the mid-last instar ‘‘WT’’ and Choc larvae. Typical color of WT head

capsule and body integument is light brown, whereas that of the Choc

mutants is dark reddish brown (pupal and adult coloration are not affected).

The effect of the Choc allele is visible but much weaker in earlier larval

instars; the dark coloration in these disappears almost completely by the

end of each instar, just before each molt. (b) Ventral view of WT and

melanine (mln) adult females. Typical adult coloration is brown with light
bands and concentric rings of white, black and yellow running in the

anterior-posterior direction along the wings. Homozygous adults for the mln

allele are overall dark, almost black (larval and pupal coloration are not

affected).
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and adult (mln vs WT; Figure 1b) pigmentation. The numbers of progeny in

each phenotypic class were pooled over the eight families, and totals were tested

against the numbers expected under the hypothesis that the loci responsible for

the larval and the adult melanic phenotypes are not the same (that is, that the

Choc and mln alleles segregate independently) using the w2 goodness-of-fit test.

For the analysis of co-segregation between the mln phenotype and variation

at candidate gene Ba_black (explained in the Results and Discussion section), a

single backcross panel consisting of 30 mln and 28 WT individuals was

obtained by crossing one heterozygote male (offspring of a cross between a

mln and a WT butterfly) to one mln female (Figure 2b). All butterflies were

phenotyped and genomic DNA was extracted from thoraces using the DNeasy

Tissue Kit (Qiagen, Hilden, Germany), following manufacturer’s recommenda-

tions. A 260-bp fragment of the coding sequence of candidate gene Ba_black

was amplified and sequenced in the grandparents with primers 5¢-ACGTTG

CACGCTATTCAGTG-3¢ and 5¢-AATGGCGTATCCGTTAGCAA-3¢. A single-

nucleotide polymorphism (SNP), C/T in position 119 of the amplified

fragment (corresponding to position 381 in the coding sequence of

JN003850), is located within the recognition site for the endonuclease AccI,

which cuts the fragments only in the presence of C. Genotyping assays based on

this polymorphism were carried out in the parents and 58 F2 offspring of the

mapping family as follows: the fragments of Ba_black were amplified with the

same primers as above, digested overnight with 5U AccI (New England Biolabs,

Ipswich, USA) following the manufacturer’s recommendations, and scored on

agarose gels.

For the analysis of co-segregation between the Choc phenotype and

variation at candidate gene Ba_CSAD (explained in the Results and Discussion

section), each of two Choc individuals were crossed to a WT butterfly from an

unrelated laboratory population, and an F2 mapping panel consisting of 264

Choc and 85 WT individuals was established (details in Figure 2c and

Supplementary Table S2). Genomic DNA for individuals in this panel was

obtained as described above. Fragments of the candidate gene Ba_CSAD were

amplified in the grandparents with primers 5¢-ATTGACGCGTTCAAACTGTG-3¢
and 5¢-ACAAGACCTGGAATTTCCCTA-3¢, cloned and sequenced to confirm

PCR specificity. We identified a length polymorphism in the last intron of the

gene, discriminating between the grand-parental alleles: 1086-bp allele in the

Choc individuals, and a 1189-bp plus a 1305-bp alleles in the WT individuals.

A genotyping assay based on this length polymorphism was carried out in the

eight parents and all 349 F2 offspring of the four families by amplifying

fragments of Ba_CSAD with the same primers as above and by scoring allele

lengths on agarose gels.

Sequence and expression variation in candidate genes
For the analysis of coding sequence variation in Ba_CSAD, primers

5¢-GAACCACACGTTCGAATTTCA-3¢ and 5¢-ACAAGACCTGGAATTTCCC-

TA-3¢ were used to amplify a 1592-bp fragment (base pairs 46–1637 in

JN003848, Figure 3a) including the gene’s open reading frame from cDNA

(prepared from larval cuticle, as above) of four WT and four Choc offspring of

a cross between a Choc/+ male and a WT female. The products were cloned

into the pCRII-TOPO vector (Invitrogen), and five clones per individual were

Sanger-sequenced with M13 primers in both directions. All sequences were

aligned in BioEdit to identify SNPs and indels.

