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Online protocols 

Study design 

We designed a multistage study comprising a meta-analysis of genome wide association 

studies (GWAS) (stage 1) with data from up to 92,355 individuals from 36 studies and 

selected lead SNPs from 42 loci - the 12 loci that reached genome wide significance 

(p<5×10−8) after stage 1 and 30 additional loci with the lowest p-values for association 

that did not reach genome wide significance (p<3×10−5) - for follow up in stage 2 

(Supplementary Figure 1). Stage 2 comprised data from up to 88,823 additional 

individuals from 37 studies. Meta-analysis of summary statistics from stage 1 and stage 

2 identified variants in 21 loci that reached genome wide significance. For these loci we 

subsequently performed additional association analyses to examine their relevance for 

cardiovacular intermediates and disease, as well as functional follow-up experiments in 

animal models to identify potentially causal genes. 

 

Stage 1 genome wide association meta-analysis 

Samples and genotyping 

The discovery sample encompassed 36 studies with data on heart rate in up to 85,787 

individuals of European ancestry – including data from up to 11,207 individuals 

described previously1 – and 6,568 individuals of Indian Asian ancestry. Heart rate was 

derived from electrocardiogram (ECG) in 12 studies (comprising 32% of the total 
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sample), from peripheral pulse rate in 22 studies (49%) and was self-reported in two 

studies with data from health professionals (19%) (Supplementary Table 1).  

The samples from 36 studies, with data from between 353 and 11,207 individuals each, 

were genotyped using Affymetrix and Illumina genome wide genotyping arrays 

(Supplementary Tables 2 and 3). To allow for meta-analysis across different marker 

sets, imputation of polymorphic HapMap Phase II European CEU SNPs was performed 

using MACH2, IMPUTE3, BimBam4, or Beagle5 (Supplementary Table 2).  

 

Association analysis with heart rate 

Each study performed SNP association analyses with heart rate using an additive 

genetic model implemented in MACH2QTL6, Merlin7, SNPTEST3, ProbAbel8, GenABEL9, 

LME in R, MMAP, Matlab, or PLINK10 (Supplementary Table 2). Associations with heart 

rate were adjusted for age, age2, BMI and study-specific covariates when appropriate 

(e.g. principal components). To allow for relatedness in the deCODE, HAPI Heart, 

Heritage, Korcula, NBS, NSPHS and Split studies, regression coefficients were estimated 

in the context of a variance component model that modeled relatedness in men and 

women combined with sex as an additional covariate. Before meta-analyzing the results 

from the 36 GWAS, we excluded SNPs with poor imputation quality scores (r2 hat ≤ 0.3 

in MACH, proper_info ≤ 0.4 in IMPUTE and BIMBAM, info ≤ 0.8 in Beagle), low minor 

allele counts (MAC (N × minor allele frequency) ≤ 3), and/or extreme betas (beta > 

±50 beats/min/effect allele, i.e. ~5 * the standard deviation of heart rate) in each sex- 

and case-specific stratum. Individual study-specific genomic control values (λGC) ranged 

from 0.980 to 1.185 (Supplementary Table 2). Hence, Individual GWAS were 

genomic control corrected before meta-analysis when appropriate (λGC > 1.000) to 

adjust for population stratification. 

 

Meta-analysis of stage 1 association results 

We performed the stage 1 fixed effects meta-analysis using the inverse variance 

method, which is based on betas and standard errors from each individual GWAS. The 
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meta-analysis was performed using METAL11. λGC for the meta-analyzed results before 

genomic control correction was 1.106. Before SNPs were selected for follow-up, a final 

genomic control correction of the meta-analyzed results was performed, resulting in 

conservative association estimates.  

Lead SNPs of 42 independent loci were selected for follow-up in stage 2 ); 12 loci 

reaching genome wide significance in stage 1 and 30 additional loci reaching 

(p<3×10−5) (Supplementary Table 5). Loci were considered independent if the pair-

wise r2 for linkage disequilibrium (LD) was less than 0.2 and if they were separated by 

at least 1 Mb. We subsequently performed conditional analyses using summary 

statistics of stage 1 results12 to examine whether any of the 42 loci contained secondary 

associations with heart rate that remained significant after adjusting for the association 

of the lead SNP (p<5x10-8). 

