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Abstract

Dorso-ventral pigment patterning, characterized by a light ventrum and a dark dorsum, is one of 

the most widespread chromatic adaptations in vertebrate body coloration. In mammals, this 

countershading depends on differential expression of agouti-signaling protein (ASIP), which 

drives a switch of synthesis of one type of melanin to another within melanocytes. Teleost fish 

share countershading, but the pattern results from a differential distribution of multiple types of 

chromatophores, with black-brown melanophores most abundant in the dorsal body and reflective 

iridophores most abundant in the ventral body. We previously showed that Asip1 (a fish ortholog 

of mammalian ASIP) plays a role in patterning melanophores. This observation leads to the 

surprising hypothesis that agouti may control an evolutionarily conserved pigment pattern by 

regulating different mechanisms in mammals and fish. To test this hypothesis, we compared two 

ray-finned fishes: the teleost zebrafish and the non-teleost spotted gar (Lepisosteus oculatus). By 

examining the endogenous pattern of asip1 expression in gar, we demonstrate a dorso-ventral 

graded distribution of asip1 expression that is highest ventrally, similar to teleosts. Additionally, in 

the first reported experiments to generate zebrafish transgenic lines carrying a bacterial artificial 

chromosome (BAC) from spotted gar, we show that both transgenic zebrafish lines embryos 

replicate the endogenous asip1 expression pattern in adult zebrafish, showing that BAC transgenes 

from both species contain all of the regulatory elements required for regular asip1 expression 

within adult ray-finned fishes. These experiments provide evidence that the mechanism leading to 

an environmentally important pigment pattern was likely in place before the origin of teleosts.
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INTRODUTION

The origin of vertebrate pigment patterns – the differential pigmentation of skin, scales, hair, 

or feathers - is a classic problem in developmental biology. The extension and agouti genes 

are both key loci involved in the regulation of body pigmentation. The agouti locus encodes 

the Agouti-signaling protein (Asip), a ligand protein that competes with α-MSH in binding 

to the Mc1r receptor, which, in turn, is encoded by the extension locus. This competitive 

antagonism results, in amniotes, in melanocytes switching between the production of 

eumelanin (black/brown pigment) and pheomelanin (red/yellow pigment) (Lu et al., 1994). 

In amniotes, high Asip expression in the ventral region inhibits Mc1r signaling, which 

results in a pale belly coloration (phaeomelanin≫eumelanin) in contrast to the darker dorsal 

region (eumelanin≫phaeomelanin); the dorso-ventral pigment pattern gradient is adaptive 

and widely conserved in the animal kingdom, including fish (Vrieling et al., ‘94; Manceau et 

al., 2011). Curiously, this conserved pattern of dorsoventral pigment polarity occurs by a 

different mechanism in fish and mammals: in fish, the pattern appears by the distribution of 

different pigment cell types that produce chemically distinct pigments rather than by the 

switching of melanin types within the same kind of pigment cell as in mammals. In 

zebrafish, a teleost fish, the pigment pattern depends on the patterned distribution of three 

different pigment cell types: dark eumelanin-producing melanophores (homologous to the 

mammalian melanocytes, but without the ability to synthesize the lighter pheomelanin 

(Kottler et al., 2015), yellow to orange xanthophores, which produce pteridines, and silver 

shiny iridophores, which produce reflective plates of guanine crystals. These different 

pigment cell types derive from embryonic neural crest (Le Douarain and Kalcheim, ‘99; 

Dupin et al., 2000).

In adult zebrafish, melanophores are distributed in four horizontal stripes alternating with 

three white interstripes that are rich in iridophores and xanthophores; the ventrum is pale 

due to an abundance of iridophores and the absence of melanophores (Kelsh et al., 2009). 

Recent studies have characterized asip1 genes in several teleost fish species, showing that its 

high ventral expression is a conserved feature (Cerdá-Reverter et al., 2005; Klovins and 

Schiöth, 2005; Kurokawa et al., 2006; Guillot et al., 2012; Ceinos et al., 2015). Our previous 

experiments demonstrated a gradient of Asip1 expression with lowest expression levels in 

the dorsal region. Disruption of this expression gradient by gain-of-function approaches 

using ubiquitous promoters (Tol2-Eef1α1/asip1) interrupted pigment patterns by inhibiting 

dorsal melanogenesis and melanophore differentiation. Asip1 overexpression, however, had 

a minor impact on the pattern of stripes revealing the existence of two different pigment 

patterns in zebrafish: a dorsoventral pattern and stripe pattern, which are regulated by 

different mechanisms (Ceinos et al., 2015). Consequently, these results suggest that Asip-

dependent countershading and its molecular machinery are conserved between mammals 

and teleost fish, but, rather surprisingly, the cellular basis for pigment pattern formation is 

different in the two groups.
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We ask here the question: is the patterning mechanism found in teleosts specific to that 

taxon, perhaps arising as a feature of the teleost genome duplication (TGD) (Amores et al 

1998; Postlethwait et al 1999; Taylor et al., 2003; Jallion et al., 2004), or alternatively, is it a 

more ancient feature shared by other groups of ray-finned fishes? To address this question, 

we investigated the regulation of asip1 in spotted gar, which represents a ray-finned lineage 

that diverged from teleosts before the TGD (Amores 2011).

