
  

 

Material and methods 

Six genome assemblies were used throughout this study: Human NCBI Build 36.1 (UCSC 

hg18), Chimpanzee Build 2 Version 1 (panTro2), Rhesus macaque v1.0 Mmul_051212 

(rheMac2), Mouse Build 36 “essentially complete” (mm8), Rat Rnor3.4 (rn4), and Chicken 

v1.0 (galGal2). The phylogenetic relationships and estimates of evolutionary distances between 

the species are shown in Supplementary Figure 1. 

Discovering Human-specific Deletions (hDELs) 

Using the pairwise alignment from chimpanzee to macaque, we identified high quality 

(sequencing quality scores ≥ 40) regions of the chimpanzee genome that align to orthologous 

regions in macaque. These regions are inferred to have been present in the chimpanzee-human 

ancestor. Using the pairwise alignment from chimpanzee to human, we then searched the 

chimpanzee ancestral DNA for regions that have no orthologous human sequence. To guarantee 

loss of orthologous human DNA, we required losses only from pairwise alignments that are 

one-to-one mappings, based on the UCSC chains and nets (Kent et al., 2003). We also removed 

all human sequence assembly gaps, which otherwise have a similar signature to true human-

specific deletions. 

We estimated the human deletion size using the formula CS-CG-HS, where CS is the length of 

the chimpanzee sequence in the unaligned region, CG is the length of all chimpanzee alignment 

gaps in the unaligned region, and HS is the length of the human sequence in the unaligned 

region. To focus on significant loss events that potentially remove more than a single binding 

site, we limited our search to human losses at least 23 bp in length (corresponding to the 23 out 

of 25 bp threshold applied in the next step). 

The search obtained 37,251 human deletions (hDELs). This likely contains a subset of all 

human-specific losses with respect to chimpanzee, since we relied on presence in macaque to 

infer presence in the human-chimpanzee ancestor. Macaque split from the human-chimpanzee 

ancestor 15-20 million years before the latter two species split (Supplementary Figure 1). 
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Finding chimpanzee sequences highly conserved in non-human species 

We generated two syntenic multiple alignments to identify conserved sequences: a three-way 

alignment of chimpanzee, macaque, and mouse, and a four-way alignment of chimpanzee, 

macaque, mouse, and chicken. We used the BLASTZ (Schwartz et al., 2003) and UCSC chain 

and net (Kent et al., 2003) tools to create pairwise syntenic alignments from chimpanzee to all 

other species. We used MULTIZ (Blanchette et al., 2004) to combine all pairwise alignments 

into a multiple alignment. Conserved sequences were defined as ones that satisfied one or more 

of four sliding window criteria in Supplementary Table 1, and cover in total 70.0 Mb (2.41%) 

of the chimpanzee genome. The stringent conservation criteria bias our search away from 

exonic regions of the genome; of the 70 Mb of conserved sequence nearly 49 Mb (70%) is non-

exonic while the remainder 21 Mb of conserved exonic sequence represents only 38% of all 56 

Mb of chimpanzee exonic sequence. 

Previous work estimates the amount of human genomic sequence under functional constraint at 

5% or more (Mouse Genome Sequencing Consortium, 2002; ENCODE Project Consortium, 

2007), suggesting that the set of conserved elements we identify is a conservative estimate of 

all constrained elements in the chimpanzee genome. 

Identifying a set of Human Conserved Sequence Deletions (hCONDELs) 

The 37,251 hDELs are expected to be a mix of neutrally evolving deletions and human losses 

of functional elements. To identify human-specific deletions most likely to contribute to unique 

human phenotypes, we focused on hDELs that encompass one or more conserved elements that 

have no human orthologs. We BLAT (Kent, 2002) searched each chimpanzee conserved region 

defined above with default parameters against the human genome to discover conserved 

elements entirely absent in humans. Conserved elements identified using the 10 and 25 bp 

sliding window criteria were padded with 50 bp of chimpanzee sequence on either side prior to 

the BLAT search, to ensure that seeds of the sequence could be obtained. Conserved elements 

not found anywhere within the reference human genome in which 90% or more of the base 

pairs possessed a chimpanzee sequencing quality score of 40 or greater and were manually 

verified to be syntenic within chimp, macaque, and mouse were merged into 1,265 non-
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overlapping chimpanzee conserved elements (55.5 kb) that contain no orthologous human 

sequence. 

The 1,265 conserved elements that contain no orthologous human sequence reside within 583 

distinct human-specific deletion events. These 583 deletions, which comprise 3.96 Mb 

(0.136%) of the chimpanzee genome, were labeled as human conserved sequence deletions 

(hCONDELs). We used sliding window criteria to identify conserved elements in order to 

penalize small insertions and deletions rather than treat them as missing data. However, we 

further analyzed the conserved sequences uniquely lost in humans using Genomic Evolutionary 

Rate Profiling (GERP) (Cooper et al., 2005), which provides estimates of the number of 

rejected substitutions per site of conserved elements based on the neutral estimates of 

substitution rates. Of all 1,265 conserved elements identified via the sliding window metrics, 

1,229 (97.2%) of them residing within 574 (98.5%) of all hCONDELs satisfy the default GERP 

criteria to identify conserved elements (the sum of rejected substitutions in each column ≥ 

(#columns * neutral_rate/10)1.15) (Cooper et al., 2005). The nine hCONDELs that did not 

satisfy this criterion all possess sequence that clearly aligns syntenically to elephant, implying 

ancestry at the base of the eutherian (placental) mammal clade or beyond and were thus also 

retained. 

hCONDELs are present on every autosome and the X chromosome (Fig. 1b), and their absence 

on the Y chromosome is an artifact of the current incompleteness of the macaque genome 

assembly. The mean and median estimated hCONDEL sizes are 6,126 bp and 2,804 bp, 

respectively. The mean and median G/C content of the hCONDELs are 0.390 and 0.383, 

respectively, exhibiting more A/T richness than the chimpanzee genome as a whole 

(Supplementary Figure 2). 

Data quality issues: false positive calls vs. rare deletion variants 

Despite our careful processing, manual inspection of the set of 37,251 hDELs revealed many 

artifactual calls, mostly repetitive sequence mediated. The UCSC alignment tools mask 

repetitive elements when seeding cross-species alignments, but allow alignments to extend 

through repetitive elements in the extension step. Repetitive elements that lack a flanking 

seeded alignment that can be bridged, as well as species-specific inversions of repetitive 
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sequence, create an alignment gap that appears similar to a real human deletion though the 

sequence is still present in human (Supplementary Figure 3). Masked repeats were also found to 

confound the reported size of actual human deletions (Supplementary Figure 4). Another 

common deletion artifact not associated with repetitive DNA was triggered by chimpanzee-

specific tandem duplication where the human and macaque pairwise alignments were found at 

times to each match a different chimpanzee copy (Supplementary Figure 5). 