For the analysis of expression variation, we performed semi-quantitative

PCR on cDNA representing transcripts in different stages of larval integument

development in individuals from the WT and the pure-breeding Choc stocks.

Using pure-breeding stocks, rather than melanic and non-melanic siblings of a

single cross, allows us to be certain of individual genotypes even at stages when

phenotypes are not obvious. Six individuals were dissected for each of four

developmental stages, characterized by the following criteria: (1) late 4th instar

(4–5 days after the third molt), (2) pre-molt (next-instar head capsule is visible

through the cuticle, which becomes lighter), (3) 1st day of the 5th instar

(18–24 h after the 4th molt), (4) 2nd day of the 5th instar (42–48 h after the 4th

molt). The integument was dissected from segments 1–5 of the abdomen, and

muscles and fat tissue attached to the epidermis were removed. Total RNA was

extracted as described above, and 200 ng of RNA of each individual was used to

prepare cDNA with Reverse Transcription System (Promega) and oligo(dT)

primers, following manufacturer’s instructions. Expression levels of Ba_CSAD,

Ba_black and six genes with known role in melanin biosynthesis were examined

with semi-quantitative PCR using primers that amplify fragments, which span

introns, to avoid noise due to potential residual contamination of cDNA with

genomic DNA (see Supplementary Table S3 for GenBank accession numbers

and primer sequences). During protocol optimization, negative controls were

performed on water, and, to establish the optimal number of cycles, each

primer pair was tested with 25, 30 and 35 PCR cycles on a mix of cDNA

prepared from all WT individuals. The amplicons were also sequenced to

confirm gene identity. The housekeeping gene FK506 binding protein 2 (FK506)

was used as an internal control (Pijpe et al., 2011). PCRs were performed on

Figure 2 Analysis of linkage of melanism loci. Top: schematic representations of the experimental crosses used to test for linkage between loci responsible

for larval Choc and adult mln phenotypes (a), between mln and candidate gene Ba_black (b), and between Choc and candidate gene Ba_CSAD (c). Different

phenotypes are represented by color: gray for Choc melanic larvae (with WT-colour adults), black for mln melanic adults (with WT-colour larvae), and white
for WT larval and adult coloration. Males are shown as squares, females as circles and diamonds represent offspring of both sexes. Bottom: tables showing

the numbers of offspring in each phenotypic/genotypic class (details about the mapping families in Supplementary Tables S1 and S2). DNA sequence

polymorphisms used to genotype the individuals in (b) and (c) are explained in the text.
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Figure 3 Sequence annotation and phylogenetic analysis of Ba_CSAD. (a) Alignment of the predicted protein sequences of Ba_CSAD (483 amino acids) and

its silkworm ortholog BGIBMGA010122 (479 amino acids). Numbers on the right show amino acid sequence position; sequence identities are marked with

(*), conserved substitutions with (:) and semi-conserved substitutions with (.) (cf. MUSCLE, see Materials and methods). Dashed line indicates the PLP-

dependent DOPA decarboxylase domain, gray boxes indicate pyridoxal 5¢-phosphate-binding residues and the catalytic lysine (cf. NCBI Conserved Domains

Search; see Materials and methods), and the arrow indicates the threonine, which is substituted by lysine in the mutant allele. (b) Neighbor-joining

phylogenetic tree of Ba_CSAD and related insect proteins based on their amino acid sequences (with corresponding GenBank accession numbers), with

bootstrap values for 1000 replications. Ba_CSAD, B. mori BGIBMGA010122, T. castaneum 014177 and D. melanogaster CG5618 form a separate clade,

indicated with the dashed square. The scale bar indicates the evolutionary distance between the groups.
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cDNA of each individual and, for illustration in Figure 4b, on pools of 5ml

cDNA of individuals belonging to the same stage and phenotypic class. The

PCR conditions were: 95 1C for 3 min, followed by 30 and/or 35 (and also 38

for Ba_CSAD) cycles of 94 1C for 20 s, 60 1C for 20 s, 72 1C for 20 s and a final

extension at 72 1C for 5 min. Differences in expression were assessed by running

5ml of PCR products on 1.2% agarose gels.

