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 2 

Abstract 25 

 26 

Determining whether convergent novelties share a common genetic basis is vital to 27 

understanding the extent to which evolution is predictable. The convergent evolution of 28 

innovative anal fin pigmentation patterns in cichlid fishes is an ideal model for studying this 29 

question. Here, we focused on two patterns: 1) egg-spots, circular pigmentation patterns in 30 

the haplochromine lineage with different numbers, sizes and positions; and 2) the blotch, with 31 

limited variation and an irregular boundary independently evolved in the ectodine lineage.  32 

However, how these two novelties originate and evolve still remains unclear. Based on a 33 

thorough comparative transcriptomic and genomic analysis, we observed a common genetic 34 

basis (i.e. genes related to pigment cells, signaling pathways and metabolic pathways) with 35 

high evolutionary rates and similar expression levels between egg-spots and the blotch. 36 

Furthermore, associations of common genes with transcription factors and the integration of 37 

advantageous signalling pathway genes with accelerated evolutionary rates were observed for 38 

the egg-spots gene network. Thus, we propose that the re-use of the common genetic basis 39 

indicates important conservative functions (e.g., toolkit genes) for the origin of these 40 

convergent novel phenotypes, whereas independently evolved associations of common genes 41 

with transcription factors and the integration of advantageous genes free the evolution of egg-42 

spots to evolve as a key innovation for the adaptive radiation of cichlid fishes. This 43 

hypothesis will further illuminate the mechanism of the origin and evolution of novelties in a 44 

broad sense. 45 

 46 

Key words 47 
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 3 

Introduction 50 

  51 

 How evolutionary novelties evolve remains an open question in evolutionary biology 52 

(Annona et al. 2015; Clark-Hachtel & Tomoyasu 2016; Soltis & Soltis 2016; Yong & Yu 53 

2016). Such novelties provide the raw materials for downstream selection, thereby 54 

contributing to biological diversification (Pigliucci & Müller 2010). Examples of 55 

evolutionary novelties are neural crest cells in vertebrates (Shimeld & Holland 2000), the 56 

beaks of birds (Bhullar et al. 2015; Bright et al. 2016), and eyespots on the wings of 57 

nymphalid butterflies (Monteiro 2015). Evolutionary novelty is generally defined in the 58 

context of character homology, e.g., as “a structure that is neither homologous to any 59 

structure in the ancestral species nor serially homologous to any part of the same organism” 60 

(Müller & Wagner 1991). However, the inference of homology is not always straightforward 61 

(Bang et al. 2002; Cracraft 2005; Panchen 2007; Hall 2013; Faunes et al. 2015). Wagner 62 

(Wagner 2007) thus proposed that homology should be inferred using information from the 63 

gene network underlying a trait. In this case, characters would be homologous if they shared 64 

the same underlying core gene network, whereas novelty would involve the evolution of a 65 

quasi-independent gene network, which integrates signals (e.g., input signals and effectors) 66 

into a gene expression pattern unique to that character (Wagner 2014). To what extend a gene 67 

network is “innovative” compared to the ancestral gene network, and how this gene network 68 

affects the evolution of a trait are interesting questions that remain unanswered.  69 

 70 

In addition, similar traits can independently evolve in two or more lineages, such as 71 

the convergent evolution of echolocation in bats and whales (Shen et al. 2012) and anal fin 72 

pigmentation patterns in cichlid fishes (see below) (Salzburger et al. 2007; Santos et al. 73 

2016). Whether convergent phenotypes result from the same gene (e.g., Mc1r in mammals 74 
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(Hoekstra et al. 2006) and birds (San-Jose et al. 2015)) or not (e.g., anti-freezing protein 75 

genes (Chen et al. 1997) in Antarctic notothenioid and Arctic cod)), and the extent to which 76 

evolution is predictable (Stern 2013) have long been discussed, but no agreement has been 77 

reached (Arendt et al. 2008; Stern 2013). Actually, convergent phenotypes can partially share 78 

a common genetic basis, for example, independently re-deploy conserved toolkit genes (wing 79 

patterns in Heliconius butterfly (Joron et al. 2006) and the repeated emergence of yeasts 80 

(Nagy et al. 2014)), or different genes within the same pathway (Berens et al. 2015).	  81 

Alternatively, these phenotypes can also be derived from deep homology based on ancestral 82 

structure (Shubin et al. 2009). Therefore, instead of simply focusing on whether convergent 83 

phenotypes are derived from the same genes, it is important to answer the following 84 

questions: 1) To what extent does the common genetic basis apply to convergent evolution? 85 

2) Among the genes expressed in independently evolved traits, which genes are conserved? 86 

3) What are the roles of these genes in the evolution of convergent phenotypes? 4) How did 87 

these genes evolve in independent lineages, i.e., are they deeply homologized or 88 

independently recruited? The answers to these questions at both the individual gene and gene 89 

network levels will give a clue about the genetic basis of the origin and evolution of novelty.	  90 

 91 

East African cichlid fishes, exposed to explosive radiation within millions and even 92 

hundreds of thousands of years, are classical evolutionary model species (Kocher 2004; 93 

Salzburger 2009). The relatively close genetic background (Salzburger 2009; Brawand et al. 94 

