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Supplemental Online Materials and Methods 

 

1.  Animal Sources 

 
Electrophorus electricus (26) - In all, three fish were used in this study, and purchased 

from a tropical fish dealer, Tri-County Tropicals (Richmond Hill, NY). Fish 

approximately 70 cm in length were housed either individually, or with one other electric 

eel in aerated aquaria maintained at 26-28°C. From the first animal, the main EO was 

used for gDNA sequencing. From the second animal, whole brain, spinal cord, whole 

heart, skeletal muscle, Sachs' EO, main EO, and Hunter’s EO were isolated and used for 

RNA sequencing. From the third animal, whole kidney was isolated and used for RNA 

sequencing. 

 

Eigenmannia virescens (27, 28) - One Eigenmannia was purchased from a tropical fish 

dealer (Segrest Aquarium) and was used for this study. 

 

Sternopygus macrurus (29) - A fresh-water species of knifefish native to South America 

was obtained commercially from Ornamental Fish (Miami, FL). Adult fish 30-50 cm in 

length were housed individually in 15- to 20-gallon aerated aquaria maintained at 25–

28°C and fed three times weekly. One fish of undetermined sex was used in this study. 

 

Malapterurus electricus (30) - A freshwater species of catfish, native to Africa, was 

commercially obtained from the Route 4 Aquarium in Elmwood Park (Elmwood Park, 

NJ).  Adult fish were housed in groups in aerated aquaria maintained at 25-28˚C and fed 

daily.  We dissected electric organ and muscle from two specimens. 

 

Brienomyrus brachyistius (31, 32) – A freshwater mormyrid species native to central 

Africa and bred in the laboratory by JRG from two parents obtained commercially from 

Baileys Wholesale Tropical Fish (San Diego CA) was used for this study. Adult fish were 

housed in groups in aerated aquaria maintained at 25-28˚C and fed three times weekly. 

We performed RNA sequencing (one for SM and one for EO) on specimens of 

undetermined sex. 

 

All procedures used followed the American Physiological Society Animal Care 

Guidelines, and were approved by the Institutional Animal Care and Use Committee at 

Cornell University, New Mexico State University, University of Texas at Austin, 

Michigan State University and the University of Wisconsin-Madison. 

 

2.  Genome Sequencing of Electrophorus electricus 

 

Genomic DNA Isolation 

 

 

Genomic DNA was isolated from the main EO using phenol-chloroform extraction 

(33) with several modifications. Tissue from the main electric organ was pulverized in 

liquid nitrogen using a mortar and pestle, and 1 ml solution D was added per 100 mg 



 

 

tissue. 500 ul aliquots of sample were loaded into 1.5 ml microcentrifuge tubes. To each 

of these tubes, 500 ul Tris-saturated phenol (pH 7.8), 500 ul chloroform-IAA, and 100-

200 ul nuclease-free water were added. Tubes were mixed by inversion and spun in a 

microcentrifuge at 14,000 rpm for 5 minutes. The aqueous phase was transferred to a new 

tube and DNA was precipitated by addition of 1ml 100% ethanol and 100 ul 3M sodium 

acetate and incubation at -20°C for approximately 1 hour. DNA was pelleted using a 

microcentrifuge at 14,000 rpm for 10 minutes and the supernatant was discarded. DNA 

was resuspended in DEPC-treated water and put into a 42°C water bath for approx. 10 

minutes until dissolved. 0.5 ul RNaseA (1 mg/ml) was added, and samples were 

incubated at room temperature for 20 minutes. Samples were subjected to a second round 

of phenol-chloroform extraction as described above. DNA was precipitated from the 

aqueous phase with EtOH/ NaAC and pelleted as described above, and pellets were dried 

slightly (2-4 minutes) in a sterile hood. DNA was resuspended in 50-100 ul DEPC-treated 

water, and tubes were combined. Sample concentration was measured on a Nanodrop 

spectrophotometer (Thermo Scientific) and the integrity of the DNA and absence of RNA 

were evaluated by running samples on a 1% agarose gel prior to submission to the 

University of Wisconsin-Madison Next Generation Sequencing Facility. 

 

 

Library Preparation and DNA Sequencing 

 
Genomic DNA libraries were sequenced on various platforms as summarized in Table 

S5. 
 

Illumina GAIIx – Paired-end gDNA libraries were prepared using the Illumina Paired 

End Sample Preparation Kit following manufacturer’s guidelines, with one modification: 

gDNA was size-selected on an Invitrogen E-gel instead of a standard agarose gel. 

 

Illumina HiSeq 2000 – Paired-end (PE) DNA libraries were prepared using the Illumina 

TruSeq DNA Sample Preparation Kit following manufacturer’s guidelines, with one 

modification: gDNA was size-selected on an Invitrogen E-gel rather than a standard 

agarose gel. 

 

Illumina HiSeq 2000 – 2-5kb mate-pair libraries were prepared using the Illumina Mate 

Pair Library Preparation Kit v2 following manufacturer’s guidelines. 

 

 

3.  RNA Extraction and Library Preparation for RNA-Seq in Electrophorus 

electricus, Sternopygus macrurus, Eigenmannia virescens, Malapterurus electricus 

and Brienomyrus brachyistius 

 

Various mRNA libraries were sequenced on various platforms as summarized in 

Table S6. 

