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1.  Genome Sequencing   

Results 

We sequenced the genomes of the Nile tilapia (Oreochromis niloticus), a lineage ancestral to 
the East African radiations, and four members of the East African lineage: Neolamprologus 
brichardi/pulcher (representing an older radiation in Lake Tanganyika), and three 
haplochromines, Metriaclima zebra (recent Lake Malawi radiation), Pundamilia nyererei (very 
recent Lake Victoria radiation), and Astatotilapia burtoni (a riverine species that has not radiated 
that lives around Lake Tanganyika) (Extended Data Figure 1a). For each species DNA from a 
single individual was sequenced using Illumina technology and assembled using ALLPATHS-
LG1, producing highly contiguous assemblies with contig and scaffold sizes comparable to other 
vertebrate Illumina assemblies (Extended Data Figure 1a). A total of 1356 markers were used 
to anchor the scaffolds of the O. niloticus genome to 24 linkage groups corresponding to the 22 
chromosomes2 thereby aiding subsequent annotation and genome analyses.  

Methods 

Sample Source – High Molecular Weight (HMW) DNA  

O. niloticus: A female individual from an inbred clonal line3, was provided by Dr. David Penman 
(Institute of Aquaculture, University of Stirling, Stirling, Scotland, UK). HMW DNA from this 
individual was extracted in the laboratory of Dr. Chris Amemiya, (Benaroya Research Institute at 
Virginia Mason, Seattle WA) and shipped to the Broad Institute. 

For each of the 4 lake cichlid species, a variety of tissues (muscle, heart, liver, blood) from a 
single adult individual were isolated in the following laboratories and shipped at the Broad 
Institute for HMW DNA extraction: 

M. zebra: Tissues were isolated from a single female individual in the laboratory of Dr. Thomas 
Kocher (University of Maryland, College Park, MD, USA).  The M. zebra specimen was wild 
caught.   

A. burtoni: Tissues were isolated from a single female individual inbred for ∼ 60 generations in 
the laboratory of Dr. Hans Hoffman (University of Texas at Austin, Austin, TX, USA). 

P. nyererei: Tissues were isolated from a single male partially inbred for ∼ 5 generations in the 
laboratory of Dr. Ole Seehausen (Eawag and University of Bern, Switzerland).   

N. brichardi: Tissues were isolated from a single female inbred for ∼ 10 generations in the 
laboratory of Dr. Walter Salzburger (University of Basel, Basel, Switzerland). 

HMW DNA was extracted with Qiagen Genomic Tips according to the manufacturer’s 
instruction.  The DNA quality and integrity was analyzed with pulsed field gel electrophoresis.  
Several hundred ug of HMW DNA (~50Kb) was isolated from each species and used for the 
genome sequencing effort. 
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Genome Sequencing and Assembly 

All cichlid assemblies (AstBur1.0, PunNye1.0, NeoBri1.0, MetZeb1.1, Orenil1.1) were generated 
from 180 bp paired end fragment libraries (45X coverage), 3 kb jumping libraries (45X 
coverage), 6-14 kb jumping libraries (2X) and 40 kb FOSILLs4

  (1X coverage.) All libraries were 
sequenced by Hi-Seq Illumina machines, producing 72, 76 or 101bp reads. Assembly of the 
cichlid genomes was carried out using a pre-publication version of the software program 
ALLPATHS-LG1 (Extended Data 1a). Data from the sequencing instruments was imported 
directly into the program, without any filtering or other preprocessing. In brief, the ALLPATHS-
LG algorithm then proceeded by correction of sequencing errors within reads, closure of short-
fragment read pairs, formation of an initial de Bruijn from these filled fragments, and 
disambiguation of the graph using paired ends from the jumping libraries.  

Unfortunately, we were not able to obtain good quality high molecular weight DNA for A. burtoni. 
Consequently the longest jumping libraries (40 kb) suffered in quality and thus have adversely 
affected the resulting assembly yielding a low N50 scaffold size (1.2 Mb; Extended Data 1a). 

In addition, the N. brichardi assembly also displayed marginally reduced contiguity due to the 
higher level of heterozygosity (1/365 bp) of the sequenced individual. 

The tilapia assembly was anchored to linkage groups based on an existing genetic map created 
by Dr. Francis Galibert (Institute of Genetics and Development of Rennes, Rennes, France)2. Of 
1593 total markers, 1356 (85%) of the markers could be placed on the genome, anchoring 
70.9% of the assembly to 24 linkage groups. 
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2.  RNA-Sequencing  

Sample Source – Total RNA  

O. niloticus: 11 tissues (blood, brain, eye, embryo, heart, kidney, liver, muscle, ovary, skin and 
testis) were isolated from several individuals (Swansea stock) in the laboratory of Dr. Gideon 
Hulata (Volcani Center, Bet Dagan, Israel). The tissues were removed and immediately placed 
in RNAlater reagent (Qiagen, USA) and then stored at −20°C until RNA extraction.  Total RNA 
was extracted in the laboratory of Dr. Micha Ron (Volcani Center, Bet Dagan, Israel) with 
mirVana™ miRNA Isolation Kit (Ambion) according to the manufacturer’s instructions.  
 
M. zebra: 11 tissues (blood, brain, eye, embryo, heart, kidney, liver, muscle, ovary, skin and 
testis) were isolated from several wild individuals in the laboratory of Dr. Karen Carleton 
(University of Maryland, College Park, MD, USA). Tissues for RNA were stabilized in RNALater, 
homogenized with a Tissuemizer, and RNA extracted using a Qiagen RNAeasy kit RNA 
concentration was measured using a NanoDrop ND1000 spectrophotometer (NanoDrop 
Technologies, Wilmington, DE), and RNA integrity was assessed on an Agilent 2100 
Bioanalyzer (Agilent Technologies, Palo Alto, CA). 
 
A. burtoni: 11 tissues (blood, brain, eye, embryo, heart, kidney, liver, muscle, ovary, skin and 
testis) were isolated from several individuals inbred for ∼ 60 generations in the laboratory of Dr. 
Hans Hoffman (University of Texas at Austin, Austin, TX, USA). Tissues for RNA were collected 
and placed in RNALater and blood was collected in a tube with the anticoagulant EDTA.  Total 
RNA was extracted with a TRIzol kit (Invitrogen) and treated with Turboe DNAase (Invitrogen)  
RNA was re-suspended in water. 

P. nyererei: 9 tissues (brain, eye, gills, heart, kidney, muscle, ovary, skin and testis) were 
isolated from three individuals inbred for ∼ 5 generations in the laboratory of Dr. Ole Seehausen 
(Eawag, Switzerland). Tissues were harvested immediately after sacrificing fish with MS222 
while keeping fish on ice and immediately preserved in RNAlater solution for extraction. Each 
tissue was disrupted and homogenized following the protocol of the Rneasy plus Universal Mini 
Kit (Qiagen). The RNA from the totally disrupted and homogenized tissues was then extracted 
using chloroform following the protocol of the Rneasy kit, and resuspended in Rnase free water. 

N. brichardi: 8 tissues (blood, brain, eye, heart, kidney, muscle, skin and testis) were isolated 
from several individuals inbred for ∼ 10 generations in the laboratory of  Dr. Walter Salzburger 
(University of Basel, Basel, Switzerland). Isolation of RNA was performed using TRIzol® 
(Invitrogen, USA). For total RNA, all dissected tissues were incubated in 750μl of TRIzol and left 
at 4oC overnight (or 8-16 hours). The tissues were homogenized with a BeadBeater (FastPrep-
24; MP, Biomedicals, USA). Extractions proceeded according to manufacturer’s instructions. 

RNA sequencing and Assembly 
The integrity of each RNA sample was confirmed on Agilent 2100 Bioanalyzer and Illumina 
RNA-seq libraries were constructed using a strand-specific dUTP protocol as described 
previously5. 
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RNA-Seq libraries were sequenced on HiSeq2000 Illumina machine yielding a minimum of 35 
Million 76-bp pair-end reads per tissue. 3.4 to 6.7Gb of paired end reads from each tissue were 
assembled separately using Trinity de novo transcriptome assembler.6 
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3.  Annotation 

Results 

For O. niloticus, protein-coding genes were predicted by both Ensembl (Ensembl release 68, 
July 2012) and by modeling protein coding genes with EvidenceModeler (EVM)7-9 and PASA10, 
while genes of the four East African cichlids were annotated solely by EVM/PASA with support 
from the O. niloticus Ensembl gene predictions. All annotation pipelines used assembled RNA-
seq data generated from several tissues from each of the sequenced species (See RNA-
sequencing – Sample source). All annotations were projected onto the species’ genome 
alignments and only genes with conserved coding sequence and intact splice donors and 
acceptors were retained for the final interspecies annotation (Cichlid genome Annotation below). 
This process yielded 24,559 protein coding gene annotations for O. niloticus, 23,436 for A. 
burtoni, 21,673 for M. zebra, 20,611 for P. nyererei, and 20,119 for N. brichardi (Extended Data 
Figure 1a). Predicted gene numbers are similar to those obtained for other teleosts such as 
Oryzias latipes (medaka), Gasterosteus aculeatus (threespine stickleback) and Danio rerio 
(zebrafish). In addition, between 600 and 1700 multiexonic long ncRNA were identified in the 
cichlid transcriptomes (lncRNA gene annotation below), and 1,344 miRNA loci (259 – 286 per 
cichlid species) were identified from deep sequencing of small RNAs in late stage embryos.  

Ensembl Gene Annotation  

The Nile tilapia genome assembly was annotated by the Ensembl gene annotation system11 
(Ensembl release 67, May 2012). Protein-coding gene models were annotated by combining 
alignments of UniProt12 vertebrate protein sequences and RNAseq data. RNAseq models were 
generated from a variety of adult tissues, including blood, brain, eye, heart, kidney, liver, 
muscle, ovary, skin, testis and also from embryonic tissue.  Short non-coding genes were also 
annotated to provide a final gene set of 21467 protein-coding genes, 25 pseudogenes and 821 
short non-coding genes. 

Method:  

The Ensembl gene annotation system was used to create gene models for Nile tilapia, O. 
niloticus. The genome was repeat-masked with RepeatMasker and DUST13 and additional low 
complexity regions were identified using TRF14. 

Protein-coding models were generated by aligning tilapia and other vertebrate protein 
sequences, from UniProt protein existence (PE) levels 1 and 2 only, to the repeat-masked 
genome using Genewise15.  

Protein-coding models were also generated using our in-house RNAseq pipeline16. The Broad 
Institute provided RNAseq data for embryonic tissue and ten adult tissues: blood, brain, eye, 
heart, kidney, liver, muscle, ovary, skin and testis. These data were aligned to the genome 
using BWA17, resulting in 549 million reads aligning from 700 million reads. The alignments 
were processed by collapsing the transcribed regions into a set of potential exons. Partially 
aligned reads were re-mapped using Exonerate18 and this step identified 96 million spliced 
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reads or introns. These introns together with the set of transcribed exons were combined to 
produce a set of 40899 transcript models. The longest open reading frame in each of these 
models was BLAST-ed19 against the set of UniProt PE levels 1 and 2 protein sequences in 
order to classify the models according to their protein-coding potential. 

Data from the above two pipelines were filtered to remove poorly supported models. 
Untranslated regions were added to the coding models, generated by Genewise, using RNAseq 
models. The preliminary sets of coding models were combined and redundant models were 
removed. The remaining unique set of transcript models were clustered into multi-transcript 
genes where each transcript in a gene has at least one coding exon that overlaps a coding exon 
from another transcript within the same gene.  

The set of protein-coding gene models was screened for pseudogenes. Short non-coding RNA 
genes were predicted using annotation from RFAM20 and miRBase21. The final Ensembl gene 
set consists of 21437 protein coding gene models (with 26763 transcripts), 25 pseudogenes and 
821 non coding RNAs. 

The tilapia gene annotation is available on the Ensembl website 
(http://www.ensembl.org/Oreochromis_niloticus/), including orthologues, gene trees, and whole-
genome alignments against human and other teleost fishes. Also included are the tissue-
specific RNAseq transcript models, indexed BAM files, and the complete set of splice junctions 
identified by our pipeline. Further information about the annotation process can be found in a 
PDF document here: 
(http://www.ensembl.org/Oreochromis_niloticus/Info/Annotation#assembly). 

Cichlid Genome Annotation 

The Ensembl gene annotation pipeline created models for 21,437 O. niloticus genes using 
Uniprot protein alignments, available O. niloticus cDNA data, RNA-seq data generated from 11 
O. niloticus tissues as well as orthology with other vertebrates. The EVM annotation created 
gene models using ab initio predictions22, homology predictions8 based on other vertebrate 
proteins, the ensemble annotation, as well as assembled RNA seq data from a number of 
tissues from each sequenced species. Lastly, the PASA tool10 was used to finalize gene 
structures and to provide additional transcript variants and UTRs See table below).  

Species
protein coding 

genes 
(conservative)

protein 
coding genes

Splice 
variants

distinct 
coding exons

total coding 
length

total 5’UTR 
length

total 3’UTR 
length

O.niloticus 24,559 26,993 66,482 262,579 40,902,288 11,655,888 29,351,905
N.brichard 20,119 23,713 36,873 209,303 31,763,631 5,985,188 16,148,651
A. burtoni 23,436 25,955 52,845 242,938 38,363,617 9,662,122 22,813,046
P.nyererei 20,611 23,867 42,152 229,379 35,453,609 6,174,642 17,207,380
M. zebra 21,673 24,327 51,772 241,338 37,844,930 8,867,028 23,507,899  

Summary of annotation statistics. The conservative set excludes interspecies projections. 
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Methods 
Gene Models 
We annotated all 5 cichlid genomes independently by combining 4 lines of evidence (table 

below): 

1. Ab initio gene predictions with Augustus22 

2. Two sets of homology based predictions from GPIPE8 

3. Projections of Ensembl 67 annotated protein codings genes for O. niloticus 

4. Gene models built with PASA10 (Haas et al. 2003) from Trinity6 assembled transcripts 

We extended the resulting consensus gene models with splice variants using PASA and Trinity 
assembled transcripts. In a final step we extended the gene annotation set by interspecies 
projections of protein coding genes to recover intact, and likely functional, genes that had been 
missed but can be unambiguously projected from one or more other cichlid species. 

species Augustus GPIPE (2/3) Ensembl Trinity/PASA

O. niloticus 240,146 8,255/18,588 21,368 125,697
N. brichardi 205,044 5,223/7,438 14,863 55,547
A. burtoni 207,582 5,310/13,894 16,234 96,969
P. nyererei 210,685 4,650/7,751 16,086 67,192
M. zebra 212,233 5,494/7,938 16,269 91,600  

Number of genes/transcripts from protein coding gene evidence/predicitions/projection. The 
variability of Trinity/PASA transcript is explained by the tissue differences. 