2014) of these fishes and availability of genomics data (Brawand et al. 2014) provide 95 

powerful tools to study the relationship between phenotype and genotype. Many convergent 96 

phenotypes have been identified in cichlid fishes, such as thick lip (Colombo et al. 2013), 97 

lower pharyngeal jaw (Muschick et al. 2012), and the convergent evolution of anal fin 98 

pigmentation patterns, a new model to study the origin of evolutionary novelty (Salzburger et 99 
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al. 2007; Santos et al. 2016). Two anal fin pigmentation patterns have primarily been 100 

described in independently evolved lineages: egg-spots, i.e., conspicuous pigmentation 101 

patterns with a circular boundary in the most species-rich lineage, i.e., haplochromine 102 

lineage; and the blotch, with an irregular boundary in ectodine lineage (Fige 1). Egg-spots 103 

exhibit large varieties (different numbers, sizes, colours and positions) among different 104 

species (Salzburger et al. 2007) and have been associated with sexual selection (female 105 

attraction (Wickler 1962; Hert 1989)) and male-male competition (Theis et al. 2012, 2015). 106 

Although not studied as thoroughly as egg-spots, the blotch has also been associated with 107 

female attraction (Wickler 1962). 108 

 109 

Previous studies have begun to dissect the genetic underpinnings and evolutionary 110 

origin of egg-spots. For example, csf1ra, a gene implicated in yellow to reddish pigment cells 111 

(xanthophores), is expressed in egg-spots and has undergone adaptive sequence evolution in 112 

the ancestral lineage of haplochromines (Salzburger et al. 2007). Subsequently, a cis-113 

regulatory change in the form of a transposable element (TE) insertion upstream of fhl2b 114 

resulting in a gain of expression in iridophores (another type of pigment cells) was causally 115 

associated with the origin of egg-spots (Santos et al. 2014). More recently, Santos et al. 116 

(Santos et al. 2016) suggested that the blotch and egg-spots do not share a common genetic 117 

basis (Santos et al. 2016) with rather distinct expression patterns. However, this study was 118 

based on the gene expression profile of 46 out of 1229 (3.7%) candidate genes; and the 119 

investigated genes were only egg-spots-related candidate genes that did not reflect the 120 

expression pattern of the blotch. Therefore, it is still too early to draw this conclusion.  121 

 122 

Therefore, to investigate the genetic basis of the emergence of these two convergent 123 

novelties, and characterize the mechanism underlying their evolutionary differences (large 124 
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varieties of egg-spots but no variation for the blotch), we conducted a thorough comparative 125 

transcriptomic and genomic analysis with respect to the gene network, proposing the origin 126 

and evolution of these two convergent novel phenotypes in an evolutionary scope.  127 

 128 

Results 129 

 130 

DE genes for the blotch and egg-spots 131 

 132 

Illumina-based RNA sequencing of anal fin tissues of C. macrops generated between 133 

15 to 23 million raw reads per library. The average read quality was 28. Approximately 134 

40,000 to 160,000 reads were trimmed through adaptor trimming (the exact read numbers 135 

were provided in Additional File 1). Between eight to ten million reads per library were 136 

finally mapped to the Tilapia transcriptome assembly available from the Broad Institute 137 

(ftp://ftp.ensembl.org/pub/release-81/fasta/oreochromis_niloticus/cdna/. version 0.71) as a 138 

reference. Illumina reads are available from the Sequence Read Archive (SRA) at NCBI 139 

under accession number SRA SRP082469.  140 

 141 

To obtain blotch-specific genes, the controlling position and sex-determining effects 142 

involving the blotch and non-blotch anal fin tissues of males and females were compared. 143 

Briefly, we determined the differentially expressed (DE) genes between the blotch and non-144 

blotch tissues in males. This set of genes was associated with the blotch pattern formation, 145 

but could also be associated with distal fin position patterning without affecting blotch 146 

formation. To control this positional effect, we compared the corresponding anal fin tissues in 147 

females, generating a list of potentially sex-specific DE genes related to distal fin pattern 148 

formation. However, further comparisons between females and males excluded both 149 
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positional and sex-specific effects. Using edgeR (Robinson & Smyth 2007, 2008; Robinson 150 

et al. 2010; McCarthy et al. 2012; Zhou et al. 2013), we thus identified 263 significantly 151 

over-expressed genes and 11 significantly under-expressed genes in the blotch tissue. Re-152 

analysis of the raw data for egg-spots and non-egg-spots from Santos et al. (Santos et al. 153 

2016) revealed 351 significantly over-expressed genes and 461 significantly under-expressed 154 

genes for egg-spots tissues. 155 

 156 

Comparative transcriptomic analysis for the blotch and egg-spots 157 

 158 

Forty-four genes showed similar gene expression patterns in both the blotch and egg-159 

spots. Particularly for the top ten DE blotch-related candidate genes, six genes showed 160 

similar expression patterns in egg-spots, including two duplicated iridophore-related genes 161 

(pnp4a and pnp5a), the immunity-related gene ly6d, the ligand transporter-related gene 162 

apolipoprotein D (ApoD), and two genes previously associated with egg-spots formation 163 

(fhl2a and fhl2b) (Santos et al. 2014) (Table 1). Two genes showed high expression patterns 164 

in egg-spots, but low expression patterns in the blotch tissues, including the collagen-related 165 

gene col8a1b (Shellswell et al. 1980) and the immunity-related gene steap4 (Benard et al. 166 