 

E. electricus - Total RNA extraction was performed for each of the eight tissues 

following the phenol/chloroform extraction method outlined in Chomczynski and Sacchi 



 

 

2006 (33), with the following modifications. Tissue samples were ground in liquid 

nitrogen using a ceramic mortar and pestle. Following grinding, 1 ml per 100 mg tissue 

of solution D (4 M guanidinium thiocyanate, 25 mM sodium citrate, pH 7.0; 

0.5%(wt/vol) N-lauroylsarcosine; 0.1 M 2-mercaptoethanol) was added, mixed, and 

transferred to 2 ml microcentrifuge tubes containing a single 50 mm steel bead. Tissue 

was homogenized on a bead mill for 2 minutes at 20 Hz at 4°C, tubes were rotated, and 

homogenized again for 2 minutes at 2 Hz. Tubes were centrifuged at 14,000 RPM for 10 

minutes at 4°C, and supernatant transferred to fresh nuclease-free microcentrifuge tubes, 

500 ul/tube, for phenol/chloroform extraction. Following the first extraction and 

precipitation, RNA pellets were resuspended in DEPC-treated water and DNase treated 

following Qiagen MinElute protocol in appendix C, with DNaseI. A second 

phenol/chloroform extraction was performed, followed by a second ethanol precipitation, 

and RNA wash step as described in Chomczynski and Sacchi (33). cDNA libraries were 

constructed from purified RNA using the Illumina TruSeq RNA Sample Preparation (v.2) 

kit (San Diego, CA). Libraries were sequenced on an Illumina HiSeq 2000 using 100bp 

single-end reads (1x100bp). 

 

S. macrurus - Fish were anesthetized with 2-phenoxyethanol (1.0 mL/L) to excise ventral 

skeletal muscle and caudal EO under a dissecting microscope. Tissues were blotted dry, 

weighed, and immediately flash frozen in liquid nitrogen. Total cellular RNA was 

isolated from both tissues by chopping the frozen tissues into smaller pieces and 

subsequently pulverizing the tissues in liquid nitrogen using a mortar and pestle. 

Pulverized tissues were re-suspended in TRIzol reagent (Invitrogen, Carlsbad, CA) and 

total RNA extracted following manufacturer’s instructions. To remove residual DNA, 

total RNA was treated with DNase I, Amplification Grade (Invitrogen) according to 

manufacturer’s instructions. Total RNA was then purified using 

phenol:chloroform:isoamyl alcohol extraction followed by isopropanol precipitation. 

cDNA libraries were constructed from purified RNA using the Illumina TruSeq RNA 

Sample Preparation (v.2) kit (San Diego, CA). Libraries were sequenced on an Illumina 

HiSeq 2000 using 100bp paired-end reads (2x100bp). 

 

E. virescens – EOs were dissected by cutting the tail and removal of the skin. A piece of 

muscle was dissected from the back of the fish. From each sample, total RNA was 

extracted with RNA STAT-60 and then was treated with a procedure to remove 

ribosomal RNA. Libraries were sequenced on an Illumina HiSeq 2000 using 99bp paired-

end reads (2x99bp). 

M. electricus  -Fish were euthanized by overdose of MS-222. EOs were dissected by 

removal of the skin and electric organ which are closely attached over the majority of the 

body surface.  Skin and electric organ were separated using fine forceps.  Trunk skeletal 

muscle was then dissected from directly below the sites where electric organ were 

dissected.  This region was approximately ∼2×1×0.5 cm, caudal to operculum, dorsal to 

lateral line. Tissue was stored in RNAlater, and total RNA was extracted using an 

RNeasy fibrous tissue extraction kit (Qiagen, Inc.).  Samples were submitted to the 

Michigan State University RTSF for RNA sequencing using the TrueSeq mRNA sample 

preparation kit (Illumina, Inc.)  Resulting libraries were sequenced on an Illumina HiSeq 

2500 using 150 bp paired-end reads (2x100bp).  



 

 

 

B. brachyistius - Fish were euthanized by overdose of MS-222. EOs were dissected by 

removal of the skin and muscle from the caudal peduncle, excision of the EO and spinal 

column, and finally removal of the spinal cord by inserting a fine pin into the vertebral 

column. Trunk skeletal muscle was dissected from ~2×1×0.5 cm, caudal to operculum, 

dorsal to lateral line; skin removed. Tissue was immediately frozen in liquid nitrogen, 

then pulverized using pestle and mortar, and total RNA was extracted using TRIzol 

solution (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. 

Total RNA was PolyA+ purified using a FastTrack MAG mRNA isolation kit 

(Invitrogen). cDNA libraries were constructed from purified mRNA using the NEBnext 

Sample Kit for Illumina Sequencing (New England Biolabs). Libraries were sequenced 

on an Illumina HiSeq 2000 using 100 bp paired-end reads (2x100bp). 