RESULTS AND DISCUSSION

Mutations in two different loci cause melanism at different
developmental stages
The color of the integument of young B. anynana larvae is typically
green and changes to light brown in the final (fifth) instar; the adults
are largely brown with more or less conspicuous wing patterns
(Figure 1). Although there is subtle quantitative variation for different
aspects of larval and adult coloration (Beldade et al., 2002; Allen et al.,
2008), particular alleles can have very large effects and produce
phenotypes well outside the normal distribution range (Beldade
et al., 2008, Saenko et al., 2008; Saenko et al., 2010). This is the case
for two spontaneous mutations which affect overall pigmentation,
each at a specific developmental stage. The recessive mln and the
dominant Choc mutations cause dramatic darkening of adults and
larvae, respectively, without having any detectable effects during
other developmental stages (Figure 1). Note that the Choc phenotype
is virtually indistinguishable from that caused by the B. anynana
dark larvae allele described elsewhere (Bear et al., 2010), but, while
the latter is recessive, the Choc allele we investigate is dominant
(Beldade et al., 2009). Because the locus carrying the dark larvae allele
was not mapped, we cannot establish if the two mutations are
at the same locus.

As the Choc and mln mutations cause overall darkening of the
integument, we proceeded to investigate whether they correspond to
alleles of the same or different genes. We performed crosses between
homozygotes for either of the two mutant alleles and investigated the
frequency of different phenotypes in 259 F2 progeny of eight families
(Figure 2a and Supplementary Table S1). The total number of progeny
in each phenotypic class was not different from that expected if Choc
and mln are alleles of two independently segregating loci (goodness-
of-fit chi-square test¼5.62, d.f.¼3, P¼0.87). Moreover, 40 out of 259
individuals had WT coloration at both larval and adult stages, which is
only possible if Choc and mln are not alleles at the same locus and can,
therefore, complement.

Analysis of linkage between mutant loci and candidate genes
Several genes have been associated with melanization of the whole
body or specific body parts in insects (True, 2003; Wittkopp and
Beldade, 2009). In particular, loss-of-function mutations in the gene
black (encoding Aspartate 1-decarboxylase, involved in production of
melanin substrate beta-alanine, Kramer et al., 1984) result in overall
darkening of adult fruitflies (Phillips et al., 2005) and beetles (Arakane
et al., 2009), a phenotype that resembles that of B. anynana mln
mutants. Hence, we performed linkage analysis between the mln allele,
whose location in the B. anynana genome is unknown, and a
polymorphic marker in Ba_black, previously mapped to B. anynana
linkage group (LG) 11 (Beldade et al., 2009), in a single backcross
family consisting of 28 WT and 30 mln offspring (Figure 2b). We
identified a synonymous C/T polymorphism in the coding sequence of
Ba_black in the grandparents and genotyped the parents and the 58
offspring (see Materials and methods). In case of tight linkage between

Figure 4 Melanin pathway and semi-quantitative PCR of key genes in WT and Choc larvae. (a) A simplified schematic representation of the melanin

pathway (adapted from Arakane et al., 2009; Zhan et al., 2010; Futahashi et al., 2010): enzymes are shown in gray with corresponding genes in brackets;

arrows indicate reactions catalyzed by each enzyme (dashed arrows correspond to multi-step reactions). TH, tyrosine hydrolase; putative DCE, dopachrome

conversion enzyme (note that the exact function of the yellow gene is still unclear); DOPA decarboxylase (DDC), dopa decarboxylase; ADC, aspartate

decarboxylase; NBADS, N-beta-alanyldopamine synthase; NBADH, N-beta-alanyldopamine hydrolase; NBH2, dihydroneopterin; BH4, tetrahydrobiopterin.