2014) (Table 2). Fifteen genes were over-expressed in the blotch tissues but were down-167 

regulated in egg-spots (Table 2). Clustering analysis based on the expression levels of 44 168 

common genes clustered egg-spots and the blotch together, despite their species boundaries 169 

(Figure 1). 170 
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Table 1  Top ten common blotch DE genes 
logFC logFC
the blotch egg-spots

1 apod ENSONIT00000023475 -3.58 -0.91 Apolipoprotein Da
2 fhl2b ENSONIT00000017889 -3.56 -1.71 four and a half LIM domains 2b
3 pnp4a ENSONIT00000000731 -3.52 -1.37 Purine nucleoside phosphorylase 4a
4 ly6d ENSONIT00000024767 -3.5 -0.89 lymphocyte antigen 6D-like
5 fhl2a ENSONIT00000015512 -3.46 -1.11 four and a half LIM domains 2a
6 cecr5 ENSONIT00000000334 -3.32 -1.66 cat eye syndrome critical region protein 5-like
7 ifi30 ENSONIT00000016006 -3.29 -1.37 interferon, gamma-inducible protein 30
8 gpnmb ENSONIT00000005686 -3.21 -1.1 Glycoprotein (transmembrane) nmb
9 TM4SF4 ENSONIT00000005261 -2.88 -0.66 TM4SF4
10 plin5 ENSONIT00000002684 -2.87 -1.11 perilipin-5-like

gene Ensembl Ensembl Description

171 
 172 

Table 2  DE genes with contrasting expression patterns between the blotch and egg-spots
logFC logFC
the blotch egg-spots

1 pnp5a ENSONIT00000016474 -3.55 0.77 Purine nucleoside phosphorylase 5a
2 BDH1 ENSONIT00000016804 -3.18 1.06 D-beta-hydroxybutyrate dehydrogenase, mitochondrial-like
3 keratin ENSONIT00000023698 -2.96 1.19 keratin, type I cytoskeletal 20-like
4 egfl6 ENSONIT00000020235 -1.96 0.89 EGF-like-domain, multiple 6
5 KIF5B ENSONIT00000004756 -1.93 0.82 Kinesin family member 5B
6 hmx4 ENSONIT00000004437 -1.83 1.67 H6 family homeobox 4
7 calb2a ENSONIT00000014036 -1.8 0.74 Calbindin 2a
8 dhrsx ENSONIT00000009275 -1.58 0.87 Dehydrogenase/reductase (SDR family) X-linked
9 tgm1l2 ENSONIT00000003616 -1.35 0.6 Transglutaminase 1 like 2
10 KIF5B ENSONIT00000004755 -1.25 0.79 Kinesin family member 5B
11 cx43 ENSONIT00000026288 -1.24 0.77 Connexin 43
12 KIAA2026 ENSONIT00000017688 -0.94 0.78 KIAA2026
13 oca2 ENSONIT00000006160 -0.94 1.1 Oculocutaneous albinism II
14 fosb ENSONIT00000004670 -0.84 1.29 FBJ murine osteosarcoma viral oncogene homolog B
15 hcst ENSONIT00000003510 -0.84 0.56 Hematopoietic cell signal transducer
16 steap4 ENSONIT00000007508 0.61 -0.53 STEAP family member 4
17 col8a1b ENSONIT00000023612 2.17 -0.94 Collagen, type XII, alpha 1b

gene Ensembl Ensembl Description

173 
 174 
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 175 

Figure 1 Clustering analysis based on the gene expression level of common differentially expressed (DE) genes 176 

and pattern-specific DE genes of anal fin pigmentation patterns. The cluster analysis was conducted with the 177 

blotch and non-blotch tissues in male fish, the corresponding tissues in the female cichlid fish C. macrops, and 178 

egg-spots and non-egg-spots tissues in the male cichlid fish A. burtoni.  179 

 180 

More than 50% GO terms (Biological Process, Molecular Evolution and Cellular 181 

Component) and pathways were shared between the blotch and egg-spots (Figure 2a). GO 182 

enrichment analysis (FDR<0.1) showed that the common shared enriched GO terms were 183 

primarily related to pigmentation, including pigmentation cell differentiation (GO: 0050931), 184 

pigment granule organization (GO: 0048753), melano-related terms (GO:0030318, GO: 185 

0032438, GO: 0004962), iridophore-related GO term (GO: 0050935), and nucleobase-186 

containing small molecule metabolic process (GO: 0055086) (Figure 2b). 187 
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 188 

Figure 2 Common genetic basis was shared between the blotch and egg-spots with accelerated evolutionary 189 

rates. (a) > 50% common shared Gene annotation (GO) terms and pathways between the blotch and egg-spots. 190 

(b) Common enriched GO terms between the blotch and egg-spots (FDR<0.01). (c) Average evolutionary rates 191 

(Ka/Ks) of common shared differentially expressed (DE) genes, the blotch-specific DE genes and egg-spots-192 

specific DE genes. ** represents p<0.01. (d) Statistics of the genes with Ka/Ks values larger than one in 193 

common genes, the blotch-specific DE genes and egg-spots-specific DE genes, respectively. 194 

