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Abstract

The human brain, and human cognitive abilities, are strikingly different from those of other great 

apes despite relatively modest genome sequence divergence. However, little is presently known 

about the interspecies divergence in gene structure and transcription that might contribute to these 

phenotypic differences. To date, most comparative studies of gene structure in the brain have 

examined humans, chimpanzees, and macaque monkeys. To add to this body of knowledge, we 

analyze here the brain transcriptome of the western lowland gorilla (Gorilla gorilla gorilla), an 

African great ape species that is phylogenetically closely related to humans, but with a brain that is 

approximately one-third the size. Manual transcriptome curation from a sample of the planum 

temporale region of the neocortex revealed 12 protein-coding genes and one noncoding-RNA gene 

with exons in the gorilla unmatched by public transcriptome data from the orthologous human 

loci. These interspecies gene structure differences accounted for a total of 134 amino acids in 

proteins found in the gorilla that were absent from protein products of the orthologous human 

genes. Proteins varying in structure between human and gorilla were involved in immunity and 

energy metabolism, suggesting their relevance to phenotypic differences. This gorilla neocortical 

transcriptome comprises an empirical, not homology- or prediction-driven, resource for 

orthologous gene comparisons between human and gorilla. These findings provide a unique 

repository of the sequences and structures of thousands of genes transcribed in the gorilla brain, 

pointing to candidate genes that may contribute to the traits distinguishing humans from other 

closely related great apes.

Using next-generation RNA sequencing of a Gorilla planum temporale (red dot), with transcript-

togenome alignments, the authors demonstrate different sequences of orthologous human and 

gorilla brain messenger RNA and protein molecules. These distinctions relate to the genomic basis 

of phenotypic differences among hominids, heralding a new era of comparative molecular 

morphology.
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INTRODUCTION

Describing the molecular underpinnings of the evolutionarily distinctive features of the 

human brain is an important goal of comparative neuroscience. There are large differences 

in brain structure and cognition between humans and other great apes, our closest living 

relatives (Preuss et al., 2004). The great apes include the chimpanzees, bonobos, and gorillas 

from Africa and the orangutans from Asia. Humans shared a last common ancestor with 

chimpanzees and bonobos approximately 6 million years ago, with gorillas 9 million years 

ago, and with orangutans 16 million years ago (Pozzi et al., 2014; Scally et al., 2012; 

Meredith et al., 2011; Goodman et al., 1998). Recent studies have revealed differences in 

gene expression in the brain between humans and chimpanzees, whereas information to 

compare gene structure and expression with other great apes is more limited (Konopka et al., 

2012; Liu et al., 2012; Brawand et al., 2011; Khaitovich et al., 2005; Uddin et al., 2008; 

Uddin et al., 2004; Enard et al., 2002). The goal of the current study was to analyze the brain 

transcriptome of the western lowland gorilla (Gorilla gorilla gorilla).

Gene expression patterns, as reflected in RNA transcripts measured in harvested tissue 

samples, provide quantitative insights into gene activity, and can illuminate the development 

and regulation of neurological structures (Kang et al., 2011; Roberts et al., 2014; Thompson 

et al., 2014). In addition to such quantitative information about the expression levels of 

known genes, transcripts can be aligned to the genome, yielding insights about the structures 

(the precise location of promoters, exons, introns, splice sites, and protein-coding regions) of 

known and novel genes. Information about the structure of genes is essential for 

understanding alternative splicing – a process by which one gene gives rise to multiple 

transcripts and hence, frequently, multiple proteins with potentially distinct biological roles. 

Past research has compared such patterns of gene expression in human and nonhuman 

primate samples to clarify empirically and experimentally the molecular mechanisms and 

evolution of distinctly human neurological traits (Konopka et al., 2012; Liu et al., 2012; 

Brawand et al., 2011; Khaitovich et al., 2005; Uddin et al., 2008; Uddin et al., 2004; Enard 

et al., 2002). Recent work has demonstrated that, in addition to gene expression differences, 

alternative splicing of brain-expressed genes can contribute to regional variation in cortical 

patterning (Bae et al., 2014), and that some genes involved in learning and memory are 

alternatively spliced and differentially expressed in brain tissue from humans and other great 

apes in comparison to other primates (Li et al., 2004).

