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SUMMARY

Body coloration affects how animals interact with the
environment. In insects, the rapid evolution of black and
brown melanin patterns suggests that these are adaptive
traits. The developmental and molecular mechanisms that
generate these pigment patterns are largely unknown. We
demonstrate that the regulation and function of theyellow
and ebonygenes inDrosophila melanogasteplay crucial
roles in this process. The Yellow protein is required to
produce black melanin, and is expressed in a pattern that
correlates with the distribution of this pigment. Conversely,
Ebony is required to suppress some melanin formation, and
is expressed in cells that will produce both melanized
and non-melanized cuticle. Ectopic expression of Ebony
inhibits melanin formation, but increasing Yellow
expression can overcome this effect. In addition, ectopic

formation, but only in the absence of Ebony. These results
suggest that the patterns and levels of Yellow and Ebony
expression together determine the pattern and intensity of
melanization. Based on their functions in Drosophila
melanogasterwe propose that changes in the expression of
Yellow and/or Ebony may have evolved with melanin
patterns. Consistent with our hypothesis, we find that
Yellow and Ebony are expressed in complementary spatial
patterns that correlate with the formation of an
evolutionary novel, male-specific pigment pattern in
Drosophila biarmipes wings. These findings provide a
developmental and genetic framework for understanding
the evolution of melanin patterns.
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expression of Yellow is sufficient to induce melanin Evolution,Drosophila

INTRODUCTION modes of color evolution. In animals, melanins are derived
from the catecholamine precursors dopa and dopamine, which
Color patterns are among the most obvious and striking featurage synthesized from tyrosine (reviewed by Sturm et al., 1998;
of animal diversity. The selective forces that affect thes®arsh, 1996). Although the biochemical pathways of melanin
patterns, such as predator avoidance, sexual selection asyhthesis are similar throughout animals (Prota, 1992),
thermotolerance are known (Nijhout, 1991), and in some casegrtebrates and invertebrates accomplish melanin patterning in
the genetic basis of intra- and interspecific variation irtheir adult bodies by very different mechanisms. Vertebrates
pigmentation patterns has been examined (for reviews, ssgnthesize melanin in the neural crest-derived melanocytes in
Majerus, 1998; Sheppard et al., 1985; Barsh, 1996; Sturm et ahe form of granules, which are exported into the keratinocytes
1998). However, the molecular mechanisms that underlie colaluring the formation of skin, fur and hair. Insects, the
pattern development and evolution remain unknown. Before thavertebrates in which pigmentation is best understood,
evolution of pigmentation can be understood, the developmentsynthesize and secrete melanin precursors throughout their
mechanisms responsible for pigment patterning must benaginal epidermis during formation of the cuticular
elucidated, which requires answers to the following questionsexoskeleton (Wright, 1987).
What are the functional relationships among genes required Drosophila melanogasteis an excellent model species in
for pigmentation? which to investigate the regulation of melanin patterns. Some
How do their products determine different pigment types? of the enzymatic steps in the melanin synthesis pathway are
What are the molecular mechanisms that control the spatiahderstood both genetically and biochemically (Wright, 1987).
aspects of pigment patterning? Tyrosine hydroxylase (TH; encoded by the gerade) and
Melanins, a diverse class of polymerized oxidation product®opa decarboxylase (DDC) convert tyrosine to dopa and
of phenolic precursors, are the most widespread pigments @opamine, respectively, which are then processed by a system
the biological world, and melanism is one of the most prevalerdf Phenol Oxidases (POs) and co-factors to form melanin
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during cuticle development. The differential production ofP{w*MC=UAS-y.C}MC2,Sé)) and UASyellow (y! w118

pigments among cells generates pigment patterns; therefoR{w*mC=UAS-y.CIMC1/TM3P{UAS-y.C}MC2 Set) were obtained
the spatial regulation of the expression or activity of ratefrom G. Morata. UAS-GFP liness(; P{w*MC=UAS-GFP.S65T/T2}
limiting enzymes in this pathway may control patternand w* P{w'mC=UAS-GFP.S65T/T10} €', ry'? and ry>%® were

formation. Previous work has shown that neither TH nor DD btained from the Bloomington, Indiana Drosophila Stock Center.
FA FA i
activity is rate limiting for the production of melanins (True N(3R)e"™ (denotede™™) was obtained from B. Hovemann. The

e - .mutants used y(v, yw?%) are standard Carroll lab P-element
et al., 1999), indicating that other steps required for melanll('}ansformation host strains a@a@ntorfis a standard Carroll lab wild-

synthesis control pigment distribution. ) type strain.D. biarmipes(rajasekar) lines 361.0 and 361.3 were
yellow (y) andebony(e) are excellent candidates for genesobtained from Bowling Green Drosophila Stock Center. All flies were

that delimit melanin patterns. ynmutants, all black pigment is reared at 25 on standard corn meal molasses agar media.

eliminated, showing that Yellow is required for the production _ _ S _

of black melanin (Morgan and Bridges, 1916). Although theissection, mounting and imaging of adult cuticle

biochemical function of Yellow has not been determinedAdult flies (at least 3 days old) were placed in a 10:1 mixture of 95%

it shares sequence similarity with the recently clonedethanol and glycerol for 1-3 days. Images of thoraxes were captured

Dopachrome Conversion Enzyme (Johnson et al. Zoogom flies submerged in 95% ethanol using a SPOT digital camera

suggesting that Yellow may have an enzymatic function i Diagnostic Instruments) connected to a Leica MZ6 microscope.

melanin synthesise mutants ha"‘? the opposite phenotype 0 Anderson, 1954). For abdominal segments, the head and thorax were
y mutants: loss of Ebony function increases black pigmentmoved and the abdominal cuticle cut along lateral midline. Internal
(Bridges and Morgan, 1923)encodes the enzyme Balanyl  soft tissue was removed and the abdominal tergites were mounted in
dopamine synthetase (NBAD synthetase) that converigoyers. Wings and abdomens were then baked°& 68ernight and
dopamine to NBAD, which is subsequently oxidized to producémaged using a ProgRes 301Z digital video camera (Kontron
a tan pigment (Koch et al., 2000; Wright, 1987). This strongl\Electronics) attached to a Zeiss Axiophot microscope. All images
suggests that both an increase in black melanin and a decretgign on the same microscope were captured under identical lighting
in tan pigment contribute to the daeknutant phenotype. conditions.