 195 

Evolutionary rate detection for DE genes and related pathways 196 

 197 

To compare the evolutionary rates of common shared and pattern-specific DE genes 198 

between the blotch and egg-spots, we calculated the average pairwise Ka/Ks values of the DE 199 

genes based on the data from five available cichlid fishes and C. macrops in the present 200 

study. The average Ka/Ks value of common genes showed a significantly higher rate than the 201 

value of the blotch-specific DE genes, but not higher than the egg-spots-specific DE genes 202 
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(Figure 2c, Additional file 2). Common genes also showed a higher percentage of DE genes 203 

with Ka/Ks values larger than 1 (Figure 2d, Additional file 2), explaining the high average 204 

Ka/Ks values of the common genes.  205 

 206 

 To determine the evolutionary rates of common and pattern-specific DE genes in the 207 

same and different pathways, we calculated the average Ka/Ks and dN/dS values using a 208 

free-ratio model. Both methods showed consistent results (Figure 3, Additional file 2): 1) in 209 

general, in the common shared pathways, egg-spots DE genes showed higher evolutionary 210 

rates than the blotch DE genes, consistent with the average Ka/Ks values calculated above 211 

(Figure 2c); 2) common DE genes showed higher evolutionary rates than the blotch DE genes 212 

in the common shared pathways, and occasionally showed even higher rates than egg-spots 213 

DE genes, confirming the previous results (Figure 2c); 3) egg-spots DE genes showed higher 214 

evolutionary rates primarily in signalling pathways and metabolism pathways, in which genes 215 

related to egg-spots-specific pathways play an important role; and 4) the blotch DE genes 216 

primarily showed higher evolutionary rates in other pathways (Figure 3a and 3b), although 217 

several individual pathways showed high average Ka/Ks rates in signalling pathways (Figure 218 

3a), but not in the free-ratio model. This finding primarily reflects a novel gene 219 

(ENSONIG00000013347) with an average Ka/Ks value larger than 1. This difference could 220 

reflect the fact that the dN/dS value was calculated in a lineage-specific manner using the 221 

free-ratio model instead of averaging across different species. This result did not affect the 222 

consistent general observation that egg-spots DE genes primarily showed higher evolutionary 223 

rates than the blotch DE genes, particularly in signalling pathways and metabolic pathways.  224 

 225 
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 226 

Figure 3 Evolutionary rates calculation for anal fin pigmentation differentially expressed (DE) genes related 227 

pathways. (a) Average evolutionary rates (Ka/Ks) values of common shared signalling pathways between the 228 

blotch and egg/spots. *represents p<0.05, **represents p<0.01. (b) Rates of evolution (dN/dS) for common 229 

shared and pattern-specific pathways using the free-ratio model in a lineage-specific manner within codeml in 230 

PAML. Fold-change ratios of the genes in the corresponding lineage were calculated and compared. 231 

**represents p<0.01, ns represents no significance. 232 

 233 

First common neighbour gene networks (FCN) of the blotch and egg-spots DE genes 234 

 235 

To characterize interactions of these DE genes, we examined their protein-protein 236 

interaction networks. Network enrichment analysis in both the blotch and egg-spots showed 237 

that these genes had more interactions among themselves than what would be expected from 238 

the genome (p<0.01), suggesting that these genes are at least partially biologically related as 239 

a group (https://string-db.org/), which further confirmed the robustness of the experimental 240 
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design. To predict the roles of these common genes in the network and determine whether 241 

they have similar functions in both the blotch and egg-spots, we compared their first 242 

neighbour gene network (FCN) (Figure 4), as direct interactions among genes can indicate 243 

their roles to a maximum extent. These FCNs showed significantly higher interaction levels 244 

than the total DE genes (Table 3), suggesting that the FCN of common genes belongs to a 245 

core gene network. 246 

 247 

Table 3 Statistics of degree of first common neighbour gene network (FCN)
comparison average W p-value significance
blotch FCN vs. blotch total 6.08+-4.24 vs. 4.11+-3.85 5135.5 <0.01 **
spot FCN vs. spot total 9.27+-9,69 vs. 5.75+-6.31 34364 <0.01 **
blotch CCN vs. spot CCN 5.81+-4.13 vs. 11.33+-10.66 186.5 0.04 *
blotch SCN vs. spot SCN 6.17+-4.36 vs. 8.47+-9.29 2097.5 0.56 ns
method: Mann-Whitney U test  248 

 249 

Two types of FCNs were formed: 1) direct interactions among the common genes, 250 

comprising pigmentation (melanophore and xanthophore)-related genes (Figure 4) (core 251 

common network, CCN). Notably, unlike in the blotch, the CCN in egg-spots integrated more 252 

transcription factors (TFs) (Figure 4), largely contributing to its higher interaction degree 253 

(Table 3). 2) The second type of FCN involved interactions among common genes and 254 

pattern-specific DE genes (specific common network, SCN). Unlike the CCN, the common 255 

genes in SCN were only loosely associated (Figure 4). For example, the SCN of the blotch 256 

could clearly be divided into sub-networks, connected only by two common genes (myo5aa 257 

and pde7b) (Figure 4). However, the common genes of the SCN in egg-spots (8.47±9.29) 258 

participated in more interactions than in the blotch (6.17±4.36), although no significance was 259 

detected, which likely reflects the limited sample size (Table 3). In addition, genes related to 260 

purine metabolism pathways were detected in the SCN of the blotch, but more signalling 261 

pathways were involved in the SCN of egg-spots (Figure 5). 262 
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 263 