 
Augustus ab initio gene prediction 
We trained the Augustus gene finder using the autoAug script. An initial training set of protein 
coding regions was built from Ensembl 67 cDNA predictions for O. niloticus as well as BLAT23 
aligned ESTs from O. niloticus (minimal identity 0.92).  ESTs were obtained from NCBI. 

Gene prediction with homologous proteins (GPIPE) 
After soft masking the five Cichlid genomes with RepeatMasker24, GPIPE was used to predict 
genes by homology8 using 2 sets of non-redundant proteins as templates: 

• Stickleback and Human (Ensembl release 64), denoted as GPIPE2 

• Tetraodon, Stickleback and Human (Ensembl release 64), denoted as GPIPE3 

Based on the quality of the protein alignments, the conservation of exon boundaries and the 
absence of frame shifts and premature stop codons, we predicted protein-coding gene models 
in M. zebra, P. nyererei, A. burtoni, N. brichardi and O. niloticus separately, as summarized 
above. 

WWW.NATURE.COM/NATURE | 8

SUPPLEMENTARY INFORMATIONRESEARCHdoi:10.1038/nature13726

http://www.ncbi.nlm.nih.gov/pubmed
http://augustus.gobics.de/binaries/README.autoAug


 

Ensembl protein coding gene projections 
We lifted Ensembl protein coding gene annotations (Ensembl release 67) of the unanchored 
Nile Tilapia assembly (Orenil1.0) over to the anchored assembly (Orenil1.1). LiftOver files were 
generated using BLAT and the suggested procedures as described in the LiftOver 
documentation. Only successful and complete projections were kept. The liftOver procedure 
was repeated for the 4 other cichlid species using the anchored O. niloticus assembly and 
Satsuma25 whole genome alignments (Data Portals). 

Trinity/PASA assembled transcripts and gene models 

The RNAseq data was assembled using the 2011-11-26 version of Trinity using default 
parameters. To determine the genomic locations of assembled transcripts, the standard 
PASA pipeline10 was used to map de novo transcripts from the five cichlids onto their respective 
genomes. Briefly, the PASA tool maps each assembled transcript onto the genome yielding 
prediction of gene models and alternative splicing events. Successfully mapped transcripts were 
then used as guidance to extract gene structures protein coding gene structures according to 
the best scoring Open Reading Frame26. 
 

Consensus Gene Modeling  
We screened the collected gene evidence (above) according to their support by sequencing 
data (Assembled and mapped transcripts > Ensembl projections > Homology predictions > Ab 
initio predictions) and created consensus gene models with EVM27. Each Linkage 
Group/Scaffold was run individually. Subsequently we updated the EVM consensus predictions 
with PASA, adding UTR annotations and models for alternatively spliced isoforms with the help 
of the Trinity transcript assemblies. 
 

This yielded a conservative set of annotated genes. 

Combining annotation 

We used the 5 cichlid genome alignment (Data Portals) to further extend the annotations. 
Conservative projections of protein coding genes between the Cichlid species were made 
according to the following criteria: a) expression evidence from RNAseq b) conserved splice-
sites and c) absence of non-sense or missense mutations (conserved ORF). 

Orthologous relationships within Teleosts 

To determine orthologous and paralogous relationships between teleost genes, OPTIC8,28 was 
used to build phylogenetic trees for all predicted genes in all five cichlids and in medaka, 
tetraodon and stickleback, using zebrafish as outgroup (table below). Orthology assignments 
are based on pairwise orthologs computed using PhyOP29. A tree based orthology method 
implemented within PhyOP was then used to cluster genes into orthologous groups. For each 
cluster, gene members were aligned using MUSCLE30 and phylogenetic trees were estimated 
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using TreeBeST. 31 

Pairwise 
Orthologs

M. 
zebra

P. 
nyererei

A. 
burtoni

N. 
brichardi

O. 
niloticus

O. 
latipes

T. 
nigroviridis

G. 
aculeatus

P. nyererei 18,328
A. burtoni 18,706 18,409
N. brichardi 16,850 16,620 17,000
O. niloticus 17,738 17,357 17,848 16,536
O. latipes 13,631 13,340 13,550 12,597 14,029
T. nigroviridis 13,163 12,901 13,061 12,174 13,562 13,196
G. aculeatus 14,466 14,163 14,346 13,402 14,932 14,405 14,001
D. rerio 12,356 12,136 12,279 11,466 12,794 12,333 11,877 13,029

Counts of pairwise orthologous genes for 5 Cichlids, Medaka, Tetraodon, Stickleback and 
Zebrafish 

 
Teleosts gene data was assigned to Cichlid genes based on phylogenetic trees of aligned 
orthologs and paralogs from OPTIC (see above). We projected gene symbols and descriptions 
and gene ontology terms under the assumption that the most similar and topologically closest 
teleost gene from Medaka, Stickleback, Tetraodon or Zebrafish carries the same or a very 
similar function in cichlids. GO terms were assigned from homologous genes of the same gene 
family. 

lncRNA Gene Annotation 
Using RNAseq reads from Brain, Muscle, Kidney, Testis and Eye/Retina we assembled 
transcripts with Cufflinks232 and relaxed parameters (min-frags-per-transfrag=3, 3-overhang-
tolerance=2000, max-multiread-fraction=0.9). We merged these reference based assemblies 
with cuffmerge and excluded assemblies of less than 200bp. All transcripts with overlap of 
protein coding genes and within 2kb vicinity are excluded from the set as well as candidates 
with long open reading frames (>100aa) and single exon genes. All 6-frame translations of the 
remaining candidates were searched for matches with the Pfam and RepeatMasker (D. rerio) 
databases in order to exclude candidates with known protein coding domains and/or active 
transposable elements. Results are summarized below. 
 

Species lncRNA genes projected 
to Tilapia shared (%) exons / 

transcript mean length total annotated 
length

O. niloticus 1682 1682 1682 (100.0) 2.45 (+-0.02) 900.8 (+-18.9) 1515163

N. brichardi 885 727 79 (10.9) 2.38 (+-0.02) 889.4 (+-30.9) 787086

A. burtoni 989 849 86 (10.1) 2.43 (+-0.02) 870.7 (+-27.9) 861076

P. nyererei 745 610 70 (11.5) 2.48 (+-0.04) 928.6 (+-30.2) 691825

M. zebra 635 492 61 (12.4) 2.49 (+-0.04) 725.1 (+-27.8) 460470  
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Summary statistics for multiexonic lncRNA. Genes are shared if they (partially) overlap. Exons 
and lengths show averages with standard error for the longest transcript variant per gene. 
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4.  Gene expression 

For each species we generated a splice junction database from PASA gene models (generated 
using Trinity assembled transcripts). Reads were aligned with TopHat2 with novel splice 
junction discovery and the splice junction database. Gene expression values (FPKM) were 
calculated with Cufflinks using the protein coding gene annotation as reference. Tissue 
clustering is shown in FTP Figure 1. 
According to our QC, there were several RNA-seq samples which may have been mislabeled:  
(1) P. nyererei ovary may be muscle 
(2) P. nyererei liver may be ovary 
(3) M. zebra testis may be ovary 
(4) A. burtoni skin may be brain 
(5) A. burtoni heart may be liver 
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5.  Fast Evolving Genes – dN/dS 

Results 
 
The most accelerated terms in cichlids include ‘eye development’ in N. brichardi, ‘ectoderm 
development’ in haplochromines, and ‘pectoral fin morphogenesis’ in O. niloticus (Extended 
Data Figure 1b and Dataset 1).  

 
Methods 
 
Genome wide analysis of accelerated sequence evolution (dN/dS) 

a) Concatenated genes: Gene codon alignments of orthologous genes were concatenated 
according to their assigned GO terms. We filtered misaligned sequences by excluding windows 
of aligned codons that had more than 6 out of 12 variable sites. 650 alignment concatenates 
met the length (1-100kb) and gene content thresholds (minimum of 3 genes per concatenate). 
We estimated synonymous and non-synonymous substitution rates by maximum likelihood 
under a branch model (with PAML), specifying 4 groups (Stickleback outgroup, Tilapia branch, 
N. brichardi and its ancestral branch, haplochromine branches). GO categories were ranked for 
each group by their relative rates. 

 

Haplochromines N. brichardi O. niloticus Stickleback
mean dN/dS 0.251 0.238 0.149 0.100

median dN/dS 0.224 0.205 0.113 0.095
var dN/dS 0.024 0.034 0.021 0.001

max dN/dS 1.024 2.291 1.806 0.270
min dN/dS 0.011 0.008 0.004 0.009

p  of t test vs N. brichardi 0.056
p  of t test vs O. niloticus 0.000 0.000
p  of t test vs stickleback 0.000 0.000 0.000  

 
b) Branch Tests: We extracted all orthologous gene clusters from neighbor-joining trees derived 
from multiple protein alignments. We required that each cluster contained a gene in Medaka 
and at least another non-cichlid teleost in order to form a suitable outgroup for testing the 
common cichlid ancestor branch. Within cichlids we required the presence of an orthologous 
gene in O. niloticus, N. brichardi and at least one haplochromine cichlid. The codon-aligned 
nucleotide sequences were filtered to greatly reduce misaligned fragments that could increase 
the number of detected substitutions at non-synonymous sites. We excluded all subsequences 
that had more than 8 mismatching columns in sliding windows of 12 nucleotides (4 complete 
codons) between the cichlid species. We kept only orthologous clusters that were in agreement 
with the known cichlid phylogeny, accounting for incomplete lineage sorting between the 3 
haplochromines. Also we only used the 2 most closely related species available as outgroup to 
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cichlids. This yielded 7964 testable gene families (orthologous groups). For the null model we 
used a single dN/dS rate in the whole gene tree, which represents absence of reduced purifying 
selection or positive selection in specific branches. We emitted the alternative hypothesis that a 
model with an additional rate on a specific branch results in a significantly better fit of sequence 
data. We used a likelihood ratio test to test the hierarchically nested null and alternative models 
for each orthologous cluster (1 degree of freedom added) and for each scenario (see above). P-
values were corrected with the Benjamini-Hochberg methods accounting for the 5 alternative 
models tested and the performed tests of all orthologous clusters (5x7964 tests). Genes with 
significantly increased dN/dS ratios were tested for GO enrichment using the classical Fisher 
and Kolmogorov-Smirnoff tests. Due to the low number of positive genes we tested for 
enrichment in the reduced GOslim subset to obtain acceptable power for enrichment detection 
(only terms with at least 10 positive genes were tested)(Dataset 3). 

Selected genes – dN/dS 
Results 

Adaptive radiations of East-African cichlids partly depend on strength of sexual selection and 
ecological opportunities existing in different lakes in East Africa33. One hypothesis is that 
lineage-specific evolutionary innovations have played an important role in these radiations by 
allowing East African cichlids to exploit ecological opportunities and/or quickly respond to 
changing natural and sexual selection pressures. Because the power to detect selection was 
very low due to low numbers of non-synonymous substitutions that segregate between the 
investigated cichlids, and because our genome-wide approaches were particularly conservative 
to avoid false positives. We selected 30 genes known to be involved in morphogenesis, vision 
or pigmentation with previous evidence of rapid molecular evolution in cichlids to increase 
power. Of these 30 genes, 22 were found (8 were missing in one more more cichlids/teleosts: 
Bmp9, Bmp3b, Bmpr1a, B-catenin, Sws2b, Wnt4, Edar) in all five cichlids and we saught 
to identify positively selected genes that might have played a role in cichlids-specific innovations 
in the ancestor of haplochromines and lamprologines (ancestor of haplochromines and N. 
brichardi), and in the ancestor of the haplochromines. Of these 22 genes, we identified three, 
ednrb1, kfh-g and rho, that have undergone accelerated evolution in the ancestors of 
haplochromines and lamprologines (Table below), which corresponds to an important period of 
cichlid evolution. The elevated rates of evolution (ω) in these proteins are consistent with 
relaxed purifying selection; however, statistical tests lack power to detect signatures of positive 
selection when a small proportion (<5%) of sites are under positive selection34, and positive 
selection could not be tested since at most 2% of the amino acids were substituted in the three 
proteins and two branches investigated. All three proteins belong to the G protein-coupled 
receptor gene family. Green-sensitive opsin (kfh-g) and Rhodopsin (rho) are proteins important 
in vision and may have undergone accelerated evolution driven by novel light environments and 
heightened importance of vision in feeding, predator avoidance, social interactions and mate 
choice in clear water lakes. 