Before embarking on the follow-up, we established whether inclusion of subgroups of 

the population affected the results. We repeated the stage 1 meta-analyses after 

cumulative exclusion of 1) hypertensive cases (N=11,772); 2) type 2 diabetes cases 

(N=4,714); 3) obesity, cancer and kidney stone cases) (N=2,439); 4) individuals of 

Indian Asian descent (N=5,120); and 5) 12-year old children (N=1,486). This 

procedure was repeated twice; once without a priori exclusions in each individual GWAS 

(primary analysis) and once with a priori exclusion of individuals 1) with prevalent 

myocardial infarction, heart failure, atrial fibrillation or 2nd / 3rd degree atrio-ventricular 

block; 2) who used heart rate altering medication at the time of study, defined as the 

use of beta-blockers, non-dihydropiridine calcium antagonists or digoxin; and 3) with a 

heart rate <50 bpm or >100 bpm in each individual GWAS (secondary analysis: 

~19,500 a priori exclusions). Results showed that inclusion of sub-groups did not affect 

the results (Supplementary Table 4). Hence, all available data were included in the 

analyses to maximize the power to find associations.  

 

Stage 2 follow-up 

Samples and genotyping 
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We tested for association of the 42 lead SNPs and three secondary associations in data 

from up to 88,823 individuals of European descent from 37 in silico replication studies 

with heart rate in stage 2. Heart rate was derived from ECG in 22 studies (comprising 

57% of the total sample) and from peripheral pulse rate in 15 studies (43%) 

(Supplementary Table 7). GWAS data were available for up to 60,396 individuals of 

European descent from two sources. First, results were available from a previously 

reported meta-analysis of 15 GWAS for RR-interval13, that is, the inverse of heart rate 

(RR-interval (msec) = 60,000 / heart rate (bpm)). These 15 studies are collectively 

referred to as the RRgen consortium and incorporate data from up to 38,991 individuals 

of European descent13. Secondly, heart rate data were available in 12 GWAS that have 

not been described previously in this context. These 12 studies included data from 233 

to 5,053 individuals each and were genotyped using Affymetrix and Illumina genome 

wide genotyping arrays (Supplementary Tables 7-9). Autosomal HapMap Phase II 

European CEU SNPs were imputed using either MACH2, IMPUTE3, or Beagle5. SNPs with 

poor imputation quality scores (r2 hat ≤ 0.3 in MACH, proper_info ≤ 0.4 in IMPUTE, info 

≤ 0.8 in Beagle) and SNPs with a MAC ≤ 3 in each sex- and case-specific stratum were 

excluded.  

In stage 2, additional data were available for 1) 24,334 individuals of European descent 

from 11 studies that were genotyped using the Metabochip, a custom iSELECT array 

containing ~195k SNPs that was designed to support large-scale follow-up of putative 

associations with metabolic and cardiovascular traits14; and 2) 5,171 individuals of 

European descent from one study that were genotyped using the Cardiochip 

(Supplementary Table 8). Metabochip contained data for 16 of the 42 lead SNPs that 

were selected for follow-up and for one of the secondary associations, while Cardiochip 

contained data for 12 of the lead SNPs, either with the exact same SNP or by a proxy in 

high LD in the HapMap Phase II CEU population (r2>0.8)15 (Supplementary Table 

10).  

Samples and SNPs that did not meet the quality control criteria described by each 

individual study and described previously for stage 1 were excluded. Minimum 
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genotyping quality control criteria were defined as Hardy-Weinberg Equilibrium p>10−6 

and call rate >95% in each of the follow-up studies. 