To gain insight into the evolutionary conservation of these processes in ray-finned fish, we 

compare here the promoter regions of zebrafish and spotted gar (Lepisosteus oculatus). Gars 

diverged from the teleost lineage around 350 million years ago (Hoegg et al., 2004; 

Vandepoele et al., 2004; Hurley et al., 2007) just before the teleost specific genome 

duplication in a teleost ancestor (TGD), and gar is therefore considered a useful outgroup to 

the teleost lineage (Amores et al., 2011; Braasch et al., 2016). The use of a lineage closely 

related to teleosts, but diverging before the TSGD, facilitates connectivity, the sharing of 

biological understanding among ray-finned fish and the translation of knowledge to 

tetrapods including mammalian species (Braasch et al., 2016). Spotted gar can be reared in 

the laboratory and is thereby amenable for the study of spatial-temporal patterns of gene 

expression during development and the functional testing of hypotheses about the origin of 

gene activities in divergent fish lineages (Amores et al., 2011; Braasch et al., 2015, 2016).

Exploiting these advantages, we studied the functional evolution of the asip1 locus in ray-

finned fish. We describe here the generation of bacterial artificial chromosome (BAC) 

transgenic (Tg) zebrafish lines, which harbor zebrafish or spotted gar BACs carrying the 

asip1 gene modified to drive enhanced green fluorescent protein (eGFP) expression. The 

resulting transgenic animals carrying asip1 BAC transgenes from either species showed 

eGFP expression in a pattern that mirrors that of endogenous asip1 gene expression in adult 

zebrafish and, also of spotted gar, and illustrate that the transgenic zebrafish is advantageous 

for identifying the conserved regulatory elements required for normal asip1 expression 

within adult fish. Thereby, our study is the first to generate zebrafish transgenic lines 

carrying a BAC clone from spotted gar. Additionally, we show a dorso-ventral gradient of 

asip1 expression in the skin of adult spotted gar with lower levels in the dorsum and higher 

the belly, similar to the expression gradient in zebrafish, and other teleosts.

MATERIALS AND METHODS

Fish

Zebrafish of TU strain (Tübingen, Nüsslein-Volhard Lab) were cultured as previously 

described (Westerfield, 2007) and staged according to Kimmel et al. (‘95). Ethical approval 

(Ref. Number: AGL2011-23581) for all studies was obtained from the Institutional Animal 

Care and Use Committee of the IIM-CSIC Institute in accordance with the National 

Advisory Committee for Laboratory Animal Research Guidelines licensed by the Spanish 

Authority (RD53/2013) and conformed to European animal directive (2010/63/UE) for the 

protection of experimental animals. Spotted gar (Lepisosteus oculatus) were reared and 

collected at the Institute of Neuroscience (University of Oregon). This work was approved 

by the University of Oregon institutional Animal Care and Use Committee (Animal Welfare 

Assurance Number A-3009-01, IACUC protocol 12-02RA).
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Comparative genomic analysis and sequence conservation

To analyze the conserved sequences between zebrafish and spotted gar and identify any 

conserved non-coding elements (CNEs), repeat-masked sequences were aligned using 

MLAGAN alignment software in m-VISTA (Mayor et al., 2000; Brudno et al., 2003). 

Conserved sequences were predicted under 65% identity and 50bp window. Sequences 

analyzed were zebrafish masked sequence (http://www.ensembl.org/Danio_rerio/Info/Index) 

as reference genome and spotted gar masked sequence (http://www.ensembl.org/

Lepisosteus_oculatus/Info/Index). The protein alignment was performed using the Expresso 

alignment with the T-coffee software. The predicted protein sequence was obtained from the 

Ensembl zebrafish genome database (ENSDART00000113083) and the GenBank database 

for spotted gar (XM_015365014.1). We used the web-based Genomicus synteny browser 

[http://www.dyogen.ens.fr/lcgi-bin/search.pl] and Ensembl genome browsers to assess the 

synteny between regions from zebrafish BAC clone (16N21) from DanioKey Library and 

spotted gar BAC clone (VMRC-56-161-M17) from BAC library VMRC-56 (Postlethwait 

Lab, Institute of Neuroscience, University of Oregon). Only genes annotated in these 

assembly versions were considered for our synteny comparison.

RNA isolation, RT-PCR and qRT-PCR

Animals were anesthetized with MS-222 and decapitated. Total RNA was extracted from 

adult fish (210 dpf zebrafish and 270 dpf spotted gar) from eye, gonads, liver, brain, gill, 

intestine, muscle, heart and dorsal and ventral skin. Furthermore, dorsal, stripes (1D, 1V, 2D 

and 2V in zebrafish; 2D, Medium and 2V in spotted gar) and belly skin samples of eight fish 

of both species were excised with a scalpel for qRT-PCR (see Fig. 3A, B). Tissue samples 

were frozen at −80ºC in RNAlater (Ambion, USA) until analysis. Total RNA was extracted 

with Direct-zol RNA miniprep kit (Zymo research) according to the manufacturer’s 

instructions. The Maxima First Strand cDNA Synthesis Kit (Fermentas) was used to 

synthetize cDNA from 100 ng of total RNA. Tissue expression patterns were analyzed by 