Because EDNRB1 is known to affect colour patterning in both fishes and mammals35,36, we 
hypothesized that changes in the EDNRB1 protein might have functional consequences on the 
colour patterning in East-African cichlids. Previously, the endothelin pathways (ET1/EDNRA and 
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ET3/EDNRB1) were suggested to play a role in the development of the pharyngeal jaw 
apparatus in all cichlids and in anal fin egg-spots in haplochromine cichlids37. In their study, 
Dipeveen and Salzburger (2011) studied the partial DNA sequence of 26 East-African cichlids 
ednrb1 and concluded that ednrb1 was under strong purifying selection. The complete genomic 
sequences of the five cichlid species allowed us to determine four additional amino acid 
substitutions (FTP Figure 5) in ancestral East-African cichlids after their split from O. niloticus 
(blue in Extended Data Figure 2a), and helped to confirm one substitution that occurred in the 
ancestor of haplochromines (red in Extended Data Figure 2a). Mapping these sites onto a 
homologous protein structure (Methods) revealed that all 5 amino acid changes are located in 
intracellular regions of EDNRB1, which can interact with G proteins (Extended Data Figure 2a). 
The site in the first intracellular loop of EDNRB1 (Arg to Histidine) is among three sites (Met-
Arg-Asn) that were shown to be required to activate a downstream target, SRF, in human by 
interacting with the G protein Gα1338. Additionally, the cluster of 3 sites overlaps with three 
cysteines known to be important for palmitoylation of human EDNRB139. The second of the 
three cysteines (Cys-Cys-Trp-Cys) is substituted by a serine (Cys-Ser-Trp-Cys) and may affect 
the anchoring of the C-terminus of EDNRB1 to the transmembrane domain. Proper 
palmitoylation of EDNRB1 C-terminus is thought to be required for G protein coupling in several 
G–protein coupled receptors including EDNRB1 paralog EDRNA40,41. Overall, these results 
suggest functional changes in the interaction between EDNRB1 and downsteam G–protein 
signaling. Thus, EDNRB1 is a notable candidate for which amino acid substitutions may have 
contributed to lineage-specific traits important for the explosive radiation of East African cichlids. 
 
Methods 
Selection analysis 
Sequences from 22 genes were obtained for zebrafish or medaka from Ensembl 71 and were 
blasted on the medaka protein database (also from Ensembl 71) and our tilapia protein 
database. Once the tilapia ortholog was identified, we projected the corresponding sequence 
onto the four other cichlids to retrieve the remaining cichlid orthologs. Multiple sequence 
alignments including sequences from zebrafish, medaka and the five cichlids were then 
produced using MUSCLE30. All alignments were curated manually and truncated to remove 
poorly aligned sequences. An in-house peptide sensitive approach was used to align the cDNA 
into codons and used codeml/PAML to test M0, a one-rate model which assumes the same rate 
of evolution in all branches against M2a, a branch site test with one rate for the background and 
one rate for the specified branch42. Two branches, the one leading to the lamprologines and 
haplochromines and another leading to the haplochromines, were tested. All tests were 
performed in triplicate and were checked for convergence. The p-values from the likelihood ratio 
tests were corrected using Bonferroni correction assuming 44 independent tests (22 genes and 
two branches). 
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Retrieving missing N. brichardi ednrb1 exons from RNA-seq reads 
EDNRB1 was located in a region of the N. brichardi genome assembly with gaps leading to 4 
missing exons in the N. brichardi EDNRB1 gene model. The full ednrb1 transcript was also 
missing from the Trinity de novo transcriptome assembly. Consequently, to recover the 
transcript, RNA-seq data from eight N. brichardi tissues was mapped to the EDNRB1 cDNA 
transcript of the four other cichlids using Stampy43. Reads that were mapped with less than 5 
edit distance (# of mutations and gaps) away from the reference transcript were then assembled 
using cortex44. 
 
Comparison of partial ednrb1 genomic sequences from Dipeveen and Salzbuger (2011) 
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The genomic sequence of all 26 cichlids ednrb1 were retrieved from Supplementary Table 1 of 
37. Genewise15 was then used to map the A. burtoni EDNRB1 peptide sequence to the genomic 
sequences and to extract the corresponding cDNA. Two truncated sequences, from 
Gnathochromis permaxillaris and Variabilichromis moori, were removed. The remaining 24 
ednrb1 cdna sequences were then aligned with the sequences from zebrafish (DAR), medaka 
(ORL), and the five sequenced East-African cichlids (ON, NB, AB, MZ, and PN). 
 
Structural analysis of positively selected sites on EDNRB1 
To find a proper structure to model the location of the positively selected sites, both blastp and 
HHpred were used with the medaka EDNRB1 peptide sequence to identify homologous proteins 
for which structure was available. A concordant hit was found to be the human kappa opioid 
receptor (4DJH). Predicted positively selected sites and variable sites were then mapped onto 
this structure using PyMol. 
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6.  OR and TAAR gene families in cichlid genomes 

Results 

Using an exhaustive TBLASTN search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) we identified 
numerous candidate OR and TAAR genes. These candidate genes, selected with an e-value 
cut-off of 1e-50 were then individually checked as actual OR or TAAR by BLASTX against a 
protein fish database (NCBI, taxid: 7898) and manually biocurated. In Extended Data Figure 
4a are shown the numbers of genes and pseudo genes but also edge genes that correspond to 
incomplete genes located at one or the other contig extremities. Would the genome sequence 
be completed and uninterrupted, the edge genes should become part of the complete gene or 
pseudogene lists. Given these uncertainties it is difficult to definitely comment these numbers. 
Nevertheless it seems evident that tilapia have more functional OR genes than any of the other 
cichlids and more than the other teleosts and that the number of OR and TAAR pseudogenes 
are lower in the cichlid family than in the other teleosts. 
 
We constructed a phylogenetic tree with all the OR and TAAR cichlid genes, plus 229 OR and 
173 TAAR genes identified in the zebrafish, Fugu, Tetraodon, Medaka and Stickleback genome 
sequences (Extended Data Figure 4b). Not surprisingly the OR and TAAR belong clearly to 
different clades. The 507 cichlid OR proteins are dispersed within 27 families. Of these, 5 
families gather up to 221 cichlid OR genes but 12 model fish genes only, whereas 6 families are 
made of 47 cichlid OR only. 
 
At a closer look, one can observe that the 507 cichlid OR are clustered into 47 sub-families 
among which 14 representing 81 proteins only are shared with 58 model fish OR whereas all 
other cichlid OR and all other model fish OR genes have no sub-family in common. These 
observations indicate that the five individual cichlid OR repertoires are very close one to another 
but largely divergent from the fish model OR repertoires.  The same observation can be made 
for the TAAR repertoires.  
 

Methods 

It is thought that the large OR gene repertoires identified in vertebrate genomes have evolved 
mainly by local gene duplications. In human, rat, mouse and dog genomes, OR genes are 
organized in large gene clusters with only few isolated genes45-48. Of particular interest for the 
present study is the organization of the mammalian class 1 OR genes, the so-called fish like 
genes, which are located on chromosomes HSA11, MMU7, RNO1 and CFA21, respectively. 
Similarly the human, mouse, and rat TAAR are all tightly arranged on HSA6, MMU10 and RN01, 
respectively49. By contrast the 119 OR genes identified in the zebra fish genome and present in 
NCBI database are distributed in five major clusters containing between 14 and 31 genes each, 
with two clusters on chromosome 15, two on chromosome 21, one on chromosome 10, several 
small clusters on chromosomes 8, 14 and 17 and few isolated genes50. Similarly the 47 mapped 
zebra fish TAAR genes out of the 57 identified genes are distributed in 9 loci spread on six 
chromosomes49.  
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By combining the sequence and RH map data2 77 % of the OR and TAAR genes identified in 
the present study could be attributed to a couple of tilapia chromosomes whereas the others 
stayed unlinked. In order to get a more complete picture of the tilapia OR and TAAR gene 
organization, we selected, based upon their family distribution, 96 tilapia genes (65 OR and 31 
TAAR) and genotyped them on the tilapia RH panel2.  Two-point analysis of the 96 vectors 
performed with Multimap v2.0 software51 assembled these genes into 12 RH groups made of 2 
to 16 genes. Each RH group was then analyzed with CarthaGene v1.0 software52 to order the 
genes and calculate gene inter-distances. Integration of these additional RH data to the genome 
sequence attributed 50% of these so far unlinked genes to a tilapia chromosome and the 
remaining 50% to scaffold 251, not yet attributed to a given chromosome. As shown in Dataset 
4, RH3 group, located on tilapia chromosome 14 is now made of 76 OR genes. This RH group 
is followed by RH group 7 made of 21 OR genes. Altogether these 97 genes correspond to 
scaffolds 256 previously unlinked and scaffolds 118, 8, 192, 85, 265 and 585 in that order. Also 
described in Dataset 4b is the content of LG16-21, which encompasses RH group 2 and 4. RH 
group 2 (82 genes) corresponds to scaffold 953 (4 OR genes) and scaffold 373 (3 TAAR genes) 
previously unlinked. These two scaffolds are followed by scaffold 241 (1 TAAR gene), scaffold 
77 (38 TAAR and 30 OR genes) and scaffold 214 (6 OR genes). RH group 4 is made of scaffold 
37 (44 OR genes) and scaffold 22 (7 OR genes). The remaining 20 OR genes not yet attributed 
to a chromosome constitute RH group 8, which corresponds to scaffold 251 (Dataset 4c) As 
such the tilapia OR gene organization reminds that observed in zebra fish with two main 
clusters of 50 and 56 genes located on chromosome LG14 and LG16-21 plus a number of small 
clusters spread elsewhere. Similarly, the organization of the tilapia TAAR genes with 32 genes 
tightly packed in one cluster located on chromosome LG16-21 at close distance of the large OR 
cluster, plus 11 genes spread on five loci of which three are on LG6, LG7 and LG8-24, reminds 
that observed in zebra fish. 

The sequences of the four other cichlid genomes are not anchored on their cognate karyotypes 
and thus a definitive organization profile cannot be known, however through orthology searches 
it seems that the overall OR and TAAR gene organization might have been preserved in the five 
cichlid genomes  (FTP Figure 4). We aligned on the middle vertical line the OR and TAAR 
tilapia scaffolds identified on chromosome LG16-21. Scaffolds containing P. nyererei and M. 
zebra ortholog genes identified with the phylogenetic tree were analyzed with AutoGRAPH53 
and aligned on the two lateral vertical lines of panel a. Using the same approach, scaffolds 
containing H. burtoni and N. brichardi OR and TAAR ortholog genes were aligned in panel b. 
Whereas we had no a priori idea on the scaffold order in these four cichlid sequences, the 
colinearity of ortholog genes within ortholog scaffolds as indicated in this diagram is suggestive 
of the scaffold order depicted by AutoGRAPH.  
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7.  Gene Duplication 

Results 

Read-depth analysis and array comparative genomic hybridization analyses confirmed that 
these results mostly reflect gene duplication events rather than the separate assembly of 
sequence-divergent alleles. In addition, both approaches show an accelerated rate of 
duplication retention in the recent lacustrine radiating lineages and their common ancestor 
(Extended Data Figure 3a,b,c).  

Cichlid-specific gene duplicates do not show statistically significant enrichment for particular 
gene categories. However, among 74 gene families, which have consistently increased gene 
dosage in all cichlid genomes (on average 4 copies per species), 33 have undergone 
duplications in cichlids but not in stickleback or medaka and, as expected, duplicate gene pairs 
are rarely preserved in multiple cichlid lineages (Diagrams below). The 33 families that have 
unique duplications include genes whose proteins are implicated in a variety of functions 
including plexin B2 (PIXB2), a transmembrane receptor involved in axon guidance and cell 
migration, apolipoprotein D (APOD), a glycoprotein involved in cellular transport and stomatin  
(STOM), a highly conserved integral membrane protein implicated in ion channel regulation and 
membrane trafficking. 
a) Orthologous relationships between cichlids and the 4 outgroup species (Zebrafish, Stickleback, 
Tetraodon, Medaka). Most gene families retain a one-to-one orthologous relationship without detectable 
change in gene dosage. About a fifth of the orthologous groups are specific to cichlids (None:one/many). 
b) Number of shared expanding gene families in cichlids. 1396 Gene families expand specifically in 
cichlids. Only 74 gene families expanded in all sequenced cichlid genomes and most (64%) gene family 
expansions are specific to a single species. 
 

 
Gene and species tree reconciliation 
 
Methods 
We used gene trees of orthologous clusters from OPTIC to estimate non species specific 
duplication events (outparalogs). Due to the un-curated protein coding annotation we had to 
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control for several biases that could be introduced by the automated annotation process (see 
section Annotation). Specifically we controlled for split gene annotations and partial/incomplete 
gene trees (e.g. due to reduced sensitivity for lowly expressed and fast evolving genes during 
the annotation process). 
 
We inspected gene alignments of orthologous clusters for split genes that would lead to an 
overestimation of duplication events. Genes were considered as split (multiple annotations for 
single gene) if they were in the same neighborhood, not or marginally overlapping or 
overlapping parts have low identity. If neighboring cichlids genes (separated by less than 10 
genes) overlapped by less than 200 bases and less than the least overlapping pair of curated 
genes, we inspected for bad alignment with an identity threshold of 40%. Gene pairs were 
considered as split gene if their aligned proportion was below 0.6 and their sequences could be 
complementary. Gene trees containing split genes were considered as un-trusted and excluded 
from further analysis. 

We reconciled the gene trees with the consensus species tree 
(Dr,(Ga,(Tn,(Ol,(On,(Nb,(Ab,(Pn,Mz)))))))) in order to identify and place in and outparalog 
duplication events on the species tree. We rooted gene trees with the following precedence: 
Zebrafish, Stickleback, Tetraodon, Medaka, Tilapia and converted non-binary branchings 
according to the known species phylogeny (with zero branch lengths). We applied the following 
algorithm to place duplication events on the species tree: 

Let 𝑆 and 𝐺 denote the set of nodes of the species tree and gene tree. With 𝑔 ∈ 𝐺, define 
𝜎(𝑔) to be the set of species contained in the subtree that begins at node g. For 𝑠 ∈ 𝑆 
define 𝜎(𝑠) similarly. Map from 𝐺 to 𝑆: for each 𝑔 ∈ 𝐺, let 𝑀(𝑔) be the most recent 𝑠 ∈ 𝑆 
for which 𝜎(𝑔) ⊆ 𝜎(𝑠). For any internal 𝑔 ∈ 𝐺, with child nodes 𝑔1 and 𝑔2, we infer that 𝑔 
represents a duplication event if and only if 𝑀(𝑔) is equal to either 𝑀(𝑔1) or 𝑀(𝑔2). 54 

Duplication events that could not be unambiguously assigned to a single branch were collapsed 
on the most recent branch. 