Manual inspection verified that the set of 583 hCONDELs is devoid of these types of alignment 

errors because we BLAT searched the conserved element(s) in each hCONDEL against the 

unmasked human genome and required that no homologous sequences exist anywhere within 

the human genome (see Identifying a set of Human Conserved Sequence Deletions). 

Conceptually, the larger set of hDELs should allow for non-orthologous matches elsewhere in 

the genome. However, high repetitive DNA content and the lack of one or more clear genomic 

landmarks make hDELs more difficult to handle. The generation of a global set of human-

specific deletions was thus left to future efforts, where it can be facilitated by the coming 

availability of the Gorilla genome, and by computational whole genome reconstruction 

approaches (Ma et al., 2008). 

We used the NCBI Trace Archives to validate most human deletions (see In silico deletion 

validation and polymorphism analysis below). The remainder likely contains both rare human 

polymorphisms and rare reference genome errors (International Human Genome Sequencing 

Consortium, 2004).  

In silico deletion validation and polymorphism analysis 

As of June 2008, the NCBI Trace Archives (http://www.ncbi.nlm.nih.gov/Traces/home/) held 

214,905,334 unique human traces. We used these traces to obtain evidence of the existence of 

both the human deleted and ancestral genotypes, independent of genome assembly. We 

confirmed with NCBI that ancestry information for the vast majority of these traces is not 

available, and thus treated the entire Trace Archive as a single resource. To sidestep the issue of 

correctly assembling human reads, we focused our effort on validating hCONDELs using single 

trace reads (Supplementary Figure 6). 
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We searched for both derived and ancestral versions by running BLAT queries over all human 

traces against both 1,500 bp of human sequence centered on the lesion and a “chimpized” 

version of each element that consisted of the chimpanzee-specific sequence within the genomic 

lesion and flanked by the surrounding human sequence (Supplementary Figure 6). We collected 

all traces that produced significant alignments to any of those sequences and BLAT searched 

them again against both the entire human genome and a “chimpized” genome that consisted 

primarily of human sequence, but had each of the 37,251 hDELs replaced by its “chimpized” 

version. Traces that overlapped a portion of the human sequence that completely spans a 

hCONDEL and did not map anywhere else in the human genome or “chimpized” genome 

validated the human deletion genotype. 

Current sequencing technologies cannot produce single reads long enough to validate 

hCONDELs with large sizes of unaligned human sequence remaining after the deletion using 

this method (Supplementary Figure 6 and Supplementary Figure 7a), though some of these 

hCONDELs are likely real human deletions that will be validated as trace lengths increase and 

more human sequence becomes available. Nonetheless, a very high fraction of the hCONDELs 

(510 of the 583, 87.5%) were validated by this method, including all 39 PCR-validated 

hCONDELs (Supplementary Figure 7b). The largest human size of a computationally validated 

hCONDEL is 823 bp. Examination of only hCONDELs with ≤823 bp of human sequence in 

them yielded a 93.6% validation rate (510 of 545). Interestingly, we found that of these 545 

hCONDELs, the relatively few we could not validate this way tended to be larger sized 

deletions of chimpanzee DNA (Supplementary Figure 7c). 

Though transposons provide a mechanism for sequence deletion (Han et al., 2008), they may 

also have confounded accurate identification of hCONDELs, both as a source of potential 

genome mis-assembly and because our validation method required single traces to map 

uniquely to the genome. We examined the RepeatMasker (www.repeatmasker.org) annotations 

of the chimpanzee sequence flanks of each hCONDEL using the UCSC panTro2 RepeatMasker 

track, and labeled the 89 hCONDELs whose flanks were comprised of transposons within the 

same family as transposon-mediated. Only 67 (75.3%) of the transposon-mediated hCONDELs 

were computationally validated. 
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We assessed polymorphism of validated hCONDELs in a similar manner to identify a 

conservative set of hCONDELs fixed within human populations. Validated hCONDELs with a 

human trace that mapped uniquely to the “chimpized” genome were identified as polymorphic 

(Supplementary Figure 6). We also searched for human traces that aligned well to the 

conserved elements within hCONDELs, not requiring the trace boundary to overlap the deletion 

edge, as evidence of polymorphism. Of the 510 validated hCONDELs, 76 (14.9%) are 

polymorphic based on Trace archive evidence, including seven of the eight polymorphisms we 

observed using PCR. 

PCR deletion validation and polymorphism analysis 

We randomly chose 39 hCONDELs for PCR deletion validation and polymorphism analysis 

from all 111 hCONDELs in which the chimpanzee size was under 1 kb (to facilitate PCR 

amplification). For each of the 39 hCONDELs randomly selected, we designed primers to 

amplify part or all of the deletion (Supplementary Table 3). We tested all 39 elements using 

DNA samples of single individuals from 23 human populations (Coriell Cell Repositories). For 

27 hCONDELs, a single set of primers flanking the deletion was used to amplify specific 

human and ancestral PCR products. For three hCONDELs, two sets of nested primers were 

used in successive rounds of PCR to amplify the human DNA panel. The primers were 

designed such that the derived amplicon was expected to be smaller than the ancestral 

amplicon. For nine hCONDELs, three primers (two primers flanking the deletion and one 

internal, ancestral-specific primer) were used in a single PCR reaction to amplify human and 

ancestral-specific amplicons. For the eight hCONDELs that appeared polymorphic in humans, 

we expanded the screen to include three individuals each from 32 different populations (for a 

total of 96 individuals). In each case, we used 10ng of human DNA (derived element; Clontech 

#636401), chimpanzee DNA (ancestral element; Coriell NS06006, NS03659) and a 1:1 mix of 

human:chimpanzee DNA as PCR controls (Supplementary Table 4). Annealing and extension 

cycling conditions were optimized for the specific primer sequences and the sizes of predicted 

PCR products. 
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Neandertal allele identification of hCONDELs 

The recent sequencing of DNA pooled from three Neandertal individuals to roughly 1.3x 

genome coverage enables the separation of hCONDELs that were deleted specifically on the 

human lineage from those that are absent in multiple hominin lineages (Green et al., 2010). 