Past studies in the area of comparative genomics, which focused on multispecies sequence 

alignments and detection of functional constraint and adaptive evolution in the aligned 

sequences, have consistently emphasized sequence conservation and the resulting functional 

similarities rather than differences among multiple species (Birney et al., 2007; Lindblad-

Toh et al., 2011; Margulies et al., 2007; Warnefors and Kaessmann, 2013; Uddin et al., 

2008). Historically, this work had been dominated by computationally generated, rather than 

experimental, datasets that were unable to reveal which regions of the genome are 

transcribed into RNA and, in turn, potentially translated into proteins that influence 

phenotypic differences between species. To address this limitation, several human 

transcriptome projects have generated large public RNA sequence collections that have 

transformed our understanding of human gene structure diversity and alternative splicing 
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(Temple et al., 2009; Takeda et al., 2006; Ota et al., 2004). More recently, these projects 

have greatly extended our understanding of human gene expression, enabling a catalogue of 

the brain transcriptome (Hawrylycz et al., 2012). Comparative transcriptome resources in 

other species, including gorillas, are emerging as well and have resulted in valuable insights 

into the evolution of gene expression, employing new experimental results to highlight 

expression modules common among different primates (Brawand et al., 2011), as well as 

differences, and generating a publicly accessible web-based infrastructure for interspecies 

primate transcriptome comparisons (Pipes et al., 2013).

Transcript-to-genome alignments at orthologous genes (genes that exist in multiple species 

and that evolved directly from a single ancestral gene in the common ancestor of those 

species) among closely related primate species point to a class of interspecies genomic 

distinctions that cannot be inferred solely by analyzing genome sequences, because they 

arise from transcriptional phenomena such as alternative splicing. These differences can be 

inferred from transcript-to-genome alignments as species-specific transcription start sites, 

splice junctions, and gene termini (3’-ends) at genic regions that are conserved between 

species. For example, gene structure differences at orthologous loci between humans and 

chimpanzees are evident as species-specific inclusion or exclusion of exons (Calarco et al., 

2007). Lack of nonhuman primate transcriptome sequence data has hampered discovery of 

such differences, although these distinctions exist between humans and diverse nonhuman 

primates (Lee and Lipovich, 2008). Human-specific changes in transcription start sites, end 

sites, and exon usage at conserved genes have been linked to human-specific gene functions 

relevant to morphogenesis in a recent comparative study of liver tissue from humans, 

chimpanzees, and macaques (Blekhman et al., 2010).

Numerous studies have extrapolated from human gene structures (which are supported by 

extensive empirical transcriptome datasets) to infer the predicted structures of the 

orthologous nonhuman primate genes (in species with little or no available transcriptome 

data concerning gene structure and expression), on the basis of aligning human transcripts to 

the nonhuman genomes. But one limitation of this approach is that it cannot infer gene 

structure differences between closely related species, although such differences can be 

deduced if empirical collections of transcriptome data are available for all species under 

analysis (Wood et al., 2013). To infer gene models relevant to brain structure and function in 

gorillas empirically and more accurately as an alternative to predictive models, we 

undertook the current study to collect transcriptome data from the planum temporale of an 

adult male western lowland gorilla (Gorilla gorilla gorilla). This method can lead to novel 

insights about gene structure differences and similarities among primates and may point to 

biological pathways and molecular functions that could be instrumental in the uniquely 

human aspects of brain biology.

MATERIALS AND METHODS

Isolation of gorilla RNA

We isolated the RNA from a 41-year old adult male Gorilla gorilla gorilla brain from the 

planum temporale region obtained within 12 hours postmortem. The gorilla had died of 

natural causes (fibrosing cardiomyopathy, a condition common in great apes). The brain of 
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this gorilla was provided to us by Dr. J. M. Erwin through the Great Ape Aging Project and 

the Atlanta Zoo. A routine neuropathology evaluation had shown the gross brain specimen 

and histological samples to be normal. Our analysis was confined to a single individual as 

the availability of fresh frozen postmortem brain samples from gorillas is extremely limited. 