 

Association analyses and meta-analysis 

We tested the association of the 42 lead SNPs and three secondary associations with 

heart rate in each stage 2 study separately as described for the stage 1 studies. Missing 

SNPs in GWAS of stage 2 were replaced by one of up to three, a priori selected proxies 

(r2>0.8) (if available). Prioritizing of proxies was based on (in order of importance): 1) 

availability on Metabochip and/or Cardiochip with r2>0.8; 2) r2 for LD; 3) proximity to 

the lead SNP. This resulted in the inclusion of three proxies in LifeLines2 and one proxy 

in ACTS, all of which had r2>0.9 with the lead SNP of the locus (Supplementary Table 

10). None of the loci for which these proxies were included reached p<5x10-8 after 

meta-analysis of stage 1 and 2 combined.  

Since the RRgen consortium as well as the ERF study performed association analyses 

with RR-interval instead of heart rate, we meta-analyzed summary statistics from the 

stage 1 meta-analysis and stage 2 studies using the weighted z-score method in data 

from up to 181,171 individuals (mean ± SD of available sample for the 42 lead SNPs = 

150,603 ± 15,432 individuals). Genomic control-adjusted p-values were used 

throughout stage 1 and 2 for GWAS. For studies with data from Metabochip and 

Cardiochip, little evidence for population stratification was previously observed for 

associations with other cardiovascular and metabolic traits and, hence, no correction of 

p-values was applied.  

For loci with secondary associations, the SNP with the lowest p-value for association 

with heart rate after combined meta-analysis of stage 1 and 2 results was considered 

the most representative for the locus. For loci with confirmed associations after meta-

analysis of stage 1 and 2 results, an estimate of the effect size was obtained by fixed 

effects meta-analysis of summary statistics from the stage 1 meta-analysis and stage 2 

studies with heart rate, using the inverse variance method.  
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Additional analyses and functional follow-up experiments 

Cumulative effects of confirmed loci and inter-individual variation in heart rate 

To estimate the cumulative effect of the 21 heart rate loci, we calculated a genetic 

predisposition score (GPS) in 5,053 adults of the LifeLines2 study and in 4,000 12 year-

old children of the ALSPAC study, two of the largest samples included in stage 2. The 

GPS was calculated by summing the number of heart rate increasing alleles (0, 1, 2) 

carried by an individual in the lead SNPs of each heart rate locus. All SNPs were 

successfully genotyped or imputed in all individuals of both studies, except for 

rs6127471 in KIAA1755 and rs2350782 in CHRM2, which were missing in LifeLines2. 

The number of heart rate increasing alleles ranged from 9 to 26 for the 19 available loci 

in LifeLines2 and from 10 to 29 for the 21 loci in ALSPAC. Results were similar for a GPS 

in which the number of effect alleles was weighted by the effect size of the lead SNP. 

We compared the explained variance (r2) between models with and without the GPS to 

assess the variance in heart rate that can be explained by these loci in the LifeLines2 

and ALSPAC studies, in both cases adjusting for the co-variables sex, age, age2 and 

BMI. 

 

Association analyses with related traits 

Associations between the 21 heart rate loci and PR, QRS and QT duration were 

extracted from recently published GWAS data of the CHARGE consortium for PR 

duration16, the QRS GWAS consortium17 and the QT-IGC consortium (personal 

communication: QT-IGC consortium) (Table 2). Associations with PR duration were 

adjusted for sex, age, RR-interval, height, BMI, systolic blood pressure and study site; 

associations with QRS duration were adjusted for sex, age, height and BMI; and 

associations with QT duration were adjusted for sex, age and RR-interval as covariates. 

RR-interval is the inverse of heart rate, with RR-interval (msec) = 60,000 / heart rate 

(bpm). 

Associations between the 21 loci and the prevalence of advanced (2nd / 3rd degree) 

atrioventricular block, sick sinus syndrome, pacemaker implantation and sudden cardiac 
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death were extracted from data of deCODE Genetics1,18 and were adjusted for sex, year 

of birth and age (Table 2, Supplementary Table 12). Summary statistics of 

associations with atrial fibrillation were obtained from GWAS of deCODE Genetics (2,476 

cases, 39,199 controls) and the CHARGE-AF consortium (6,707 cases, 52,426 

controls)19. Associations were adjusted for sex and age in both GWAS, and were 

additionally adjusted for birth year in the deCODE Genetics data. Summary statistics 

from both sources were combined by a fixed effects meta-analysis using the inverse 

variance method (Table 2). 