RT-PCR. A pair of specific primers was designed for spotted gar asip1 and spotted gar β-
actin as internal control from the mRNA sequence published in Ensembl database 

(ENSLOCT00000008713 and ENSLOCT00000005654 respectively). Published zebrafish 

asip1 and zebrafish eEf1α primers were used for RT-PCR (McCurley and Callard, 2008; 

Ceinos et al., 2015). PCR reactions were performed in 25 μL volumes containing 1 μL of 

cDNA, 0′5 μL of each primer (10 μM), 12′5 μL of Dream Taq green PCR Master Mix (2×) 

and H2O nuclease free to 25 μL. PCR conditions were 94ºC for 5 min, 35 cycles of 94ºC for 

30 sec, 60ºC for 30 sec, 72ºC for 2 min, and a final step of 72ºC for 7 min. PCR products 

were run on 1% agarose gels. Quantitative asip1 mRNA expression in the skin was 

determined by qRT-PCR. Each set of skin samples from zebrafish and spotted gar was set up 

in triplicate. The qRT-PCR reaction was carried out in 20 μL volumes, containing 1 μL of 

cDNA (diluted 1:10), 0′5 μL of each primer (10 μM), 12′5 μL of SYBR Green/ROX qPCR 

Master Mix (2×) (ThermoFisher) and H2O nuclease free to 20 μL. The thermal protocol was: 

95ºC for 10 min and 40 cycles of 95ºC for 15 sec and 60ºC for 1 min. Primers are listed in 

Supplementary S1.
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RNA in situ hybridization and confocal imaging

RNA in situ hybridization on zebrafish (210 dpf; 22mm) and spotted gar (270 dpf; 130 mm) 

paraffin sections were carried out following methods as described (Cerdá-Reverter et al., 

2000; Rotllant et al., 2008). Fish (n=4; 2 of each fish species) were fixed in 4% 

paraformaldehyde and 0.1 M phosphate buffer, for 2 days at 4ºC, dehydrated and embedded 

in Paraplast (Sherwood, St Louis, MO, USA). Serial 12μm transverse anatomical sections 

(rostrocaudal direction) were cut using a rotary microtome. Sections were mounted on 3-

aminopropyltriethoxylane (TESPA)-treated slides, air-dried at room temperature (RT) 

overnight and stored at 4ºC under dry conditions and used for hybridization within one 

month. RNA in situ hybridization was performed using digoxigenin-labeled antisense 

riboprobes as previously described (Rotllant et al., 2008). Antisense and sense riboprobes 

were made from linearized full-length zebrafish asip1 and partial-length spotted gar asip1. 

For cryostat sectioning, 150 dpf Tg(Drer.asip1-iTol2-eGFP-BAC) and Tg(Loc.asip1-iTol2-
eGFP-BAC) fish were fixed in 4% paraformaldehyde overnight at 4ºC, washed with PBS, 

transferred to 15% sucrose, followed by 30% sucrose, and then embedded and frozen in 

OCT media. Serial 25μm rostro-caudal transverse sections were collected on Poly-Lysine 

slides (Thermo scientific) and allowed to dry. Slides were washed in PBS, mounted in 

mowiol and imaged on a Leica TCS SP5 confocal microscope.

Isolation of BAC clones containing the Asip1 locus and BAC transgene construction

The zebrafish BAC clone (16N21, 214 Kb) from Danio Key Library, which includes the 

asip1 locus, was ordered from Source BioScience (Nottingham, UK). Spotted gar BAC 

clone (VMRC-56-161-M17, 130 Kb) from BAC library VMRC-56 (Braasch et al., 2016) 

was identified by PCR screening with a pair of asip1-specific primers that were designed 

using the asip1 gene sequence in the spotted gar Ensembl database (accession no. 

ENSLOCG00000007193). BAC transgene construction was performed as previously 

described (Suster et al., 2011). We used homologous recombination in E. coli to introduce 

the iTol2-amp cassette from the pCR8GW-iTol2-amp plasmid (Suster et al., 2011) into the 

BAC plasmid backbone, which contains the inverted minimal cis-sequences required for 

Tol2 transposition. The insertion of the reporter gene eGFP into the Drer.asip1 and Loc.asip1 
locus of Drer.asip1-iTol2-BAC clone and Loc.asip1-iTol2-BAC clone, respectively, was 

carried out by homologous recombination. Briefly, the eGFP-Kan reporter gen cassette was 

amplified from eGFP-pA-FRT-Kan-FRT plasmid by PCR, together with a sequence of 50bp 

homologies to the Drer.asip1 or Loc.asip1 translation start site. After transformation of 

Drer.asip1-iTol2 or Loc.asip1-iTol2 BAC clone-containing cells with the PCR product, 

homologous recombination took place between the PCR product and the Drer.asip1-iTol2 or 

Loc.asip1-iTol2 BAC clone resulting in integration of the vector insert into the BAC clone, 

placing the eGFP reporter gene under control of the Drer.asip1 or Loc.asip1 regulatory 

regions within the clone (Drer.asip1-iTol2-eGFP-BAC or Loc.asip-iTol2-eGFP-BAC). 

Primers used are listed in Supplementary S1.