Our choice of the planum temporale (Fig. 1) was motivated by the function of this 

neocortical area in multimodal sensory processing and language (Zheng, 2009) and by the 

anatomical commonality of planum temporale asymmetry between humans and great apes 

(Gannon et al., 1998; Hopkins et al., 1998).

Tissue was homogenized with Trizol and total RNA was isolated following manufacturer 

specifications (Invitrogen, Carlsbad, CA). RNA was purified using the RNeasy Midi Kit and 

cleaned using the RNase-free DNase kit (Qiagen, Valencia, CA). RNA concentration and 

quality were analyzed using the Nanodrop 1000 (Thermo Fisher Scientific, Wilmington, 

DE) and Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). Purified RNA 

(2.5 μg) was provided to the Applied Genomics Technology Center at Wayne State 

University, where it was sequenced utilizing the Illumina GAIIx protocol (part #1004898, 

San Diego, CA).

Gorilla brain transcriptome sequence analysis

Raw 76-bp paired-end (PE) sequence tags from internal regions of transcripts were 

computationally assembled into transcriptome scaffolds using published methods detailed 

further below (Langmead et al., 2009; Trapnell et al., 2010) and the manufacturer’s 

instructions (Illumina, San Diego, CA). Tags were first computationally clustered into 

contigs. Subsequently, scaffolds, representing partial or full-length transcript models with 

multiple independent contig support, were constructed from these contigs. Some contigs 

could not be joined into any scaffolds and are hereafter referred to as singleton contigs or 

“singletons.”

We obtained 16,696,937 PE short reads totaling 2,537,934,424 bp that met the GAPipeline 

quality criteria. These reads were used for assembly and annotation. PE short reads were 

assembled into scaffolds using SOAPdenovo (Li et al., 2010). The assembled transcripts 

included both scaffolds and singletons. There were 209,588 assembled transcripts, 

comprising 54,283,005 bp of total transcribed sequence. The longest transcript was 6,210 

bp. The N50 of the assembled transcripts was 434 bp.

We assembled the raw data into 45,275 sequences of 300 nucleotides (nt) or longer and 

processed all sequences with RepeatMasker (http://www.repeatmasker.org). We then 

applied the UCSC BLAT tool (Kent, 2002a) to these sequences in order to identify the 

subset of the gorilla transcripts that mapped unambiguously to the hg18 human genome 

assembly. There were no assembled gorilla transcripts of 300 nt or greater length that either 

failed to align to the human genome or aligned to multiple human genomic locations after 

RepeatMasker was used. Therefore, we used the 300-nt minimum threshold upon observing 

that at 100-nt and 200-nt thresholds both genomic non-mapping and genomic multi-mapping 

persisted for some transcripts after RepeatMasker (data not shown). The 45,275 gorilla 

transcripts with unique human genomic mappings and transcript lengths ≥ 300 nt 
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represented partial-length or full-length gorilla transcript models that mapped to known 

locations in the human genome (Supplementary Dataset 1).

To identify uniquely mapped gorilla transcripts that represented putative orthologs of 

specific human genes, we defined the genomic region (chromosome, start, and end) covered 

by each gorilla transcript, and queried that genomic region for overlap with RefSeq protein-

coding (NM), RefSeq noncoding-RNA (NR), and other long noncoding-RNA (Jia et al., 

2010) genes in the UCSC GoldenPath transcript-to-genome alignment files ref_all (for 

RefSeq) and all_mrna (for non-RefSeq transcripts). Only exonic overlaps (corresponding to 

UCSC blocks) from the complete genomewide set of query results (Supplementary Dataset 

2) were scored (Fig. 2).

If any partial (at least one base) or complete overlap of genomic positions (start-end ranges 

on the same chromosome) was detected, the corresponding gorilla transcript was flagged as 

an “overlap” with the matched human transcript. At this stage, we did not further examine 

putative introns manifesting as deletions in gorilla transcript to human genome alignments 

for gap classification as GT-AG introns versus other classes of gaps. Because the gorilla 

transcript assemblies were unoriented (i.e. no strand information was included), we did not 

distinguish sense-strand from antisense-strand coverage of the known human transcripts by 

the gorilla transcript assemblies. However, we manually confirmed gorilla transcript 

orientations for a subset of the mappings as described in the next section. The gorilla 

transcript assemblies for the most part were not long enough to provide complete start-to-

end coverage of a human cDNA. Therefore, the true ends of each gorilla transcript detected 

might reside either at or beyond the boundaries of each assembled RNAseq-inferred gorilla 

transcript model.