Tissue expression specificity change 
We assessed gene expression and specificity of duplicate genes using RNA-seq data. We 
measured gene expression with cufflinks using protein-coding genes as reference. For each 

gene tissue specificity was called with the tissue specificity index𝑇𝑆𝐼 = ∑ 𝑒𝑛
𝑘=1 𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛𝑘

𝑛−1
. We 

removed genes that duplicated multiple times. Lowly expressed gene pairs were excluded 
(cutoff at 0.2 quantile, FPKM 1.55) to reduce the number of random tissue specificity calls. 

Duplicate pairs with specificity indexes greater than 0.7 in differing tissues were considered to 
have changed tissue specificity. Differences in of TSI greater than 0.5 called for gain or loss of 
expression specificity. The best correlation with stickleback expression profiles defined the 
ancestral expression pattern. 
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GO enrichment 
Duplicate genes were grouped by duplication branch and tested for gene ontology enrichment. 
We report FDR controlled (Benjamini-Hochberg) p-values for the classical Fisher enrichment 
statistic. We defined the background as the total set of duplicated genes. 

Duplicate dN/dS 
Nucleotide substitutions for synonymous and non-synonymous sites were estimated for 
duplicate pairs according to their time of duplication. Overall dN and dS rates are proportional to 
the age of the duplication events with overall less changes for younger duplicate pairs (FTP 
Figure 7). The blue line is a linear regression the slope of which corresponds to the strength of 
purifying selection. The dN/dS ratios are not significantly different (pairwise t-tests, p-value > 
0.05). 

Read Depth analyses 

Result 

The number of duplication calls varies substantially in the genomes of N. brichardi, A. burtoni, P. 
nyererei, and M. zebra (Extended Data Figure 3a,b). The haplochromine cichlids' (A. burtoni, 
P. nyererei and M. zebra) genomes harbor more than three folds greater duplication calls than 
that for the N. brichardi genome (Extended Data Figure 3a,b). Using the criterions described 
before, 44, 205, 233, 234 duplicated genes were identified in the genomes of N. brichardi, A. 
burtoni, P. nyererei, and M. zebra. Analyzing the origin of the duplicated gene in a phylogenetic 
context, we found the last common ancestor of the three haplochromine cichlids (A. burtoni, P. 
nyererei and M. zebra) has the highest rate of gene duplication in comparison to another 
lineages (Extended Data Figure 3). This is consistent to the pattern that was identified using 
the phylogenetic duplication analysis method (Figure 2). Furthermore, no GO term is 
significantly enriched within the genes, which overlapped with the recently duplicated regions 
across all five cichlid genomes. 

Method:  

The overlapping paired end reads from the fragment libraries of five African cichlid genomes 
were trimmed from 100 bp to 70 bp and then mapped to the anchored version of the tilapia 
genome using BWA17 version 0.7.3a-r367, the unmapped read pairs were mapped using 
Stampy43 version 1.0.23 with the default parameters. The raw mapping results were converted 
to the BAM format using Samtools55  version version 0.1.19-44428cd. For detecting the copy 
number variation in the five cichlid genomes, the mapping result of each genome was analyzed 
by the CNVnator56 version 0.3, with a bin size of 70. The duplication calls for which more than 
50 percent of the mapped reads have the quality score of 0 were excluded from the further 
analyses. To check the locations of duplication calls, we intersected the coordinates of the 
duplication regions with the annotated gene regions in the tilapia genome using the intersectBed 
module in the Bedtools toolkit57 version 2.14.2. When multiple duplication calls were located in 
the same gene, we summed the length of the duplication calls and took the average of the copy 
numbers of different calls as copy number for that gene. We defined a gene duplication event in 
the genomes of N. brichardi, A. burtoni, P. nyererei, and M. zebra using following criterions: a). 
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Duplication call (s) should cover at least 75% of the full length of the gene where they located. 
b). Genes should have greater than one more copy in addition to the copy number of the 
orthologous gene in the tilapia genome. The phylogenetic origin of the gene duplication was 
analyzed by first mapping the gene duplication events in the phylogeny of five African cichlids 
and then, based on the maximum parsimony assumption, if a gene duplication was identified in 
two sister taxa, we assumed that the duplication occurred in the last common ancestor, rather 
than having duplicated independently in the two taxa.  
 
We used the Fisher's exact test (two-tailed test, with FDR correction for multiple tests) in the 
Blast2GO toolkit58 to determine the enrichment of the gene ontology (GO) of the genes in the 
duplicated regions. 

Array Comparative Genomic Hybridization (aCGH) 

Results 

The aCGH analyses reveal a highly variable number of recent duplicated genes across the 4 
non-tilapia cichlid species relative to O. niloticus (Extended Data Figure 3c). Overall, A. burtoni 
show the lowest number of species specific duplication (n = 59), compared to the 2 lacustrine 
Haplochromines (i.e. 97 for M. zebra & 143 for P. nyererei) as well as the lacustrine 
Lamprologine (i.e. 138 for N. brichardi  – Extended Data Figure 3c). Among the total of 852 
genes determined to be in increased copy number in one or more of the 4 species relative to 
tilapia, about 50% (n = 437) are detected in only a single species. Interestingly, 15% (n = 132) 
were shared among all 4 species. These shared duplication include duplications specific to the 
ancestor of both Lamprologine and Haplochromine lineages as well as older duplications that 
have been specifically lost along the tilapia lineage. An additional 10 to 12% of the detected 
CNV were either shared across at least two of the three Haplochomines species (n = 99) or 
segregated across lineages (n = 83) (Extended Data Figure 3c).  

 
Considering the duplications detected by aCGH in the phylogenetic context, we found the 
highest rates of duplication retention in the 2 radiating haplochromine species (i.e. M. zebra & 
P. nyererei), as well as in the common ancestors of these two species and all three 
haplochromine cichlids (i.e. M. zebra, P. nyererei & A. burtoni), while we found similarly lower 
rates of duplicate retention in the non-radiating riverine Haplochromine and the representative of 
the old Lamprologine radiation.  

Method:  

Array comparative genomic hybridization (aCGH) was carried out using a custom designed 
multi-species cichlid 135K Nimblegen array. To maximize the ability of this microarray for cross-
species comparison, probes were designed based on the consensus sequence generated from 
the Satsuma multiple genome alignment across the 5 sequenced species, and the gene 
annotations produced by EnsEMBL and the EVM pipeline (see annotation section) with on 
average 3 probes per annotated gene (full description of this custom cichlid microarray platform 
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to be published as a companion paper – Bezault et al. in prep.). To minimize the possible effect 
of sequence divergence between probe and target sequences, the probe set was further 
restricted include only those probes with a >95% sequence identity match in the assembly of at 
least one species from each of the 3 lineages (i.e. O. niloticus, N. brichardi and at least one of 
the three Haplochromine species), and a maximum of <10 such matches throughout the 
consensus genome. With these criteria the restricted probe-set constituted > 100K probes 
available to investigate more than 18K annotated genes (i.e. 84% of the total orthologous genes 
across cichlids, i.e. 22K). The aCGH experiments were conducted by competitive hybridization 
using Tilapia as the reference sample. For each species, DNA was extracted from a single 
individual derived from the same population as the sequenced individual using a standard 
phenol-chloroform protocol. After quantification and quality check, genomic DNA was labeled 
using dual-color labeling kits from NimbleGen, following standard protocol. Equal amount of 
labeled products from test-samples (Cy3) and reference-sample (Cy5) was hybridized on the 
12plex custom Cichlid array. The aCGH experiments have been duplicated with independent 
probe labeling and hybridization. After hybridization for 64hrs at 42ºC in a NimbleGen 
Hybridization Station 4, arrays were washed and dried according to manufactured protocol and 
scanned on the GenPix 4000 Scanner at a resolution of 5um/pixel. High-resolution pictures 
were filtered and normalized with DEVA v.2.1 (NimbleGen). Dual-color signal-intensity matrices 
were exported and analyzed in R using the Ringo and limma packages. Candidate duplicated 
genes were detected using a mixed model considering sample replicates and multiple probe 
signal per gene effects, considering p-value adjustment for false discovery rate and a minimum 
of 2 fold change of intensity between test and reference samples. To be conservative, only 
positive CNV were considered, which should unambiguously correspond to an increase of copy 
number, relative to the reference species, Tilapia.  

 
Comparison of gene duplications detection methods 

We applied three different methods to identify gene duplication among the 5 cichlid species. 
While somewhat variable, the results are complementary in that each method targets a different 
set of duplication events59. The gene and species tree reconciliation analysis is aimed at 
identifying duplicated genes that have already diverged enough in sequence to be assembled 
into separate loci in the genome assembly (i.e. either relatively older duplicates or genes under 
divergent selection). Conversely, both Read-Depth and aCGH methods are aimed at the 
detection of CNV or duplications that do not differ substantially in sequence (i.e. low sequence 
divergence due to  recent duplication events or maintained segregating polymorphisms). 
Between these two methods, Read-Depth allows the detection of absolute CNV in each species 
based on the variation of read coverage along the genome assembly, while aCGH allows the 
detection of relative CNV between a target and the reference species (here O. niloticus) and 
with less accuracy for exact copy number60. Therefore, due to the constraints and goals of gene 
duplication detection method, the low level of overlap among the three sets of duplicated gene 
sets is not unexpected, particularly when comparing the gene tree based method to either of 
Read-Depth or aCGH method 61. 
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When comparing the overlap between sets of duplicate genes detected by Read-Depth and 
aCGH methods, the concordance is as high as it has been shown for other studies comparing 
these approaches. While only 107 genes were determined to be in duplicate or CNV by both 
methods, it is important to note that only 48% of the genes that were detected by Read-Depth 
(219 of the total 452) were not included in the aCGH analysis (due to either gene probes 
exclusion from high-stringency filtering or absence of specific gene probe in the array design). 
Therefore the 107 genes that were also detected aCGH actually represent 49% of the genes 
detected by read-Depth analysis (i.e. 107 over 219).   
 

Regardless of which gene duplication detection method is employed, the identified gene sets 
show relatively similar pattern of duplication rate across evolutionary lineages of cichlids. While 
a lower rate of CNV is detected by Read-Depth for the Lamprologine (i.e. old lacustrine radiating 
lineage, these data all depict a higher rate of duplication in the recent lacustrine radiating 
lineages and their ancestors compared to old lacustrine radiation and/or poorly-radiating riverine 
lineages. This result is consistent with previous theoretical hypotheses62. 
 

PCR validation of Transcriptome results 

Results 

Expression patterns of duplicated genes have diverged 

Another example implicates the Pro-opiomelanocortin (pomc), a preprohormone, is that is 
cleaved into numerous functional peptides (melanocyte stimulating hormone: MSH, 
adrenocorticotropic releasing hormone: ACTH, β-lipotropin: β-LPH, β-endorphin: β-END), 
involved in a multitude of physiological processes including pigmentation and behavior63.  While 
all pomc and mcr (melanocortin receptor) genes are expressed in brain tissue, we found that 
there is considerable variability in tissue expression profiles across paralogs among species 
(Fig. 2b). Little is known about the function of pomc in cichlids but previous studies have 
demonstrated a role in the regulation of skin pigmentation64,65. 

While RNAseq shows all pomc and mcr genes are expressed in brain tissue, we found that 
there is considerable variability in tissue expression profiles across paralogs (FTP Figure 12). In 
order to validate these transcriptome results, we conducted PCR analyses for these 
melanocortin genes and the metabolic gene glyceraldehyde 3-phosphate dehydrogenase 
(gapdh) and found overall a high degree of concordance between these techniques. From a 
tissue perspective, the blood, brain, kidney, muscle, and ovary expression patterns were in 
perfect concordance, while eye expression pattern was most variable (concordance = 0.67). For 
a gene perspective, pomc β, mc4r, and gapdh expression patterns were completely concordant, 
while pomc α2 expression was quite variable (concordance = 0.64). 

 

Methods 
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To validate the tissue-specific transcriptomes, we extracted, pooled, and reverse transcribed 
RNA following standard procedures (Harris et al., 2013) from the following adult Astatotilapia 
burtoni tissues: blood, whole brain, eye, heart, kidney, liver, muscle, skin, ovary, testis, and both 
early and late stage embryos. Using Roche FastStart PCR Master Mix, we conducted PCR for 
six genes in all the above tissues and two negative controls: no cDNA template and no reverse 
transcriptase (for primer sequences refer to table below. The cycling conditions were: 95°C for 
15 seconds, 60°C for 30 seconds, 72°C 30 seconds for 35 cycles. Amplicons were visualized 
using electrophoresis on an ethidium bromide stained 1% agarose gel. Concordance between 
PCR and transcriptome results were calculated for each tissue (tissue concordance) and for 
each gene (gene concordance) by dividing the number of times the PCR and transcriptome 
analyses agreed that a given transcript was expressed in a specific tissue by the total number. 

Primers used for PCR validation of transcriptome results of melanocortin system genes in A. 
burtoni : 

Gene PCR Primers Sequence (5’ to 3’)

pomc α  1 F GCCAGATGACAGCCATGAG

pomc α  1 R TCTGGGAGGCAGGGACTTA

pomc α  2 F GTCCCATCAGACGCTTCCT

pomc  α  2 R TCAGACTCTTCCCCTCTCCA

pomc β  F CAGTCTGGAGGATCTGTGGAC

pomc β  R AAGGGGCTTTGTGATTTGG

mc4r  F AGCGGACCCTTTACAGGCAGCT

mc4r  R AGGAACCCCTACTGCACCTGCT

mc5r  F CACTTTATCAGGCAGATGGACA

mc5r  R TCACCGTCATGATGTTGTGATA

gapdh  F CACACAAGCCCAACCCATAGTCAT

gapdh  R AAACACACTGCTGCTGCCTACATA
gapdh

pomc α 1

pomc α 2

pomc β

mc4r

mc5r
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8.  Transposable Elements 

Landscape of transposable elements (TEs) in cichlid genomes  
Results  

At least 16-19% of the cichlid genomes are identified as TEs, most of which are newly 
characterized in this study including SINEs, LINEs, LTR retrotransposons and DNA transposons 
(Table below). Based on the RepeatModeler–based annotation, perhaps 20-25% of the cichlid 
genomes are TEs, which is one half of the TE proportion in the zebrafish genome (47%) 
(Extended Data Figure 5b). As well as the zebrafish genome, the proportion of DNA 
transposons is higher than that of retroposons (Extended Data Figure 5c) in cichlids, while that 
is much lower in mammals, birds and lizards.  