While the limited coverage depth makes inference of Neandertal deletion of hCONDELs 

difficult, given the existing data that shows most detectable gene flow goes from Neandertals to 

modern humans (Green et al., 2010), the presence of Neandertal sequence within an hCONDEL 

suggests that the associated change may have occurred specifically along the modern human 

lineage. To identify hCONDELs with evidence of the ancestral allele in Neandertal, we 

examined the Neandertal sequence contigs generated from all Neandertal sequence data and 

mapped to the chimpanzee panTro2 genome (UCSC track ntSeqContigs) for contigs that 

overlap the conserved elements used to identify the human deletion as an hCONDEL. Using 

this metric, 62 (12%) of the 510 computationally validated hCONDELs appear ancestral within 

Neandertal. The status of each hCONDEL with respect to Neandertal presence is given in 

Supplementary Table 2. 

Simulation significance testing 

Methodology 

To analyze the significance of overlap between hCONDELs and another genomic feature (e.g. 

human recombination “hotspots”), we ran 1,000,000 simulations in which we placed each 

hCONDEL in a random position in the chimpanzee genome chosen from a uniform distribution 

that would identify the element as a hCONDEL—ensuring that the random placement both 

avoided non-bridged sequence assembly gaps and covered at least one chimpanzee conserved 

element as defined in Supplementary Table 1. Enrichment p-values are reported as the total 

fraction of simulations in which the simulated hCONDELs overlapped the other genomic 

feature at least as many times as actually observed. Depletion p-values are reported as the total 

fraction of simulations in which the simulated hCONDELs overlapped the other genomic 

feature at most as many times as actually observed. Genomic features that are defined in the 

human genome (e.g., regions of recent positive selection) were mapped to their orthologous 
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chimpanzee regions using the UCSC liftOver tool (http://genome.ucsc.edu/cgi-bin/hgLiftOver) 

before running the simulations. 

Most enrichments (recombination rate, subtelomeric/pericentromeric regions) are reported on 

the entire set of 583 hCONDELs, though enrichments for the 510 validated hCONDELs were 

also not significant (recombination rate p-value > 0.7, subtelomeric/pericentromeric region p-

value > 0.3). The enrichment of regions of recent human positive selection is reported on the 

510 validated hCONDELs, though the enrichment for the entire set of 583 hCONDELs was 

also not significant (p-value > 0.4). 

Recombination rate 

Genotyping of over 5,000 microsatellite markers with 1,257 meiotic events has created a high-

resolution recombination map of the human genome (Kong et al., 2002). We identified the 5% 

of the human genome with the highest measured sex-averaged recombination rate using the 

UCSC hg18 Recomb Rate track. As described in the track details, each base pair is annotated 

with a recombination rate calculated by assuming a linear genetic distance across the nearest 

genetic markers. 

Subtelomeric and pericentromeric regions 

We define telomere and centromere coordinates using the UCSC panTro2 Gap track elements 

with types “telomere” and “centromere”, respectively, and define telomere coordinates within 

chromosomes that lack telomeric gap annotations as the minimum and maximum base pairs 

within the chromosome. Lacking a precise definition of subtelomeric and pericentromeric 

regions, we assessed the enrichment of hCONDELs within ten different definitions of the track: 

fixed-distance extensions beyond telomeres and centromeres of 0.5 Mb, 1 Mb, 2 Mb, 3 Mb, and 

5 Mb, and chromosome-size-dependent extensions beyond telomeres and centromeres of 0.5%, 

1%, 2%, 3%, and 5% of the chromosome size. None showed enrichment (simulation p-value > 

0.5 in all cases). 
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Recent positive human selection 

Several recent studies have identified human genes that show evidence for positive selection, 

either during the multi-million year split that separates humans from other apes, or during much 

more recent migrations of human populations to different environments around the world 

(Sabeti et al., 2006). Four separate selection tests applied to Central European, Yoruban, and 

Asian populations identified regions of recent positive selection (Voight et al., 2006). The 

strongest regions of selection for each population (249 windows of 100 kb in East Asians, 256 

windows of 100 kb in Europeans, and 271 windows of 100 kb in Yorubans) can be merged into 

557 distinct windows that span 75.5 Mb (2.64%) of the hg16 build of the human genome. We 

used the UCSC liftOver tool to convert the hg18 coordinates of the hCONDELs to hg16 

coordinates, and defined hCONDELs under recent positive human selection as those that 

overlapped at least one of the 557 distinct windows. While no statistically significant 

enrichment is observed for the set as a whole (simulation p-value>0.4), 16 hCONDELs (2.7%) 

do overlap a region of recent human positive selection and may represent individual cases of 

interest (Supplementary Table 6). Interestingly, five of these 16 hCONDELs (31%) are 

computationally identified as human polymorphic, nearing a statistically significant enrichment 

compared to the overall hCONDELs polymorphism estimate of 14.9% (hypergeometric p-

value=0.057). 

Exonic hCONDEL validation attempts 

Only one of the 510 computationally validated hCONDELs overlaps any annotated protein-

coding gene exons,  corresponding to a previously known 92 base pair frameshifting exon 

deletion in the CMAH gene (Chou et al., 1998). However, the complete set of 583 hCONDELs 

contains an additional seven predicted deletions that remove protein-coding exons. We 

attempted to computationally validate the deletion genotype in the seven novel exonic 

hCONDELs using the method described above (see In silico deletion validation and 

polymorphism analysis), but the results were uniformly inconclusive (Supplementary Table 7). 

We chose three exonic hCONDELs that predict severe gene disruption for further experimental 

analysis. We performed PCR analyses on these three hCONDELs to detect the presence of 

ancestral and derived alleles using a panel of 94-96 diverse humans (methods described in PCR 

SUPPLEMENTARY INFORMATIONRESEARCHdoi:10.1038/nature09774

WWW.NATURE.COM/NATURE | 9



  

 

deletion validation and polymorphism analysis). In all cases, we confirmed the presence of the 

ancestral allele in all individuals (Supplementary Table 8). None of the three hCONDELs 

showed evidence of the derived allele. As discussed above, these results may have arisen 

because the deletions in the reference human genome are rare polymorphisms. However, it is 

also possible that mis-assembly of the human genome led to spurious identification of some of 

the 73 unvalidated hCONDELs. 

Gene structure overlap 

We used the NCBI reference sequences (RefSeq) of human and chimpanzee genes (Pruitt et al., 

2007) downloaded from the UCSC Genome Browser on 15 March 2008 to classify hCONDELs 

as exonic, intronic, or intergenic. Exonic hCONDELs are those in which the human deletion 

overlaps at least one base pair of coding exon or untranslated region (CDS or UTR) sequence. 