In addition to tabulating gorilla transcripts whose human genomic mappings overlapped 

with the genomic mappings of the known human transcripts, we searched for gorilla 

transcripts that mapped near but not within known human transcripts. This additional search 

was motivated by the finding that untranslated regions (UTRs) of protein-coding genes can 

often extend more than 10,000 bp (10 kb) beyond the end of a gene, and can be missing or 

misannotated in publicly available consensus models of that gene (Miura et al., 2013), as 

well as by the fact that noncoding-RNA transcriptional units, distinct from known protein-

coding genes, often occur near those known genes and may cis-regulate the known genes 

(Lipovich et al., 2010). Gorilla transcripts near but not within known human genes were 

flagged as “flank10k.” A distance of under 10 kb between any one of the two ends of a 

gorilla transcripts and the nearest human RefSeq or lncRNA was sufficient for a “flank10k” 

designation. All positional relationships between gorilla transcripts and human protein-

coding and noncoding-RNA genes are summarized in Supplementary Dataset 3, and are 

stated in detail in Supplementary Dataset 4. For each human gene, we have also listed the 

sequences of all gorilla scaffolds matching that gene. We are reporting these gene names and 

the corresponding gorilla transcript identifiers, with sequences, in Supplementary Datasets 5, 

6, and 7, for protein-coding genes, RefSeq noncoding-RNA genes, and non-RefSeq long 

noncoding-RNA genes, respectively.
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To quantify transcript abundance, and to thereby complement the unquantified SOAPdenovo 

transcriptome assemblies, we also mapped the gorilla transcriptome to the most recent 

release of the gorilla genome gorGor Version 3.1 (Scally et al., 2012). Reads were aligned 

using Bowtie v. 0.12.7 (Langmead et al., 2009) and subsequently, splice junctions were 

identified using TopHat v. 1.3.3 (Trapnell et al., 2010). Cufflinks v. 1.2.1 was used to 

quantify expression values using fragments per kb of exon per million mapped reads 

(FPKM; Trapnell et al., 2010) with and without the annotated gorilla gene models from 

Ensembl (version 72). RNAseq metrics were computed using Picard Tools (http://

picard.sourceforge.net/).

Analysis of human-gorilla gene structure differences affecting brain-expressed genes

To identify human-gorilla gene structure differences affecting the 5’-ends (transcription start 

sites, promoters) and 3’-ends of conserved genes, we computationally identified all uniquely 

mapped gorilla transcriptome scaffolds that either started at least 5 kb before the 

transcription start site (the 5’-end) of a known human gene or ended at least 5 kb after the 

terminus (the 3’-end) of a known human gene (Fig. 3). All such scaffolds were used as 

BLAT queries and subjected to manual annotation in the UCSC Genome Browser (Kent et 

al 2002b; http://genome.ucsc.edu). Gorilla transcripts with zero BLAT mappings, or 

multiple equally good BLAT mappings, were discarded. For BLAT multiple alignments 

generated for other gorilla transcripts, the alignment with the highest score and percent 

identity was selected. BLAT results were visualized in the browser to confirm any 

computationally identified differences in splicing of the gorilla scaffold transcript relative to 

the human transcripts (including RefSeq, GenBank mRNAs, and all ESTs) aligning at the 

same genomic location. Such differences, once manually confirmed, were operationally 

defined as gorilla-specific (gene structure elements unique to gorilla) if they did not occur in 

any UCSC-mapped human RefSeq, mRNA, or EST sequences, and if the splice junction of 

the apparent unique gorilla exon (first GT splice donor for first exons, last AG splice 

acceptor for last exons) was canonical along the human genome at the splice junction 

location that was suggested by each alignment of an RNAseq-inferred gorilla transcript to 

the human genome.