Five families of tRNA-derived SINEs are present in the cichlid genome (FTP Figure 2). The 3’ 
tails of the SINEs share homology with those of the corresponding LINE partners (FTP Figure 
2a)66-68. Interestingly, SINE5_AFC is quite similar to that of pufferfish SINE_FR2 (78% sequence 
identity) or SINE_TE69, suggesting that these SINEs might originate before the divergence 
between cichlid and pufferfish. Age distribution of SINEs (FTP Figure 2b) and the TinT 
analysis70; FTP Figure  2c) reveal that SINE_AFC and SINE2-1_AFC have become active 
relatively recently. Cichlid LINEs can be classified into 10 clades, L1, L2, RTE, Rex1, Dong, 
Crack, Daphne, Nimb, Hero, and Penelope (Table below). This pattern of the retropositional 
activity of SINEs corresponds to that of the partner LINEs (FTP Figure 2d). For LTR 
retrotransposons, five superfamilies such as BEL, Gypsy, Copia, ERV1 (class I endogenous 
retrovirus), and DIRS are present in the cichlid genomes (Table below;69). ERV1 is the most 
active and constitute half of the LTR retrotransposons, and Gypsy elements are subsequently 
active. Because these five superfamilies are present in other teleost fishes such as zebrafish, 
the cichlid genomes have all the major superfamilies of LTR retrotransposons in fishes. As for 
DNA transposons, at least six superfamilies of autonomous transposons and dozens of kinds of 
their related nonautonomous elements constitute over 10% of the cichlid genomes. The vast 
majority of the DNA transposons are Tc1 elements69 (>4% of the genome), while other relatively 
minor transposons belong to hAT, Harbinger, piggyBac, Polinton, or Helitron groups. There are 
a number of nonautonomous DNA transposons, which contribute significantly to the variety of 
TEs in the cichlid genomes.  

Thus, a variety of TEs constitute a significant proportion of the cichlid genomes and cause a 
characteristic difference in their genomic structure from other vertebrates. Among the cichlid 
TEs, some families are highly active at present such as SINE_AFC, L2 LINEs, ERV1 LTR 
elements, and Tc1 transposons. These elements might have provided the structural difference 
among the cichlid species diverged during the last several million years.  
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Methods  
We first used RepeatModeler ver. 1.0.5 (http://www.repeatmasker.org/RepeatModeler.html) that 
provides candidates of transposable elements (TEs). For each of ~200 preliminary consensus 
sequences of the cichlid repetitive elements, we performed a blastn search and extracted 30-
100 copies of the hit sequences as well as 1-6 kb of their flanking sequences. The collected 
sequences were aligned with MAFFT ver. 671 and the resulting alignments were manually 
modified with MEGA 5.072 to reconstruct the consensus sequences. This process was repeated 
until the complete consensus sequence was reconstructed, i.e., the consensus sequence 
reaches the termini of the elements. The full-length consensus sequences were characterized 
based on the sequence structure such as terminal inverted repeat (TIR) and long terminal 
repeat (LTR), coding proteins such as transposase and reversetranscriptase, and comparison 
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with known elements by using RepeatMasker (http://repeatmasker.org), CENSOR73, and 
RTclass174. The characterized cichlid TEs were classified in conformity with the RepBase 
classification75. After classification, RepeatMasker was run with the resulting repeat library to 
analyze TE contents of the five cichlid genomes. The zebrafish repeat contents are calculated 
from the RepeatMasker result for the latest assembly (danRer7) available in the UCSC Genome 
Bioinformatics database (http://genome.ucsc.edu/).  
 
Transposable element burst history analysis 
 
Results 
Three common waves of TE burst were detected in the African cichlid genomes (JC distance 
0.02~0.04, 0.15~0.17 and 0.27~0.28) (Extended Data Figure 6) but P. nyererei, a Lake 
Victoria cichlid species, has a very recent burst that was not observed in the other African 
cichlid genomes (Extended Data Figure 6a). Comparing the activity of the transposable 
element in the closely related species, Medaka (Oryzias latipes) genome only two waves of 
transposable element bursts were identified, which indicates the transposable elements in 
African cichlid genomes are more dynamic than the transposable elements in the Medaka 
genome (Extended Data Figure 6 - a vs f, b vs f, c vs f, d vs f, e vs f).  
 
We found that for a given transposable element super-family, the number of bursts and extent of 
the burst is positively related with its total content in the genome. For example, the elements of 
the TcMar-Tigger super-family have involved in all the transposable element bursts in the 
African cichlid genomes, which resulted in the TcMar-Tigger is the most abundant transposable 
element super-families in the African cichlid genomes. 
 
Based on the phylogenomics results of nine teleost fishes, we found that the two common TE 
bursts (0.15~0.17 and 0.27~0.28) in cichlid genomes were happened after the split of Medaka 
and common ancestor of cichlid fishes. The recently common peak at around 0.02~0.04 is 
coincided with the speciation of the common ancestor of Tilapia and other four lacustrine 
cichlids.      
 
Methods 
 
Repeat library construction  
The repeat element library for the five cichlid genomes was constructed separately. Specifically, 
the libraries were built using RepeatScout (version 1.0.5) with lmer size of 16; we filtered out 
those elements that occur less than 10 in the further analysis. The transposable elements in the 
libraries were annotated with three different approaches: (1) RepeatMasker using RepBase 
version 14.11, (2) TBlastX against RepBase 14.11, and (3) BlastX against a custom non-
redundant collection of proteins originated from TE from the NCBI protein database by using 
keywords: “Retrotransposon”, “Transposase”, “Reverse transcriptase”, “Gypsy”, “Copia”. The 
best annotation among the three methods was chosen based on the alignment coverage and 
scores. The repeat libraries were then manually curated to remove spurious matches. 
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Repeat content estimation  
The repeat content of each genome was estimated by following two steps. First, the genomes 
were masked with their corresponding repeat library by using RepeatMasker (version 3.3.0), 
with the sensitive mode (-s). Since the libraries contain the annotations from the NCBI 
database, an in-house Perl script was written to parse the results of RepeatMasker which 
reports that total number the masked bases and its percentage to the genome, the copy 
number, and the total base pair and the percentage of each transposable element family.  
 
Repeat expansion history analysis  
An in-house Perl was written to parse the result (.out file) generated by RepeatMasker. The 
script first converted the percentage divergence between copies of transposable element 
identified in the genome to the consensus sequence in the library to the Jukes-Cantor (JC) 
distance (1) to correct the backward and parallel substitutions in the alignment and then 
calculate the percentage of each transposable element family in JC distances (ranging from 1 to 
50). Those transposable element families that constitute less than 1% of the genome were 
excluded from the further analysis. We used the JC distance as the proxy of the ages of the TEs 
to detect the burst of transposable element. Our null hypothesis is if the activity of the TE is 
uniform, we would like to expect that a consistent accumulation of TE in different evolutionary 
time points. An excessive accumulation of the TE in certain evolutionary time point indicates the 
potential TE burst in the host genome.  

𝑑 = −�3
4
� ∗ ln (1 − �4

3
� ∗ 𝑝)                    (1) 

where p is the proportion of different nucleotides in the alignment and d is the Jukes-Cantor 
distance.  

 
TE insertion Bias in protein coding genes and expression divergence of orthologs 

Methods 
Calling for Transposable elements 
We identified fragments of transposable elements (LTR, LINE, SINE, RC and DNA transposons) 
with RepeatMasker on unassembled genomes (see above). Fragments were assembled into 
whole elements by placement on the scaffold assemblies, allowing for deletions and insertions 
of up to 1kb in the TE merging process. This accounted for most nested TE insertions and 
sequence gaps giving a more accurate estimate of the absolute numbers of TE insertions. 
Transposable element calls in O. niloticus and M. zebra were lifted onto the most recent 
genome assemblies (Onil1 to Onil1.1 and Mzeb_v0 to Mzeb_v2) with liftOver (built from 
pairwise BLAT alignments between assemblies with>98% identity). We removed all 
Transposable elements that overlapped more than 30% of the coding sequence of annotated 
genes (1591, 799, 1256, 1060 and 1365 genes affected in O. niloticus, N. brichardi, A. burtoni, 
P. nyererei and M. zebra, respectively). 

Orientation bias of TE insertions into the genome 
We analyzed the orientation bias of TE insertions in protein coding genes relative to the sense 
of transcription. If the TE insertions are neutral we would expect both relative orientations being 

WWW.NATURE.COM/NATURE | 30

SUPPLEMENTARY INFORMATIONRESEARCHdoi:10.1038/nature13726



 

equally represented (0.5 ratio of sense/all) or only marginally biased (FTP Tables 2,3). 
However, under purifying selection we expect an excess of antisense TE insertions (LTR and 
LINEs) in introns as sense insertions of TEs with a polyadenylation signal would lead to 
transcriptional arrest76. We assessed the orientation bias for 4 classes of transposable elements 
(DNA transposons, and retrotransposons: LINEs, SINEs and LTR elements) and by location 
(more than 10kb away from coding sequence, intronic, 10kb up and downstream of coding 
sequence, first exon/intron, last exon/intron and internal introns/exons), FTP Figure 3. 

Effect of TE insertions on gene expression 
The repeat element library for each genome was constructed separately. Specifically, the 
libraries were built using RepeatScout77 (v1.0.5) with lmer size of 16; elements that occur less 
than 10 times were filtered out in further analyses. The transposable elements (TE), or 
interspersed repeats in the libraries, were annotated with three different methods: (1) 
RepeatMasker using RepBase (v14.11), (2) TBlastX against RepBase 14.11, and (3) BlastX 
against a custom non-redundant collection of proteins originating from TE from the NCBI protein 
database (keywords: “retrotransposon”, “transposase”, “reverse transcriptase”, “gypsy”, “copia”). 
Annotation results were chosen based on alignment coverage and scores. The repeat libraries 
were then manually curated to remove spurious matches. 

Expression change and TE insertions (expression change in orthologus gene pairs) 
We assessed the impact of TE insertions in the vicinity of orthologous gene pairs to study the 
impact of recent TE insertions on gene expression. Orthologous gene pairs were partitioned into 
a) pairs without any TE insertion within 20kb, and b) pairs with one TE insertion in a single 
gene. We tested if the absolute difference in duplicate gene expression level is different 
between the two groups (two-tailed t-test, pvalue<0.05). 
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9.  Conserved non-coding elements (CNEs)  

Results 
Evolutionary constraint is a good indicator of functional elements and has been used to 
effectively predict regulatory sequences in the genomes of vertebrates78,79. Functional assays of 
evolutionarily conserved noncoding elements have indicated that many of them function as cis-
regulatory elements driving tissue-specific expression patterns.  
To identify potential regulatory sequences that have specifically diverged in the four East African 
cichlids, we first predicted conserved noncoding elements (CNEs) in Nile tilapia using 
PhastCons80  on a 9-way alignment of teleosts (zebrafish, Tetraodon, stickleback, medaka, Nile 
tilapia, N. brichardi, A. burtoni, P. nyererei and M. zebra). We then identified a set of 13,053 
highly conserved CNEs (hCNEs) in tilapia that are ≥ 30 bp and show ≥90% identity with CNEs 
in medaka, the closest available outgroup to the cichlids. These are likely to be under extreme 
negative selection in tilapia and medaka genomes. In order to investigate if any of these hCNEs 
have experienced lineage-specific divergence in East African cichlids, we identified their 
orthologs that are <90% identical in the 4 East African cichlids and computed PhyloP scores (p-
value and altsubscale)81 for each of them using the likelihood ratio test method in the CONACC 
mode. Altogether we identified 625 CNEs that significantly deviated from neutral model (FDR-
adjusted p < 0.05) in the East African cichlids, and all of them exhibited significant divergence 
(altsubscale >1). These diverged CNEs (aCNEs) are distributed in the intergenic region (70%), 
introns (28%) and UTRs (2%) of protein-coding genes. Details of all the aCNEs are given in 
Dataset 7. 
 
Of the 625 aCNEs, 214, 140, 129 and 142 are found in N. brichardi, A. burtoni, P. nyererei and 
M. zebra, respectively. Alignments of all the aCNE sequences including their orthologous 
hCNEs in medaka and Nile tilapia can be found in Data Portals. Manual inspection of the aCNE 
alignments shows that while all of them have experienced nucleotide substitutions, 
approximately a quarter of them has also experienced insertions (23%) and/or deletions (32%).   
To identify putative target genes of aCNEs, each aCNE was assigned to the protein-coding 
gene whose transcription start site was the nearest in the Nile tilapia genome.  To identify the 
functional categories of genes associated with aCNEs, we performed GO term enrichment 
analysis using the TopGO package 82. The aCNEs in the East African cichlids are associated 
mainly with genes that are involved in homophilic cell adhesion and G-protein coupled receptor 
activity (Dataset 8). The aCNE-associated genes have functions such as calcium-release 
channel activity and protein binding (Dataset 8). 
 
To determine whether the Nile tilapia hCNEs and their corresponding aCNEs in East African 
cichlids function as enhancers, we assayed the ability of selected hCNE-aCNE pairs to drive 
reporter gene expression in transgenic zebrafish (see Methods below and Extended Data 
Figure 8 and 9). In the example in Extended Data Figure 8, an aCNE in P. nyererei is located in 
the intron of the PBX-1 gene. This gene encodes a nuclear protein that belongs to the PBX 
homeobox family of transcription factors and it is involved in the patterning of the 
mesencephalon83 and hematopoiesis. While the hCNE in O. niloticus and the corresponding 
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aCNE in P. nyererei share expression in the optic tectum, the P. nyererei aCNE directed 
additional expression in floor plate, heart and circulating blood cells (Extended Data Figure 8).   
 