 

 

 

 

4.  Draft Genome Assembly of Electrophorus electricus 

 
Estimation of Genome Size 

 

The haploid genome size of E. electricus has not been measured empirically, but the 

sizes for other species in the class Gymnotiformes are available  (31, 32, 34-36). In order 

to obtain an empirical value of genome size based on sequence data, we ran the 'preqc' 

module (-preqc) of SGA assembler on error-corrected PE reads (37).  The module gave 

an estimate of ~720 Mb by splitting the PE reads into 31-mers and analyzing their 

distribution. The completion of the SGA assembly (specifying the parameter OD=75, in 

addition to default parameters) using PE reads produced a genome of size 533 Mb after 

exclusion of small contigs (<2x read length). The differences in genome size estimation 

highlights the uncertainty of genome size predictions and methods. However, these 

estimated sizes for E. electricus genome agree well with the relationship between genome 

size and GC content previously determined in teleost fishes (38).  

We also split the PE libraries from both strands into all possible 21-mers and 

evaluated their distribution. Distribution of 21-mers showed a single peak at 

frequency=55 (ignoring the error peak at frequency=1). This suggests that the PE reads 

sampled the genome at 55x k-mer coverage. 

 
 
Assembly of Genomic DNA 

 

A draft genome assembly was built from the Illumina paired end and mate pair reads 

using SOAPdenovo2, a de Bruijn graph-based genome assembler (39). Reads were 

assembled with de Bruijn graph parameter k=47, a value that produced the best N50 

scaffold size. All analyses in the paper were performed using this version of the 

assembly. The assembled genome build is summarized in Table S7.  

 

 



 

 

Transcriptome mapping-based evaluation 

 

Because our genomic DNA was isolated from adult, differentiated tissue (main EO), 

we wanted to confirm the suitability of our SOAPdenovo2 genome build as a reference 

for E. electricus as a whole.  To do this, we mapped the independent transcriptome 

assembly generated from RNA sequencing reads from eight E. electricus tissues (see 

Supplementary Materials, section 6) to the SOAPdenovo2 build using GMAP (40)  We 

found that out of the 365,443 transcripts in our eight-tissue Trinity assembly, 357,859 

(97.92%) transcripts aligned to the SOAPdenovo2 build.  This high degree of overlap 

between the two independent assemblies is evidence that our SOAPdenovo2 genome 

build is suitable for subsequent genome and gene analyses. 

 
Analysis of Assembly Quality of the SOAPdenovo2 Build 

 

CEGMA-based evaluation: The SOAPdenovo2 genome build was analyzed using 

CEGMA v2.4  (41) with default parameters in order to evaluate completeness of coding 

regions. CEGMA located 446 (97%) of the 458 genes included in its core set. Of the 

subset of 248 most-conserved genes defined by CEGMA, 217 (88%) were identified as 

full-length and 245 (99%) were identified as either full or partial. 

K-mer based evaluation: We also evaluated the SOAPdenovo2 assembly for 

completeness by checking what fraction of 21-mers within the PE reads were 

incorporated into the assembled genome, and the number of times those 21-mers were 

present in the assembly. Earlier we described the 21-mer distribution with a peak at 

frequency=55 representing the k-mer coverage of the PE reads. Therefore, it is expected 

that the 21-mers present with frequency ~110 in PE library are, on average, present twice 

in the actual genome, frequency ~165 are, on average, present thrice and so on. Hence, a 

comparison between 21-mer distribution of the PE reads and 21-mer distribution of 

assembled genome should illustrate the level of completeness of the assembled genome. 

Moreover, it highlights whether the missing regions are from the non-repetitive or 

repetitive parts of the actual genome. 

The comparison between 21-mers from SOAPdenovo2 assembly and the PE reads 

suggests that the assembly is over 98% complete in the non-repetitive regions represented 

by 21-mer frequency between 40 and 80 in PE reads. The distribution tapered off below 

frequency of 40. The multiplicity of 21-mers in the genome increased for those with PE 

frequency> 100, but the rate of increase was lower than expected. This suggests that the 

SOAPdenovo2 assembly provides sub-optimal assembly of the repetitive and low-

coverage regions.  

 
5.  Gene Annotation in Electrophorus electricus 

 

Genome structural annotation 

 

RNA-Seq reads from eight E. electricus mRNA tissue libraries were mapped to the 

genome using TopHat v2.0.4 (42) and specifying “--microexon-search -i 20 -I 50000” in 

addition to the default parameters. For the purpose of gene prediction, alignments from 

all eight tissues were merged and extrinsic hints files for “intron” and “exonpart” features 



 

 

were generated for input into AUGUSTUS v2.6 (43). Protein-coding gene models were 

predicted in all genome scaffolds at least 500 bp in length with AUGUSTUS, using 

human-specific parameters (“--species=human”) and E. electricus extrinsic 

transcriptional evidence, with the following altered parameters in the otherwise default 

extrinsic.M.RM.E.W.cfg file: 

 
exonpart        1     .997  M    1  1e+100  RM  1     1    E 1    1e2  W 1  1.007 

    exon        1        1  M    1  1e+100  RM  1     1    E 1    1e4  W 1    1 

  intron        1       .3  M    1  1e+100  RM  1     1    E 1    1e6  W 1    1 

 UTRpart        1    1 .96  M    1  1e+100  RM  1     1    E 1    1    W 1    1 

 

Additionally, “--alternatives-from-evidence=true --allow_hinted_splicesites=atac --

UTR=on” was specified. Based on an initial manual inspection, CDS features predicted 

from AUGUSTUS were refined to use the first in-frame start codon and to choose the 

longest ORF except when homology to D. rerio (blastp (44) against Ensembl Zv9 build 

69  (45) e-value <= 1E
-20

) suggested otherwise. 