AIthou.gh y anq e mutants were discovered many decadeg, AS-Ebony construction
ago, their roles in the development of pigment patterns ha Hovemann provided a 1.9 I@al-EcoRl clone containing the's
not been elucidated in detail. Walter and Colleagu_es (Walter €4 of theebonF;/cDNA and a 1 KEECQRI clone with the Sgnd of
al., 1991) have found that levels of Yellow expression correlatge ehonycDNA. A 544 bp DNA fragment containing the missing 58
with intensity of black pigment. Additionally, Hovemann et al. pp of the ebony cDNA between the twdEcoRI sites was PCR
(Hovemann et al., 1998) have reported thds expressed amplified fromD. melanogaster Oreg&ngenomic DNA using the
during pupal development and was present in the cuticle @fimers >ACGTTCCATTGCTGGTCAAC-3and 3-CCAGCACA-
young adults. These observations suggest that the spatl@lCCAGATATCG-3. The sequence of this fragment was compared
regulation of these genes may be important for the propeyith theD. melanogastegenome sequence (FlyBase, 1999) to ensure
development of pigment patterns. that allbzlan;mc_) r?c;]de?gv%r% |c:ent|ce_1l. 'I;}hepSg}_\l)IlrlpRI fra%ne_nt Was)

We have investigated the genetic interactions betwegn ~ 2SSembled with the'and 3 clones in the vector (Invitrogen).
e, and analyzed tghe regula%on and function of th\gse geni[ge full-length 1.9 kkebonycDNA was then cloned into the pUAST

ro . . ” ctor (Brand and Perrimon, 1993) all@tl-Kpnl fragment and this
during .the deve'lopment of adult P'gme,”ta“on- We find tha onstruct was used for P-element mediated germline transformation
adult pigmentation reflects a combination of black and tag theyw strain (Spradiing, 1986).
pigments, controlled byy and e, respectively. Yellow is
expressed in a temporally dynamic pattern that correlates withntibody production
black melanin formation, while Ebony is present in cellsThe full-length cDNA ofebony and a nearly full-length cDNA of
that produce both melanized and nonmelanized cuticlerellow (missing the first seven amino acids) were cloned into the
Significantly, we find that ectopic expression of EbonyPGEX 5X-1 vector (Amersham Pharmacia Biotech) in frame with the
eliminates melanin formation, and, in the absence of Ebonﬁdetalg- Pr(()jtemtpgoguctlon_,f_mct:_luaon body p‘é"f'catt')o'(‘j' Injection
Yellow promotes the production of black melanin in novel3¢N€dule and antibody purilicaion were as_described e:sewnere
patterns. We conclude that pigment patterns are determined’.’g’%'”'ams et al, 1995). Briefly, cultures of BL2Z1(DE3)pLysS cells

th bined . it f Yell d Eb rrying an expression plasmid were induced with 1 mM IPTG. Three
€ combined expression paterns of Yefllow an ony, anghrs after induction, the cells were harvested and sonicated to release

propose that changes in the expression of these genes may h@¥e protein, The majorities of both GST-Ebony and GST-Yellow
evolved with the interspecific divergence of pigmentationproteins were in insoluble inclusion bodies. The insoluble fractions
Consistent with this idea, we find that a novel pigmenivere solublized by boiling in 5% SDS, diluted, and dialyzed in
pattern in another specie®.( biarmipes)is presaged by 1xphosphate-buffered saline (PBS) to remove as much sodium
complementary spatial patterns of Yellow and Ebony proteidodecyl sulphate (SDS) as possible. After dialysis, the proteins were
expression. These findings demonstrate that the regulation agitited to 1 mg/ml in £PBS and injected into animals. GST-Ebony

development and evolution of melanin patterns. rabbits and rats. Solublized GST-Ebony and GST-Yellow were bound

to Actigel (Sterogene) resin and packed into columns. A culture of
BL21(DE3)pLysS cells carrying an empty pGEX 5X-1 plasmid was
induced, sonicated, bound to Actigel and packed to make a GST

fterwards, wings were removed at their base and mounted in Hoyers

MATERIALS AND METHODS column. Serum recovered from all animals was affinity purified using
) ) ) either the GST-Ebony or GST-Yellow column. Recovered rabbit
Drosophila strains and rearing antibodies were then passed over the GST column to remove

pannierGAL4  (yr w18  P{w+mW.hs=GawB}pr¥P237TM3, antibodies that recognized GST and bacterial proteins. Purified
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antibodies were diluted to approximately 0.25 mg/ml ¥PBS,  was employed to test the specificity of the antibodies produced above.
0.02% sodium azide added and then stored@t Burther details are Each antibody recognized a protein that was the predicted size of each

available upon request. respective antigen in wild tyd2. melanogasteandD. biarmipedlies,
) and these full-length proteins were absent in the respective genetic null
Western blotting mutants oD. melanogastefsee Fig. 2). Immunohistochemical staining