Generation of BAC-transgenic zebrafish and analysis of transgene expression

BACs functionalized with iTol2kan were prepared in a concentration of 200 ng/μL together 

with Tol2 transposase mRNA in a concentration of 200 ng/μL and Phenol red solution 

Cal et al. Page 5

J Exp Zool B Mol Dev Evol. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(0,1%). Around 2nL of this mixture was microinjected into the cytoplasm of zebrafish 

embryos at the one- or two-cell stage. A dissection microscope (MZ8, Leica) equipped with 

a MPPI-2 pressure injector (ASI systems) was used for microinjection. To observe pigment 

cells, double transgenic zebrafish lines (Tg(Drer.asip1-iTol2-eGFP-BAC;sox10:mRFP) and 

Tg(Loc.asip1-iTol2-eGFP-BAC;sox10:mRFP)) were obtained by setting up crosses between 

the asip1 BAC reporter gene transgenic lines and Tg(sox10:mRFP) (M. Levesque; obtained 

from the Nüsslein-Volhard Lab). For fluorescent microscope imaging, transgenic zebrafish 

of 3-days post-fertilization (dpf) (n=50), 30 dpf (n=20) and 100 dpf (n=15) were 

anesthetized with tricaine methasulfonate (MS-222-, Sigma-Aldrich) and photographed with 

a Leica M165FC stereomicroscope equipped with a Leica DFC310FX camera. Confocal 

imaging was carried out in a Leica TCS SP5 confocal microscope.

RESULTS

Genomic and peptide comparison

We determined the organization of the asip1 locus in gar and compared it to zebrafish. In 

both gar and zebrafish, the asip1 gene has three coding exons distributed over regions of 

about 3.6 and 7.4 kb, respectively. Peptide alignment shows an identity level of 47% and a 

similarity of 62% between zebrafish and spotted gar Asip1 (Fig. 1A; Supplementary S2B). 

Comparative mapping of asip1 regions in zebrafish and spotted gar shows high conserved 

genomic organization (Fig. 1B). Sequence conservation analysis of the genomic region 

upstream and downstream of asip1 was performed to learn if any non-coding elements are 

conserved between zebrafish and spotted gar. MLAGAN alignments of genomic sequence 

spanning 6:49873114 to 6:49991996 for Zebrafish (Zv9), and 18:14032011 to 18:14456756 

for gar (LepOcu1) show few conserved non-coding regions (red arrows) and coding regions 

(blue arrows) (Fig. 1C,D).

Expression of asip1 in spotted gar compared to zebrafish

To investigate the role of Asip1 in establishing the spotted gar dorso-ventral pigment pattern, 

we first compared the tissue expression distribution of asip1 expression as detected by RT-

PCR in zebrafish (Fig. 2A) and spotted gar (Fig. 2B). In 270 dpf adult gar, high levels of 

asip1 mRNA were found only in the eye and ventral skin and were present at lower levels in 

the heart (Fig. 2B). In 11 dpf spotted gar larvae, asip1 expression was not found in the skin 

(data not shown). Detecting asip1 expression particularly in the ventral skin of zebrafish and 

adult gar (Fig. 2A and 2B), was consistent with a possible role in adult pigment pattern 

formation, but did not have the quantitative resolution to decide whether that expression 

might show a spatial difference. To test this question, we investigated whether there were 

dorso-ventral differences in expression levels by qRT-PCR. We measured asip1 transcript 

levels in skin from different dorso-ventral positions, specifically, in the belly, each body 

stripe (2V, 1V, D and 2D) and dorsal skin regions for zebrafish (Fig. 3A) and belly, each 

body stripe (2V, Medium and 2D) and dorsal skin regions for spotted gar (Fig. 3C). Figure 

3B shows the expression levels of asip1 in skin samples obtained along the dorso-ventral 

axis in wild-type adult zebrafish. The highest levels of expression of asip1 were found on the 

belly; however, asip1 transcripts showed a gradual decrease from the belly to the dorsal 

midline of the fish. Figure 3D shows the expression levels of asip1 in skin samples obtained 

Cal et al. Page 6

J Exp Zool B Mol Dev Evol. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



along the dorso-ventral axis in adult gar. Equivalent to what is found in zebrafish, the highest 

levels of expression of asip1 in gar were also found in the belly; and asip1 transcripts 

similarly showed a gradual decrease from the belly to the dorsal midline of the fish. 

Additionally, we use mRNA in situ hybridization to examine whether asip1 mRNA was 

dorsoventrally expressed. In adult fish, we only saw detectable asip1 expression in the 

ventral skin area in both species (Fig. 3E,F,G,H,I). This expression analysis suggests that 

asip1 may have a conserved function among ray-finned fish and that function might be 

conserved with mammals, which also suggests that the regulation and the asip1-dependent 

mechanism might be conserved among ray-finned fish and mammals.

Generation and molecular analysis of BAC transgenic zebrafish

Having shown that asip1 was expressed with dorso-ventral asymmetry in the skin of both 

zebrafish (Fig. 3B) and gar (Fig. 3D), we generated transgenic zebrafish lines to characterize 

conserved regulatory elements required for the evolutionarily conserved dorso-ventral asip1 
expression pattern found in zebrafish and spotted gar. We first tried conventional reporter 

transgene approaches generating several constructs of different sizes up to 13kb of the 

promoter sequence upstream of the zebrafish asip1 TSS (Transcription Starting Site) (data 

not shown). Injection of these reporter constructs did not show eGFP expression, suggesting 

that the regulatory elements of asip1 are not located in the regions used in the reporter assay. 