 

 
 
Functional annotation of predicted gene models 

 

Gene symbols and functional annotations were assigned to AUGUSTUS gene 

models by comparison to D. rerio Zv9 build 70 protein sequences. D. rerio protein 

sequences were used to search the E. electricus AUGUSTUS predicted protein sequences 

at an e-value cutoff of 1E
-10

. Results were compiled based on D. rerio gene ID and E. 

electricus hits were ordered based on alignment bit score. In addition, the top-scoring D. 

rerio genes for each E. electricus database entry were tracked and ranked. Thus, each D. 

rerio query was associated with an ordered ranking of E. electricus hits and each E. 

electricus database entry was associated with an ordered ranking of D. rerio queries. In 

the initial round of assignments, reciprocal best-hit pairs were identified and recorded and 

the E. electricus gene was assigned an annotation class of 'reciprocal'. In addition, for 

each D. rerio query, lower-scoring E. electricus hits for which the D. rerio gene was the 

top query match were checked in an iterative fashion for both adjacency to the top-

scoring E. electricus gene and alignments to the D. rerio gene that overlapped by <20%. 

If identified, these E. electricus gene models were assigned to the same D. rerio gene and 

given an annotation class of 'split' indicating that they are likely to be incorrectly split 

from the primary gene model. This process was repeated for each locus until no 

additional assignments were made. 

In a second round of annotation, all unannotated E. electricus genes that were 

positioned within 5000bp of the end of a scaffold were checked against the currently 

assigned genes sharing the top D. rerio query. If both fell at the end of a scaffold and D. 

rerio alignments overlapped by <20% they were assigned to the same D. rerio gene and 

give an annotation class of 'split_scaff', indicating that they likely belong to the primary 

gene model but are split across scaffolds. In the third round of annotation, D. rerio genes 

without assigned E. electricus genes were checked and if remaining unassigned matches 

were found that agreed by synteny with assigned E. electricus genes for immediately 

adjacent D. rerio genes, they were assigned to that D. rerio gene and given an annotation 



 

 

class of 'synteny'. All remaining unassigned E. electricus genes which had any matches to 

D. rerio queries were assigned to the top D. rerio query and given an annotation class of 

'secondary' to indicate the increased uncertainty in the assignment. After automated 

annotation, genes which were examined by hand in the course of work and had their 

annotations adjusted were assigned an annotation class of 'manual'. 

All AUGUSTUS genes without high-scoring D. rerio matches were subsequently 

searched against the GenBank non-redundant protein database using blastp (44) with an 

e-value cutoff of 1E
-10

. Genes with GenBank hits were assigned to the top hit with a 

match class of 'nr'. Taking all together, the coding content of the genome was calculated 

as 22,228, or approximately 22,000, protein-coding genes with homology to published 

sequences (Table S1). 

 

6.  Transcriptome Assembly 

 

For each fish, short read libraries from different tissues were combined and quality 

control and filtering was performed using the fastx toolkit (CSHL) as well as scythe and 

sickle (UC-Davis). The transcriptome assembly pipeline Trinity (46) (r2012-06-08) was 

utilized to perform de-novo transcript assembly of short reads for each fish using default 

parameters.  

 

E. electricus RNA-Seq libraries were assembled in three phases with accumulation of 

additional experimental data. 

i) All reads from three initial GA2 RNA-Seq libraries (muscle, main EO, Sachs' EO) 

were combined together and assembled using Trinity (default parameters). 

ii)  Reads from seven HiSeq tissues (brain, spinal cord, heart, muscle and three 

different EOs) were combined together and assembled using Trinity (default 

parameters). The assembly steps (i) and (ii) resulted in ~449,000 assembled 

transcripts. 

iii)  After completion of RNA-Seq experiment on kidney (conducted separately), 

reads from all eight E. electricus tissues were combined and assembled using 

Trinity, specifying --kmer_method meryl. This resulted in ~365,000 assembled 

transcripts. 

 
E. virescens The reads from the E. virescens RNA-Seq experiment on EO and skeletal 

muscle were combined together. Execution of Trinity on the combined library was slow 

due to the size of the library. Therefore, we used two strategies - (i) subset of reads 

picked randomly from the library, (ii) digital normalization 

(http://ged.msu.edu/angus/diginorm-2012/tutorial.html) - to reduce the number of reads, 

and then performed Trinity assembly of the reduced library using default parameters. All 

downstream evaluations were performed based on the combined set of contigs generated 

from these assemblies. 

 

S. macrurus - The S. macrurus transcriptome assembly contained 326,623 sequence 

contigs representing 221,914 subcomponents. Of these sequences, 163,477 were at least 

500 bp in length and 63,408 were at least 2,000 bp in length. The average sequence 

length was 1287 bp. 



 

 

 

M. electricus - Trinity assemblies were generated from SM/EO paired end reads using 

default parameters with the Trinity 2013 Nov 10th release. The assembly contained 

181,633 transcript contigs. 