Methods 

Whole-genome alignments 

Whole-genome alignments of nine teleost fishes, Nile tilapia (OreNil1.1), medaka (HdrR), 
stickleback (BROADS1), Tetraodon nigroviridis (TETRAODON8), zebrafish (Zv9), N. brichardi 
(NeoBri1.0), A. burtoni (HapBur1.0), P. nyererei (PunNye1.0) and M. zebra (MayZeb1.0), were 
carried out using Nile tilapia (tilapia) as the reference genome. The soft-masked genomes of 
non-cichlids were downloaded from the Ensembl FTP site (release-68) whereas the cichlid 
genomes were downloaded from the Broad Institute’s Tilapia Genome Project 
(www.broadinstitute.org). Pairwise alignments were generated using LASTZ-1.02.00 
(parameters --format=axt --strand=both --nochain --gapped --gap=400,30 --inner=2000 --
hspthresh=2200 --gappedthresh=6000 --seed=12of19 --notransition --ydrop=3400 --
scores=HoxD55.q) 84. The alignments were reduced to single-coverage with respect to the 
reference genome using UCSC tools for ‘chaining’ and ‘netting’. Finally multiple alignments 
were generated using MULTIZ.v11.2/roast.v3 85 and the following tree topology: (zebrafish, 
((tetraodon, stickleback), (medaka, (tilapia, (N.brichardi, (A.burtoni, (P.nyererei, M.zebra))))))). 
 
Prediction of conserved non-coding elements 
We selected 488 alignments, which were greater than 100 kb in the 9-way teleost genome 
alignments. These alignments cover 96.7% of the Nile tilapia genome (927 Mb) across 22 
linkage groups (657 Mb) and 466 unplaced scaffolds (270 Mb). A neutral substitution model was 
built using PhyloFit (“REV” substitution model)86 on four-fold degenerate sites of tilapia protein-
coding sequences (Broad Institute annotation). 
 
Conserved sequences in Nile tilapia were predicted using PhastCons87. The parameters were: 
target coverage of input alignments = 0.3 and average conserved sequence length = 45 bp. We 
estimated the value of rho (the scaling factor for the non-conserved model) from the 488 
alignments and used PhyloBoot88 to take an average of the rho values for scaling the non-
conserved model. PhastCons uses both the conserved and non-conserved models for 
predicting evolutionary conserved elements in a multiple alignment. A total of 1.41 million 
conserved elements that span 177 Mb (19.1%) of the tilapia genome were identified. To assess 
the sensitivity of this approach to functional elements, the conserved elements were compared 
against the Nile tilapia protein-coding sequences. Approximately 87% (38.8 Mb/ 39.9 Mb) of Nile 
tilapia protein-coding sequences overlapped (minimum overlap 30%) conserved elements, 
indicating the high sensitivity of our approach.  
 
We retained only elements longer than 30 bp. We then filtered away protein-coding sequences 
(CDS) by aligning with the Broad Institute and Ensembl tilapia genome annotations, 
respectively. Conserved elements that overlapped non-coding RNA genes, pseudogenes and 
retrotransposed elements were also removed. Next, we compared the conserved elements to 
Nile tilapia RNA-seq transcripts using MegaBLAST and removed all hits with e-value <1e-10. 
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We then used Blastx (e-value <1e-5) to further filter for elements that had a hit to medaka, 
stickleback, fugu or zebrafish proteins obtained from Ensembl release-69. Finally, we removed 
all elements without an adjacent gene, without two flanking genes and elements with repetitive 
content >50%. The final set consists of 528,621 conserved non-coding elements (CNEs) with an 
average length of 136 bp (median length 100 bp; maximum length 2.6 kb) covering 72 Mb 
(7.8%) of the tilapia genome.  
 
Identification of diverged CNEs in lake cichlids 
To identify diverged CNEs (aCNEs) in the four East African cichlids, pairwise identities of 
medaka and the four East African cichlid CNEs were calculated with respect to tilapia using 
Rphast88. To identify candidate diverged CNEs in the four East African cichlids, we first selected 
a set of ‘highly conserved’ CNEs (hCNEs) that are >90% identical in Nile tilapia and medaka 
(13,053 hCNEs). Since Nile tilapia shared a common ancestor with the four East African cichlids 
more recently than with medaka, we expect these hCNEs to be highly conserved in the four 
East African cichlids as well. However, if the orthologous CNEs in the East African cichlids are 
<90% identical, they could have experienced accelerated evolution after the East African 
cichlids diverged from Nile tilapia. We identified 504 such CNEs in N. brichardi, 414 CNEs in A. 
burtoni, 460 CNEs in P. nyererei and 443 CNEs in M. zebra. We applied PhyloP89 using the 
likelihood ratio test method in CONACC mode to determine how many of them showed a 
statistically significant departure from the neutral model. The value of altsubscale, which 
measures the scaled branches of a subtree, indicates whether the CNE could be under 
accelerated evolution (altsubscale >1) or conservation (altsubscale <1). MultTest90 (using the 
Benjamini-Hochberg algorithm) was used to adjust the false discovery rate p-values obtained 
from PhyloP.  
 
Alignments of all aCNEs including their orthologous hCNEs in medaka and tilapia were 
generated using Jalview91. To identify the functional categories of genes associated with 
aCNEs, we downloaded the associated GO terms for tilapia genes from Ensembl Biomart 
(release 69), and then performed GO term enrichment analysis using TopGO package82. 
Significant GO terms (P<0.05) were identified for “Molecular Function” and “Biological 
Processes” categories using Fisher’s exact test with ‘weight01’ algorithm. 
 
Functional assay of cichlid CNEs in transgenic zebrafish 
 
Cichlid CNEs were amplified by polymerase chain reaction (PCR) using appropriate primers.  
They were then cloned to a miniTol2 reporter vector containing minimal mouse cFos promoter. 
Transposase mRNA was generated by transcribing cDNA in vitro using the mMESSAGE 
mMACHINE T7 kit (Ambion; Life Technologies, United States). Transposase mRNA and CNE 
constructs were mixed to a final concentration of 35ng/μl and 25ng/μl respectively. 
Approximately 1nl of the mixture was injected into the yolk of zebrafish embryos at one- to two-
cell stage. The embryos were reared at 28oC, and the expression of green fluorescent protein 
(GFP) was observed at 24, 48 and 72 hours post fertilization (hpf). The expression of GFP was 
observed under a compound microscope fitted for epifluorescence (Axio imager M2; Carl Zeiss, 
Germany) and photographed using an attached digital microscope camera (Axiocam; Carl 
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Zeiss, Germany). Pigmentation was inhibited by maintaining zebrafish embryos in 0.003% N-
phenylthiourea (Sigma-Aldrich, Sweden) from 8 hpf onwards. The GFP expression pattern 
observed in at least 20% of the transgenics was considered to be specific expression driven by 
the CNE. The transient transgenics are now being reared to maturity for the generation of stable 
transgenic lines. Some of the G0 founders were reared to maturity and mated with wild type to 
produce G1 lines. The expression patterns of GFP in G1 lines generally reflected the expression 
patterns observed in G0 founders. 
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10.   microRNAs 

The complete annotation is available from miRBase.92 

In addition to results presented in main text, we also profiled the diversity of miRNAs in the brain 
and testes of adult A. burtoni a model for extraordinary behavioral diversity. We find that 34 
miRNA loci originally identified in the embryo appear to switch arms in the adult brain (Dataset 
10) suggesting a potential regulatory role to be further investigated. Of the 19 de novo miRNAs 
identified using the A. burtoni embryo dataset, 13 are expressed in the brain (FTP Table 4) 
further validating their expression. We find an additional 32 miRNA loci in brain not identified in 
the embryo of which 13 are de novo (t_abu_miR-20009 to t_abu_miR-20021, t_abu_miR-10011 
and t_abu_miR-10023).    

 
Small RNA sequencing 

Embryos 
All samples were obtained from the same strains of fish used for genome sequencing, and were 
staged according to developmental milestones93. Between 10-20 stage ~22 embryos 
(corresponding to length of approximately 7.2mm and age of 8 days post fertilization in O. 
niloticus) per sample were homogenized in TRIsureTM (Bioline) reagent and total RNA extracted 
using the manufacturer’s protocol. Using 5μg of total RNA as input, we used Illumina TruSeqTM 
Small RNA Sample Preparation Kit to generate small RNA sequencing libraries, again following 
the manufacturer’s protocol. The libraries were sequenced on the Illumina MiSeq platform, 
yielding between 2.4 and 4.4 million 36bp reads per sample. 
 
Adult Tissues 
Tissues from a single animal was homogenized individually and both large (> 200 bp) and small 
(< 200 bp) RNAs were extracted following manufacture’s protocol (miRvana; Ambion). Libraries 
of small RNAs were prepared using modified versions of published protocols (Parameswaran et 
al., 2007; Gent et al., 2009). Small RNAs were ligated to a pre-adenylated 3’-adaptor 
oligonucleotide in a reaction using T4 RNA ligase (New England BioLabs) without ATP. This 
RNA was gel-purified on a 12% acrylamide gel, then ligated to a 5’-adaptor oligonucleotide 
using T4 RNA ligase (New England BioLabs) with ATP. The 5’ adapter sequence included the 
Illumina genomic sequencing primer followed by a 4-nt barcode which we used to identify the 
samples 1256-GCAG- female gravid; K13-AAGA-testes; K73-GTTA-male; K78-TATG-male) 
These products were reverse transcribed using primers complimentary to the adapter 
sequences, and amplified. They were then size separated on a 3.5% Nusieve agarose gel and 
purified using the Qiagen gel extraction kit. The following oligos were ligated: 

3′ adapter (IDT linker-1 with 5′ adenylation and 3′ dideoxyC): 
rAppCTGTAGGCACCATCAATC 

 5′ adapter (i.e., RA-PP-341 DNA/RNA hybrid oligo with a 5′ amino modifier and 4-nt barcode at 
the 3′-end): 
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ACGCTCTTCCGATCTrNrNrNrN 

Dual reverse transcription primer and PCR primer (wol-sol-rev, complementary to IDT linker-1): 
CAAGCAGAAGACGGCATACGAGCTCTTCCGATCTATTGATGGTGCCTACAG 

PCR primer (wol-sol-for, containing 5′ adapter sequence): 
GATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

The Illumina Genome Analyzer GAIIx was used to generate 36 nt reads for all small RNA 
libraries yielding between 2.0 and 4.7 million reads per sample 

Identification of miRNA loci 

Adult samples were demultiplexed using fastx_barcode_splitter.pl (allowing for 1 mismatch) and 
barcodes were removed using fastx_trimmer from FASTX-Toolkit (v0.0.13). All samples had 
their 3’ adaptor sequences were removed using cutadapt94 (v1.0). To detect signatures of 
microRNA genes from the sequencing data we used the miRDeep295 (v2.0.0.5) package. First, 
we prepared a file containing all experimentally validated teleost miRNAs present in miRBase 
v.19 (TELEOST_MATURE_miRNA.fa  - 579 total sequences: 146 carp, 247 zebrafish, 1 halibut, 
147 medaka, and 38 flounder). Then the mapper.pl and miRDeep2.pl scripts from the mirdeep-2 

package were executed as follows: 
 

mapper.pl READS_FILE -j -l 18 -m -p GENOME_ASSEMBLY -s 
reads_collapsed.fa -t reads_collapsed_vs_genome.arf –v 
miRDeep2.pl reads_collapsed.fa GENOME_ASSEMBLY 
reads_collapsed_vs_genome.arf none TELEOST_MATURE_miRNA.fa none 
2>report_mirbase19.log 
 

We constructed a high confidence set of cichlid miRNA loci by a) selecting predicted loci that 
received mirdeep-2 score greater than or equal to 10 in any of the five species; b) removing any 
sites where less than 2% of the aligned reads were a perfect match to the predicted mature 
sequence(+/- one nucleotide at the 3’ end, mismatch at the 3’ end base allowed); c) adding 
miRNA loci with score < 10 where the predicted mature sequence was identical to a miRNA with 
mirdeep2 score >=10 in another cichlid species. 
 

Comparison of embryo and adult-brain miRNA-omes 

We combined four A. burtoni miRDeep2 miRNA predictions (embryo, male K73-brain, male 
K78-brain, female 1256-brain) by first merging the three individual adult brain predictions to 
identify brain specific hairpin loci (~60 nt regions) using intersectBed –s –r –f 0.9 from BEDTools 
(v2.15.0).  We retained only the adult brain annotation with the highest miRDeep2 score (>10).  
We then filtered for annotations that were specific to the adult brains (either “arm-swtiches” or 
completely unannotated regions) by identifying mature loci (~22 nt regions) that were not 
annotated in embryo dataset using intersectBed –v –s –r –f 0.9. 
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Searching for novelty in cichlid miRNA repertoires 
 
We used programs from the fasta (v36.3.4) software package to align the high confidence set of 
cichlid mature and precursor (hairpin) miRNA sequences to all experimentally validated teleost 
miRNAs present in miRBase v.19. Specifically, we used the ssearch (local Smith-Waterman) 
algorithm for hairpinhairpin and maturemature alignments and the glsearch (global-local 
Needleman-Wunsch) algorithm for maturehairpin alignment as follows: 
 

> ssearch36 -E 0.005 -C 25 -m 9  -3 CICHLID_HAIRPIN.fa 
TELEOST_HAIRPIN.fa > HAIRPIN_TO_HAIRPIN.ssalign 

> glsearch36 -E 0.1 -C 25 -m 9 -3 CICHLID_MATURE.fa 
TELEOST_HAIRPIN.fa > MATURE_TO_HAIRPIN.glalign 

> ssearch36 -E 0.1 -C 25 -m 9 -3 CICHLID_MATURE.fa TELEOST_MATURE.fa 
> MATURE_TO_MATURE.ssalign 

 
Based on analysing the alignments, we used a custom script to automatically assign all cichlid 
miRNAs into five categories based on their conservation/novelty. The name of the file in 
GREEN color indicates presence of at least one significant alignment for a cichlid miRNA in 
miRBase v.19; RED color indicates absence of any significant alignment. 
  