We manually annotated each gorilla transcript containing a gorilla-specific 5’- or 3’-end. In 

contrast to the automated pipeline, manual annotation enabled us to determine the direction 

of transcription (biological orientation) of each gorilla transcript. We determined the 

orientation of the gorilla sequence by comparing the sequence with the matched human 

RefSeq gene structure at the locus, human cDNA or EST sequences mapping to the locus, 

and orientation of the splice junctions (GT-AG introns) represented by the human RefSeq, 

cDNA, and EST sequences at each locus. Direction of the read was given by the orientation 

that allowed the most canonical junctions – the presence of GT nucleotides at the splice 

donor site and AG nucleotides at the splice acceptor site, with transcript orientation in the 

5’->3’ GT->AG direction. Sequences without canonical splice junctions, or without a single 

orientation yielding a majority of canonical junctions, were discarded. Sequences with 

human RefSeq, cDNA, and/or EST matches representing human splice isoforms whose 

genomic structure was identical to that of the gorilla isoform were discarded because they 

indicated that the 5’- or 3’-end gene extension discovered from the gorilla transcriptome 
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data was not unique to gorilla. Sequences with non-contiguous ESTs or a single, unspliced 

EST were analyzed further. Poor-quality ESTs were discarded. We classified each gorilla-

human transcript-to-genome alignment into one of four types: uninteresting (no gene 

structure differences between human and gorilla could be discerned from comparing the 

gorilla assembled transcript with the human gene structure at the locus where the gorilla 

transcript aligned); 5’-end extension or difference (a putative unique transcription start site 

and initial exon in the gorilla, not supported by any human RefSeq, cDNA, or EST data); 3’-

end extension or difference (a putative unique transcription end site and last exon in the 

gorilla); and high-complexity (including cases where a single gorilla assembled transcript 

appeared to match multiple human genes) (Fig. 4). We refer to the 5’- and 3’-ends as 

putative because there is no guarantee of full-length 5’- and 3’-end capture by our 

transcriptome sampling method; therefore, the gorilla transcript assemblies may or may not 

capture the actual mRNA termini, and may be limited to internal regions of the gorilla 

transcripts.

We also examined the conservation of nucleotide sequences around splice junctions to 

determine whether any gorilla-specific splicing events affecting gene 5’- or 3’-end structures 

were dependent on non-conserved or primate-specific splice sites. Conservation was 

checked using the UCSC Genome Browser visual conservation peak track and the 44 

aligned vertebrate species MultiZ tracks (genome.ucsc.edu) by zooming to base-level 

resolution in the browser to reveal the evolutionary depth of conservation for each splice-site 

GT and AG dinucleotide.

To determine the impact, if any, of each putative gorilla-specific 5’- or 3’-end gene structure 

difference on the protein-coding sequence of the conserved gene, we detected open reading 

frames (ORFs) in the gorilla ortholog transcript sequence and compared them with the 

human ORFs inferred from the RefSeq and/or full-length cDNA of the human gene. 

Sequences lacking positive-strand ORFs by ORF Predictor (Jia et al., 2010) were analyzed 

by the NCBI ORF Finder (http://www.ncbi.nlm.nih.gov/projects/gorf/). If a sequence had 

multiple ORFs found with either method, the longest predicted protein sequence was used. 

We pairwise-aligned the translated gorilla and human orthologous protein sequences by 

BL2SEQ (Tatusova and Madden, 1999). All gorilla-specific N- or C-terminal amino acid 

sequences, as well as gene-termini differences not affecting the protein sequence of 

orthologous genes, were annotated.

Homology modeling and molecular dynamics

A complete three-dimensional model of gorilla BTBD8 protein was built with Prime 2.1 

(Schrödinger LLC, New York, NY) using the X-ray structure of 5-lipoxygenase (PDB 

3O8Y), SPOP (PDB 3HQI), and human klhl11 (Kelch-like protein 11; PDB 3I3N) as 

templates (Fig. 5). Molecular dynamics (MD) run in a fully solvated environment was 

performed using Desmond (D.E. Shaw Research).