Associations of the 21 loci with systolic and diastolic blood pressure (data from up to 

34,211 individuals) as well as with prevalent hypertension (up to 9,777 cases and 

10,102 controls) were extracted from data of the Global BPgen consortium20 and were 

adjusted for sex, age, age2, BMI and any study-specific geographic covariates 

(Supplementary Table 13). 

Associations of the heart rate loci with prevalent coronary artery disease (up to 21,928 

cases and 62,260 controls) and myocardial infarction (up to 12,584 cases and 41,163 

controls) were extracted from data of the CARDIoGRAM consortium21 and were adjusted 

for sex, age, height, BMI and study site (if appropriate) (Supplementary Table 14). 

We calculated multi-SNP predisposition scores for each trait to examine the association 

of the 21 heart rate loci combined with each of the before mentioned traits, based on 

single SNP summary statistics and weighting by effect sizes for association with heart 

rate after meta-analysis of stage 1 + 2 combined. 

Associations of the 21 heart rate loci, both individually and combined in a multi-SNP 

predisposition score, with related traits were considered statistically significant if 

p<0.002, i.e. α=0.05 with Bonferroni correction for 21 independent tests. 

GWAS have previously identified loci that showed evidence of association with PR1,16,22, 

QRS17 and QT duration23,24, as well as with atrial fibrillation25-28, CAD and MI21,29 and 

with systolic BP, diastolic BP and prevalent hypertension20,30-34. In our stage 1 meta-

analysis results, we quantified associations with heart rate for lead SNPs of these loci. 

Besides associations with the loci in or near MYH6 (PR duration), C12orf67 (PR 
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duration), SLC35F1 (QRS and QT duration) and HCN4 (atrial fibrillation), we observed 

limited or no evidence of such associations (Supplementary Tables 11, 15 and 16). 

 

Enrichment analysis of heart rate associations in biological pathways 

To discover new pathways associated with heart rate and to test whether the 21 heart 

rate loci cluster near genes that constitute specific biological connections, we tested 

whether predefined biological processes or molecular functions were enriched for 

multiple modest heart rate associations (Supplementary Tables 18 and 19). To this 

end, we applied an adaptation of the gene set enrichment analysis (GSEA) framework 

for whole genome variant association data named MAGENTA (Meta-Analysis Gene-set 

Enrichment of variaNT Associations)35 to the heart rate meta-analysis SNP data. First, 

we calculated a corrected gene association p-value for each gene in the genome. The 

gene p-value is based on the most significant SNP heart rate association p-value of all 

SNPs within 110 kb upstream and 40 kb downstream of each gene’s most extreme 

transcript start and end sites, respectively, adjusted for potential confounders such as 

gene size, number of SNPs per gene and linkage-related properties. We subsequently 

grouped genes into pathways using annotations from the Kyoto Encyclopedia of Genes 

and Genomes (KEGG), BIOCARTA, Protein Analysis THrough Evolutionary Relationships 

(PANTHER)36, Biological processes (PANTHER, BP) and Molecular Functions (PANTHER, 

MF), REACTOME, Gene Ontology (GO) and Ingenuity databases. The PANTHER BP and 

MF gene-sets were downloaded from the PANTHER website, Gene Ontology gene sets 

were downloaded from the GO website and the rest were downloaded from the 

Molecular Signatures Database MsigDB. Finally, for each pathway, we evaluated 

potential enrichment of highly ranked gene scores by comparing the fraction of genes 

within each gene set whose corrected p-value is more significant than the 95th 

percentile of all gene p-values to that of 10,000 randomly sampled gene sets of 

identical size from the genome. The 95th percentile enrichment cut-off is the most 

powerful of cut-offs ranging from the 50th to the 99th percentile in a scenario with a total 

of 100 causal genes in the genome, each with modest to strong associations35. We 
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adjusted for genes in a given gene set that are physically adjacent in the genome by 

keeping only one of each subset of genes assigned the same best SNP (the gene with 

the most significant gene score was retained). In significantly enriched gene sets, in 

addition to genes in validated association regions, the top ranked genes above the 

enrichment cut-off may suggest new modest associations for follow-up 

(Supplementary Table 19). 