Therefore, we created four independent BAC transgenic zebrafish lines, containing either a 

BAC from a zebrafish or a spotted gar library carrying the asip1 gene modified to drive 

enhanced green fluorescent protein (eGFP) (two lines per BAC/species). In stable transgenic 

lines, eGFP expression was first detectable in 3 dpf embryos, when the developing opercle 

was the initial site of expression for Drer.asip1-iTol2-eGFP-BAC (Fig. 4A–B, White 

arrows), which mimicked the already well described expression pattern of the endogenous 

asip1 mRNAs in zebrafish (Ceinos et al., 2015) and in the developing pectoral fins for the 

spotted gar BAC (Fig. 4C–D, white arrows). At 30 dpf, eGFP expression was still present in 

the opercle, dermal branchiostegal rays, quadrate dermal bone and pectoral fin folds for 

Drer.asip1-iTol2-eGFP-BAC (Fig. 4E–F). In the Loc.asip1-iTol2-eGFP-BAC transgenic line, 

eGFP was mainly expressed in the pectoral fin folds, interopercular bone and pectoral girdle 

(Fig. 4G–H). Furthermore, eGFP was also detectable in ventral skin area (Fig. 4F–H, white 

arrows) in both BAC transgenic lines. At 100 dpf, strong eGFP expression was seen in the 

ventral skin area, in the base of pectoral and pelvic fins, and eGFP expression was still 

detectable in the pharyngeal region in both BAC transgenic lines (Fig. 4I–P). eGFP 

expression in adult zebrafish (150 dpf) monitored by direct observation under confocal 

fluorescence was strongly detected in the ventral skin region and peritoneal membrane, 

while low expression levels were found in the dorsal skin region in both BAC transgenic 

lines (Fig. 5A–D). Therefore, at 100–150 dpf, both transgenic zebrafish lines containing 

either a BAC from a zebrafish or a spotted gar library showed highly similar eGFP 

expression patterns recapitulating the spatial pattern of endogenous asip1 transcript in adult 

zebrafish (Fig. 3C–F).

To further characterize cells expressing asip1 in the developing opercle, dermal 

branchiostegal rays, quadrate dermal bone, pectoral fins and ventral skin, we crossed BAC 

transgenic lines to a sox10:mRFP line, which marks neural crest derivatives with membrane-
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bound mRFP (Fadeev et al. 2015) (Fig. 6). Interestingly, although both asip1 and sox10 
transgenes were expressed in the pharyngeal bones and pectoral fins, they were expressed in 

different cell types (Fig. 6A–F, revealing that the asip1 gene (eGFP positive cells) was not 

expressed in the pre- and post-migratory neural crest cells (mRFP positive cells) in both 

zebrafish or spotted gar BAC transgenic lines. Figure 6G–H shows the sox10:mRFP positive 

cell localization in the ventral skin region (E–G) and dorso-ventral sagittal section (H) in 

Drer.asip1-iTol2-eGFP-BAC 30dph zebrafish transgenic line. mRFP-labeled neural crest 

derivatives were predominantly present in the peritoneal membrane region where a reflecting 

iridophore layer is located. In contrast, eGFP-labeled asip1 cells in the peritoneal membrane 

region were present, but remained mostly in the ventral dermis area (Fig. 6H). This revealed 

that asip1 gene was not detected in pre- and post-migratory neural crest cells and their 

derivatives, which strongly suggests that asip1 is not expressed by the pigment cells itself 

but by surrounding dermal cells. Therefore, we show that the asip1 gene is specifically 

expressed in fish dermal fibroblasts (Supplementary S3).

DISCUSSION

It is well known that the dorso-ventral countershading pigment pattern, which is one of the 

most common pigmentary adaptations in vertebrates, is driven by differential expression of 

agouti-signaling protein Asip, with high ventral Asip expression driving pale belly color 

(Manceau et al., 2011; Ceinos et al., 2015). In mammals, pigment pattern formation depends 

on the regulation of the production of different melanin types and levels in melanocytes 

(reviewed in Lin and Fisher, 2007), whereas in teleost fish, it results from a patterned 

distribution of multiple types of chromatophores (Hirata et al., 2005; Kelsh et al., 2009; Irion 

et al., 2016; Parichy & Spiewak, 2015). It would be reasonable to hypothesize that the 

conserved expression of Asip reflects a conserved role in pigment pattern formation in 

vertebrates, and specifically that the pale ventrum of vertebrates depends upon elevated 

levels of Asip expression.