 

B. brachyistius - Trinity assemblies were generated from SM/EO paired end reads using 

default parameters with the Trinity 2012 October 5th release. The assembly contained 

147,923 transcript contigs. 

 

7.  Calculation of Expression Levels 

 

E. electricus - Tissue-specific read counts were generated for each AUGUSTUS gene 

model using the previously described TopHat alignments and the htseq-count command 

from HTSeq (“-m intersection-strict -a 3 -t exon -s no -i gene_id”) (47). Reads were 

normalized for library size using DESeq v1.10.1 with default options (48). To facilitate 

examination of individual gene expression, library-normalized read counts from above 

were additionally normalized by transcript size to give “reads per kb transcript” (Table 

S1). 

 

S. macrurus – Short reads from individual skeletal muscle and EO libraries were 

individually mapped to the Trinity transcriptome assembly using Bowtie (49) (v.0.12.8) 

with default parameters and read counting and ambiguity resolution were performed 

using RSEM (50) (v.1.2.3). Read counts were subsequently normalized for library size 

using the geometric mean method from DESeq (Table S1). 

 

E. virescens, B. brachyistius – Expression data was calculated as for S. macrurus above 

(Table S1). 

 

M. electricus – Short reads from skeletal muscle and EO libraries were independently 

mapped to the Trinity transcriptome assembly with RSEM (50), using the rsem-calculate-

expression command, specifying paired-end data in addition to default parameters. All 

transcripts with mean read counts of < 10 across both EO and muscle were removed from 

analysis. Subsequently, read counts were normalized for library size using the geometric 

mean method from DEseq (Table S1) (48). 

 

 

Sensitivity of E. electricus expression values 

 

Rarefaction analysis:  We performed a rarefaction analysis to evaluate the rate at which 

we could expect additional sequencing to result in detection of additional transcripts.  To 

do this, we mapped all RNA-Seq reads from main EO in E. electricus to the 

SOAPdenovo2 genome assembly using TopHat (42) as previously described, and from 

here, sampled mapped reads representing 2%, 4%, 6%, 8%, 10%, 20%, 30%, 40%, 50%, 

60%, 70%, 80%, 90%, and 100% of the total number of mapped reads in main EO, and 

generated read counts for all AUGUSTUS gene models using the htseq-count command 

from HTseq (47) as previously described.  We looked at what number of genes met an 



 

 

arbitrary threshold of 50 reads, 100 reads, and 1000 reads mapped to them in each of our 

14 bins, and graphed our results (Figure S5). Our results indicated that the rate of new 

genes detected slows as a function of number of reads used, and our graph indicates that 

few new genes are detected with each incremental increase in read numbers as we 

approach 100% of reads used.  Based on this, we feel confident that we have achieved 

sufficient sensitivity given available resources. 

 

Incremental changes to read counts:  In order to determine the effect of incremental 

changes in numbers of reads used on the stability of our gene expression values, we 

mapped all RNA-Seq reads from each of the E. electricus tissues independently to the 

SOAPdenovo2 genome assembly using TopHat (42) as previously described.  Bins 

containing mapped reads were created by randomly sampling mapped read equally from 

each of the eight tissues, to reach final read counts of 2, 4, 6, 8, 10, 20, 30, 40, 60, 70, 80, 

90, and 100 million reads.  Read counts for each of our AUGUSTUS gene models were 

generated using the htseq-count command from HTseq as previously described, and we 

generated expression values in FPKM for each of our bins.  We looked at what 

percentage of genes fell within 5%, 10%, 15%, 20%, 40%, 60%, and 80% of the 

expression values for the next highest bin (for example, expression values at 40 million 

reads were compared to that of 50 million; the 100 million read bin was compared to a 

second independently-sampled 100 million read bin).  In order to reduce some of the 

noise from genes that were either not expressed, or very lowly expressed in our analysis, 

we removed first genes that had FPKM expression values < 0.05 in the two 100 million 

read bins (26,227 genes considered), and second, genes that had FPKM expression values 

of < 0.05 in any of the read bins (22,276 genes considered) (Figure S6).  Our resulting 

graphs indicate that incremental changes in read depth have decreasing effects on the 

stability of expression values as you approach 100 million reads.  In other words, 

incremental changes do not have a large effect on our gene expression values, indicating 

that our expression values are relatively stable. 

 

 

8.  K-mean Clustering of E. electricus Gene Expression 

 

Genes with an average normalized read count across tissues of less than 10 were 

removed from further consideration. A variance stabilizing transformation was applied to 

the remaining genes using DESeq, followed by median centering. Low-information genes 

were removed using a local R implementation of the SUMCOV variance filter as 

described previously (51). The remaining approximately 6,000 genes were subjected to k-

means clustering in R (52) using the stats package to discover tissue-specific expression 

signatures (Fig. S1). The value of k=12 was chosen after testing clustergrams, as well as 

iterative k-means clustering with a range of k values, to find a parameter which produced 

informative and stable clusters.  

 

 
 

 

9.  Assignment of Orthologs Between Electric Fish 



 

 

 

S. macrurus - The one-to-one gene assignment table between E. electricus and D. rerio 

was used to identify orthologous genes from S. macrurus. S. macrurus transcripts 

assembled from Trinity were compared separately against all genes from E. electricus 

and D. rerio using BLAST (44) (blastn, e-value: 1E-5). Subsequently, all S. macrurus 

matches with each E. electricus gene were ranked from highest to lowest BLAST score. 