 

Proteomics experiments in mouse heart and genetic enrichment analysis 

We used results from proteomics experiments to identify genes located within the heart 

rate loci that are expressed at the protein level in mouse heart, and that are 

phosphorylated upon stimulation of the β1 adrenergic receptor. To this end, male 

C57BL6 mice were anesthetized with 1.5% isoflurane. Six-lead surface ECG were 

continuously recorded and after baseline stabilization (>5 min), drugs or 0.9% saline 

were administered intravenously. Mice in the control group (n=3) were treated with β1-

adrenergic receptor (AR) and β2AR specific antagonists to diminish endogenous β-

adrenergic activity (5 min saline, 10 min metroprolol (4.0 mg/kg, Sigma)/ ICI-118-551 

(2.5 mg/kg, Sigma), 10 min saline). To investigate the β1AR signaling pathway we used 

a specific antagonist to inhibit β2AR before activating β1AR (5 min saline, 10 min ICI-

118-551 (2.5 mg/kg, Sigma), 10 min dobutamine (1.5 mg/kg, Sigma)) (n=3). Hearts 

were subsequently excised and snap frozen in liquid nitrogen. Cardiac proteins were 

extracted and digested, enriched for phosphopeptides by TiO2 chromatography and 

analyzed by nanoflow liquid chromatography tandem mass spectrometry (LC-MS/MS) 

as described previously37. For each lysate, three aliquots of 7 mg protein were 

analyzed. 

Full-scan MS spectra were acquired at a target value of 1x106 and a resolution of 

30,000, and the HCD-MS/MS spectra were recorded at a target value of 5x104 and with 

resolution of 7,500, using a normalized collision energy of 40%. Raw MS files were 

processed using the MaxQuant software (ver.1.0.14.7, Max-Planck Institute of 

Biochemistry, Department of Proteomics and Signal Transduction, Munich, Germany). 
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Proteins were identified using the Mascot search algorithm by searching all MS/MS 

spectra against a concatenated forward/reversed version of rat and mouse International 

Protein Index v.3.37 protein sequence database supplemented with protein sequences 

of common observed contaminants like human keratins and porcine trypsin. The HCD-

MS/MS spectra were searched with fixed modification of Carbamidomethyl-Cysteine and 

we allowed for variable modifications of oxidation (M), acetylation (protein N-term), 

Gln->pyro-Glu, and phosphorylation (STY). Search parameters were set to an initial 

precursor ion tolerance of 7 ppm, MS/MS tolerance at 0.02 Da and requiring strict 

tryptic specificity with a maximum of two missed cleavages. Peptides were filtered on 

Mascot score (>10), precursor mass accuracy and peptide length (>6). We required 

quantitation in at least two-thirds of the experiments in both groups to achieve a false 

discovery rate (FDR) below 0.01 for phosphopeptide identifications. 

A total of 8,518 phosphorylation sites that could be mapped to a specific residue were 

identified (Personal communication: Lundby et al.). β1AR stimulated mice and controls 

were compared using a two-sided t-test with a permutation-based FDR of 0.01 (bend of 

the curve S0=0.5, 250 randomizations). The number of genes encoding proteins 

identified in the experiments is 4,096. Forty-one of these were located within ±500kb of 

confirmed heart rate associations. The number of genes encoding proteins with 

phosphorylation sites identified as being regulated upon β1-adrenergic stimulation was 

348, four of which were located within the heart rate loci (MYH6, PLN, TTN, NCL). 