Whereas in mammals, ASIP influences the type of melanin produced, in teleost fish it is 

likely to affect the ratios between different cell-types, i.e. promoting development of 

iridophores and suppressing development of melanophores (Guillot et al., 2012; Ceinos et 

al., 2015). Thus, rather unexpectedly, Asip appears to control an evolutionarily conserved 

pattern by regulating different cellular mechanisms in mammals and in teleost fish. To test of 

this model, we analyzed and compared the agouti locus in zebrafish and spotted gar using a 

BAC transgenic approach. As mentioned above, within ray-finned fishes, spotted gar is a 

member of holostean linage that diverged from the teleost linage before the TGD; 

consequently, the spotted gar genome provides an outgroup to the teleost lineage with a 

genome duplication status at the same level as mammals and thus spotted gar provides 

information regarding vertebrate genome evolution (Amores et al., 2011; Braasch et al., 

2016). We report here the cloning, genomic organization and spatial and temporal 

expression of the asip1 gene in spotted gar, note that Asip is member of a larger gene family, 

and that the mammalian gene should be called Asip1 as well (see Braasch and Postlethwait 

2011) although we follow Kurokawa’s et al. 2006 gene nomenclature to avoid confusion 

(see Supplementary S2A).
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To characterize conserved regulatory elements required for the evolutionary conserved asip1 
expression in the adult fish, we report the generation and expression analysis of two 

independent BAC transgenic zebrafish lines, containing a zebrafish and/or spotted gar BAC 

carrying the asip1 gene modified to drive enhanced green fluorescent protein (eGFP). Our 

gar asip1 transgenic zebrafish line is the first one ever to introduce a holostean BAC clone 

into the zebrafish genome. Because asip1 transcriptional control is complex, we decided to 

use BACs, which is likely to avoid potential problems associated with “standard” reporter 

transgene approaches, including positional effects (Giraldo and Montoliu, 2001; Suster et 

al., 2011) and the isolation of isolated and individualized elements that may not recapitulate 

the complete endogenous cooperative interactions between regulatory elements of a larger 

genomic region.

The spotted gar asip1 gene shows a similar genomic organization present in other vertebrate 

species (Bultman et al., ‘92; Kwon et al., ‘94; Cerdá-Reverter et al., 2005; Guillot et al., 

2012; Agullerio et al., 2014). It consists of three coding exons that encode a putative peptide 

of 127 amino acids. Multiple sequence alignments indicated that the deduced amino acid 

sequence of spotted gar Asip1 was also highly conserved compared to orthologs from other 

vertebrate lineages (Supplementary S2B).

Spatial expression analysis revealed that the asip1 gene in adult spotted gar is expressed in 

diverse tissues as shown in other vertebrate species (Ceinos et al., 2015; Cerdá-Reverter et 

al., 2005; Girardot et al., 2005; Guillot et al., 2012; Agulleiro et al., 2014), therefore 

suggesting other possible roles of the asip1 gene in addition to its role in pigmentation, such 

as energy balance (Miller et al., ‘93; Smith et al., 2003; Guillot et al., 2016). We also show 

conservation of a dorso-ventral gradient of asip1 expression in the skin of adult spotted gar 

with lower levels in the dorsum and higher levels in the belly. This expression pattern 

correlates with the countershading coloration in which the dorsal side (upper side) of the 

animal is darker than its ventral (lower) side. In contrast to the high expression level of asip1 
found in adult spotted gar skin, our data give no evidence of asip1 expression in 11 dpf pre-

metamorphic spotted gar larvae skin (data not shown). Therefore, our results reveal that 

asip1 is important for adult spotted gar pigment pattern formation with a reduced or non-

existent effect in embryonic and larval pigment pattern as it has been described in other fish 

species like zebrafish (Ceinos et al., 2015).

Asip transcriptional control is complex because the gene uses at least two alternatives 

promoters in different mammalian species (Bultman et al., ‘92; Vrieling et al., 1994; 

Girardot et al., 2005; Fontanesi et al., 2010; Oribe et al., 2012). Our previous attempts to 

characterize the conserved regulatory elements of asip1 in zebrafish by conventional reporter 

transgene assays did not show eGFP expression, which suggests that essential regulatory 

elements of asip1 must be located further from the locus. Alternatively, BAC transgenesis 

showed that 214 Kb and 130 Kb genomic sequences including the asip1 locus of zebrafish or 

spotted gar, respectively were capable of recapitulating the endogenous dorso-ventral 

expression pattern of asip1 in adult zebrafish and similar to the dorso-ventral asip1 
expression pattern in adult spotted gar. Therefore, our BAC transgenesis approach identified 

large genomic regions carrying divergent sequences but a conserved function in adult ray-

finned fish. These results confirm the complex regulation of the Asip gene and show the 
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conserved evolutionary roots of this complex regulation among ray-finned fish. Surprisingly, 

our observations also indicate that this conserved evolutionary asip1 expression pattern in 

adult zebrafish and spotted gar is not found in larvae and/or pre-metamorphic fish, raising 

the possibility that different regulatory elements could be involved in the larval control of 

asip1 gene expression in both species. Further analyses are necessary to fully characterize 

the specific regulatory elements (enhancers) that control the spatial and temporal gene 

expression of asip1 and its sequence and function conservation.

In most mammalian species ASIP is a protein secreted by dermal papilla cells (Bultman et 

al., ‘92; Miller et al., ‘93) that acts as a paracrine factor for melanocyte pigment production 

(Millar et al., ‘95). In adult teleost fish, Asip1 is produced mainly by cells in the ventral skin 

and possibly acts nearby (in a paracrine fashion) to reduce melanophore number and 

melanophore differentiation in the ventrum, but has no effect on larvae and/or pre-

metamorphic pigment pattern (Ceinos et al., 2015), likely because asip1 in zebrafish larvae 

is not expressed in the skin.