Intergenic hCONDELs are those that do not overlap the region between the transcription start 

site and transcription end site for any RefSeq gene. Intronic hCONDELs are all hCONDELs 

that are neither exonic nor intergenic. 

To supplement the RefSeq gene set, we sought to characterize hCONDELs “of possible exonic 

origins” as those whose conserved region(s) have any similarity to any curated amino acid 

sequence. To do so, we generated query sequences consisting of each conserved region within 

an hCONDEL. Elements under 200 bp in length were extended equally on each side to reach 

that size. Overlapping elements were then merged and restricted to lie within the boundaries of 

the hCONDEL if necessary. We used BLASTX (Altschul et al., 1997) to search these elements 

against the Entrez database of all non-redundant protein sequences (‘nr’), screening for hits 

with an E-value < 1e-4. Significant hits were manually examined for gene, mRNA, or EST 

evidence in both chimpanzee and mouse. Only 23 of the 583 hCONDELs (3.9%) appear 

“possibly exonic”, including all eight hCONDELs identified as exonic directly via RefSeq. 

Only 13 (56.5%) of the “possibly exonic” hCONDELs are computationally validated deletions 

(compared to 87.5% validation rate in the full set).  

Functional annotation enrichments of hCONDELs 

Genomic Regions Enrichment of Annotations Tool (GREAT) 
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We suspect most of the hCONDELs remove cis-regulatory sequences contributing to the 

regulation of nearby genes. Consequently, we can make use of different annotations of the 

genes (proteins) themselves to ask whether the set of hCONDELs is enriched for any specific 

type of function using the Genomic Regions Enrichment of Annotations Tool (GREAT) 

(McLean et al., 2010). We ran GREAT on the 510 computationally validated hCONDELs using 

its default association rule parameters. 

Conserved elements are known to cluster preferentially near genes involved in developmental 

processes (Lindblad-Toh et al., 2005). Because one criterion used to identify hCONDELs is 

that the deletion must remove one or more highly conserved elements, we wanted to ensure that 

enriched functions were calculated relative to this biased background. To do so, we generated 

1,000 random sets of 510 size-matched deletions placed such that they remove at least one of 

the 1,160,828 chimpanzee conserved elements (Supplementary Table 1) and ran the binomial 

test over each randomized set. From these runs we derive a multiple test p-value cutoff at which 

we expect a single term from the respective ontology to be enriched by chance alone. The 

estimated thresholds were p=8.0x10-4 for GO Molecular Function and p=2.1x10-3 for InterPro. 

We explored several additional tests of potential interest, including the comparison of 

hCONDELs to the incomplete set of hDELs (see above), and the comparison of the 1,265 

chimpanzee conserved elements found in the hCONDELs to the general background of all 

chimpanzee conserved elements (Supplementary Table 1) which is confounded when multiple 

conserved elements are deleted by longer hCONDELs. A hypergeometric test restricted to the 

gene set flagged by the background of all 1,160,828 chimpanzee conserved elements 

(Supplementary Table 1) was found to be practically identical to the results of the 

hypergeometric test against a whole genome background, and was thus also omitted. 

Results of all enrichment tests over the entire set of 583 hCONDELs, or over the set of 434 

hCONDELs computationally predicted as fixed within humans, were also examined and found 

to be qualitatively similar to those for the 510 validated hCONDELs, with significant 

enrichments for steroid hormone receptors and suppressor genes expressed in cortex (data not 

shown). 
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Ontologies tested 

We investigated the functional enrichment of genes near validated hCONDELs for the Gene 

Ontology (GO) (Ashburner et al., 2000) and InterPro protein domain annotations (Apweiler et 

al., 2001). To focus on enrichment of well-annotated categories, we restricted the data to only 

terms assigned to at least 25 or more genes genome-wide (1,815 and 365 terms for GO and 

InterPro, respectively). 

All results for GO and InterPro are given in Supplementary Table 9 and Supplementary Table 

10, respectively. 

Genes that show evidence of neural function are identified in a manner analogous to (Prabhakar 

et al., 2006), by searching the Entrez Gene server 

(http://www.ncbi.nlm.nih.gov/sites/entrez?db=Gene) for keywords “neuron*”, “neural*”, 

“neurite”, or “axon” within current human protein-coding genes. For the neural gene 

enrichment term we can calculate an empirical p-value of enrichment for hCONDELs to land in 

proximity to these genes by comparing the true enrichment to simulations as described above. 

The empirical enrichment for hCONDELs to land in proximity to neural genes as compared to 

simulations of size-matched deletions that remove one or more conserved elements is 0.003. 

The Gene Expression Database (GXD) (Smith et al., 2007) holds curated information regarding 

the expression domains of genes during all stages of mouse development. The curated entries 

highlight Theiler stage 21 of embryonic mouse development (embryonic day 12.5-14) (Theiler, 

1989) as a stage in which particularly many genes (1,208) are known to be expressed in the 

brain (data not shown). We analyzed enrichment of validated hCONDELs for all 111 tissues 

curated in Theiler stage 21 annotated to at least 25 genes using the method described above to 

correct for multiple hypothesis testing as well as the fact that hCONDELs remove conserved 

elements that tend to cluster around particular gene classes. The estimated p-value cutoff at 

which we expect one term to be enriched by chance alone was P=2.2x10-4. 

A study that compared human-chimpanzee divergence to human polymorphism within coding 

sequence identified 304 genes that have undergone rapid amino acid evolution indicative of 

positive human selection (Bustamante et al., 2005). We analyzed enrichment of validated 
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hCONDELs for these genes against a background gene set that included only genes examined 

in the study. Using GREAT (McLean et al., 2010), we see no overall enrichment of validated 

hCONDELs near protein-coding genes with elevated amino acid replacement in the human 

lineage (P=0.71) though there are validated hCONDELs near the nine recently-evolved genes 

ACTL7B, ADCYAP1, CENPE, CSF2RB, ESR1, HABP2, PIP, PLOD2, and ZFP42. 