 The evolutionary rates of common genes were significantly higher than those of 264 

pattern--specific DE genes in both the CCN and SCN of the blotch, but not those of the egg-265 

spots (Figure 4), and egg-spots DE genes showed significantly higher evolutionary rates than 266 

the blotch DE genes in both the CCN and SCN (Figure 4). These findings are also consistent 267 

with previous results, showing that the average Ka/Ks value of common DE genes and egg-268 

spots DE genes were significantly higher than those of the blotch-specific DE genes (Figure 269 

2).  270 

 271 

In addition, several novel genes were involved in first neighbour gene networks 272 

(Figure 4). Since the interactions among genes indicate their similar functions, the network 273 

presented here enabled the prediction of new gene functions. For example, in the CCN of the 274 

blotch, the novel gene ENSONIG00000017631 interacted with mtifb, mc1r and sox10, 275 

suggesting a similar role related to melanin (Hou et al. 2006; San-Jose et al. 2015). The 276 

blotch-specific novel gene ENSONIG00000021415 interacted with mitfb, pax7a and pax7b 277 

(Minchin & Hughes 2008; Curran et al. 2010), suggesting a xanthophore-related role.  278 
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 279 

Figure 4 First common neighbour gene interaction network analysis for the blotch and egg-spots DE genes. (a) 280 

First common neighbour gene network between the blotch and egg-spots, including core common gene network 281 

(CCN), primarily comprising direct interactions among pigment cells (above), and the specific core gene 282 

network (SCN), comprising interactions among common genes and pattern-specific DE genes (below). (b) 283 

Evolutionary rates (Ka/Ks) of different genes from the CCN and SCN between the blotch and egg-spots. 284 

**represents p<0.01. (c) Percentage of transcription factors (TFs) in the corresponding gene network between 285 

the blotch and egg-spots. (d) Percentage of signalling pathway genes in the corresponding gene network 286 

between the blotch and egg-spots.  287 

 288 

Discussion 289 

 290 

The thorough comparative transcriptomic and genomic data analysis conducted herein 291 

revealed a common genetic basis with higher evolutionary rates between the blotch and egg-292 

spots. Focusing on the whole expression level and expression patterns of both novelties 293 
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prevents potential biases that lead to different and even opposite conclusions conclusions 294 

from Santos et al. (Santos et al. 2016). Here, we proposed that the common genetic basis is 295 

essential for the emergence of these novel phenotypes, and independently evolved 296 

connections between common genes and TFs and the integration of advantageous genes 297 

involved in the signalling and metabolic pathways are crucial for the emergence and 298 

evolution of egg-spots. 299 

 300 

Common genetic basis is important for the evolution of convergent novel anal fin 301 

pigmentation patterns                            302 

 303 

Similar gene expression patterns in convergent taxa are generally associated with 304 

conserved and important roles (such as toolkit genes) in the origin of phenotype (Khaitovich 305 

et al. 2006; Pankey et al. 2014). In the present study, clustering analysis based on gene 306 

expression level of common genes clustered egg-spots and the blotch together in spite of 307 

species boundary, suggesting that convergent evolution of anal fin pigmentation patterns is in 308 

parallel with gene expression level, at least on the common genetic basis level. Furthermore, 309 

the gene fhl2b, which was associated with egg-spots formation (Santos et al. 2014) was also 310 

observed ranking at the top of the blotch candidate DE gene list in the present study (Table 311 

1). Re-use of the same gene further attached their importance of common gene to the 312 

formation of both egg-spots and the blotch. These common genes also showed higher 313 

accelerated evolutionary rates than the blotch-specific DE genes, evincing their advantageous 314 

roles during the evolution. The average Ka/Ks value of egg-spots DE genes was higher than 315 

the previous results from Santos et al. (Santos et al. 2016), which could be explained by the 316 

fact that we integrated into the present data analysis the recent duplicated genes, which are 317 

too important for the evolution in fish to ignore (Glasauer & Neuhauss 2014). All of these 318 
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highlighted the importance of the common genes we observed for the emergence of these 319 

novel sexually related traits.  320 

 321 

Then what is the common genetic basis and its roles in the convergent evolution of 322 

anal fin pigmentation patterns? Both GO enrichment and gene network construction showed 323 

that the common genes primarily comprise pigmentation-related genes. Interactions among 324 

pigment cells (melanophore, iridophore and xanthophore) are important for pigmentation 325 

pattern formation (Parichy 2009; Parichy & Spiewak 2015; Singh & Nüsslein-Volhard 2015; 326 

Watanabe & Kondo 2015). For example, the mutation of melanophore-related genes (mitfb, 327 

gpnmb, trpm1a, ednrb, trpm1b and sox10), the iridophore-related gene (pnp4a), the 328 

xanthophore-related gene (pax7), and the connexion-related gene cx45.6 could induce the 329 

irregular stripe pattern formation in zebrafish (Shin et al. 1999; Hou et al. 2006; Minchin & 330 

Hughes 2008; Curran et al. 2010; Zhang et al. 2012; Reissmann & Ludwig 2013; Irion et al. 331 

2014), suggesting important roles for these genes in the corresponding core gene network. 332 

The genes fhl2b (iridophore-related gene), pax7 (xanthophore-related gene) and melanocortin 333 

were also associated with pigmentation pattern formation in cichlid fishes (Salzburger et al. 334 

2007; Santos et al. 2014; Dijkstra et al. 2017). These genes were detected among the common 335 

candidate gene list and FCN networks in the present study. Here, these genes could have 336 

similar roles belonging to the core gene network of anal fin pigmentation pattern formation. 337 