Another similar table was created for each D. rerio gene. If the same S. macrurus 

transcript matched a pair of genes from the E. electricus and D. rerio one-to-one 

assignment table, it was selected as the S. macrurus ortholog for the pair. If different 

transcripts matched a pair, they were both aligned with both E. electricus and D. rerio 

genes using CLUSTAL and the one with highest percentage match among four 

alignments was selected as the S. macrurus ortholog. Further manual confirmation of the 

matches was performed for the set of genes discussed in the manuscript by aligning 

translated amino acid or nucleotide sequences from the electric fishes and various other 

species (primarily zebrafish: D. rerio; channel catfish: Ictalurus punctatus; tilapia: 

Oreochromis niloticus; stickleback: Gasterosteus aculeatus; western clawed frog: 

Xenopus tropicalis; human: Homo sapiens), and generated gene trees using a maximum 

likelihood criterion using SeaView (53). 

 

E. virescens - An identical procedure as S. macrurus was used to assign orthologous 

genes in E. virescens. 

 

M. electricus- An identical procedure as S. macrurus was used to assign orthologous 

genes in M. electricus. 

 

B. brachyistius - The B. brachyistius SM/EO paired-end assembly contained 147,923 

assembled transcript contigs. Of these, 62,417 had homologues in the NCBI nr database 

using blastx and a cutoff of 1E
-10

. Of the 147,923 sequences for B. brachyistius, 49,902 

had a homologous sequence in E. electricus (using tblastx, cutoff 1E
-10

). About 69% of 

the reduced set of E. electricus  transcripts had a match in B. brachyistius sequences. 

Reciprocal blast between the reduced E. electricus transcriptome and the B. brachyistius 

transcriptome yields 7,960 matches between the two. 

 

 

 

 

10.  Analysis of Muscle Protein Regulation in Electric Organs 

 

Data analysis approach 

 
The transcripts of more than 30 muscle genes that are directly involved in muscle 

contraction, i.e., sarcomere, T-tubule, and sarcoplasmic reticulum (SR) (54-56), were 

identified in the transcriptomes of E. electricus, S. macrurus, E. virescens, B. 

brachyistius, and M. electricus. Gene identities for each transcript were derived using 

SeaView (53) (v.4.4.0) with ClustalW (57) alignments of the protein-coding regions of 

the electric fish transcripts and teleost orthologs retrieved from the Ensembl database 



 

 

(44). The expression level for each gene was analyzed, and the abundance of each 

transcript in EO relative to that in skeletal muscle (SM) was computed for each species. 

 

Results 

 

Expression of most contraction-related genes was detected in all five species of 

electric fish and is shown in Table S2 and Figure S3. Transcripts with very low 

expression after normalization or those not detected included nebulette, JSRP1 

(junctional sarcoplasmic reticulum protein 1), and HRC (histidine rich calcium binding 

protein), and are not shown. The relative transcript profiles of contraction-related genes 

were similar in all three EOs of E. electricus, i.e., main, Hunter’s and Sachs’ and showed 

that >65% of these genes were down-regulated at least 4-fold in the EOs compared to 

skeletal muscle. The transcript profiles found in B. brachyistius and M. electricus were 

similar to that of E. electricus in that most (~66% for both species ) contraction-related 

genes were down-regulated in the EO by at least 4-fold. In contrast to both E. electricus, 

B. brachyistius, and M. electricus, the EO and skeletal muscle of S. macrurus showed 

similar expression levels in ~90% of contraction-related genes analyzed, whereas only 

one gene (troponin-C1) was found to be down-regulated by at least 4-fold in EO. The EO 

of E. virescens showed downregulation of contraction-related genes to a lesser extent 

than that found in E. electricus, B. brachyistius, and M. electricus but greater than in S. 

macrurus. Specifically, ~56% of these were down-regulated by at least 4-fold compared 

to skeletal muscle whereas ~42% showed similar expression. In the EOs of all five 

species less than 5% of contraction-related genes were found to be up-regulated by 4-fold 

or more compared to skeletal muscle. The transcript profiles of contraction-related genes 

found in the EOs of these five species are consistent with the expression profiles of the 

myogenic regulatory factor (MRF) genes of the MyoD family (Fig. S2), which regulate 

the transcription of many of these contraction-related genes in mammalian skeletal 

muscle since MRFs are strongly down-regulated in EOs of E. electricus, B. brachyistius, 

and M. electricus less so in the EO of E. virescens, and not down-regulated in the EO of 

S. macrurus (Fig. S2). These data indicate a transcriptional program that is more similar 

between the EO and skeletal muscle of S. macrurus than that observed in E. electricus, B. 

brachyistius, or M. electricus. These observations are intriguing in view of the 

evolutionary relationships between these electric fish species. Despite sharing a common 

gymnotiform ancestry, the contractile muscle gene expression profiles in EOs of E. 

electricus and S. macrurus differ considerably, whereas the EO of the distantly related B. 

brachyistius and M. electricus exhibits both contraction-related and MRF gene 

expression patterns that are similar to those in E. electricus but not those in S. macrurus. 