Syntenic 14-way mammal multiple alignments 

Browser screenshots for the experimentally tested AR (Fig. 2a and Supplementary Figure 8) and 

GADD45g (Fig. 3a and Supplementary Figure 9) hCONDELs were based off of chimpanzee-

centric syntenic 14-way mammal multiple alignments. LASTZ (Schwartz et al., 2003) and the 

UCSC chain and net tools (Kent et al., 2003) were used to generate pairwise alignments 

between chimpanzee (panTro2) and 13 other mammals: human (hg19), orangutan (ponAbe2), 

rhesus macaque (rheMac2), marmoset (calJac1), mouse (mm9), rat (rn4), guinea pig (cavPor3), 

dog (canFam2), horse (equCab2), cow (bosTau4), elephant (loxAfr3), opossum (monDom5), 

and platypus (ornAna1). Chimpanzee-centric syntenic multiple alignments were generated for 

the loci surrounding the AR and GADD45g hCONDELs using MULTIZ (Blanchette et al., 

2004) and manually removing clearly paralogous sequences. PhastCons (Siepel et al., 2005) 

was run using UCSC parameters calculated for the 44-way human-centric alignment. 

cCONDEL and mCONDEL identification and analysis 

Chimpanzee conserved sequence deletions (cCONDELs) were identified in the manner 

described above for hCONDELs using human-centric alignments. Conserved elements were 

identified via the sliding window criteria in Supplementary Table 1 after substituting human for 

chimpanzee, and span 72.3 Mb (2.51%) of the human genome. A total of 445 cCONDELs were 

identified, 344 (77.3%) of which could be computationally validated using chimpanzee traces 

within the NCBI Trace Archives and manual inspection. The size distribution of the 344 

validated cCONDELs is similar to that of hCONDELs (Supplementary Figure 10) and they 

remove a total of 2.41 Mb of sequence. 

Mouse conserved sequence deletions (mCONDELs) were also identified in a manner similar to 

hCONDELs, using rat-centric alignments. Conserved elements were defined using the sliding 
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window metrics in Supplementary Table 1 with the three species alignments using rat, human, 

and macaque and the four species alignment using rat, human, macaque, and chicken. The 

criteria identify 71.6 Mb (2.79%) of the rat genome as conserved. A total of 784 mCONDELs 

were identified, of which 350 (44.6%) were computationally validated via NCBI Trace Archive 

support and manual inspection. The 350 validated mCONDELs remove a total of 2.30 Mb of 

sequence (Supplementary Figure 10). 

The reduction in validated CONDELs for both chimpanzee and mouse when compared to 

human may stem from various practical and biological considerations, including 1. The 

chimpanzee genome assembly is a draft assembly that contains a higher frequency of errors 

than the human assembly, 2. The NCBI Trace Archives has less than 25% as much chimpanzee 

sequence as it does human, reducing the opportunity for computational validation of 

chimpanzee deletions, and 3. The divergence time of mouse and rat is significantly longer than 

that of human and chimpanzee (Supplementary Figure 1), leading to many mCONDELs with 

large apparent mouse sizes that confound validation via single unassembled traces (as discussed 

above). 

Functional enrichment analyses for validated cCONDELs and mCONDELs were performed 

using GREAT as described above, with multiple hypothesis test correction p-value cutoffs 

estimated by running 1,000 simulated data sets of size-matched sequences that must hit 

conserved elements. For mCONDELs, deletions were simulated in rat genome coordinates to 

find overlap between simulated deletions and identified conserved elements, and the resulting 

deletions were converted to mouse (mm9) coordinates to use the GREAT ontologies for mm9 

(McLean et al., 2010). 

Cell proliferation or cell migration suppressor gene enrichments 

Loss of enhancer sequences of genes that suppress cell proliferation or cell migration is a 

possible mechanism for expansion or increased growth of specific tissues. Given the 

enrichment we observed for hCONDELs to lie in proximity to genes expressed in the cerebral 

cortex (Table 1), we examined whether hCONDELs were also enriched for the subset of cortex-

expressed genes that suppress cell proliferation or cell migration. Manual curation of the Online 

Mendelian Inheritance in Man database (Online Mendelian Inheritance in Man (OMIM) (TM)) 
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entries for all 553 genes known to be expressed in the cerebral cortex in Theiler stage 21 that 

have an associated OMIM entry identified a set of 49 genes that are both expressed in cortex 

and are known to suppress cell proliferation or cell migration. GREAT (McLean et al., 2010) 

enrichment analysis indicates that hCONDELs are significantly enriched for proximity to 11 of 

these 49 genes (binomial P=7.5x10-4, permutation-based empirical P=0.003). 

LacZ reporter assay 

Transgenic mice were generated by pronuclear injections of FVB embryos (Xenogen 

Biosciences and Cyagen Biosciences). The chimpanzee AR enhancer was amplified using 

primers 5’-GGATTGCGGCCGCTATCCAACAGGTATTTGAACCTAGGCA-3’ and                        

5’-GGATTGCGGCCGCTAGAGGATGCACATGTAAATTTGGAGG-3’ containing NotI 

restriction sites and cloned into the NotI site of the Not5’hsp68lacZ minimal promoter 

expression vector (DiLeone et al., 1998), forming a new construct ptAR/hsp68lacZ. This 

construct was linearized with SalI prior to injection. The homologous mouse enhancer was 

cloned in three parts using the following primer pairs:                                                                                  

5’-GGATTACTAGTTAACCTAGCAGACAGGCAGTTATTGGG-3’ and                              

5’-GGATTTCTAGATATTTGAGGCTTCTTAGCATGGTGATG-3’;                                                

5’- GGATTACTAGTTACATTTCTTATCCTGGTGAACTGCCT-3’ and                                        

5’- GGATTTCTAGATAGGTAGAAGAAAGAGCATGGGGAGAG-3’; and                                     

5’- GGATTACTAGTTACCCTAGACTACCCTTAAATCCAAGA-3’ and                                     

5’- GGATTTCTAGATATATAAACACACCATCTGGTGCTGAG-3’.  In each case the first 

primer contained a SpeI site and the reverse primer contained an XbaI site, thus allowing each 

to be sequentially cloned into an XbaI site of a modified pBS(KS+) vector with the single 

addition of junction sequence                                                                                                       

5’-TTACCCTAGACTACCCTTAAATCCAAGATGGTGTGTTTATATATCTAG-3’.  The 

final construct was linearized with NaeI and co-injected with Not5’hsp68lacZ. 

The hCONDEL containing the AR enhancer was confirmed in our total diversity panel 

(populations listed within Supplementary Table 4) via PCR using primers                                                              

5’-GGATTGCGGCCGCTAAAAGCCATAAGTGCCTAGGTGTAGG-3’;                                             

5’-TATGCCACTTTCTTCATGTTGTGGG-3’;               
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5’-ATGCGGTTGGCAATAGCTAAACTAG-3’;                       

5’-CCAGAATCTACGATGAACTCCAACA-3’. 