 

eQTL analyses 

To narrow down the number of potentially causal genes within the 21 heart rate loci we 

examined cis-associations (defined as genes within 1 Mb) between each of the heart 

rate loci and expression of nearby genes in 1,469 whole blood samples (PAX gene), 

reflecting primary leukocyte gene expression, as described in detail elsewhere38 

(Supplementary Table 21). In brief, samples were from cases with amyotrophic 

lateral sclerosis, ulcerative colitis, chronic obstructive pulmonary disease, celiac disease 

and healthy controls. Analyses were restricted to probe-SNP pairs with a SNP to mid-
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probe distance <250 kb. Transcriptional components were applied to remove a 

substantial proportion of inter-individual non-genetic expression variation and eQTL 

meta-analysis was subsequently performed on the residual expression variation. To 

correct for multiple testing, we used a false-discovery rate (FDR) < 0.05. The 

distribution of observed p-values was used to calculate the FDR by permuting 

expression phenotypes relative to genotypes 100 times. We removed 50 principal 

components by linear regression to remove non-genetic variation in gene expression. In 

addition, we performed conditional analyses to examine to what extent the heart rate-

associated SNP explains the association between the gene transcript and the SNP most 

significantly associated with the gene transcript. 

Significant cis-associations were observed between five heart rate-associated SNPs and 

levels of nine nearby transcripts in blood (Table 1, Supplementary Table 21). The 

heart rate-associated SNPs explain a substantial proportion of the association with the 

most significant SNP for the gene transcript in conditional analyses (adjusted p>0.05) 

for TRIP6, C11orf10, FADS1, BEST1-FTH1, FADS2, C6orf204 and NCL-SNORD20. In 

addition, the rs180242 allele that is associated with lower heart rate is also associated 

with reduced expression of the GNG11 transcript in blood. 

 

Potentially functional variants within the 21 loci 

To identify SNPs in the confirmed loci that may be causal for the association with heart 

rate, we explored whether the heart rate-associated SNPs are in strong linkage 

disequilibrium (LD) (r2>0.8) with variants in transcription factor binding sites, non-

synonymous SNPs or copy number variants (deletion variants and mobile element 

insertion polymorphisms) identified in the 1000 Genomes CEU Pilot 1 or HapMap CEU15. 

For non-synonymous SNPs, PANTHER36 was subsequently used to assess whether the 

variant was likely to have a detrimental effect on protein function, based on alignment 

of evolutionarily related proteins (Supplementary Table 20). 

One association tags a variant in a transcription factor-binding site near C6orf204 (near 

SLC35F1). Non-synonymous variants in strong LD with heart rate-associated SNPs are 
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present in six genes, of which Arg1045Trp in KIAA1755 is likely to have a deleterious 

effect on protein function36. Of interest, the rs180242 allele that is associated with a 

lower expression of GNG11 in blood (Supplementary Table 21) and with lower heart 

rate (Table 2) tags a common 723 bp deletion variant located 8 kb upstream of 

GNG1139 (1000 genomes pilot ID: P2_M_061510_7_474, r2=0.96). 

 

Candidate genes based on literature 

To identify additional candidate genes in the heart rate loci, we identified all genes 

within 500 kb of the 21 heart rate-associated SNPs and performed an automated 

literature search of PubMed using the search term “heart” and each gene name. We 

also scanned the OMIM entry for each gene to identify the presence of the search term. 

The automated literature search program SNIPPER was used to perform the search. To 

highlight results that point towards functional candidate genes in the region, we 

excluded any references to GWAS studies (Supplementary Table 23). We identified 

many genes located within ± 500 kb of the 21 associations with established connections 

to embryonic cardiac development, cardiac conduction, cardiac contractile proteins, 

calcium regulation, angiogenesis and endothelial function (Supplementary Table 23, 

Supplementary Note). Of interest, many Many of the loci harbor genes in which 

mutations lead to dilated and hypertrophic cardiomyopathy (in MYH6 and MYH7, PLN 

(near SLC35F1), TTN (near CCDC141), MFN1 (near GNB4) and CHRM2). 