Pupae displaying eye pigmentation, but no melanization of the bodyas performed to confirm that the antibodies specifically recognized
(approximately 60-75h APF) were homogenized in 125 mM Tris pHYellow and Ebony proteins in vivo. To summarize briefly, the Yellow
6.8, 6% SDS (10Ql per five pupae), and then centrifuged for 15 antibody did not produce any signalymull mutants (see Fig. 3A).
minutes. The supernatant was transferred to a new eppendorf tube w&milarly, during the mid-late pupal development, Ebony expression
an equal volume of2Sample Buffer (125 mM Tris pH 6.8, 6% SDS, detected in wild-type flies was abseneff® mutants (see Fig. 4A,B).
0.2% glycerol, 0.25% bromophenol blue, 20 mM diothiothreotol),In pharate adults, however, the Ebony antibody produced a similar
boiled for 10 minutes, and stored at —80°C. Samples were placed signal in both wild-type and mutant animals (see Fig. 4C; data not
95°C for 5 minutes before electrophoresis on 7% polyacrylamide getshown). Thee*™ allele is a genetic null mutant for pigmentation, but
(0.5-1 fly equivalent loaded in each lane). Gels were electroblotted onstill produces truncated transcriptseqfHovemann et al., 1998). In the
nitrocellulose membranes using Towbin transfer buffer (192 mMabsence of the Ebony antibody, no fluorescent signal was observed in
Glycine, 25 mM Tris pH 8, 20% methanol) at 75 mA for 1 hour.animals of either genotype, suggesting that the polyclonal antibody
Membranes were temporarily stained in 0.02% Ponceau S concentraézognized truncated Ebony proteinsefi flies. Yellow and Ebony
(Sigma) to compare the amount of protein loaded per lane, and thantibodies were also found to specifically detect ectopically expressed
blocked in 5% bovine serum albumin (BSA) in TBST (0.02 M Tris pH Yellow or Ebony proteins, respectively (see Fig. 3E,F).

7.5, 0.15 M NaCl, 0.03% Tween 20) for 2-12 hours at 4°C. Filters were

incubated with primary antibody (1:1000 rabbit anti-Yellow, 1:400 rat

anti-Yellow, or 1:400 rabbit anti-Ebony, in TBST 5% BSA) at 4°C RESULTS

overnight and then washed in TBST. Finally, the membranes were

transferred to secondary antibodies (Jackson Laboratories) at 1:500@/low and ebony regulate pigment patternsin  D.

for donkey anti-rabbit alkaline phosphatase (AP) or 1:2500 for donkeyne/anogaster

anti-rat AP in PBST + 5% BSA for 2-4 hours at 4°C, washed in TBST; . L .
and developed in NBT/BCIP (Roche). To study the functions of ande in pigment patterning, we

focused on the most dramatic melanin pattern On
Immunohistochemistry melanogasteadults, the dark pigment stripe near the posterior
For immunohistochemical staining of pupal abdomens and thoraxe€dge of each abdominal tergite (Fig. 1A, arrowhead)y In
pupae were cut longitudinally near the lateral midline and the dors&nutants, the appearance of this stripe changed from black to
cuticle placed in 1 ml of ¥PBS + 0.3% Triton X-100 (PBST). After brown, but the pattern remained the same (Fig. 1B). Similarly,
gentle shaking to remove non-epidermal cells, formaldehyde was ane mutant, the posterior stripe remained distinct, but the
added to a final concentration of 4% to fix the cells and the tissuguticle anterior to the stripe was darker than in the wild type
smoothly rocked at room temperature for 40 minutes. Methylen(_e Bly, ig. 1C). Flies that lacked function of both genes displayed a
g? Fé' ‘r’]:ir?jg/g) "fr‘ls i‘i‘?ﬁ:ﬁ% Staf‘g: t(t‘:llscelﬁ lﬁs'l?egoca:(r:gg tﬁ%”t'rbue henotype different from either of the single mutants: the
- Y g ’ pup osterior stripe was no longer apparent and the entire tergite

membrane were then removed, and samples were blocked in PBS dab | Fia. 1D). The di fth
3% BSA for at least 1 hour. Samples were then incubated with prima sumed a brown color (Fig. ). The disappearance of the

antibodies (rabbit anti-Yellow, rabbit anti-Ebony and/or rat anti-distinct stripe in the double mutant shows thahde are each
Yellow) at 1:200 in PBST + BSA overnight, followed by four washesreéquired for the formation of this pigment pattern.

for 15 minutes each in PBST and incubation with secondary These genes are also required for proper pigmentation of
antibodies at a concentration of 1:200 for at least 4 hours. Secondasther structures. Phenotypes wfand e single and double
antibodies conjugated with FITC, Cy3 or biotin were used to deteahutants showed that in both the thorax and the wing,
specifically primary antibodies generated in rabbits or rats (Jacksagndogenous Ebony expression suppresses black pigment
Laboratories). Samples were then washed again four times for Iatierns that required the Yellow protein. In both structures,
minutes each in PBST with TOPRO (Molecular Probes) included dbss of y function altered the overall pallor of the cuticle

1:2000 in the first three washes. Samples incubated with a biotin-_.. . . P
conjugated secondary antibody were subsequently incubated in 1:2%%Iatlvetto V\Qld typI(:al, buiéjlglrj]m ?how <t':1nyt altﬁratlon in the
streptavidin conjugated to FITC (Jackson Labs) for 2 hourSG@t 4 pigment pattern (Fig. F.1,J). la mutants, however, a

and then washed in PBST. All steps after fixation were performed &ramatic pigment pattern, referred to as the ‘trident’, formed
4°C. Samples were mounted in Vectashield (Vector Labs) and imagdl the thorax and pigment surrounded the wing veins (Fig.
on a Biorad MRC 1024 confocal microscope. 1G,K). Flies lacking both Yellow and Ebony retained these

For immunohistochemical staining of pupal wings, the wings wergoatterns, but black melanin appeared to be absent (Fig. 1H,L).
excised in PBS and flattened in fixative under a coverslip for 5-10 The requirement of and e to promote and inhibit black
minutes, and then placed in a glass scintillation vial containing 4%jigment, respectively, strongly suggests that adult pigment
formaldyhyde in PBST for 30-60 minutes on ice. Halfway throughpatterns may reflect spatially regulated expression of these
fixation, specimens were sonicated for 30-60 seconds in a Bra”sgénes. Therefore, we generated antibodies that specifically
200 jewelry cleaner. Wings were then moved to PBST + BSA an lecognize the Yellow and Ebony proteins (Fig. 2; also see

processed as described for pupal body staining. . . .
The age of pupae used for immunohistochemistry was estimat aterials and Methods) and determined the spatiotemporal

based on eye color and progression of melanization as describeddistribution of these proteins.