Expression of candidate genes in the human brain

We tested whether each of the genes found to have unique exons in the gorilla transcriptome 

is expressed in the human brain using the Allen Brain Atlas, a publicly available database 
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providing gene expression data from various regions of the developing and adult human 

brain (Hawrylycz et al., 2012). Specifically, we catalogued gene expression measurements 

from both the human temporal lobe and the human total brain in the form of FPKM and 

compared this to the gorilla gene expression values from our Cufflinks analysis. In addition, 

we visually interrogated the human brain microarray resource at these authors’ website 

(http://brain-map.org), viewing the expression levels of all probes, for each of our 13 genes, 

across all of the distinct individual donor planum temporale samples. Default heat map 

colors on that website are in the green-red scale where green signifies relatively low 

expression and red relatively high expression (http://help.brain-map.org/display/

humanbrain/Microarray+Data).

RESULTS

An unbiased survey of the gorilla brain transcriptome

Nearly 20% of our raw reads were intergenic and an additional 12% were intronic with 

respect to public (Ensembl, version 72) gorilla gene models (Supplementary Dataset 8), 

attesting to a likely substantial presence of previously unrecognized splice variants and 

entirely novel transcripts in our dataset. This was expected because the public gorilla gene 

models are largely homology-driven predictions that are based on human genes and the 

complexity of the gorilla brain transcriptome was not fully sampled prior to our study.

We then proceeded to align the gorilla transcriptome to the human genome and human gene 

models. Of the 45,275 SOAPdenovo assembled gorilla transcript sequences with unique 

human genome mappings, 32,634 assembled gorilla transcripts (72%) overlapped exons of 

protein-coding RefSeq genes, 18,628 were within 10 kb of a protein-coding RefSeq gene 

(41%), 3,828 (8%) overlapped exons of noncoding-RNA genes from the two noncoding-

RNA catalogs that we used (the NCBI RefSeq database and our dataset from Jia et al., 

2010), and 7,738 (17%) mapped within 10kb of a noncoding-RNA gene (Supplementary 

Dataset 9). Note that the total does not equal 45,275 because some transcripts belonged 

simultaneously to multiple categories, for example overlapping a RefSeq gene while also 

within 10 kb of a noncoding-RNA gene. The alignment of the transcriptome to the gorilla 

genome using TopHat and Cufflinks produced evidence for the expression of 45,504 

transcripts (i.e., these transcripts have FPKM > 0), roughly equal to the number of 

transcripts resulting from the SOAPdenovo analysis. However, only 39,432 of these had 

FPKM > 1 whereas 9,578 had FPKM >10.

Along the human genome, 17,173 human protein-coding RefSeq transcripts overlapped 

gorilla transcripts, and 12,385 human protein-coding RefSeq transcripts mapped within 10 

kb of gorilla transcripts. In the gorilla transcriptome data, 20,640 nonredundant protein-

coding human RefSeq transcripts (not the sum of the previous two counts, because some 

transcripts appear in both of the previous categories) were matched. Therefore, two-thirds of 

the 30,221 nonredundant protein-coding human RefSeq transcripts are represented in the 

gorilla brain transcriptome. NCBI DAVID GeneID redundancy assessment of the 20,640 

represented transcripts indicated that they corresponded to 10,511 distinct human protein-

coding genes because some genes are represented by multiple RefSeq transcripts due to 

alternative initiation, termination, or splicing.
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Of the human noncoding-RNA transcripts (from the RefSeq NR and the Jia et al., 2010 

datasets), 3,828 overlapped gorilla transcripts along the human genome, and 7,738 

nonredundant human noncoding-RNA transcripts mapped within 10 kb of gorilla transcripts 

along the human genome, for a total of 4,227 nonredundant human noncoding-RNA 

transcripts matched by the gorilla transcriptome data and representing 1,870 nonredundant 

ncRNA genes.

Only 412 (<1%) of the 45,275 gorilla transcripts mapped more than 10 kb away from any 

protein-coding or noncoding-RNA gene on the human genome, did not match any GenBank 

mRNAs, and therefore could not be annotated using simple genomic positional gene 

matching approaches. Of the 412, 102 overlapped segmental duplications (allowing for the 

possibility that they are related to known genes somewhere else, in another copy of the same 

duplication family). The 310 remaining transcripts may represent entirely gorilla-specific 

genes, or very distant alternative splices of known genes that, due to the partial-length 

coverage of their originating gorilla transcripts, could not be matched to the known genes 

from which they had originated (Supplementary Dataset 10).