1) HAIRPIN_TO_HAIRPIN + MATURE_TO_HAIRPIN + MATURE_TO_MATURE 

These are homologs of known teleost miRNAs, possibly with polymorphisms single base  

a) Mature sequence identical to the best match (ignoring +/- 2bp length difference at 
3’ end) 

b) Mature sequence different from the best match but seed sequence (bases 2-8) 
identical 

c) Mature sequence different from the best match with a difference in the seed 
d) 5′ isomiRs, leading to seed shifting 

 
2) HAIRPIN_TO_HAIRPIN + MATURE_TO_HAIRPIN + MATURE_TO_MATURE 

Alternative processing of a known hairpin -- arm switching13 
 
3) HAIRPIN_TO_HAIRPIN + MATURE_TO_HAIRPIN 

We find a homologous hairpin but the mature miRNA has changed substantially. This 
could be a sign of divergent evolution of the mature miRNA sequence. 

 
4) HAIRPIN_TO_HAIRPIN + MATURE_TO_MATURE 

We cannot find a homologous hairpin but the mature sequence is highly similar to known 
teleost miRNA. This could be a sign of convergent evolution of mature miRNA 
sequence. 

 
5) HAIRPIN_TO_HAIRPIN + MATURE_TO_MATURE 
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In this category are novel miRNAs likely to have arisen de-novo since the divergence 
between cichlid and medaka ancestors 

 
miRNA target prediction 
miRNA target prediction was done using RNAhybrid96. For each miRNA, the calculation of p-
values was calibrated using the tool RNAcalibrate before using the RNAhybrid tool for the 
calculation of minimum free energy hybridization between the miRNA and all annotated 3’UTRs 
in all five species. For both RNAcalibrate and RNAhybrid we forced perfect matches between 
bases 2 and 7 of the miRNA (the seed) using the -f 2,7 option. 
 
miRNA and BMP pathway In situ Hybridization 
Specimens were stage-matched based on external features, including pectoral and caudal fin 
development and head development. Specimens for in situ hybridization were anaesthetized in 
tricaine methanesulfonate (MS222, Argent) and fixed overnight in 4% paraformaldehyde (PFA) 
in 0.1% phosphate-buffered saline (PBS) at 4°C. Whole-mount in situ hybridization experiments 
were based on Streelman lab protocols97,98. Hybridization was carried out at 70°C for gene 
probes, and 52-56°C for Exiquon custom LNA miRNA probes. Embryos were then washed in 
TST (10 mM NaCl, 10 mM Tris-HCl, Tween-20 in depc-H2O). During color reactions, all 
embryos were allowed to fully develop the color/expression. Embryos were continuously 
transferred into fresh NBT/BCIP solution (Roche) in NTMT until full staining was observed. All in 
situ hybridization experiments were performed with multiple specimens from multiple broods. 
After the color reaction (NBT/BCIP, Roche) embryos were washed in PBST and fixed again in 
4% PFA, before whole-mount images were taken using a Leica Microsystems stereomicroscope 
(MZ16), FTP Figures 10, 11. Embryos were embedded in gelatin and chick albumin with 2.5% 
gluteraldehyde. The gelatin-albumin blocks were post-fixed in 4% PFA before sectioning at 
18μm using a Leica Microsystems VT1000 vibratome, then imaged using a Leica Microsystems 
DM2500 compound microscope. 
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11.  Population Genomics 

Estimating incomplete lineage sorting 

We constructed a 5-way whole genome alignment among O. niloticus, N. brichardi, A. burtoni, 
M. zebra and P. nyererei, centered around M. zebra using MULTIZ90. After re-aligning alignment 
blocks from MULTIZ with muscle27, we filtered out low-quality regions of the alignment by 
requiring the following criteria to be met:  

• Genomic segments from the haplochromine species (A. burtoni, M. zebra and P. 
nyererei) must be present, as well as the genomic segments from the outgroup, O. 
niloticus.  

• Contiguous aligned blocks must be at least 50 nucleotides long.  
• 10-nt sliding windows must be aligned with a maximum number of variation and gaps. 

Contiguous alignment blocks were then concatenated into longer segments if they were 
separated by fewer than 30nt within the M. zebra reference genome. To estimate incomplete 
lineage sorting, coalhmm91 was used in the same way as 92 and 93: scaffolds were divided into 
chunks of 1Mbp alignment blocks based on the M. zebra reference genome and coalhmm 
estimated coalescence parameters on each of these blocks separately. Only scaffolds of length 
greater than 500kb were assessed for ILS, which together make up 785Mb out of the 849Mb of 
the M. zebra assembly. Overall, 418Mb (out of 785Mb) of aligned regions passed the filtering 
steps and had an assigned genealogy. Out of these, 189Mb (45.2%), 48Mb (11.5%), 85Mb 
(20.4%) and 95Mb (22.8%) were assigned to genealogies 0, 1, 2 and 3, respectively (Figure 
4a). Posterior decoding was used to infer the genealogy with highest likelihood for all 
considered alignment blocks.92 These blocks were finally used to estimate the proportion of ILS 
within coding and intergenic regions using genomic association tester (GAT)99. Gene 
annotations produced for each genome (see annotation section) was used to define coding 
regions and used as tracks for GAT. Briefly, GAT tests whether two sets of genomic intervals 
are associated more than expected by chance from simulations. Using a thousand simulations, 
intergenic regions and coding regions were found to overlap ILS regions in 43.5% (0.4% 
enrichment compared to neutral expectations, P < 0.001) and 41.0% (7.2% depletion, P < 
0.001) of their total lengths, respectively. Using the O. niloticus chromosomal map as 
representative for the map of the four other sequenced cichlids, we observed a high degree of 
ILS variability across chromosomal location. The O. niloticus chromosomal map is used as a 
proxy for the four other cichlids as no major genomic rearrangements were observed between 
the genomes of the five cichlids analyzed. 

Estimating divergence times among the haplochromine cichlids 

ILS 

Previous studies estimated that A. burtoni diverged from the common ancestor of M. zebra and 
P. nyererei 7-15 MY ago and that the three lineages split in short succession33. FTP Figure 8 
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Coalhmm also estimated (un-scaled) population parameters for each of the 1Mb blocks (FTP 
Figure 8a), and these can be found below. The parameters can be used to estimate divergence 
time and population size when true population parameters such as mutation rates are known.92 
Although these parameters are unknown in cichlids, it is possible to use the un-scaled 
divergence τ to estimate differences in speciation time, T, because their relationship is linear92: 
 
 

 
 

And therefore, if a constant mutation rate μ is assumed, 
  
 

 
 

Assuming a speciation time of 10MY (Tznb) between A. burtoni and the common ancestor of M. 

zebra and P. nyererei, we obtain the following equation:  
 
 
 
 
 
Here τzn and τznb correspond to the un-scaled divergence of the A. burtoni-M. zebra-P. 

nyererei split and M. zebra-P. nyererei split, respectively. Using median un-scaled divergence 

estimated by coalhmm, we obtain τzn = τ1 = 1.71 × 10-3, τznb = τ1 + τ2 = 2.02 × 10-3, and a 

divergence time Tzn of 8.47 My. The fraction s = τznb¨Mτznb measures the time between 

speciation events and approaches 1 when speciation events occur in rapid succession. In the 
investigated haplochromine cichlids, s equals 1.18. Using our pipeline on chromosome 19 of 
human, chimpanzee, gorilla genome alignments with the Sumatran orangutan as outgroup, we 
found a fraction s of 1.51, consistent with a previously reported genome-wide fraction of 1.63100. 
The low s estimated for the three haplochromine cichlids therefore suggests that the three 
lineages arose in rapid succession.  
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Parameters Description Initial Estimated mean 
(median)

τ 1 Unscaled divergence Mz -Pn 0.004 1. 74 × 10-3(1. 71 × 10-3) 
τ 2 Unscaled divergence between Mz -Pn and Ab 0.0015 3. 31 × 10-4(3. 10 × 10-4) 
θ 1 Unscaled population size Mz -Pn 0.002 8. 84 × 10-4(6. 72 × 10-4) 
θ 2 Unscaled population size Mz -Pn -Ab 0.002 4. 47 × 10-3(3. 95 × 10-3) 
ρ recombination rate 0.2 1. 26(1. 24) 
rd rate distribution Γ(n = 4,α = 1. 0) Γ(n = 4,α = 1. 9) 

τmin minimum τ 10-6 NA 
θmin minimum θ 10-6 NA  

The genomic substrate of an adaptive radiation: Lake Victoria  

Methods 

Molecular methods (RAD-seq) 

We sequenced restriction site associated DNA (RAD) tags in six species from three genera of 
Lake Victora cichlids: Pundamilia nyererei (10 individuals), P. pundamilia (10), Mbipia mbipi 
(10), M. lutea (10), Neochromis omnicaeruleus (12) and N. sp. “unicuspid scraper” (10). The 
RAD libraries were produced as detailed in 101 using an SbfI restriction enzyme and sequenced 
on an Illumina HiSeq 2000 platform.  

Variant calling 

Reads without the complete SbfI recognition sequence were discarded from further analyses 
using a python script. Using the FastX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/), all 
sequences were end-trimmed to a length of 90 bp, and reads containing one or more bases with 
a Phred quality score below 10 or more than 5% of the positions below 30 were discarded. The 
libraries were demultiplexed using the process_radtags program from the Stacks pipeline102. 
Single errors within the barcode were automatically corrected by the software. The final quality 
filtered and demultiplexed data set contained c. 127 million reads. 
 
The reads from each individual were mapped against the P. nyererei reference genome with 
bowtie2 v.2.0.0-beta7 in end-to-end mode using default settings except for allowing one 
mismatch in the seed. 
 
We called genotypes for all 40 Mbipia/Pundamilia spp. individuals together and all 22 
Neochromis spp. individuals together using the Unified Genotyper from the Genome Analysis 
Tool Kit (GATK) v. 2.5-2, considering SNPs and indels103,104. From these genotype data, we 
created five subsets of two species each, including all three sister species pairs, and two 
species pairs with the same male nuptial coloration from different genera (M. lutea and P. 
nyererei; M. mbipi and P. pundamilia). The following filtering steps were performed on each of 
these files: all SNP positions with a Phred quality score below 20 and all SNPs within 8bp of an 
indel were excluded. Next, individual genotypes with a quality score below 20 were recoded as 
missing, and all loci with fewer than four genotyped individuals per species or a minor allele 
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count below 3 were excluded leaving between 9.4K and 15.5K high-quality SNPs for further 
analysis.  
 
For phylogenetic analysis, we called genotypes for all species together using the Unified 
Genotyper from the Genome Analysis Tool Kit (GATK) v. 2.7-2, retaining both variant and non-
variant sites. We discarded positions with Phred quality score below 20, and positions within 
8bp of indels. We coded individual genotypes with quality score below 20 as missing data, and 
discarded loci with fewer than two individuals per species with sequence data. We coded 
heterozygotes using standard ambiguity codes for phylogenetic analyses.  
 
 
Population genetic analysis 
 
The arlecore 64-bit linux v3.5.1.4 (Arlequin105) was used to calculate average pairwise FSTs and 
assess their significance based on 16’000 permutations. The “detect loci under selection” option 
was used to calculate locus-specific FSTs and identify SNPs with unusually high or low FST given 
the observed global value based on 100K simulations and assuming 100 demes per group.  
 
 
Additionally, we used BAYESCAN (v. 2.1106;) to assess if the observed allele frequencies at a 
given SNP locus were more consistent with a model including a selection term or a neutral 
model . The analyses were run with default settings. In particular, we set prior odds to 10 
corresponding to a prior belief that the neutral model is 10 times more likely than the model with 
selection at any given locus. A locus was considered to be a selection candidate locus if the 
posterior odds favouring a model with selection were above a threshold set by the software to 
ensure a false discovery rate of equal to or less than 5%. 
 
Results were as reported in the following table:  
Bayescan v2.1
Prior odds 10

5% FDR 10% FDR total SNPs
nyer-lutea 25 34 12,579
nyer-pund 72 90 15,500
lutea-mbipi 28 37 12,128
pund-mbipi 45 60 12,906
Neo 20 25 9,367

min 20 25
max 72 90

Total outliers

 
 
 
 
Phylogenetic Analysis 
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We used RAxML 7.2.8 to calculate maximum likelihood phylogenies for two versions of the Lake 
Victoria species dataset. First, we concatenated all sequence data for each individual and 
analysed this complete dataset. Second, because prior work has shown that highly divergent 
loci have strongly contrasting phylogenetic topologies to other loci in the genome107, we 
calculated global FST for each locus for all six species using the methods described above, and 
removed the top 1% of divergent loci from the dataset. For each of these data matrices, we 
completed a full maximum likelihood search and 100 iterations of RAxML’s rapid bootstrap 
algorithm to estimate uncertainty in the tree topology.  
 

SNP annotation and analyses of regulatory and coding change 

Using SNPs aligned to the annotated Pundamilia nyererei genome, we assigned variants to four 
categories: SNPs within exons, SNPs within introns, SNPs located within 25kb flanking genes, 
or none of the above categories (representing other intergenic regions). Fully annotated SNP 
datasets can be found in Data Portals. We consider exonic SNPs as representative of coding 
changes and intronic and 25kb flanking region SNPs as likely locations for cis-regulatory 
changes. We then examined the number of SNP sites within these categories as a function of 
site-specific FSTs for paired species comparisons. We expect that sites that are highly divergent 
between species have been influenced most strongly by divergent selection. Therefore, 
examining how the proportion of sites within these categories changes as a function of FST 
provides insight into the dominance of putatively coding versus putative cis-regulatory change in 
the process of species divergence within the rapid species radiation in Lake Victoria. We 
examined the change in annotation category proportions while increasing the FST threshold from 
0.3 to 0.9, in steps of 0.05. The number of SNPs decreased as the FST threshold increased. To 
account for these differences in sample size, for each threshold we resampled the full SNP set 
1000 times using the observed sample size at that threshold, and using this resampled 
distribution calculated the probability of enrichment or deficit of the observed number of sites 
within each category as,  

P = # of observations in the resampled distribution with the observed value or greater / 1000 

P = # of observations in the resampled distribution with the observed value or fewer / 1000,  

for enrichment and deficit, respectively.  

To account for multiple testing, we used FDR correction108 using the function p.adjust in R109. 
Full results can be found in Data Portals. See Figure 4c for plotted results.  