Ashburner (Ashburner, 1989). Therefore, all ages given ar : PETTI : .
approximations and are expected to be correct within about 2-3 hourb giﬂagigﬁtgﬁtu“on of Yellow protein correlates with

Specificity of Yellow and Ebony antibodies It has been shown thafunction is required during mid to late
Western blotting of protein extracts from wild-type and mutant tissuepupal stages for proper pigmentation of the adult (Nash, 1976),
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Fig. 1.yellowandebonyare required wild type
for proper pigment patterning .
melanogaster(A) Wild typeD. B 117 80 ¢ A3 E]
melanogastefemales produce a strips o i ' v

of dark pigment (arrowhead) near the
posterior edge of abdominal segmen
A2-A6. (B) In yellownull mutants,
black melanin is lost within the stripe
leaving a brown pigment, and cuticle
anterior to the stripe has a tan
appearance relative to wild type.

(C) ebony mutants retain a distinct
pigment stripe and the cuticle anteric
to the stripe is much darker than wild
type. (D)yellow, ebony double
mutants have brown pigment
throughout the abdomen and the stri|
is no longer distinct. Similar changes
pigmentation are observed in other
structures. Wild-type flies are a unifo
color in the thorax (E) and wings ().
yellowmutants, these structures becc
tan (F,J). Irebony mutants, the thorax
(G) and wings (K) are more darkly
pigmented, and new pigment pattern
are visible (arrowheadsjellow; ebony
double mutants also show these
patterns, but the black pigment is absent, and they consist of two shades of brown pigment (H,L, arrowheads). In atepanéts,ipuvards
and dorsal cuticle is shown. Abdominal segments A3-A5 are shown in A-D.

and the Yellow protein has been observed everywhere thahterior-most segment and progressed posteriorly (Fig. 3B),
black pigment forms in the adult (Walter et al., 1991).consistent with the polar wave of development of other
Furthermore, the levels of Yellow expression were found t@bdominal structures (Bainbridge and Bownes, 1981). In the
correlate with the intensity of black pigment (Walter et al., A5 abdominal segment, Yellow expression was sexually
1991). The resolution of these findings, however, was limitedimorphic with high levels throughout the segment in males,
by visualization of Yellow distribution only in tissue cross- but not in females (data not shown). This expression correlates
sections. In order to characterize Yellow expression morwith high levels of male-specific abdominal pigment in the A5
fully, we used a whole-mount immunohistochemical stainingsegment of adults. Yellow was also expressed in a cell
protocol (Kopp and Duncan, 2000) that allowed us to examinassociated with each adult mechanosensory bristle and
protein expression throughout the entire developing dorsahroughout the developing wing blade (Fig. 3C, arrow; data not
epidermis. shown), consistent with the genetic requirememptfof normal

In the abdomen, Yellow protein was present in cellgpigmentation of these structures. Finally, Yellow protein was
throughout each of the abdominal tergites from approximatelgresent in the cells of the thorax that form the black ‘trident’
60-72 hours after pupal formation (APF) (see A3 segment iim e mutants (Fig. 3C, also see Fig. 1G).
Fig. 3B). Later, starting at approximately 72 hours APF, Yellow o ) )
was predominantly restricted to cells that produce th&ost-transcriptional regulation and processing
abdominal pigment stripe (see A4 segment in Fig. 3B)affect the distribution of the Yellow protein
Temporal refinement of Yellow expression began in thén addition to determining the spatial distribution of the Yellow

Fig. 2. Antibodies specific for thBrosophilaYellow and Ebony \0&5\ o " me\#@l@\?"s
proteins. Western blots of ~60-72 hour pupal protein extracts. " q\*ﬂ g \I\af'\ “\\3 0“0‘
Antibodies to the Yellow protein produced in rabbits (A) and rats (B) A. rabbit a Yellow

recognize a 60 kDa protein in protein extracts from animals with a = o - : —
wild-typey gene Cantor®, é*), but not fromy mutants y279 yw, A e e e

ywA%), Both antibodies also recognize a similar size proteih in B. rat o Yellow — — e—
biarmipes (C) Antibodies raised in rabbits against the Ebony protein e o o HEE S
recognize a 94 kDa protein (arrowheads) in wild-type animals N oo

(Cantor¥), but note mutants ¢!, é*M). Several smaller proteins in \9\ Al ‘m"‘?

both wild-type and mutant flies are also detected (data not shown). .
A protein of approximately 94 kDa is recognized in extracts flom C. rabbit o Ebony
biarmipes A strong band just below the presumptive Ebony band "‘*g M"
also appears in both wild-type aadhutant extracts. (A-C) The

panel below each blot indicates relative protein loading.