We examined the extent to which protein-coding sequences (CDS) of known-gene human 

RefSeq transcripts were covered by our assembled gorilla transcriptome sequences. More 

than 1,000 protein-coding RefSeq transcripts (of the 17,173 that had exonic overlaps with 

the gorilla sequences) had greater than 90% coverage of their protein-coding ORFs by the 

gorilla transcript assemblies, including the transcripts of 288 nonredundant RefSeq genes 

with 100% coverage (Supplementary Dataset 11), and more than 5,000 had more than half 

of their ORFs covered by the gorilla transcript sequences. Therefore, this gorilla neocortical 

transcriptome comprises a potentially useful empirical, rather than homology-based or gene 

prediction-driven, resource that can be used in future comparative analyses of orthologous 

genes in the two species (Fig. 6).

As an additional quality control measure, we evaluated the coverage of the human genome 

by the alignable gorilla RNAseq transcriptome on a by-chromosome basis. If the coverage is 

devoid of genomic-position biases, then the longest human chromosomes are expected to 

have the greatest numbers of coding and noncoding genes matched by the putatively 

orthologous gorilla transcripts, whereas the shortest and the most gene-poor human 

chromosomes should have the smallest numbers of genes matched by gorilla transcripts. 

This expectation matches the observed human genome distribution of the alignable gorilla 

transcript mappings, which highlights both the higher gene counts on the largest human 

chromosomes and the dips in gene numbers on the known gene-poor chromosomes 13, 18, 

and 21 (Supplementary Dataset 13).

Manual annotation of gene structure difference pipeline results confirms human-gorilla 
gene structure differences at 13 loci

Automated search for gorilla assembled transcripts starting more than 5 kb before or ending 

more than 5 kb after known human protein-coding RefSeq genes revealed 374 putative gene 

structure differences between the two species in our SOAPdenovo data (Supplementary 

Dataset 14). However, the majority of the computationally detected differences were 

classified as false positives by our UCSC-based manual annotation of each locus, performed 

Lipovich et al. Page 10

J Comp Neurol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as described in Materials and Methods. Transcript redundancy and locus complexity 

comprised a major explanation for the pipeline’s high false-discovery rate. For some genes 

with multiple RefSeq transcripts, the pipeline scored a greater than 5 kb discrepancy 

between the human and gorilla transcript boundaries based on one RefSeq transcript, 

disregarding the transcriptional unit’s additional RefSeq transcripts that may fail to display a 

discrepancy. More commonly, we observed that the extremely conservative RefSeq gene 

model construction employed by the NCBI excluded EST and full-length cDNA support 

continuing far beyond the boundaries of the RefSeq model. Because our pipeline was 

RefSeq-driven, it would flag any locus where the gorilla transcript’s boundary was more 

than 5 kb away from the corresponding (start or end) boundary of the human RefSeq gene 

model, regardless of the presence and prevalence of human non-RefSeq evidence whose 

genomic structure may have much more closely corresponded to that inferred from the 

gorilla transcript. Only 13 loci remained after our manual UCSC-based alignment of the 

RNAseq-inferred SOAPdenovo gorilla brain transcript sequences to the annotated human 

genome (Table 1 and Supplementary Dataset 15); nine of the 13 also appeared in the 

Cufflinks analysis, while CATSPER2, OSTN, PPARGC1A, and RFPL1S lacked Cufflinks 

quantifications. The three major types of interspecies gene structure differences are 

illustrated by actual examples from amongst the 13 loci in Fig. 7.

Although all gorilla-specific splice sites and exons we detected are in genomic sequences 

conserved in other species, each gorilla-specific splice event, and the corresponding gorilla 

gene exon structure, is completely absent in public human RefSeq, cDNA, and EST 

transcriptome data. In view of the extraordinary depth of human transcriptome sequencing, 

this finding suggests that these splices and alternative exons indeed do not occur in humans. 