Further, these contraction-related gene expression patterns cannot be used to predict the 

cellular ultrastructure of electrocytes in these electric fish species. Previous studies have 

shown that fully differentiated electrocytes of B. brachyistius contain myofilamentous 

structures (58, 59) whereas mature electrocytes of S. macrurus do not (5, 60, 61). 

Myofilamentous structures are observed in electrocytes of young but not adult E. 

electricus (62, 63). In sum, these data indicate that transcriptional repression of the 

myogenic program is not a requisite for the emergence and maintenance of the EO 

phenotype. 
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Fig. S1. 

Clustering of co-expressed genes in E. electricus. A k-means clustering analysis (k=12) 

was performed as described in the Supplementary Text. Values in lower-left indicate the 

number of genes in each cluster. White plot lines represent individual genes and red plot 

lines show median values for the cluster. Background shading indicates general 

categories of tissue/cell type. SPN=spinal cord; BRN=brain; KID=kidney; HRT=heart; 

SKM=skeletal muscle; HEO=Hunter's EO; SEO=Sachs' EO; MEO=main EO. 

 



 

 

 

Fig. S2 

Heatmap of myogenic transcription factor and related muscle development gene 

expression.  Log2 transformed ratios of electric organ to skeletal muscle expression are 

displayed.  Red colors indicate genes highly upregulated in electric organ, blue colors 

indicate genes highly downregulated in electric organ for each species. Yellow colors 

indicate the transcript was not detected. Note that myogenin is the sole “classical” 

transcription factor that is consistently down-regulated in all species. 

 



 

 

 

Fig. S3 

Heatmap of sarcomeric gene expression.  Log2 transformed ratios of electric organ to 

skeletal muscle expression are displayed.  Red colors indicate genes highly upregulated 

in electric organ, blue colors indicate genes highly downregulated in electric organ for 

each species. Yellow indicates the transcript was not detected. 

 



 

 

 

Fig. S4 

Heatmap of IGF signaling gene expression.  Log2 transformed ratios of electric organ 

to skeletal muscle expression are displayed.  Red colors indicate genes highly 

upregulated in electric organ, blue colors indicate genes highly downregulated in electric 

organ for each species, yellow indicates the transcript was not detected. The set of genes 

that are similarly regulated in all species and that are illustrated in Fig. 2 are igf2b, 

arhgef21a, pik3r3b, NET37-like, and fbxo40. 



 

 

 

Fig. S5 

Rarefaction analysis of additional sequencing depth on transcript content. We 

mapped all RNA-Seq reads from main EO in eel to the SOAPdenovo2 genome assembly 

using TopHat (42) as previously described, and from here, sampled mapped reads 

representing 2%, 4%, 6%, 8%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 

100% of the total number of mapped reads in main EO, and generated read counts for all 

AUGUSTUS gene models using the htseq-count command from HTseq (43) as 

previously described.  We looked at what number of genes met an arbitrary threshold of 

50 reads, 100 reads, and 1000 reads mapped to them in each of our 14 bins. 

 



 

 

S6a: 

 
S6b: 

 

Fig. S6 

Effect of sequencing depth on expression values Bins containing mapped reads were 

created by randomly sampling mapped reads equally from each of the eight tissues, to 

reach final read counts of 2, 4, 6, 8, 10, 20, 30, 40, 60, 70, 80, 90, and 100 million reads.  

Read counts for each of our AUGUSTUS gene models were generated using the htseq-

count command from HTseq as previously described, and we generated expression values 

in FPKM for each of our bins. 



 

 

Table S1 (separate file) 

Gene expression in electric fishes. Combined table of gene expression the eight tissues (brain, spinal cord, heart, skeletal muscle, 

kidney, main EO, Sachs' EO, Hunter's EO) of E. electricus, (b) Gene expression in skeletal muscle and EO of S. macrurus, (c) Gene 

expression in skeletal muscle and EO of E. virescens, (d) Gene expression in skeletal muscle and EO samples of B. brachyistius. 

Table S2 (separate file) 

Relative expression abundance of muscle genes in electric organ relative to skeletal muscle in four species of electric fish. 
Colors indicate overexpression (red) and underexpression (green) in electric organ relative to skeletal muscle. n-d indicates transcripts 

not found or ratios not determined because abundance was too low for accurate quantitation. 

 

  



 

 

Table S3. 

Summary of literature regarding transcription factor interactions in figure 2b.  For each gene, gene name, whether it is 

expressed in presomatic mesoderm/somites is listed, along with citation, whether it is expressed in mature muscle along with citation, 

whether expression is known to inhibit muscle development along with citation, and various notes about expression patterns and 

interactions are listed. 