(v .
Oan’\" 0 \nca\“ Ovb\a
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Fig. 3. The spatial pattern and subcellular distributic
of the Yellow protein is temporally dynamic. The fin
distribution of Yellow in late pupal stages correlates
with the location and intensity of black melanin in tl
adult. (A) Immunohistochemical staining with the a
Yellow antibody does not recognize any proteins in
yellowmutant. Abdominal segments A3 and A4 frol
pupa 72 hours after puparium formation (APF) are
shown. (B) Wild-type Cantor) pupa approximately
the same age as in A. In the A3 segment, Yellow
protein is present almost exclusively in the cells the
secrete the pigment in the stripe (bracket). Yellow i
expressed in this pattern in all segments at later
developmental stages. In the A4 segment, Yellow
protein is present in cells that underlie the future
pigment stripe (bracket), as well as in more anterio
cells that produce significantly less black melanin.
During earlier pupal stages, the distribution of Yellc
in all segments resembles the A4 segment shown.
change in the spatial distribution of Yellow protein
occurs first in A2 and progresses posteriorly to A6.
pupa shown in B has undergone this refinement in
but not yet in A4. (C) In the thorax, at approximatel
80 hours APF, Yellow protein is present in cells tha
produce the thoracic pigment patterrelonymutants
(arrowhead; see Fig.1C). Additionally, Yellow is
expressed in a cell associated with each
mechanosensory bristle (arrows). (D) Expression ¢
UAS-GFP (green) shows that thannierGal4 driver
is expressed in dorsal cells along the length of the
(E-1) Co-expression of UAS-Yellow and UAS-Ebony
activated bypannierGal4. (E-H) Ebony (green) is
present in all cells within theannierGal4 expression
domain, whereas, Yellow protein (red) is only present
in a subset of these cells. (E,F) Abdominal segments A3 and A4 are shown with the dorsal midline at the left edge, aldridtinatert the
right edge. Arrowhead indicates the edge ofthenierGal4 expression. Endogenous Yellow protein underlying the pigment stripes (brackets)
and endogenous Ebony expression (arrow) are also detected. (G,H) Initially, ectopic Yellow is present in the cytoplaset of aalsin

which it is transcribed. The presence of ectopic Ebony protein indicates transcriptional activation of p#8ibyGald. TOPRO staining

(blue) shows the location of both epidermal nuclei and the larger bristle cell nuclei. Later in development, cytoplassimnesfyetow

forms foci within the cell (data not shown) which are subsequently exported and evenly distributed among neighboringeelisaiition

of the Yellow protein from cytoplasmic to extracellular occurs in an anterior-to-posterior wave, similar to the changd exppagsion

pattern. In the A4 segment shown in F, Yellow expression is still predominantly cytoplasmic near the posterior of thebsé@reentes

diffuse foci in the more anterior cells and in the A3 segment. (J) An optical cross section shows that after it is eXfimtedotén (red)
becomes evenly distributed above the apical side of epidermal cells that directly underlie the developing cuticle (aff@##R@dtaining
(blue) and Ebony expression (green) show the nuclear and cytoplasmic boundaries, respectively. Apical is towards tad&af: BeAtF,
100pm.

protein, we compared the expression levels of Yellow amongimultaneously. Ebony protein was detected uniformly in all
neighboring cells, as well as determined the subcellulagells that expressed the transcriptional activator, indicating that
localization and distribution of the protein. Unexpectedly, thehe non-uniform Yellow staining was not a technical artifact
amount of Yellow protein varied among cells fated to produc€Fig. 3E-H). Therefore, the observed differences in Yellow
black pigment (Fig. 3B). To determine if this variability was protein levels are due to differences in post-transcriptional
due to differences in transcriptional or post-transcriptionategulation between cells.

regulation ofy among cells, we ectopically expressed Yellow How can non-uniform expression of Yellow lead to a
in a broad stripe along the dorsal midline of developing fliesiniform distribution of pigment? Biochemical studies have
using thepannierGal4 driver (Fig. 3D) and monitored the shown that the Yellow protein is processed, secreted and
distribution of the Yellow protein. Similar to endogenousaccumulates on the apical surface of the cell (Kornezos and
Yellow, the levels of ectopically expressed protein wereChia, 1992). Once outside the cell, the Yellow protein may
variable among cells (Fig. 3B,E,H). Control experiments usingnove to neighboring cells, as suggested by the ability of
a UAS-GFP reporter indicated that the Gal4 activator proteiiyellow to rescue pigmentation of mutant cells a few
was produced at equivalent levels in all cells within thediameters from where it is expressed (Hannah, 1953). Yellow
pannier expression domain (data not shown). Furthermoreis thought to then become incorporated into the developing
we co-expressed ectopic Yellow and Ebony proteins undemuticle, where it affects pigmentation development
identical transcriptional control and stained for both antigenapproximately 24 hours later (Kornezos and Chia, 1992).
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Fig. 4.Ebony protein is expressed wid
and does not correlate with a single
pigment. (A) Immunohistochemical
staining ofe®™ with the Ebony antibod)
does not detect any staining at
approximately 72 hours APF. In phara
adults, a weak signal is produced in
epidermal cells (data not shown).

(B) From approximately 72 to 90 hour:
APF, Ebony protein (green) is express :

in cells associated with mechanosensory bristles (arrow), but not in epidermal cells (arrowhead). This expression miay motignoéntation
because mutants have wild-type bristle color. (C) Beginning at approximately 90 hours APF, low levels of Ebony protein (greenhane gitese
epidermal cells of each abdominal segment. Bracket indicates the future location of the pigment stripe and staininguotheetispnef the panel
is in a different focal plane. (D) In the thorax, highest levels of Ebony expression are in epidermal cells that proddeatthe &émutants

(arrow). The strong staining seen near the top of the panel is background signal from underlying tissues.

Immunolocalization of the Yellow protein presented hereand/or spatial distribution of these proteins may be sufficient to
supports and extends each of these observations. Yelloalter pigmentation. To test this hypothesis, we uspdramier
protein initially accumulated in the cytoplasm of a subset ofal4 driver to activate UAS sequences controlling expression of
cells in which it was transcribed (Fig. 3B) and later resolvedrellow and/or Ebony in a defined subset of pupal epidermal cells
into punctate foci within each of these cells (data not shownjFig. 3D). The level of expression induced in these cells is similar
consistent with post-translational processing of the proteirto level of endogenous Yellow protein and significantly higher
Subsequently, these foci were distributed on the apical surfact®an the level of Ebony protein normally present (Fig. 3E).
of adjacent cells (Fig. 3I,J), suggesting that the protein was Ectopic expression of Yellow protein did not dramatically
exported and translocated. At the time Yellow apparentlghange the pigmentation phenotype. In the thorax,
incorporated into the cuticle, the protein was evenly distributegdigmentation was slightly darkened compared with that of
over all cells that underlie black melanin patterns (data nawild-type flies (Fig. 1E, Fig. 5A). Similarly, the effects of

shown). ectopic yellow expression in the abdomen were subtle. The
o ) ) color intensity and the anteroposterior width of the abdominal
Ebony expression is not spatially regulated in the pigment bands were mildly increased within thannier
abdomen, despite its requirement for pigment expression domain (Fig. 1A, Fig. 5B, arrowheads), and the
patterning lateral width of the pigment along the dorsal midline also