 

Experimental follow-up of positional candidate genes in Drosophila melanogaster and 

Danio rerio 

We used Drosophila melanogaster and the zebrafish Danio rerio as models to examine if 

candidate genes within the heart rate loci are likely to underlie the associations 

identified by GWAS. We applied a multidisciplinary approach to identify candidate genes 

to prevent discarding potentially interesting genes a priori. Forty-nine candidate genes 

were identified based on 1) the presence of functional variants in high LD with GWAS 

associations; 2) eQTL associations of heart rate SNPs; 3) results from proteomics 
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experiments and genetic enrichment analysis in mouse heart; and 4) results from the 

an automated literature search using SNIPPER. In addition, we searched the genes 

located within ±500 kb for biological candidates (Supplementary Table 24). 

 

Experiments in Drosophila melanogaster 

A BLAST search was performed to identify obvious Drosophila orthologs of positional 

candidate genes using amino acid sequences that are freely available at the ENSEMBL 

website (Supplementary Table 25). We subsequently used RNA-mediated gene 

interference (RNAi)40,41 to down-regulate orthologs of candidate genes. RNAi stocks 

were obtained from the Vienna Drosophila RNAi Center, Vienna, Austria. Expression of 

RNAi was induced by crossing with a Drosophila line expressing GAL4 driven by an actin 

promotor (Stock number 4414 Bloomington Drosophila Stock Center, Bloomington, 

Indiana, USA) (Supplementary Table 25). 

Drosophila stocks were kept at 25 °C on standard medium. Pre-pupae were selected for 

tachypacing, an established model for cardiac arrhythmia, as previously described42. 

Briefly, we selected transparent pupae at the entry of the immobile phase and placed 

them on 1% agarose gel in PBS. Pupae were exposed to tachypacing at 4 Hz for 20 min 

in groups of five using a C-Pace100™-Culture Pacer (IonOptix Corporation, The 

Netherlands). We made movies through a microscope at 10x magnification before and 

after tachypacing to visualize heart contractions in triplicate periods of 10 seconds. 

Heart rate was subsequently quantified using image J software. An arrhythmia index 

was calculated as the ratio of arrhythmic periods and total measurement duration using 

the same software. 

The number of positional candidate genes for which we analyzed results was reduced 

from 49 to 25 due to the absence of orthologs (n=13 genes), lack of RNAi lines (n=3), 

non-viability of offspring (n=1) and reduced viability defined as the generation of fewer 

than five live offspring (n=7) (Supplementary Figure 6, Supplementary Table 25). 

For the 25 remaining genes, represented by 23 orthologs, we compared heart rate and 

risk of arrhythmia in 11 ± 5 (mean ± SD) pupae with down-regulated gene expression 
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and 30 6000V controls. Ten additional pupae were available with a down-regulation of 

STONEWALL; a gene that is not anticipated to play a role in heart rate regulation and 

which can thus be interpreted as an extra control group. 

We compared differences in heart rate between offspring of RNAi treated Drosophila 

and 6000V controls using a multilevel approach, adjusting for the dependence of 

repeated measures within pupae as a random effect. We compared RNAi lines with 

6000V controls for each ortholog separately, both at baseline and after tachypacing. 

Differences in heart rate after tachypacing were examined with and without adjusting 

for average heart rate at baseline as a fixed effect. Results were available from multiple 

independent RNAi lines targeting the same ortholog for 13 of the 23 orthologs. Results 

of heart rate analyses from such independent RNAi lines were combined using a fixed 

effects meta-analysis with the inverse variance method (Supplementary Table 26). 

We examined the risk of arrhythmia by comparing the number of arrhythmic cases and 

controls between RNAi targeted orthologs and 6000V controls, both before and after 

tachypacing, using Fisher’s exact test. Results of multiple independent RNAi lines 

targeting the same ortholog were pooled for this analysis. Differences were considered 

statistically significant when p<0.002, i.e α=0.05 with Bonferroni correction for 23 

independent tests. 