 

Gene Name 
Expressed in 

PSM/Somite 

Expressed in 

mature muscle 

Expression inhibits muscle 

development 
Notes 

hey1a yes (64) no (64) yes  (10, 65) 

Hey1 is a corepressor of Myod (66), myogenin and 

mef2c (10).  Myogenin and myoD activate actin 

(67), and myoD activates myosin (68).  Myogenin 

activates smyd1 (69) 

hey1b yes (64) no (64) yes  (10, 66)   

six2a yes  (70)     
ARE motif in Na+/K+ ATPase bound by Six/sine 

oculus family genes (8, 71) 

six1a yes (72, 73) yes-mice (72) 
no--needed in fast fibers (73, 

74) 

ARE motif in Na+/K+ ATPase bound by Six/sine 

oculus family genes  (8, 71) 

six4b yes (75) no (75) 
no--needed in fast fibers (73, 

74) 

ARE motif in Na+/K+ ATPase bound by Six/sine 

oculus family genes  (8, 71) 

 



 

 

Table S4. 

Summary of literature regarding protein interactions and locations in figure 2c.  For each protein (where known), its location in 

skeletal muscle, known binding partners, results of knockout experiments in other vertebrates, and roles in myopathy are listed. Notes 

summarize other potentially relevant features of these proteins. 

 

Gene Name Location Binding Partner 
Phenotype of 

KO/Mutation 
Myopathy Notes 

smyd1 M line (14, 76) myosin (14, 76) 
disrupts sarcomere 

(14, 76, 77) 
 

Smyd proteins stabilize sarcomeric proteins (76-79). Smyd1 

is activated by myogenin (79, 80) 

smyd2b I band (78, 79) titin (78) 
disrupts sarcomere 

(78) 
 Smyd proteins stabilize sarcomeric proteins (76-79) 

hspb11   
disrupts Sarcomere 

(14) 
  

fbxo40  IRSI (81) 
enlarged myofibers  

(81) 
 

Fbxo40 complex limits IGF1 signaling by inducing IRIS1 

ubiquination (81).  

The activated IRIS1/IGFR complex inhibits protein 

degradation by inhibiting Foxo (21) 

IGF2b 

secreted by cell in 

autocrine fashion 

(19, 80) 

IGF1 receptor (80) 

muscle atrophy (80) 

severe hypoplasia 

(82) 

Attenuated IGF 

signaling 

associated with 

cardiac myopathy 

(83). 

Enhances body size and developmental rate in zebrafish 

(84).  Overexpression prevents muscle atrophy in mice (85).  

IGF activates IRIS1, IRIS1/IGFR complex binds to PIK3 

(20). This activated complex can influence cell proliferation 

and increase protein synthesis by inhibiting Foxo (21) 

 

 

 

 



 

 

Table S4 (continued) 

ARHGEF12 cytoplasm  (86) IGF1 receptor (86)       

pik3r3b cytoplasm (87) IRS1 (87)       

NET37-like nuclear envelope (23) IGF2 (23) 

prevents muscle 

differentiation, 

decreases myogenin 

(23) 

  

Increases autocrine release of IGFII (23) 

col6a6 

connective tissue, 

basal lamina (88) 

 

col6a3 (88)   
Muscular 

Dystrophy (88) 
  

col14a1 
connective tissue, 

basal lamina (89) 
type I collagen (89) 

prevents 

glycosylation of 

dystroglycan (89) 

  

  

dmd 
plasma membrane 

(90) 
dystroglycan (90)   

muscular 

dystrophy (90)   

glytl1b Golgi apparatus (91) 
alpha dystroglycan 

(91) 
  

muscular 

dystrophy (91)   



 

 

 

Table S5. 

Summary of genomic sequencing experiments. Genomic DNA from E. electricus was sequenced using Illumina technologies. 

 

Platform library type median read length (nt) number of reads (millions) 

Illumina GAIIx paired-end 73 37 

Illumina HiSeq 2000 paired-end 99 600 

Illumina HiSeq 2000 2k mate-pair 51 830 

 

 

 

 



 

 

Table S6. 

Summary of transcriptomic sequencing experiments. RNA-Seq experiments were performed in E. electricus, S. macrurus, E. 

virescens, M. electricus and B. brachyistius. 

 

Species samples sequencing technology run type 

E. electricus 3 tissues - main EO, Sachs' EO, skeletal muscle Illumina GAIIx paired end 

E. electricus 
7 tissue - brain, spinal cord, main EO, Sachs' EO, Hunter's EO, 

skeletal muscle, heart 
Illumina HiSeq 2000 single end 

E. electricus 1 tissue - kidney Illumina HiSeq 2000 paired end 

S. macrurus 2 tissues - EO and skeletal muscle Illumina HiSeq 2000 paired end 

E. virescens 2 tissues - EO and skeletal muscle Illumina HiSeq 2000 paired end 

E. virescens 2 tissues - EO and skeletal muscle Illumina HiSeq 2000 paired end 

B. brachyistius 2 tissues - EO and skeletal muscle Illumina HiSeq 2000 paired end 

M. electricus 2 tissues - EO and skeletal muscle Illumina HiSeq 2000 paired end 

 

 



 

 

Table S7. 

Summary of E. electricus genome assembly. Summary statistics were calculated for (a) both gapped (containing Ns) and ungapped 

(Ns stripped) builds of SOAPdenovo2 assembly. 

 

 Gapped Ungapped 

Number of 

Contigs 121323 121323 

Total Length 560202223 523576209 

Average length 4617.4 4315.6 

Longest Contig 996512 972603 

Shortest Contig 100 100 

Contig N50 104253 103026 

Contig N90 12699 15371 

G/C Content 42.50% 42.50% 
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