Our genetic experiments suggest that the spatial regulation mfcreased (Fig. 1A, Fig. 5B, arrow). However, in many cells,
e expression may also be necessary for patterning th&ich as those anterior to the pigment stripe, Yellow expression
abdominal pigment stripe. To test this hypothesis, we examinagias not sufficient to induce black pigment.
the distribution of the Ebony protein in abdominal epidermal Conversely, we found that ectopic expression of Ebony was
cells during pupal development. During most of pupalsufficient to suppress black pigment formation in all epidermal
development, the Ebony protein was not detected in these cedlslls tested. In the thorax, ectopic expression of Ebony subtly
(Fig. 4B, arrowhead). In pharate adults, however, just beforgghtened the cuticle relative to wild-type (Fig. 1E, Fig. 5C). In
eclosion, low levels of the Ebony protein were present in ththe abdomen, ectopic Ebony expression led to a striking
cytoplasm of most epidermal cells. All cells that secrete th@hibition of melanin formation, which was replaced with tan
abdominal tergites produced the same amount of Eborgigment (Fig. 1A, Fig. 5D).
protein, regardless of their position within the segment (Fig. Because the Ebony protein inhibits melanin formation, we
4C). Therefore, in the pupal abdomen, Ebony expression is nbypothesized that endogenous Ebony may inhibit ectopic
spatially regulated and does not correlate with a single pigmeivellow protein from inducing the formation of black pigment.
type. To test this possibility, we ectopically expressed Yellow in an
e function is also required for proper pigmentation of thee mutant background. In the absence of the Ebony protein,
thorax and wings, and mutants, ectopic pigmentation was ectopic expression of Yellow caused a dramatic increase in
observed in these structures (Fig. 1G,K). In the thorax, Eboriglack pigment in the thorax and in the abdomen (Fig. 5E,F),
protein expression was highest in epidermal cells that underliadicating that the Ebony protein prevents Yellow from
the ‘trident’ pigment pattern ie mutant adults (Fig. 4D; Fig. promoting black pigment formation.
1G), whereas in the wing, Ebony was equally distributed across In wild-type flies, however, black pigment is produced by
all cells (data not shown). Spatial regulation of Ebony in theells that express high levels of Yellow and low levels of
thorax and not the wing, suggests that the suppression of blaEbony, suggesting that at high expression levels, the Yellow
pigment in these structures may occur through differenprotein may override the inhibitory effects of Ebony. To test

molecular mechanisms (True et al., 1999). this hypothesis, we ectopically expressed both proteins

) ) _ together. In the abdomen, ectopic expression of both Yellow
Changing Yellow and Ebony protein expression and Ebony proteins induced the formation of more black
alters pigment patterns melanin than the did ectopic expression of Ebony alone

Because Yellow and Ebony are required to delimit pigmenfcompare Fig. 5D with 5H), although the wild-type level of
patterns, we hypothesized that changing the expression ley@gmentation was not fully restored. Co-expression of ectopic
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UAS-Yellow  UAS-Ebony UA:;;’::}'LOW Uag i

Fig. 5.Changing Yellow and Ebony
expression is sufficient to alter pigme
patterns. (A) Ectopic expression of
Yellow results in a subtle increase of
black pigment in the thorax relative tc
wild type. (B) In the abdomen, this
expression causes a slight widening
the pigment stripe (arrowhead indical
the border between wild-type and
ectopic pigmentation), as well as the
dorsal midline pigment (arrow).

(C) Ectopic expression of Ebony in tF
same cells results in a tanning of the
thorax and a removal of melanin in tr
abdominal stripe (D). (E) Irbony
mutants, ectopic expression of Yellov
induces black pigment in the thorax
(arrow) and the abdomen (F).

(G,H) Co-expression of Yellow and Ebony results in a phenotype more similar to wild type than does ectopic expressioprofegittzdone.
(B,D,F,H) Brackets indicate the approximate boundarigmohierGal4 expression.

Yellow and Ebony in the thorax also resulted in a phenotypspecific spot of black pigment on the wing tBatmelanogaster
more similar to wild-type than to the phenotype caused biacks (Fig. 1l, Fig. 6A,E,l). If changes ynand/ore expression
ectopic expression of Ebony alone (Fig. 1E, Fig. 5C,G)were involved in the evolution of this pigment pattern, then the
Therefore, Ebony is not fully epistatic to Yellow, and the ratiodistribution of these proteins should correlate with the wing spot
of Yellow and Ebony proteins within a cell may be critical forin a manner consistent with their functiondbinmelanogaster

determining pigmentation intensity. We found that the Yellow and Ebony proteins were present
in the developing wings ob. biarmipesin complementary

Changes in Yellow and Ebony expression correlate patterns that correlate with the wing pigment spot. In males,

with a novel pigmentation pattern high levels of Yellow were expressed in an area of the wing

Based on the functions of and e in D. melanogasterwe  that produces the pigment spot (Fig. 6B,D,F,H). By contrast,
hypothesized that evolutionary changes in expression of the&bony protein levels in these cells were lower than in
genes may be involved in the divergence of pigment patterrsurrounding cells (Fig. 6C,D,G,H). In females, however,
betweenDrosophila species. We tested this by examining theYellow and Ebony were expressed evenly throughout the wing
distributions of Yellow and Ebony proteins in a species with gFig. 6J-L), suggesting that females do not produce the pigment
novel pigment patterD. biarmipes(also called. rajasakar) spot because Yellow and/or Ebony expression are not
is a member of thenelanogastespecies group and bears a male-modulated in these cells.