This idea was further confirmed by the finding that the gene network comprising these genes 338 

showed a significantly higher interaction degree than the average interaction degree of total 339 

pattern DE genes (Table 3) and accelerated evolutionary rates (Figure 4). 340 

 341 

In addition, metabolism related pathways and signalling pathways occupied a large 342 

portion of the shared pathways between the blotch and egg-spots. Actually, it is unsurprising 343 
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that metabolism pathways were involved in these sexually related traits, considering the 344 

importance of trade-off of the energy allocation between the survival and reproduction (Bleu 345 

et al. 2016). Signalling pathways such as Wnt signalling pathway, ErbB signalling pathway 346 

and MAPK signalling pathway related to the pattern formation and morphogenesis (Budi et 347 

al. 2008; Martin et al. 2012; Schneider et al. 2012; Plestant & Anton 2013; Martin & Reed 348 

2014) can have similar roles here and are advantageous to the emergence of these novel anal 349 

fin pigmentation patterns, considering their accelerated evolutionary rates. This could be 350 

explained by the reasoning that the trait itself is under selection so that the related genes 351 

showed accelerated evolutionary rates, or alternatively that the formation of anal fin patterns 352 

integrated genes with accelerated evolutionary rates in the pathways during evolution, which 353 

conserved the phenotype during evolution. Since common genes showed significantly higher 354 

evolutionary rates than pattern specific genes, we prefer the later possibility. In spite of this, 355 

they both reconfirmed the conclusion that common genetic basis is important for the 356 

emergence and evolution of these convergent anal fin pigmentation patterns. 357 

 358 

Independently evolved connections among common genes and pattern specific genes are 359 

crucial for the evolution and evolution of egg-spots 360 

 361 

Although both the blotch and egg-spots are novelties, their patterns are quite different 362 

(Figure 1). The blotch is a reddish pattern with an irregular boundary, whereas egg-spots are 363 

pigmentation patterns with circular transparent boundaries. In addition, these two novelties 364 

exhibit different evolutions. The blotch only appears in the ectodine lineage, with almost no 365 

variables among species. However, egg-spots exhibit significant diversity, including different 366 

numbers, sizes, positions and colours, in the species-rich haplochromine lineage (Salzburger 367 

et al. 2005; Santos & Salzburger 2012). The emergence of egg-spots is associated with the 368 
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radiation of cichlid fishes (Salzburger 2009). Therefore, it is important to understand the 369 

mechanism underlying their different evolution pattern.  370 

 371 

Genes are not isolated from each other, but rather remain connected. Although 372 

common genes were shared between the blotch and egg-spots, more direct interactions were 373 

observed between common genes and egg-spots-specific DE genes than the blotch-specific 374 

DE genes (Table 3, Figure 5). This finding largely reflects additional connections with TFs 375 

and signalling pathways in the egg-spots gene network (Figure 5). New connections could be 376 

established by the insertion of transposable elements or a single nucleotide polymorphism 377 

mutation in the upstream region of target genes (e.g., fhl2b and pax7a), which can change 378 

binding opportunities to TFs to affect pigmentation pattern formation (Santos et al. 2014; 379 

Roberts et al. 2017). Gene network integrating pattern-related TFs and signalling pathways 380 

can become relatively independent to integrate signals into a gene expression pattern unique 381 

to that character, representing novelty (Wagner 2014), similar to the case of butterfly wing 382 

spot (Shirai et al. 2012). However, if the gene network of the novelty is still tightly linked to 383 

the ancestral gene network, such as the “Christmas tree model” for the wing spot 384 

development in fly, then the evolution of the phenotype will be limited (Wagner & Lynch 385 

2008). Therefore, the extent of independence of a gene network can be causally linked to the 386 

evolution of a trait (Wagner 2014), likely explaining the differences in evolution between 387 

egg-spots and the blotch: the relatively independent network comprising TFs and signalling 388 

pathways can free the evolution of egg-spots from the ancestral anal fin network to relatively 389 

freely evolve to a higher variety compared to the blotch (intrinsic factor, developmental 390 

constraint).  391 

 392 
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In addition, egg-spots showed significantly higher evolutionary rates in both the CCN 393 

and SCN compared to the blotch, which primarily reflected the associated TFs and signalling 394 

pathways, which occupied a large portion of the network. Higher evolutionary rates of 395 

signalling pathways and metabolic pathways of egg-spots DE genes further suggested that 396 

evolutionary advantageous genes recruited in the egg-spots gene network could help conserve 397 

the phenotype and subsequently evolve during evolution (extrinsic factor, selection) and 398 

causally link egg-spots to the adaptive radiation of cichlid fishes.  399 

 400 

Hypothesis about the genetic basis of the origin and evolution of convergent novel anal 401 

fin pigmentation patterns in cichlid fishes  402 

 403 

The findings of the present study drive a reassessment with respect to whether 404 

convergent pigmentation pattern formation in fish is as the same as that in mammals and 405 

birds, whose pigmentation pattern formation is controlled through a few genes (MC1R and 406 

Agouti) (Hoekstra et al. 2006; Uy et al. 2016), or should be viewed with respect to a gene 407 

network. For example, iridophores were observed as the prerequisites for stripe formation in 408 

zebrafish (Danio rerio) (Singh & Nüsslein-Volhard 2015), but not in its closely related 409 

species D. albolineatus, in which xanthophores play a crucial role (Patterson et al. 2014). 410 