Using transgenic reporter lines expressing eGFP and mRFP under the asip1 regulatory 

machinery and sox10 promoters, respectively, we demonstrated here that, although both 

transgenes were expressed in the pharyngeal bones, pectoral fins, and peritoneal membrane, 

they were expressed in distinctive cell types. asip1/green was expressed in dermal fibroblast, 

however, sox10/red was expressed in neural crest derivatives, including craniofacial 

chondrocytes and pigment cells, suggesting that asip1 transgenes (eGFP positive cells) and 

thus endogenous asip1 was not expressed in the pre- and post-migratory neural crest cells 

(sox10:mRFP positive cells).

In conclusion, we demonstrate for the first time the existence a dorso-ventral gradient of 

asip1 expression in the skin of adult spotted gar with a high level in the ventrum and lower 

levels in the dorsum, conserved with the dorso-ventral gradient in zebrafish and other 

teleosts. We describe the generation of bacterial artificial chromosome (BAC) transgenic 

(Tg) zebrafish lines that harbor zebrafish or spotted gar BACs carrying the asip1 gene 

modified to drive enhanced green fluorescent protein (eGFP). The resulting transgenic lines 

showed eGFP expression in a pattern that mirrors that of endogenous asip1 gene expression 

in adult zebrafish and spotted gar and illustrated that these transgenic zebrafish lines are a 

promising tool for future identification of the regulatory elements required for regular dorso-

ventrally gradients of asip1 expression in adult fish. The development and the pigment 

pattern of both transgenic lines were totally normal. Therefore, our study provides new 

molecular genetic tools for functional investigations of the regulatory elements that control 

spatial and temporal pattern of asip1 expression and its role in pigment pattern formation. 

The work emphasizes the need to characterize asip1 transcriptional regulation to further 

elucidate the conserved functions of ASIP protein among bony vertebrates despite the 

different cellular mechanisms of pigment pattern formation in mammals and fish.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Identification of zebrafish and spotted gar BACs likely to recapitulate asip1 expression. (A) 

T-coffee asip1 peptide sequence alignment of Drer.asip1 (ENSDART00000113083.2) and 

Loc.asip1. (ENSLOCT00000008713.1). Grey boxes show conserved amino acid residues. 

(B) Genomic organization and gene synteny comparison for genes annotated from zebrafish 

BAC clone (16N21) from DanioKey Library and spotted gar BAC clone (VMRC-56-161-

M17) from BAC library VMRC-56 (Postlethwait Lab; Institute of Neuroscience, University 

of Oregon). Picture style was adapted from Genomicus [http://www.dyogen.ens.fr/

genomicus-57.01/cgi-bin/search.pl]. Genes are depicted by colored polygons and 

transcriptional orientation is indicated at the angled end of each gene. Gene names are 

indicated above. Orthologs across the two species are depicted in the same colors. (C, D) 

Distribution of the spotted gar conserved coding and non-coding regions. Vista browser 

representation of the genomic region surrounding the spotted gar asip1 gene (LepOcu1, 

chr18:14032011-14456756), using Zv9 zebrafish genome (chr6:49873114-49991996) as 

reference. Conservation is represented as vertical peaks. Conserved non-coding elements 

(CNEs) and coding elements with possible enhancer activity are marked as red and blue 

bars, respectively.
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Figure 2. 
Spatial expression of asip1 gene in zebrafish (A) and spotted gar (B). RT-PCR analysis of 

tissue specific expression pattern of asip1 in adults. Scale bar: (A)2 mm, (B) 1 cm.
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Figure 3. 
Dorso-ventral gradient expression of asip1 in adult zebrafish (A) and spotted gar skin (C). 

Normalized gene expression levels of (B) zebrafish and (D) spotted gar asip1 in skin 

samples from belly to dorsum (locations of skin sample points are indicated in the picture). 

Shown are log 10-transformed ΔCt values of asip1 relative to eEf1α and β-actin, 

respectively. Data are the mean ±SEM from eight samples after triplicate PCR analysis. (E) 

Schematic representation of the rostro-caudal transverse sections. (F–I) Rostro-caudal 

transverse sections (12 μm thick) of paraffin embedded, in situ hybridization of asip1 
expression in 210 dpf zebrafish (F,H) and 270dpf spotted gar (G,I). The sections in (H,I) 

shows the expression of asip1 transcripts in the dermis region of zebrafish (H) and spotted 

gar (I) ventral skin (black arrows). No aisp1 expression was found in the dermis region of 
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dorsal skin of both species (C,D). Superscripts a, b, c and d indicate statistical differences 

(P<0.05) in gene expression levels among skin region (statistics data are similar if share at 

least one letter not sure what you mean). Scale bar: (A) 2 mm, (C) 1 cm, (F,G,H,I) 50 μm. d, 

dermis; m, muscle.
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Figure 4. 
BAC transgenes exhibit endogenous asip1-like expression in most tissues. Shown are 

representative eGFP fluorescence images in Drer.asip1-iTol2-eGFP-BAC (A,B,E,F,I,J,M,N)) 

and Loc.asip1-iTol2-eGFP-BAC (C,D,G,H,K,L,O,P) stable transgenic zebrafish lines. 