Fig. 6. Complementary patterns of Yellow
Yellow and Ebony expression correla :
with the formation of a novel, male-
specific, black melanin patternin
biarmipeswings. (A) A spot of black
melanin (arrow) is present in the wing
of D. biarmipesmales. (B,D) Yellow
protein (purple) is expressed at highe
levels in the cells that produce this sg
(arrow) than in the surrounding wing.
(C,D) Ebony expression (green) is lo
in these cells (arrow) than in the rest
the wing. (E-H) The boundaries
between expression levels of Yellow
and Ebony coincide (F-H, arrows) an
correlate with the boundary of pigmel
in adult wings (E, arrow). (Ip.
biarmipesfemales, typically do not produce a pigment spot in the wing, and both Yellow (J,L) and Ebony (K,L) proteins are uniform
throughout the wing in most females. In some adult females, a small, faint pigment spot is observed (data not shown) v@tbnisisten
phenotypic variation, a few cells expressing higher levels of Yellow are present in a small proportion of the female puttevingt
shown).
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DISCUSSION A . _ : .
dopa melanin | |dopamine melanin|| NBAD scelarotin

3 . (Black pigment)| | (Brown pigment) || (Yellow pigment)

We have shown that tHerosophila yande genes play critical, A

reciprocal roles in the formation of melanin patterns. Yellow Yellow s T

protein is required for the production of black melanin, Ebony - o ' Tan

protein is required to produce tan pigment, and in the absen tyrosine = dopa ————p dopamine _,4— NBAD

of both genes, a brown pigment remains. We find that th Ebony

distribution of the Yellow protein correlates with the pattern anc
intensity of black melanization in the adult, and that changes i
this expression pattern alter melanin patterns in the absence B

Ebony. Surprisingly, we find that the Ebony protein is nof

spatially regulated, despite its function in pigment patterning . . _ Cor N

Its low level, uniform expression is necessary for prope %

pigmentation, and differences in the level of Ebony expressio

among cells affects pigment patterns. Finally, we have show  Yellow Ebony — Tan expression wild type
expression expression  (hypothesized) abdominal tergite

that evolutionary changes in Yellow and Ebony expressiol.

correlate with the development of a novel melanin pattern.  Fig. 7. Proposed biochemical and molecular mechanisms for pigment
Based on our findings, we propose a new model for theynthesis and patterning. (A) Dopa-melanin, dopamine-melanin and

genetic, biochemical and molecular mechanisms of pigmemMBAD scelerotin are products of discrete branches of a common

formation and its spatial patterning (Fig. 7). Our modelPiochemical pathway. Yellow, Tan and Ebony proteins are rate-

integrates the data presented here with the existing pictufigiting enzymatic steps in tr“f, formation of black, brown and tan

of melanin biosynthesis (reviewed by Wright, 1987) andmgments, respectlvely. The ‘7 |nd|cat§s the activity of an unknown

. - - ! ' ene that regulates pigment patterns in the abseriaa @. J. W.,

incorporates additional unpublished observations. Prewous%

. ; . npublished). (B) Development of the abdominal pigment stripe in
unresolved issues, such as the relationships between t8€mnejanogasterequires spatial regulation of Yellow, Ebony and

phenotypes of pigmentation mutants, the biOChe.mical'a.m. Boxes represent a section of abdominal tergite as shown in the
synthesis of different pigments, and the spatial regulation dhr right panel. Yellow expression is gray, Ebony expression is

pigment production, are addressed. yellow and our prediction of Tan expression is brown. The combined
action of these patterns is to induce the formation of black melanin in

Pigment production and spatial patterning in the stripe where Yellow is expressed, tan pigment anterior to the

Drosophila stripe where Ebony is expressed alone, and brown melanin in the

Our model of theDrosophilamelanin biosynthesis pathway is stripe where both Ebony and Tan are present. The combination of
|_Plack and brown melanins produces the final appearance of the

illustrated in Fig. 7A. The conversion of tyrosine to dopa by T Liripe

and the subsequent conversion of dopa to dopamine by DDC are™ ™

well supported by genetic and biochemical data (Wright, 1987).

Similarly, the functions of the Ebony and Tan proteins in d@n fact, contribute significantly to the pigmentation Df
reversible reaction between dopamine and NBAD have also beearelanogasterCells that lack the function of the DDC protein
biochemically established (Wright, 1987). We propose that therare unable to produce dopamine. Neverthelesddamutant

are three branches that emanate from a central pathway, and ttlanes, and imldc mutant flies that escape lethality, some cells
each branch produces a distinct pigment color. First, dopa #ill produce a gray pigment (True et al., 1999; Wright et al.,
converted into black dopa-melanin by a branch that depends 4876). Because dopamine-melanin cannot be produced in the
Yellow activity. Second, dopamine is converted to NBAD viaabsence of the DDC protein, we infer that this gray pigment is
Ebony function and then back to dopamine by the Tan proteitiopa-melanin.