(b) Relative expression levels of the control FK506 and seven melanin pathway genes in larval integument around the last larval molt (stages indicated on
top). PCR reactions (number of cycles on the right) were run on six replicate individuals per stage per phenotype (Supplementary Figure S1) and, for

illustration, also on pools of replicates (shown here). (c) Semi-quantitative analysis of Ba_CSAD expression in WT and Choc larvae, performed at 35 cycles on

six individuals for each stage and phenotype (data for 30 and 38 cycles is shown in Supplementary Figure S1). The fact that PCRs worked for both

phenotypic groups at some stage assures that lack of amplification is unlikely to be caused by putative sequence differences between populations.
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Ba_black and the locus responsible for the mutant phenotype, mln
offspring would be expected to carry only the T allele at the Ba_black
locus (like their mln grandfather), while WT offspring should have the
C/T genotype (like their WT grandmother). However, we found that
11 out of 30 mln individuals had C/T and 18 out of 28 WT individuals
had T/T genotypes (Figure 2b), which is close to 50% recombination
rate between Ba_black and the locus carrying the mln mutation. This
indicates that the two loci are either on different chromosomes or at a
large distance on the same chromosome, and that mln is not an allele
of Ba_black.

The Choc allele was previously mapped to a 35 cM region on
B. anynana LG 7 (Beldade et al., 2009). This excludes Ba_black, mapped
to LG 11, and other melanin pathway genes found on other LGs in
B. anynana (for example, Ddc on LG 4, Beldade et al., 2009), and in
the syntenic reference lepidopteran genome of the silkworm B. mori (for
example, ebony on LG 26, Futahashi et al., 2008). The region of the
silkworm genome orthologous to the B. anynana genomic region
where Choc maps to was identified as nscaf2986 (Beldade et al., 2009
see Supplementary Table S4 for gene content of this B. mori genomic
region). This region contains the gene BGIBMGA010122, which shows
high sequence similarity to D. melanogaster gene CG5618 (encoding a
predicted cysteine sulfinic acid decarboxylase, CSAD; NCBI tblastn e-
value 3e-156, 49% identities), gene CG14994 (encoding a glutamic
acid decarboxylase 1, GAD1; e-value 2e-123, 42% identities) and gene
black (e-value 1e-147, 45% identities). As Aspartate-1 decarboxylase
(the product of black) is involved in cuticular melanization in other
insects (see above), we wished to investigate whether the B. anynana
ortholog of BGIBMGA010122 was responsible for melanization of the
larval integument in the Choc mutant.

We identified the B. anynana EST with the highest similarity to
BGIBMGA010122 (GE676169, see Materials and methods) and carried
out linkage analysis in four F2 families segregating for Choc and WT
larval coloration phenotypes (Figure 2c and Supplementary Table S2).
An intron length polymorphism in this B. anynana gene was identified
in the grandparents: the Choc grandparents carried two 1086-bp
alleles (small, S), while the WT grandparents carried a 1189-bp
(middle, M) and a 1305-bp (large, L) alleles. These were used to
genotype the eight F1 parents and 349 F2 offspring in the mapping
panel. None of the 85 F2 offspring with WT larval coloration (+/+)
had the Choc-specific S allele. On the other hand, 109 Choc larvae
(putative Choc/Choc homozygotes) carried two S alleles, and 155 Choc
larvae (putative Choc/+ heterozygotes) carried one S allele and either
M or L alleles. This perfect co-segregation between the polymorphic
marker and larval phenotype indicates that the Choc locus is tightly
linked (within 0.29 cM, equivalent to fewer than 1 recombination
event in 349 meiosis) to EST GE676169 and is likely an allele of the
corresponding gene.