The chimpanzee GADD45g enhancer was amplified using primers                                              

5'- AAGGATTGCGGCCGCTGTATGGATACAGGTACCTGCACATG-3' and                            

5'- AAGGATTGCGGCCGCTTGAGGCTATTCCTGCTCACAGATGA-3' containing NotI 

restriction sites and cloned into the NotI site of Not5’hsp68lacZ (DiLeone et al., 1998), forming 

ptGADD45g/hsp68lacZ (DiLeone et al., 1998). The mouse GADD45g enhancer was amplified 

using primers                                                                                                                                      

5'- ATGTGGCCAAACAGGCCTATTGCTGAGCCATCTTGACAGTCTTAAT-3' and                 

5'- ATGTGGCCTGTTTGGCCTATTCCCCCTGTGCTCCACGGAATC-3' containing SfiI 

restriction sites and cloned as a 4x concatenate into an SfiI site added within the NotI site of 

Not5’hsp68lacZ (Mortlock et al., 2003). Both constructs were linearized with SalI prior to 

injection. 

The hCONDEL containing the GADD45g enhancer was confirmed in our total diversity panel 

(populations listed within Supplementary Table 4) via PCR using primers                                                              

5’-TTGCCTACACATCTGTATCACCTGG-3’;                                                                           

5’-ATCATGTGCATGGACACATGTATGG-3’;               

5’-CAGCCCTTTCAATTGAGAGCACAGG-3’. 

In situ hybridization 

The AR riboprobe was generated by amplifying a 1,594bp fragment corresponding to the 5’ 

UTR and exon 1 from mouse genomic DNA using primers                                                        

5’-GAATTCGGTGGAAGCTACAGACAAG-3’ and                                                                     

5’-CCATAAGGTCCGGAGTAGTTCTCCA-3’. The fragment was cloned into pCR4Blunt-

TOPO vector (Invitrogen), and sense and anti-sense probes were produced by digesting with 

NotI and transcribing with Sp6 RNA polymerase or HindIII and T7 respectively. Whole-mount 

in situ hybridization was performed as described (Wilkinson, 1992). 

Cell culture assay 
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We performed cell culture assays to test the activity of the AR (ptAR/hsp68lacZ) or GADD45g 

(ptGADD45g/hsp68lacZ) enhancers in a human genetic background. For the AR enhancer, 

human foreskin fibroblasts (PC501A, System Biosciences) were maintained at 5% CO2 at 37°C 

in high glucose DMEM (Gibco), 10% fetal bovine serum, 2 mM L-Glutamine (Gibco), 1 mM 

MEM non-essential amino acids, and 0.5% Pen Strep (Gibco). Culture media was changed 

every two days and the cells were subcultured usually twice a week. Prior to transfection, cells 

were cultured for 24 hr in 24-well dishes at 8x104 cells/well. Cells were transiently transfected 

with 0.5 μg or 1 μg of ptAR/hsp68lacZ per well using the Superfect Transfection Reagent 

(Qiagen) following the manufacturer’s recommended protocols. Expression was compared to 

cells transfected with the molar equivalent of Not5’hsp68lacZ. Enhancer activity was measured 

with a GloMax-96 Microplate Luminometer (Promega) 42 to 48 hours after transfection using 

the Galacto-Light Plus System (Applied Biosystems) following manufacturer’s protocols. To 

examine the GADD45g enhancer activity, we used the ReNcell CX Human Neural Progenitor 

Cell Line (SCC007, Chemicon) derived from the cortical region of a gestational week 14 fetal 

brain. ReNcell CX cells were maintained at 5% CO2 at 37°C in Neural Stem Cell (NSC) 

Maintenance Media (SCM005, Chemicon) supplemented with 20 ng/mL bFGF and 20 ng/mL 

EGF (GF003, GF001, Chemicon) on tissue culture-ware previously coated with 20 μg/mL of 

laminin (L-2020, Sigma) diluted in DMEM/F12 (DF-042-B, Chemicon).  Culture media was 

changed every two days and the cells were subcultured usually twice a week. Prior to 

transfection, cells were cultured for 16 hr in laminin-coated 96-well plates with NSC 

maintenance media supplemented with 6 ng/mL bFGF and 6 ng/mL EGF in 96-well dishes at 

2.1x104 cells/well. Cells were transiently transfected with1 μg of ptGADD45g/hsp68lacZ per 

well using the Superfect Transfection Reagent (Qiagen) following the manufacturer's 

recommended protocol, and subsequently culturing in NSC maintenance media. Expression 

was compared to cells transfected with the molar equivalent of Not5’hsp68lacZ. Enhancer 

activity was measured with a GloMax-96 Microplate Luminometer (Promega) 56 hours after 

transfection using the Galacto-Light Plus System (Applied Biosystems) following 

manufacturer’s protocols. For each construct, we performed at least three independent 

transfection experiments containing 12 or 24 replicates each, and we compared the mean 

expression of the chimpanzee construct with the Not5’hsp68lacZ construct using a two-sample 

SUPPLEMENTARY INFORMATIONRESEARCHdoi:10.1038/nature09774

WWW.NATURE.COM/NATURE | 17



  

 

directional Student's T-test. The p-values from independent experiments were combined using 

Fisher's combined probability test.
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Supplementary Figures 

 

Supplementary Figure 1: Phylogeny of species used in this study. a, Evolutionary distances 
in units of millions of years (adapted from (Ureta-Vidal et al., 2003)). b, Branch lengths in units 
of substitutions per synonymous site (adapted from (Margulies et al., 2005)). 
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Supplementary Figure 2: Chimpanzee G/C content of human conserved sequence 
deletions. G/C content was calculated over unmasked sequences and includes repetitive DNA. 
Entire chimpanzee genome G/C content was calculated in non-overlapping 1,000 bp windows 
of sequenced unmasked chimpanzee DNA. 
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Supplementary Figure 3: False detection of a human deletion event due to a repeat 
masking artifact. a, Chimpanzee genome browser view of a 968 bp region that strongly aligns 
between chimpanzee and rhesus macaque, but does not align between chimpanzee and human, 
according to the human alignment net. b, Human genome browser view of the orthologous 
region, which shows a 964 bp region that aligns between human and rhesus macaque but does 
not align between human and chimpanzee in the chimpanzee alignment net. Manual local 
alignment of the two regions aligned 964 bp of chimpanzee sequence to 960 bp on the reverse 
stranded human sequence, with 951 bp (99%) identically matching (red bar tracks added to both 
panels by the authors). 
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Supplementary Figure 4: Human-specific sequence loss of ~11 kb mis-annotated as a 29 
kb deletion. a, Chimpanzee genome browser view of a 29 kb region that aligns to rhesus 
macaque but does not align to human. Red bar shows portion of sequence actually present in 
human. b, Human genome browser view of the orthologous region, which shows 17 kb of 
sequence present in human that does not align to chimpanzee. Comparison of the RepeatMasker 
annotation of the orthologous sequences under the red bars shows the strong similarity. Manual 
local alignment of the initial 17,429 bp of chimpanzee sequence to the entire 17,762 bp in 
human produced an alignment of 17,438 bp in human to the chimpanzee sequence with 17,149 
bp (97%) identically matching. 