before polymerization into brown dopamine-melanin. Third, Consistent with this inference, spontaneous oxidation of
tan pigment is produced from the oxidation of NBAD, thedopa produces a gray (black) pigment, whereas oxidation of
production of which requires Ebony. Final pigmentation of thedlopamine and NBAD produces brown and tan pigments,
adult reflects the combined spatial distributions of dopa-melanirespectively (J. R. T., unpublished). We have also found that
(black), dopamine-melanin (brown), and an NBAD polymerincubation of dopa, dopamine or NBAD with phenoloxidase,
(tan). We discuss the evidence supporting our assertions theat enzyme required in vivo for polymerization of melanins,
both dopa and dopamine-melanin contribute independently faroduces the same three distinct colors of pigment (True et al.,
dark pigmentation, that Yellow is required for the production o2001) (J. R. T., unpublished). Based on these observations, we
dopa-melanin and that the indirect production of dopamingyropose that black, brown and tan pigments observed in adult
which requires both Ebony and Tan proteins, is a necessary stitips reflect the production of dopa-melanin, dopamine-melanin
in the production of dopamine-melanin. and an NBAD polymer, respectively, by three branches of the

o _ melanin synthesis pathway.
Separate contributions of dopa and dopamine to

dark pigmentation Yellow may function in dopa-melanin production

Previous work in D. melanogaster suggested that its Yellow is required for the formation of black pigment that is

predominant pigment was dopamine-melanin (Wright, 1987likely to be dopa-melanin, and shares sequence similarity with
Walter et al., 1991). In numerous other insects, however, dopan enzyme that catalyzes a reaction necessary for the
melanin is thought to be equally important (Nijhout, 1991;conversion of dopa to dopa-melanin in the mosquito (Johnson
Johnson et al., 2001), and we propose that dopa-melanin doesal., 2001). These observations suggest that Yellow may also
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encode an enzyme that is needed for the production of doparelanogasteand in closely related species (David et al., 1985;
melanin. Biochemical analysis of the Yellow protein isCapy et al., 1988). We found that Ih melanogasterboth

necessary to test this hypothesis. Yellow and Ebony proteins are expressed in this pattern,
] ] ) suggesting that genetic variation in the expression of these genes
Ebony and Tan affect dopamine-melanin production may be responsible for phenotypic variation. Additionallypin

Perhaps the most intriguing relationship within the melanirbiarmipes Yellow and Ebony are expressed in patterns that
synthesis pathway is the apparent opposing functions of theorrelate with an evolutionarily novel melanin pattern. This
Ebony and Tan proteing.mutants do not produce NBAD or suggests that the molecular mechanisms responsible for pigment
tan pigment, anthn (t) mutants lack brown pigment and have patterning inD. melanogasteare conserved in other species,
reduced dopamine levels (Wright, 1987). The loss of browand that changes in the distribution of Yellow and Ebony proteins
pigment int mutants suggests that the conversion of dopaminmay be involved in melanin pattern evolution.
into NBAD and then back to dopamine before polymerization _ o
is a necessary step in the production of brown dopamind=volutionary change of spatial pigment patterns
melanin. e, t and e;t mutant phenotypes also suggest aldentification of the genetic changes responsible for
requirement for both proteins in producing brown dopaminepigmentation divergence may reveal general mechanisms
melanin (J. R. T., unpublished). The necessity of convertingnderlying phenotypic evolution. Recently, Kopp et al. (Kopp
dopamine to NBAD prior to polymerization is surprising et al.,, 2000) demonstrated that evolutionary divergence of
and its biological significance is unclear. Sequestration afexually dimorphic abdominal pigmentation correlated with
dopamine as NBAD may be necessary to prevent its conversi@ehanges in the expression lofic-a-brac (bab), a gene that
to other molecules by alternative branches of the pathway (e.gncodes a putative transcription factor that represses
N-acetyl dopamine) (Brodbeck et al., 1998). Alternatively,pigmentation and controls sex-specific abdominal morphology.
because dopamine is a neurotransmitter, sequestration may H&s suggests that genetic changes altering the expression of a
necessary to prevent toxic effects of dopamine accumulatiortranscriptional regulator that controls multiple effector genes
may contribute to phenotypic evolution. Ultimately, the effects
A potential role for Tan in pigment patterning of bab on pigmentation are likely to be mediated by changes
e is necessary to specify the abdominal pigment stripg in in the expression of downstream structural genesyeugde)
mutants. However, the uniform distribution of Ebony in thethat are necessary for pigment production. It is also possible
abdomen indicates that an additional protein downstreaen ofthat genetic changes within the structural genes themselves
is also required. We propose that this factor is Tan, becauseay lead to altered expression patterns or functions responsible
e is epistatic tot and the biochemical function of Tan is for phenotypic divergence. A crucial, unanswered question in
dependent upon Ebony. This suggests thatomotes the evolutionary biology is whether genetic changes involved in
abdominal pigment stripe ig mutants, and, in fact, ig;t  phenotypic evolution occur more commonly at the level of
mutants the stripe is reduced (J. R. T., unpublished). Thegdeiotropic regulators or of structural genes. The rapid
observations suggest that the Tan protein may be expresseceirolution of pigment patterns withiBrosophila combined
a pattern similar to Yellow, a prediction that can be tested bwith a growing knowledge of the developmental and molecular

cloning and characterizing theene. mechanisms underlying pigment patterning, provide models
) ) ) with which to study this and other general questions regarding
Molecular mechanisms of pigment patterning the genetic and molecular basis of phenotypic evolution.

Taken together, our genetic experiments, prior biochemical

studies, the expression patterns of Yellow and Ebony, and ourWe thank B. Hovemann and P. Geyer, respectivelyetionyand
predicted expression pattern of Tan suggest a molecul¥f!lowgenomic clones; G. Morata, B. Hovemann, the Bloomington
mechanism for generating the spatial distribution of pigmenf2rosophila Stock Center and the Bowling Green Drosophila Stock
Using the abdominal pigment stripe as an example, we propog nter for flies; R. ffrench-Constant for assistance in the early

that pi t patterni Its f binati f elevat aracterization ofbony K. Vaccaro, for technical assistance; and R.
at pigment patterning results irom a combination ot elevate alant, A. Kopp and B. Williams for helpful comments on the

levels of Yellow and Tan protein expression in cells that,anyscript. This work was supported by the Howard Hughes Medical
produce the pigment band, and low levels of Ebony proteiphstitute (S. B. C.), a postdoctoral fellowship from the National

expression throughout the segment (Fig. 7B). Assuming thesestitutes of Health (J. R. T.) and a National Institutes of Health
expression patterns, we suggest that Yellow promotes thgenetics Training Grant (P. J. W.).
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