Similar cases were also observed for skin (melanocortin-related genes and the xanthophore-411 

related gene pax7a) (Dijkstra et al. 2017; Roberts et al. 2017) and anal fin (the xanthophore-412 

related gene csf1ra and the iridophore-related gene fhl2b) (Salzburger et al. 2007; Santos et 413 

al. 2014) pigmentation pattern formation. This difference might reflect interactions among 414 

rather diversified pigment cells in fish, resulting in more complex pigmentation patterns than 415 

in mammals and birds. 416 

  417 
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Therefore, we propose one hypothesis with respect to a gene network that can explain  418 

the origin and evolution of convergent novel anal fin pigmentation patterns in cichlid fishes 419 

(Figure 5). On the one hand, common genes, comprising pigment cells, signalling pathways 420 

and metabolic pathways, are important for the emergence of these novel traits (intrinsic 421 

factor, developmental constraint). These genes could be derived from deep homology 422 

(Shubin et al. 2009; McCune & Schimenti 2012), i.e., pigment cells already present in the 423 

anal fin before the origination of these novel convergent pigmentation patterns (new 424 

structures can evolve by deploying pre-existing regulatory circuits (Shubin et al. 2009), or 425 

evolve independently. Accelerated evolutionary rates of common genes and pathways help 426 

conserve these novelties during evolution (extrinsic factor, selection). On the other hand, 427 

independently evolved connections with TFs and signalling pathways during evolution are 428 

important for the origin and evolution of egg-spots. Theses connections form a relatively 429 

independent gene network that frees egg-spots to evolve into diversified phenotypes 430 

(different numbers, positions, sizes and colours) (intrinsic factor, developmental constraint). 431 

Simultaneously, the integration of advantageous genes with accelerated evolutionary rates 432 

into the corresponding gene network can causally link egg-spots to the adaptive radiation in 433 

cichlid fishes as a key innovation (Salzburger et al. 2005, 2007; Salzburger 2009). In this 434 

case, egg-spots should be considered as “an innovation out of innovation”. The hypothesis 435 

here will further illuminate the mechanism of origin and evolution of novelties in a broad 436 

sense. Further thorough comparative transcriptomic and genomic analysis across the 437 

phylogeny, including more diversified anal fin pigmentation patterns,, will provide additional 438 

evidence for this evidence for this hypothesis. 439 
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 440 

Figure 5 Hypothesis concerning the genetic basis for convergent evolution of the blotch and egg-spots. 441 

Common genes derived from deep homology or independently evolved are important for the emergence of 442 

convergent novel anal fin pigmentation patterns (intrinsic factor, developmental constraint). The advantageous 443 

roles of these genes during evolution helped conserve the novel traits during evolution (extrinsic factor, 444 

selection). Independently evolved connections to transcription factors (TFs) and signalling pathways formed a 445 

relatively independent gene network that could free the evolution of egg-spots from ancestral anal fin to evolve 446 

into diversified phenotypes (different numbers, sizes, positions and colours) (intrinsic factor, developmental 447 

constraint). Simultaneously, the integration of advantageous genes related to signalling pathways and metabolic 448 

pathways with accelerated evolutionary rates in the corresponding gene network linked egg-spots to the adaptive 449 

radiation in cichlid fishes as the key innovation (extrinsic factor, selection). In this case, egg-spots should be 450 

considered “an innovation out of innovation”. 451 

 452 

Materials and Methods 453 

 454 

Illumina-based RNAseq 455 
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 456 

Laboratory strains of C. macrops were maintained at the University of Basel 457 

(Switzerland) under standard conditions (12-h light/12-h dark; 26°C, pH=7). Prior to tissue 458 

dissection, the specimens were euthanized with MS 222 (Sigma-Aldrich, USA) following 459 

approved procedures (permit nr. 2317 issued by the Cantonal Veterinary Office Veterinary 460 

Office). For RNAseq of C. macrops, we dissected the anal fins from three adult males and 461 

three adult females. In the male fins, we separated the blotch area from the remaining fin 462 

tissue; in the females, which do not possess the blotch, we separated the fin in the same way, 463 

i.e., the areas corresponding to the blotch and non-blotch tissue in males, resulting in a total 464 

of 12 samples for C. macrops. RNA extraction was performed using was performed using 465 

TRIzol® reagent (Invitrogen, USA). Sample clean  up and DNase treatments treatments were 466 

performed using the using the RNA clean&Concentrator™-5 (Zymo Research Corporation, 467 

USA). RNA quality and quantity was determined using theusing the Nanodrop 1000 468 

spectrophotometer (Thermo Scientific, USA) and a Bioanalyser 2100 (Agilent Technologies, 469 

Germany). Libraries were generated using the Illumina TruSeq RNA Sample Preparation 470 

Preparation Kit (low-throughput protocol) according to the manufacturer’s instructions. Per 471 

tissue, 330 ng of RNA was subjected to mRNA selection. Pooling and sequencing were 472 

performed at the Department of Biosystems Science and Engineering (D-BSSE), University 473 

of Basel and ETH-Zurich. Single-end sequencing of these pooled 12 samples was performed 474 

in one lane of an Illumina Genome Analyser IIx (maximum read length was 50 bp). The 475 

existing transcriptomic data for anal fin with egg-spots and without egg-spots of A. burtoni 476 

was retrieved from Santos et al. (Santos et al. 2016). 477 

 478 

Differential gene expression analysis for the blotch and egg-spots 479 

 480 
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 Quality assessment of the sequence reads for the blotch was conducted using Fastqc 481 