The Choc locus encodes a putative pyridoxal phosphate (PLP)-
dependent cysteine sulfinic acid decarboxylase
We obtained the full-length B. anynana ortholog of the B. mori gene
BGIBMGA010122 (see Materials and methods) and established that its
1452-bp open reading frame encodes a 483-amino acid protein with a
DOPA decarboxylase domain (Figure 3a). This domain belongs to a
superfamily of highly conserved domains, the PLP-dependent aspar-
tate aminotransferases. These are characterized by seven conserved
pyridoxal 5¢-phosphate-binding residues and one catalytic residue
lysine (see Figure 3a), which forms the aldimine bond with the
coenzyme (John, 1995). Phylogenetic analysis based on the amino
acid sequences of the B. anynana enzyme and eleven putative homo-
logs from four other insect species (see Materials and methods for

selection details) revealed that it is closely related to predicted proteins
of B. mori (BGIBMGA010122 in Silkworm Genome Database),
Tribolium castaneum (014177 in BeetleBase; http://beetlebase.org/),
and D. melanogaster (CG5618 in FlyBase). The function of these
proteins, which are clearly separated from insect Black and Gad1
enzymes (Figure 3b), has not been shown experimentally, but
D. melanogaster CG5618 is predicted (cf. FlyBase) to be a PLP-dependent
enzyme with cysteine sulfinic acid decarboxylase activity, or CSAD
(enzyme nomenclature code EC 4.1.1.29). This suggests that its
B. anynana ortholog, hereafter referred to as Ba_CSAD, can perform
a similar role.

PLP-dependent enzymes catalyse a wide variety of biochemical
reactions (for example, decarboxylation or transamination) that
almost exclusively involve amino acids (Percudani and Peracchi,
2003; Mozzarelli and Bettati, 2006). Approximately 0.5% of genes in
any eukaryotic genome encode PLP-dependent enzymes, and over 100
distinct enzymatic activities are carried by these proteins (Christen
and Mehta, 2001). Well-studied enzymes of this group include DOPA
decarboxylase, which catalyzes the decarboxylation of tyrosine, and
glutamate and aspartate decarboxylases (Richardson et al., 2010).
CSAD enzymes have been implicated in taurine biosynthesis in
mammals (Guion-Rain et al., 1975), but, to our knowledge, have
not been associated with pigmentation or any other biological process
in insects. Our linkage mapping puts the Choc allele within 0.29 cM of
the putative Ba_CSAD. The relationship between genetic and physical
maps has not been determined for B. anynana, but in the highly
syntenic (Beldade et al., 2009) reference genome of B. mori 0.29 cM is
estimated to correspond to 87–174 Kb (Sato et al., 2008). Within
174 Kb to the left and to the right of B. mori BGIBMGA010122 in
nscaf2986 there are 12 predicted genes (cf. Silkworm Genome Data-
base), none with described role in melanogenesis (see Supplementary
Table S4).

Many cases of larval melanism have been documented in associa-
tion with thermoregulation and high larval densities (Goulson, 1994;
Hazel, 2002; Noor et al., 2008), yet little is known about the genetic
basis of this phenotype. Our study suggests a novel candidate locus for
larval melanism and open up new prospects for further analysis of the
role of CSADs in the adaptive evolution of insect coloration.

Regulatory and coding sequence variation of Ba_CSAD
To assess whether the causal mutation occurred in the coding or
regulatory sequence of Ba_CSAD, we looked for differences in protein-
coding sequence and in expression levels between Choc and WT
individuals. The complete coding sequence of the gene was analyzed in
four WT and four Choc sibling offspring of a single cross between a
Choc/+ male and a +/+ female. No indels causing a frameshift in the
open reading frame, or SNPs resulting in a premature stop codon were
found in the mutant. Of the five SNPs identified, three are synon-
ymous and two adjacent SNPs (AA in the Choc allele vs CC in the WT
at positions 1436+1437 bp in JN003848) cause a threonine to lysine
substitution in position 479 of the 483-aa predicted protein, which is
outside the functional domain (Figure 3a). However, this substitution
might be functionally relevant because amino acid changes outside
catalytic sites can still affect enzymatic function, for example, by
changing the structure of the protein (Freeman et al., 2011).