To find amino acid changes among polymorphic SNP sites, we used SnpEff v. 3.5110 to identify 
nonsynonymous variants among exonic SNP sites for each studied species pair. Full lists of 
segregating nonsynonymous variants can be found in Data Portals.  

To test for enrichment of the putative regulatory SNP set (i.e. intronic and 25kb flanking region 
SNPs) in regulatory regions of the genome, we mapped Tilapia SNPs onto the mouse genome 
(mm10) and remapped those coordinates onto the human genome (hg19). We then annotated 
these SNPs with PhastCon elements, which are known conserved regions from 46 vertebrates 
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whose conservation indicates that they are likely to be a functional portion of the genome, and 
HMR conserved transcription factor binding sites (TBFS) from the UCSC genome browser 
computed based on the human/mouse/rat alignments and the Transfac Matrix Database (v7.0). 
We tested whether putatively regulatory SNPs with FST significantly greater than 0 were 
significantly over-represented in these regulatory elements compared to the full set of putative 
regulatory SNPs by performing one-sided Fisher’s exact test on 2x2 contingency tables.    

 

GO Term Enrichment Analyses 

We analyzed patterns of enrichment in “Biological Process” GO terms for genes associated with 
divergent SNPs using GOstats111. We used conditional hypergeometric tests, which account for 
hierarchical relationships among GO terms, to test for enrichment of GO terms in genes sets 
associated with species divergence. We conducted the analyses in R using GOStats and a p-
value cutoff of 0.05. We took as gene subsets the total list of genes associated with three SNP 
subset for each species pair: 1) exonic SNPs, 2) exonic SNPs which were nonsynonymous 
variants, 3) putative regulatory SNPs, considering in each case SNPs with FSTs that were 
significantly greater than zero (p <0.05). We tested each gene subset against the “universe” of 
all genes associated with any SNP in the species contrast of interest. Second, for the 
Pundamilia species pair where there was evidence for enrichment of putative regulatory SNPs 
in regulatory portions of the genome (see above, enrichment in PhastCon and conserved TFBS 
analyses), we tested for GO term enrichment in putative coding (exonic) and putative regulatory 
regions (flanking regions and introns).  

 

“Ancient variant” analysis 

For the SNP positions detected in at least one of three independent species pairs (Pundamilia, 
Mbipia, and Neochromis spp.), we obtained the corresponding genotypes in the reference 
genomes of Oreochromis niloticus, Astatotilapia burtoni, Metriclima zebra, and Neolamprologus 
brichardi. We scored cases where the two SNP alleles detected within the Lake Victoria species 
pair were also detected in the reference genome species as cases of putative “ancient variants”. 
We annotated these SNPs according to their positions in the P. nyererei reference genome 
using the categories described above. 

We then tested for differences in the number of “ancient variant” SNPs within the four 
annotation categories over thresholds of increasing divergence in FST to ask if “ancient variant” 
sites that are divergent among sister species are disproportionately found in any of the 
annotation categories, compared to the numbers expected from sites without evidence for 
ancient variation. We tested this by resampling 1000 times from the distribution of SNPs without 
evidence for ancient variation (i.e. those SNPs without variation among the four sequenced 
genome species). We calculated the probability of enrichment or deficit of the observed number 
of sites within each category using the approach described for the full dataset above. Full 
results can be found in Data Portals. 
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We then tested for differences in the proportion of ancient variant SNPs over thresholds of 
increasing divergence in FST, to ask if “ancient variants” are more or less likely to be divergently 
sorted in species divergence than are non “ancient variant” SNPs. For the overall set of SNPs 
and for the subsets of SNPs within exons, within putative cis-regulatory regions (introns and 
flanking regions), and for non-genic SNPs, we resampled the full set of SNPs that could be 
scored for reference genome species, at each draw sampling the number of observed SNPs 
within that FST threshold, and asked whether the observed proportion of potential ancient 
variants fell outside of the 95% confidence intervals of the resampled distribution. We found no 
evidence that ancient variants are more or less likely to be sorted in species divergence than 
are non-ancient variant SNPs (see FTP Figure 13). 

Finally, we used likelihood ratio tests on 2x2 contingency tables to ask if the ratios of ancient 
variants sites relative to non-ancient variant sites differed between gene-associated variants 
(exons, introns and flanking regions) and “non-genic” variants. We conducted tests for each of 
the three gene-associated annotation categories separately, in each of the three sister species 
pairs. We find evidence for higher proportions of ancient variants in gene-associated than in 
non-genic regions (exons: Pundamilia p=0.016, Neochromis p=0.015; flanking regions: 
Pundamilia p=0.020; all other p>0.1).  
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12.  Cichlid genome project: Data Portals 
 

Genome Sequencing 

NCBI 
BioProject Assembly WGS Project Sequence 

reads (SRA)
Astatotilapia 
(Haplochromis) burtoni PRJNA60363 GCA_000239415 AFNZ00000000 SRP004787

Metriaclima (Maylandia) 
zebra PRJNA60369 GCA_000238955 AGTA00000000 SRP004788

Pundamilia nyererei PRJNA60367 GCA_000239375 AFNX00000000 SRP004869

Neolamprologus 
brichardi PRJNA60365 GCA_000239395 AFNY00000000 SRP004799

Oreochromis niloticus PRJNA59571 GCA_000188235 AERX00000000 SRP004172
 

 

RNA sequencing 

Sequence reads (NCBI Sequence Read Archive) 

A. burtoni N. brichardi P. nyererei M. zebra O. niloticus

BioProject ID PRJNA78185 PRJNA77747 PRJNA83153 PRJNA77743 PRJNA78915

Blood 771453 761006 n/a 761736 767857
Brain 761599 761003 788760 760997 767861
Eye 761594 761004 788763 760998 767856
Heart 761590 761000 788764 760999 767854
Kidney 771452 761002 788757 760994 767853
Liver 761591 n/a 788756 760992 767859
Ovary 765505 n/a 788755 760996 767858
Muscle 771450 761005 788759 760991 767862
Gills n/a n/a 788762 n/a n/a
Skin 771451 761001 788761 760990 767855
Testis 761597 761007 788758 760995 767860

Whole embryo 761598 n/a n/a 760993 767863
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Gene annotation and orthology 

Ensembl annotation of tilapia 

http://ensembl.org/Oreochromis_niloticus/Info/Index 

microRNAs 

O. niloticus PRJNA221867 SRS489376
M. zebra PRJNA221871 SRS491904
P. nyererei PRJNA222489 SRS491906
A. burtoni PRJNA222490 SRS491905
N. brichardi PRJNA222491 SRS491903

8 days post fertilization, 
whole body (yolk sac 

removed,) developmental 
stage 22

 

miRBase: microRNA database 

A database of known microRNA data 

http://www.mirbase.org/ 
 

BouillaBase: Comparative Genomics of Cichlid Fish 

A genome browser (http://cichlid.umd.edu/cichlidlabs/kocherlab/bouillabase.html was created, 
containing all the assembled genome sequence, mapped RNA-seq data and annotations 
generated by this project. 

Datasets 
 

Fast Evolving Genes 
• Datasets 1, 2, 3 

OR and TAAR Gene Families 
• Dataset 4 

Gene Duplication 
• Datasets 5,6 

CNE 
• Dataset 7, 8 

GO enrichment analysis of SNP outliers 
• Dataset 9 

microRNAs 
• Dataset 10 
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FTP Files 

Additional Figures (FTP Figures) 

RNA-Seq Trinity assemblies 

ftp://ftp.broadinstitute.org/pub/vgb/cichlids/RNASeq_Assemblies/ 

• M_zebra.transcripts.tgz 
• H_burtoni.transcripts.tgz 
• N_brichardi.transcripts.tgz 
• O_niloticus.transcripts.tgz 
• P_nyererei.transcripts.tgz 
• README.txt 

Annotation 

ftp://ftp.broadinstitute.org/pub/vgb/cichlids/Annotation/ 

• Protein_coding/ 
o Orthology_data/ 

 121orthologsV2  
 full_orthologs  

o cDNA_Fastas/ 
 Astatotilapia_burtoni.BROADAB2.cdna.fa.gz 
 Metriaclima_zebra.BROADMZ2.cdna.fa.gz 
 Neolamprologus_brichardi.BROADNB2.cdna.fa.gz 
 Oreochromis_niloticus.BROADON2.cdna.fa.gz 
 Pundamilia_nyererei.BROADPN2.cdna.fa.gz 

o Peptide_Files/ 
 Astatotilapia_burtoni.BROADAB2.pep.all.fa.gz 
 Metriaclima_zebra.BROADMZ2.pep.all.fa.gz 
 Neolamprologus_brichardi.BROADNB2.pep.all.fa.gz 
 Oreochromis_niloticus.BROADON2.pep.all.fa.gz 
 Pundamilia_nyererei.BROADPN2.pep.all.fa.gz 

o GTF_Files/ 
 Astatotilapia_burtoni.BROADAB2.gtf.gz 
 Metriaclima_zebra.BROADMZ2.gtf.gz 
 Neolamprologus_brichardi.BROADNB2.gtf.gz 
 Oreochromis_niloticus.BROADON2.gtf.gz 
 Pundamilia_nyererei.BROADPN2.gtf.gz 

o Annotation_Metadata/ 
 GOterms.txt.gz 
 gene2goslim.gz 
 geneNamesTree.gz 
 gene2go.gz 

WWW.NATURE.COM/NATURE | 49

SUPPLEMENTARY INFORMATIONRESEARCHdoi:10.1038/nature13726

ftp://ftp.broadinstitute.org/pub/vgb/cichlids/RNASeq_Assemblies/
ftp://ftp.broadinstitute.org/pub/vgb/cichlids/Annotation/


 

 

• lnc_Annotation/ 
o mzeb.lnc.final.gtf.gz 
o pnye.lnc.final.gtf.gz 
o abur.lnc.final.gtf.gz 
o nbri.lnc.final.gtf.gz 
o onil.lnc.final.gtf.gz 

 
• TE_Annotation/ 

o Abur_final_TE.bed.gz 
o Mzeb_final_TE.bed.gz 
o Nbri_final_TE.bed.gz 
o Onil_final_TE.bed.gz 
o Pnye_final_TE.bed.gz 

 
Gene Expression 

ftp://ftp.broadinstitute.org/pub/vgb/cichlids/Gene_Expression/ 

o cuffReleaseV2.sqlite 
o cuffReleaseV2unique.sqlite 

Transposible Elements 

ftp://ftp.broadinstitute.org/pub/vgb/cichlids/Transposable_Elements/ 

• Okada/ 
o H_burtoni_v1.contigs.fasta.out.gz 
o M_zebra_v0.contigs.fasta.out.gz 
o N_brichardi_v1.contigs.fasta.out.gz 
o O_niloticus_wgs_v1.contigs.fasta.out.gz 
o P_nyererei_v1.contigs.fasta.out.gz 

 
• Meyer/ 

o H_burtoni_RepeatMasker.out.gz 
o M_zebra_RepeatMasker.out.gz 
o M_zebra_v0.masked.gz 
o N_brichardi_RepeatMasker.out.gz 
o N_brichardi_v0.masked.gz 
o O_niloticus_RepeatMasker.out.gz 
o O_niloticus_wgs_v1.masked.gz 
o P_nyererei_RepeatMasker.out.gz 
o P_nyererei_v0.masked.gz 
o TECLASS.txt.gz 
o te.gz 
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• TE_data/exapansion 
o Burtoni_TE_family_final.out  
o Tilapia_TE_family_final_plot.out  
o Zebra_TE_family_final.out  
o brichardi_TE_family_final.out  
o medaka_TE_final.out  
o nyererei_TE_family_final.out 

Gene Duplications 

ftp://ftp.broadinstitute.org/pub/vgb/cichlids/Gene_Duplication/ 

• dupList_FINAL.txt 

CNV Analysis 

ftp://ftp.broadinstitute.org/pub/vgb/cichlids/CNV_Analysis/ 

• M_zebra/ 
o Zebra_cnv_final.out 
o Zebra_CNV_gene_overlapping.out 
o Zebra_unique_gene_ID.out 

 
• P_nyererei/ 

o Nyererei_cnv_final.out 
o Nyererei_CNV_gene_overlapping.out 
o Nyererei_unique_gene_ID.out 

 
• O_niloticus/ 

o Niloticus_cnv_final.out 
o Niloticus_CNV_gene_overlapping.out 
o Niloticus_unique_gene_ID.out 

 
• A_burtoni/ 

o Burtoni_cnv_final.out 
o Burtoni_CNV_gene_overlapping.out 
o Burtoni_unique_gene_ID.out 

 
• N_brichardi/ 

o Brichardi_cnv_region.out 
o Brichardi_CNV_gene_overlapping.out 
o Brichardi_unique_gene_ID.out 

CNE Annotation 

ftp://ftp.broadinstitute.org/pub/vgb/cichlids/CNE_Annotation/ 
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• CNE.528k.bed.gz 
• CNE_alignments.docx 

Multiple Alignment Files 

ftp://ftp.broadinstitute.org/pub/vgb/cichlids/Multiple_Alignment_Files/ 

• cichild_5way.maf.gz 
• split_by_scaffold.tgz 

Population Genetics 

 ftp://ftp.broadinstitute.org/ftp/pub/vgb/cichlids/Cichlid_population_data/ 

• file_summary.docx 
• Datasets/ 

o NeoPundMbi_bt2_pq20d2idist8_min2.vcf.zip 
o NeoPundMbi_withoutTop1.vcf.zip 
o Pairwise_VCF_files_5spppairs.zip 
o summary_Victoria_divergentNSsnps.xlsx 
o summary_ancientVarData_allspppairs.xlsx 
o summary_annotation_allspppairs.xlsx 

• Results/ 
o dataset_GO_and_reg_results.xlsx 
o summary_RAWannotation_cat_counts_allspp.xlsx 
o summary_RAWannotation_cat_counts_ancVar.xlsx 
o summary_annotationCat_enrichment_AncientVariants_wFDR.xlsx 
o summary_annotationCat_enrichment_allspppairs_wpval_wFDR.xlsx 
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