SUPPLEMENTARY INFORMATIONRESEARCHdoi:10.1038/nature09774

WWW.NATURE.COM/NATURE | 22



  

 

 

Supplementary Figure 5: Artifactual human deletion due to duplicated chimpanzee 
sequence. The criteria used to identify hDELs flagged this sequence as a human loss of 228 bp 
(corresponding to the gap shown in the human net). In actuality, there are two identical copies 
of a 129 bp region in chimpanzee (red bars) that appears only once in both rhesus macaque and 
human. 
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Supplementary Figure 6: Computational validation of deletion genotype and assessment 
of polymorphism. a, hCONDEL composition: flanking regions of human-chimpanzee 
sequence homology (aligned blue bars), chimpanzee sequence that is not alignable to human 
(red bar), and possibly some human sequence that is not alignable to chimpanzee (green bar). b, 
The deletion genotype is validated when a single trace (brown bar) aligns to the predicted 
deletion genotype such that the entire human sequence that is not aligned to chimpanzee is 
spanned by the trace, and there are no strong alignments of the trace to anywhere else in the 
entire human genome or to a “chimpized” human genome in which the unaligned chimpanzee 
sequence replaces the unaligned human sequence in all 37,251 hDELs. c, Traces are required to 
span the entire hCONDEL to preclude the possibility that the proper assembly of human 
contains the chimpanzee sequence (red bar) adjacent to the human-specific sequence (green 
bar). This deliberately conservative validation metric avoids any assembly-related artifacts and 
ensures that at least one human possesses the deletion. d, Ancestral genotype existence in 
human is inferred in two ways: when a single trace aligns strongly to either edge of the 
“chimpized” version of the hCONDEL, spanning the border between the flanking human 
sequence and some unaligned chimpanzee sequence, and does not strongly align elsewhere 
within the human or “chimpized” genome (top), or when a human trace aligns strongly to one 
or more of the highly conserved elements used to identify the sequence as an hCONDEL 
(bottom).
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Supplementary Figure 7: Human conserved sequence deletion Trace Archive validation 
results. a, Length distribution of human reads in the NCBI Trace Archives. b, The 583 
hCONDELs are displayed on a log-log plot according to their apparent sizes in the chimpanzee 
and human genome browsers (Supplementary Figure 6). Computational validation occurs when 
one or more individual human traces uniquely confirm the deletion genotype (see In silico 
deletion validation and polymorphism analysis). There are 510 validated and 73 unvalidated 
hCONDELs. No hCONDEL with human size >823 bp was validated, likely due in part to the 
relatively few traces long enough to potentially validate those hCONDELs. c, We observe a 
counterintuitive trend within the 545 hCONDELs of human size ≤823 bp where the fraction of 
unvalidated hCONDELs increases as the putative human deleted region grows bigger. The 
number of hCONDELs of each type is shown within the graph segments. 
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Supplementary Figure 8: Chimpanzee browser screenshot of the AR hCONDEL locus. 

Shown are the human deletion and all non-human species that possess alignable sequence 

orthologous to the chimpanzee. Conservation peaks are identified using the entire 14-way 

alignment (see Syntenic 14-way mammal multiple alignments). 
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Supplementary Figure 9: Chimpanzee browser screenshot of the GADD45g hCONDEL 
locus. Shown are the human deletion and all non-human species that possess alignable 
sequence orthologous to the chimpanzee. Conservation peaks are identified using the entire 14-
way alignment (see Syntenic 14-way mammal multiple alignments). The rat genome has an 
assembly gap spanning the unaligned region that contains the highly conserved sequences. 
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Supplementary Figure 10: Size distributions of chimpanzee and mouse conserved 
sequence deletions. Shown are the total counts of computationally validated cCONDELs 
(n=344) and computationally validated mCONDELs (n=350).
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Supplementary Tables 

Supplementary Table 1: Sliding window criteria used to identify chimpanzee conserved 
elements. 

 

All sequences identified as conserved satisfy one or more of these criteria. The Criterion 
column is used as an identifier in Supplementary Table 2 online. 

 

 

 

 

 

 

 

Supplementary Table 2: An annotated Excel spreadsheet providing access to all 583 
hCONDELs, 344 cCONDELs, and 350 mCONDELs. Available as a Supplementary Data 
File. 
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Supplementary Table 3: Validation of 39 randomly-selected human conserved sequence 
deletions by PCR in 23 human populations.  

 

ID column: Unique identifier for each hCONDEL from Supplementary Table 2 online. Comp. 
Pred. column: "D" indicates all NCBI Trace Archive reads support the deletion genotype, "P" 
indicates at least one Trace Archive read supports the ancestral genotype (see In silico deletion 
validation and polymorphism analysis). PCR column: "D" indicates all 23 populations showed 
only the deletion genotype, "P" indicates that at least one population showed the ancestral 
genotype. Chimp Size column: Expected size of PCR product for ancestral genotype. Human 
Size column: Expected size of PCR product for deletion genotype. 
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Supplementary Table 4: Analysis of eight polymorphic human conserved sequence 
deletions by PCR in 96 diverse humans. 
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* Sample was tested in 23-population polymorphism analysis (Supplementary Table 3). 

Population column: HVP, Human Variation Panel; IHP, International HapMap Project. 

hCONDEL ID column: A, ancestral; H, heterozygous; D, derived. 
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Supplementary Table 5: Derived allele frequency of human conserved sequence deletions 
(hCONDELs) in a human diversity panel, grouped by geographical region. 