(A,C,I,K,M,O) are lateral views anterior to the left and (B,D,E,F,G,H,J,L,N,P) ventral views 

anterior to the left. eGFP fluorescence is first detected at 3dpf (A,B,C,D). (A, B) lateral and 

ventral views of eGFP expression in larval heads of Drer.asip1-iTol2-eGFP-BAC transgenic 

zebrafish showing specific expression restricted to the developing opercle. (C,D) lateral and 

ventral views of eGFP expression in larval heads of Loc.asip1-iTol2-eGFP-BAC transgenic 

zebrafish showing expression limited to the pectoral fins. (E–H) ventral views of eGFP 

expression in 30dph larvae, showing increased expression in different pharyngeal bone 

structures (opercle, dermal branchiostegal rays, quadrate dermal bone and pectoral fin folds) 

and in ventral skin area (white arrows) in Drer.asip1-iTol2-eGFP-BAC (E,F) and in the 

pectoral fin folds, interopercular bone, pectoral girdle and ventral skin area (white arrows) in 

Loc.asip1-iTol2-eGFP-BAC transgenic zebrafish line (G–H). (I–P) eGFP expression in 

100dph fish, showing increased expression in the ventral skin region and the base of pectoral 

and pelvic fins of both BAC transgenic lines (M–P), eGFP was also detectable in different 

bone structures of pharyngeal region in both BAC Transgenic lines (I–L). Scale bars: (A–H) 

200 μm; (I–P) 1mm. br, brachiostegals; e, eye; iop, interopercular bone; m, Meckel’s 

cartilage; op, operculum; pf, pectoral fin; pop, preopercle; pvf, pelvic fin; pg, pectoral girdle 

q, quadrate; 1D, 1V, 2V stripes.
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Figure 5. 
Comparison of eGFP expression in rostro-caudal transverse sections (25 μm) from 150dpf 

Drer.asip1-iTol2-eGFP-BAC (A,C) and the Loc.asip1-iTol2-eGFP-BAC (B,D) transgenic 

zebrafish. Drer.asip1-iTol2-eGFP-BAC and Loc.asip1-iTol2-eGFP-BAC zebrafish show 

strong eGFP expression in the ventral skin region (dermis) and peritoneal membrane (C,D). 

Variegated eGFP fluorescence is seen in Loc.asip1-iTol2-eGFP-BAC dorsal dermis area (B). 

Cells that do not express eGFP are revealed with DAPI staining (blue color). Scale bars: 50 

μm. d, dermis; ms, muscle; pc, peritoneal cavity; pm, peritoneal membrane.
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Figure 6. 
Confocal image projections of live Tg(Drer.asip1-iTol2-eGFP-BAC/sox10:mRFP) 

(A,C,E,G,H) and Tg(Loc.asip1-iTol2-eGFP-BAC/sox10:mRFP) (B,D,F) 5dpf larvae and 

30dpf juvenile zebrafish. (A,B,C,D) Ventral view of a live 5 dpf larvae, anterior is to the left. 

sox10:mRFP specifically labels the pre- and post-migratory neural crest cells. (A,B) mRFP 

strongly labels the cartilages of maxillary, mandibular arches and pectoral fins. (A) 

Drer.asip1-iTol2-eGFP-BAC labels the developing opercle and dermal branchiostegal rays. 

(B) Loc.asip1-iTol2-eGFP-BAC labels the pectoral gridle. (A,B) The pectoral fin is labeled 

by both fluorescent proteins at 5 dpf. (C,D) Ventral view of a live 30dpf larvae heads, 

anterior is to the left. sox10:mRFP labels the cartilages of maxillary and mandibular arches. 

Drer.asip1-iTol2-eGFP-BAC labels different pharyngeal bone structures (interopercle, 

dermal branchiostegal rays, quadrate dermal bone) (C), and and Loc.asip1-iTol2-eGFP-BAC 
also labels some pharyngeal bone structures (interopercle and dermal branchiostegal rays) 

(D). (E,F) Ventral dermis region was strongly labeled by Drer.asip1-iTol2-eGFP-BAC and 
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Loc.asip1-iTol2-eGFP-BAC. (G) Magnified view of ventral skin region from (E), showing 

dermis, peritoneal membrane and peritoneal cavity region. (H) Fluorescent dorso-ventral 

sagittal projection image of ventral skin area of 30 dpf juvenile showing clear sox10:mRFP 
expression in peritoneal membrane region where a reflecting iridophore layer is located. The 

peritoneal membrane region is also positive for Drer.asip1-iTol2-eGFP-BAC. However, the 

dermis region is exclusively labeled by Drer.asip1-iTol2-eGFP-BAC. Scale bar: (A,B) 100 

μm, (C,D,E, F) 200 μm, (H,J) 50 μm. br, brachiostegals; ch, ceratohyal; cs, coraco scapular 

cartilage; d, dermis; e, eye; iop, interopercular bone; m, Meckel’s cartilage; ms, muscle; o, 

opercle; pc, peritoneal cavity; pf, pectoral fin; pg, pectoral gridle; pm, peritoneal membrane; 

pq, palatoquadrate; q, quadrate; sk, skin.
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