 

Experiments in Danio rerio 

In the zebrafish Danio rerio we excluded genes in eight loci that map in or near 

positional candidate genes with extensive evidence of a role in cardiovascular processes 

a priori (Supplementary Table 27). A maximum of two positional candidate genes per 

locus were selected in the remaining loci, which together with a lack of zebrafish 

orthologs in 12 genes resulted in the selection of 12 positional candidate genes for 

follow-up in zebrafish experiments (Supplementary Figure 6, Supplementary 

Tables 25 and 27). 

Wild type Danio rerio stocks from Ekwill Fish Farm (Gibsonton, FL, U.S.A) were 

maintained using standard procedures. Morpholino oligonucleotides (GeneTools, LLC, 
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Philomath, Ore) were designed against orthologs of the 12 positional candidate gene 

primary transcripts targeting the first exon-intron boundaries, except for tfpia (TFPI), 

which was designed to target the first intron-second exon boundary (Supplementary 

Table 27). Embryos were injected at the single-cell stage, and scored and analyzed 48 

hours later. Down-regulation of candidate genes was confirmed using qPCR 

(Supplementary Table 29). 

Heart rate analysis was performed as previously described43. Briefly, a Nikon Eclipse 

TE200 inverted microscope (Nikon Instruments Inc., Melville, NY, U.S.A.) equipped with 

a Nikon 4X plan Apo Nikon objective, a Prior Proscan motorized stage (Prior Scientific 

Inc, Rockland, MA), Piezo focus kit (Physik Instumente, Karlsruhe/Palmbach, Germany), 

and a Hamamatsu ORCA Extended Range Digital CCD camera (Hamamatsu Photonic 

Systems, Bridgewater, NJ, U.S.A.) was used in conjunction with the Metamorph 

Imaging System (Metamorph Imaging Series version 4.6r10; Molecular Devices 

Corporation, Downingtown, PA, U.S.A.) to quantify embryonic heart rate. Automated 

microscopy methods incorporated factory-supplied high-throughput screening routines 

and custom algorithms or journals. An in house Matlab (MAthworks, Natick, MA, U.S.A.) 

was created to extract heart rates from a log file of pixel intensity generated during the 

assay. For each ortholog we performed the procedure twice on different days, 

comparing heart rate in embryos from the same embryonic aliquot that were injected 

with either morpholino oligonucleotides or PBS. Heart rate was measured in 26 ± 4 

embryos injected with morpholino oligonucleotides and in 27 ± 5 embryos injected with 

PBS. 

Measures of heart rate alone do not provide information on cardiac contractility. We 

therefore additionally measured ventricular fractional shortening in a subsample of 

embryos (6 ± 1 embryos injected with morpholino oligonucleotides, 6 ± 2 embryos 

injected with PBS) as previously described44. Briefly, a Nikon Eclipse 50i microscope 

(Nikon Instruments Inc., Melville, NY, U.S.A.), equipped with a Fastec Imaging camera 

and software (Fastec, San Diego, CA, U.S.A.) was used to capture images of ventricular 

beating. Measurements of the changes in diameter of the ventricle during diastole and 
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systole were determined by image analysis applications using Visual Studio 6.0 

(Microsoft Corporation, Redwood, WA, U.S.A.) and Image J (NIH) software. 

Differences in heart rate and fractional shortening of the ventricular chamber were 

examined using linear regression and were adjusted for variation in the timing of the 

heart rate measurement. 

For each group of embryos injected with morpholino oligonucleotides (42 ± 18 

embryos) we assessed whether down-regulation of positional candidate gene expression 

resulted in visible phenotypes that distinguish treated embryos from those injected with 

PBS. 

 

URLs 

The PANTHER website 

http://www.pantherdb.org/ 

The GO website 

http://www.geneontology.org/ 

The Molecular Signatures Database (MsigDB) 

http://www.broad.mit.edu/gsea/msigdb/collections.jsp 

The Mascot Search algorithm 

http://www.matrixscience.com 

The ENSEMBL website 

http://www.ensembl.org/index.html 

SNIPPER 

http://csg.sph.umich.edu/boehnke/snipper
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