 

Population groupings are as follows, using population names from Supplementary Table 4. 
Africa: African American Panel of 50; Africans North of the Sahara; African South of the 
Sahara; Luhya from Webuye; Pygmy; Yoruba in Ibadan, Nigeria. Europe: Adygei; Basque; 
HVP- Ashkenazi Jewish; HVP- Greek; HVP- Hungarian; HVP- Northern European; Iberians; 
Icelandic; IHP- Toscani in Italia (Tuscans in Italy); Russian. Central and Southern America: 
Amerindian, Karitiana, Brazil; Amerindian, Mayan; Amerindian, Quechua, Peru; Mexican 
Indian. Eastern and Southeastern Asia and Pacific: Ami; Atayal; Cambodian; Chinese; HVP- 
Pacific; HVP- Southeast Asians; Japanese; Melanesian. Western and Southern Asia: Druze; 
Gujarati Indians in Houston; HVP- Indo Pakistani; HVP- Middle Eastern (Version 1).
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Supplementary Table 6: Human conserved sequence deletions in regions of the human 
genome under recent positive selection. 

 

The nearest upstream and downstream genes within 1 Mb of the hCONDEL, as well as all 
genes to which the hCONDEL is intronic, are listed. All genes are identified as human or 
chimpanzee RefSeq genes with a status of Reviewed or Provisional. PanTro2 coordinates 
column: "*" indicates hCONDEL has been computationally identified as polymorphic in 
humans (Supplementary Figure 6). Comp. Valid. column: "Y" indicates the deletion genotype 
has been computationally validated. The only hCONDEL not validated has human size 1,239 
bp and is thus biased against validation (see In silico deletion validation and polymorphism 
analysis).
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Supplementary Table 7: Summary of all exonic human conserved sequence deletions.  

 

 Comp. Valid. column: "Y" indicates the deletion genotype has been computationally validated 
(see In silico deletion validation and polymorphism analysis). Exp. Valid. column: "Y" 
indicates the hCONDEL has been experimentally validated (Chou et al., 1998), "N" indicates 
that PCR attempts to detect the deletion genotype were unsuccessful (see Exonic hCONDEL 
validation attempts). "*": hCONDEL.228, of size 3,316 bp in chimpanzee, corresponds to a 268 
bp region in human that is flanked by two repeats rather than being entirely spanned by a single 
repeat in human. 

 

 

Supplementary Table 8: Primers and results of PCR examination of unsupported exonic 
human conserved sequence deletions. 
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Supplementary Table 9: Gene Ontology Molecular Function annotation enrichments of 
computationally validated hCONDELs. 

GO Molecular Function Term Expected # of 

hCONDELs 

Observed # of 

hCONDELs 

Fold 

enrichment 

Binomial 

p-value 

Observed 

# of genes 

Steroid hormone receptor activity 4.7 14 2.96 3.7x10-4 10 

Ligand-dependent nuclear receptor 

activity 

5.1 14 2.74 7.8x10-4 10 

Showing uncorrected p-values of all terms annotated to at least 25 genes enriched when 

expecting a single term to be significant by chance after correcting for multiple hypothesis 

testing and clustering of conserved elements near particular gene classes. P-value cutoff for 

significance: 8.0x10-4. 
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Supplementary Table 10: InterPro annotation enrichments of computationally validated 

hCONDELs.  

 

Showing uncorrected p-values of all terms annotated to at least 25 genes enriched when 

expecting a single term to be significant by chance after correcting for multiple hypothesis 

testing and clustering of conserved elements near particular gene classes. P-value cutoff for 

significance: 2.1x10-3. 

InterPro Term Expected # of 

hCONDELs 

Observed # of 

hCONDELs 

Fold 

enrichment 

Binomial 

p-value 

Observed 

# of genes

Fibronectin, type III 16.7 34 2.03 1.0x10-4 27 

Zinc finger, nuclear hormone receptor-

type 

4.4 14 3.19 1.8x10-4 10 

Nuclear hormone receptor, ligand-

binding 

4.4 14 3.15 2.1x10-4 10 

Nuclear hormone receptor, ligand-

binding, core 

4.4 14 3.15 2.1x10-4 10 

Fibronectin, type III-like fold 17.6 34 1.94 2.4x10-4 28 

Zinc finger, NHR/GATA-type 5.2 15 2.89 3.0x10-4 11 

Steroid hormone receptor 3.8 12 3.15 5.8x10-4 8 

CD80-like, immunoglobulin C2-set 2.1 8 3.84 1.4x10-3 5 
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Supplementary Table 11: All enrichments of computationally validated cCONDELs. 

Ontology: Term Expected # of 

cCONDELs 

Observed # of 

cCONDELs 

Fold 

enrichment 

Binomial 

p-value 

Observed 

# of genes 

GO Cellular Component: Synapse 15.6 31 1.98 2.7x10-4 27 

Postsynaptic membrane 7.6 19 2.51 2.8x10-4 19 

PANTHER pathway: Ionotropic 
glutamate receptor pathway 

2.6 10 3.80 3.9x10-4 8 

Metabotropic glutamate receptor 
group III pathway 

3.5 11 3.15 9.4x10-4 9 

Muscarinic acetylcholine receptor 1 
and 3 signaling pathway 

2.4 8 3.33 3.2x10-3 5 

Heterotrimeric G-protein signaling 
pathway-Gq alpha and Go alpha 
mediated pathway 

4.8 11 2.29 1.0x10-2 11 

Showing uncorrected p-values of all terms annotated to at least 25 genes enriched when 

expecting a single term to be significant by chance after correcting for multiple hypothesis 

testing and clustering of conserved elements near particular gene classes. P-value cutoffs for 

significance: GO Cellular Component: 1.9x10-3, PANTHER pathway: 1.4x10-2. 
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Supplementary Table 12: All enrichments of computationally validated mCONDELs. 

Ontology: Term Expected # of 

mCONDELs 

Observed # of 

mCONDELs 

Fold 

enrichment 

Binomial 

p-value 

Observed 

# of genes

GO Molecular Function: 
Metal ion binding 

116.8 149 1.28 2.1x10-4 162 

Peptidyl-prolyl cis-trans 
isomerase activity 

0.5 5 9.50 2.1x10-4 3 

Cis-trans isomerase activity 0.6 5 8.65 3.3x10-4 3 

Ion binding 119.5 150 1.25 4.4x10-4 165 

Transition metal ion binding 75.5 101 1.34 8.1x10-4 107 

InterPro: ATPase, P-type, 
K/Mg/Cd/Cu/Zn/Na/Ca/Na/H
-transporter 

1.7 8 4.62 4.2x10-4 7 

ATPase, AAA+ type, core 4.6 13 2.83 8.8x10-4 13 

Showing uncorrected p-values of all terms annotated to at least 25 genes enriched when 

expecting a single term to be significant by chance after correcting for multiple hypothesis 

testing and clustering of conserved elements near particular gene classes. P-value cutoffs for 

significance: GO Molecular Function: 9.3x10-4, InterPro: 1.7x10-3. 
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