Expression levels of Ba_CSAD and of seven genes with known
function in insect pigmentation were examined by semi-quantitative
PCR. This analysis targeted four stages around the last larval molt
(that is, when cuticular pigmentation takes place) and during the first
2 days of the last larval instar (that is, when the differences between
phenotypes are the most obvious), in replicate individuals with either
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WT or Choc coloration (Figure 4). The genes pale, Ddc, black, tan,
yellow and ebony encode enzymes of the melanin biosynthesis pathway,
whereas the product of purple is involved in the biosynthesis of a
cofactor for Pale (see Wittkopp et al., 2003, Futahashi et al., 2010, and
references therein). No variation was observed between the pheno-
types or stages in the expression levels of the control gene FK506 and
pigmentation genes purple, pale, Ddc, black, and tan. Expression of
yellow was relatively high around the molt (consistent with what has
been described in other butterflies; Futahashi et al., 2010), whereas
ebony (mapped to LG 26 in the syntenic genome of B. mori) was
expressed at relatively low levels across all stages, and downregulated
in late 4th instar Choc individuals (Supplementary Figure S1),
suggesting a regulatory feedback with allelic variation at Ba_CSAD
(the locus the Choc phenotype maps to).

The candidate gene Ba_CSAD was expressed in 21 out of 24 WT
individuals, and in only 8 out of 24 Choc larvae examined (Figure 4c
and Supplementary Figure S1). The contrast between the WT and
mutant phenotypes was particularly obvious during the late 4th instar
(Ba_CSAD expressed in all six WT and in just one out of six Choc
individuals), and on the second day of the 5th instar (transcripts of
Ba_CSAD detected in all six WT, but in none of the Choc larvae). The
correlation between larval pigmentation phenotype and Ba_CSAD
expression is not perfect, which could be explained by: (1) discre-
pancies in ‘physiological’ and ‘chronological’ stages (differences in
physiological state among larvae within same group could result from
our staging method, based on a combination of morphological
markers and chronological time), (2) differences between males and
females (larval sex was not determined here), and (3) cryptic variation
in gene expression (cf. Reed et al., 2007). Taking together our mapping
data, that place the locus responsible for the Choc phenotype within
0.29 cM of Ba_CSAD, and these differences in expression of the same
gene between WT and Choc larvae, suggests that a mutation in
Ba_CSAD is causing the darkening of the larval cuticle in the
B. anynana Choc individuals. With all data taken together, it seems
unlikely that the expression difference we see for Ba_CSAD between
Choc and WT is not related to the difference in pigmentation, or that
it is controlled by some trans-acting factor diverged between the two
lab populations.

Concluding remarks
Analysis of laboratory mutants has proven to be useful in evo-devo
studies of animal pigmentation (Protas and Patel, 2008). We investi-
gate two melanic mutations in the butterfly model, B. anynana, and
provide several lines of evidence suggesting that allelic variation at the
Ba_CSAD locus could be responsible for the larval color phenotype in
the Choc mutant. First, the Ba_CSAD and Choc loci are mapped to
within 0.29 cM of each other in a region that does not contain any
other pigmentation candidate genes (cf. the analysis of the syntenic,
fully sequenced genome of the silkworm; see Supplementary Table S4).
Second, we identified differences between WT and mutant individuals,
both in the coding sequence (an amino acid substitution outside the
catalytic domain) and in expression levels (downregulation around the
last larval molt) of Ba_CSAD. Additional studies are required to
analyze the function (for example, substrate specificity) of this
enzyme, to characterize the putative effects of the amino acid changes
we detected, and to identify the nucleotide changes responsible for
expression differences.

We also show that the larval and adult melanic phenotypes are due
to alleles at two different, independently segregating loci, and that the
latter is not due to a mutation in the candidate gene Ba_black whose
orthologs have been implicated in similar phenotypes in other insects.

Mutant alleles such as Choc and mln provide the opportunity to
explore the genetic basis of melanism, and to investigate whether the
loci identified in lab mutants are important in micro- and macro-
evolutionary processes in nature (Haag and True, 2001). Furthermore,
mutations with such a stage-restricted effect on pigmentation indicate
that larval and adult coloration are, to some extent, regulated
independently, and offer a chance to explore experimentally this
type of developmental uncoupling.
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