0.10.1 (www.bioinformatics.babraham.ac.uk/projects/). Contaminated Illumina adapter were 482 

removed using cutadapt 1.3 (Martin 2011). The reads were subsequently aligned to the 483 

Tilapia transcriptome assembly available from Broad Institute 484 

(ftp://ftp.ensembl.org/pub/release-81/fasta/oreochromis_niloticus/cdna/. version 0.71). 485 

NOVOINDEX (www.novocraft.com/) was used for indexing the reference and 486 

NOVOALIGN (www.novocraft.com/) was used for mapping the reads against the reference. 487 

The output SAM files of read mapping were subsequently transformed into the BAM format 488 

using SAMtools (Li et al. 2009). The count files were concatenated into count tables and 489 

analysed using the Bionconductor R package (Gentleman et al. 2004; Huber et al. 2015) and 490 

edgeR (Robinson & Smyth 2007, 2008; Robinson et al. 2010; McCarthy et al. 2012; Zhou et 491 

al. 2013). To compare blotch and non-blotch tissues, we used the individual as the block 492 

factor, since these tissues were paired. In analyses with edgeR, genes that achieved at least 493 

one count per million (cpm) in at least three samples were maintained. To reduce false 494 

positive numbers, differentially expressed transcripts were maintained if the false discovery 495 

rate (FDR) was smaller than 0.01. The existing transcriptomic data of anal fin with egg-spots 496 

and without egg-spots from three males of A. burtoni in Santos et al. (Santos et al. 2016) 497 

were re-analysed using the same parameters.  498 

 499 

Comparative transcriptomics between the blotch and egg-spots 500 

 501 

Gene expression clustering was visualized as a heatmap using the pheatmap R 502 

package v1.0.8 (https://cran.r-project.org/web/packages/pheatmap/index.html). Gene 503 

ontology (GO) annotation of the differential expressed transcripts was conducted with 504 

Blast2GO version 2.5.0 (Conesa et al. 2005). BLASTx searches were achieved using 505 
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BLASTx (threshold: e-6) and a number of hits of 10. KEGG (Kyoto Encyclopaedia of Genes 506 

and Genomes) pathway annotation was conducted with KAAS (KEGG Automatic 507 

Annotation Server) http://www.genome.jp/tools/kaas/ (Moriya et al. 2007) using zebrafish as 508 

the reference with a threshold e-value of e-10. Enrichment analysis of the GO terms was 509 

performed using DAVID (https://david.ncifcrf.gov/). Protein-protein interaction network 510 

analysis was conducted with the string database (http://string-db.org/). The network was 511 

visualized using Cytoscape v3.0 (Shannon et al. 2003).  512 

 513 

Evolutionary rates detection of DE genes	  and	  related	  pathways	  514 

  515 

To detect the evolutionary rate of the coding sequences of DE genes, we extracted the 516 

protein-coding sequences for these DE genes by extracting the corresponding transcripts of 517 

tilapia retrieved from the Ensembl database (http://www.ensembl.org/index.html). These 518 

transcripts were used as references after removing codon sequences using Biopython 519 

(http://biopython.org/wiki/Biopython). The raw reads of transcriptomic data from the other 520 

four available cichlid species (Pundamila nyererei, Neolamprologus brichardi, Maylandia 521 

zebra and A. burtoni) were retrieved from the NCBI database 522 

(https://www.ncbi.nlm.nih.gov/). These data, together with transcriptome data of egg-spots 523 

and the blotch, were mapped to individual transcripts (without stop codon) trimmed to the 524 

reference using Geneious http://www.geneious.com (Kearse et al. 2012). To retrieve recently 525 

duplicated genes, we differentiated the variable single nucleotide polymorphisms deriving 526 

from duplicates by mapping these anomalies against the reference. We concatenated all the 527 

transcripts for each species using Geneious, followed by visual assessment. Subsequently, we 528 

constructed two rounds of consensus sequences through pairwise alignment between the 529 

target species and tilapia using MAFFT, which removes the variable single nucleotide 530 
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polymorphism according to the reference. The resulting concatenated sequences were 531 

translated into amino acids and re-mapped using existing transcriptome data, followed by 532 

visual assessment. To obtain individual transcripts, we annotated each transcript in 533 

concatenated sequences and subsequently extracted the transcripts using Geneious.  534 

 535 

To detect the evolutionary rate of these DE genes, we aligned the sequences using 536 

T_Coffee (Notredame et al. 2000) based on the codon sequence. Subsequently, pairwise 537 

Ka/Ks values were calculated using yn00 in PAML (Yang 1997, 2007). The pipeline was 538 

written in BioPerl http://bioperl.org/. To determine whether the same pattern also occurred in 539 

a lineage-specific manner, we detected the dN/dS values for individual DE genes using the 540 

free-ratio model within codeml in PAML. 541 

 542 

Additional File 1: Illumina sequencing reads for the ectodine blotch in C. macrops. 543 

Additional File 2: Average evolutionary rates (Ka/Ks) and comparison of the DE genes and 544 

related pathways between the blotch and egg-spots. 545 
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