To our knowledge, this work is also the first to show that these genes, including the 13 with 

human-gorilla gene structure differences identified by us here, are expressed in the gorilla 

brain at the RNA level. Although the bioGPS human gene expression database (Wu et al., 

2009) indicates that most of those 13 genes may be expressed in the human brain in at least 

very low levels, only one (RFPL1S, a noncoding-RNA gene) is brain-specific in human, and 

one additional gene (BTBD8) is highly expressed in human fetal brain in addition to 

expression in other organs. Thus, we have identified a combination of gorilla brain 

expression and gorilla-human gene structure differences for 11 genes that were not 

previously known to fit either of those two criteria. None of our 13 genes with human-

gorilla gene structure differences correspond to any of the 180 “human-specific exon usage” 

alternatively spliced genes identified by a recent study of evolutionary lineage-specific 

alternative splicing in primates that did not include gorillas (Blekhman et al., 2010).

A PantherDB (Mi et al., 2013) search with these 13 genes as the query and the 17,173 

gorilla-matched RefSeq transcripts as the background did not identify any significant 

enrichment or depletion in the 13 genes of any functional categories profiled by any of the 

five PantherDB search modes (biological process, molecular function, pathway, subcellular 

localization, PANTHER protein class), presumably because this is too small a gene list for 

an enrichment calculation attempt. Only two genes (RFPL1S and PPARGC1A) had public 

database support of the gorilla splice variants by full-length cDNA sequences from species 

other than human and gorilla.
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Gorilla and human orthologous gene expression profiles are similar

We computed a normalized expression value for each of these 13 genes in both gorilla and 

human (Supplementary Dataset 16). We next used our planum temporale RNAseq dataset 

(Supplementary Datasets 17 and 18) for gorilla. We then retrieved the Allen Brain Atlas 

quantitated human RNAseq results from two datasets: temporal lobe and total brain. Of the 

13 genes with unique structures in gorilla relative to human, 10 were detectable (i.e., 

transcribed) in gorilla and both human samples. Furthermore, when ranked in descending 

order by the gorilla expression level, four of the top five orthologous genes among these 10 

(CWC15, GBF1, E2F1, OSTN) had the same relative rankings of expression levels in all 

three human samples, indicating similar expression levels and the same rank order in both 

gorilla and human. One notable exception was PPP1R3C, which was the third most highly 

expressed gene in both human samples but the seventh in gorilla. We also interrogated the 

Allen Brain Atlas human microarray datasets, which are available for the planum temporale, 

screening all probes across all individual donors. We found that ten of our 13 genes (all 

except CWC15, APOH, and RNF17) were uniformly detectable in the human planum 

temporale at high to medium levels across all probes and donors. (CWC15 was the sole 

discrepancy between the RNAseq and the microarray, which could be explicable by the use 

of the temporal lobe for the former and planum temporale for the latter.) As such, the Allen 

Brain Atlas microarray results show that the majority of these genes are expressed in the 

human planum temporale, although the microarray probes were designed based on the 

known human splice isoforms of these genes and therefore inherently could not have 

captured the human counterparts of the specific novel splice isoforms from the gorilla.

Two genes with previously known brain expression have nucleotide and protein sequence 
differences between gorilla and human

Brain expression of BTBD8 has been previously reported in human (Xu et al., 2004), and 

our bioGPS query indicated that RFPL1S is expressed in human brain as well. The gorilla 

assembled transcript matching BTBD8, a nuclear protein containing BTB/POZ and Kelch/

ankyrin domains, has a unique 3’-end exon generated by splicing into the 5’-UTR of the 

same-strand downstream gene KIAA1107. The recovery of this transcript from the adult 

gorilla brain adds to the available insights from human BTBD8 expression datasets, which 

indicate mainly fetal-brain expression, and suggests that characterization of the gorilla 

protein and comparison of the gorilla and human spatiotemporal expression patterns of 

BTBD8 in the brain may elucidate the function of the gorilla-specific protein BTBD8 

sequence.

The unique 3’-end exon of the BTBD8 gorilla transcript encodes a 34-amino acid C-terminal 

extension, distinct from the human C-terminal, but with protein database matches in other 

mammals. This observation suggests that most likely this splice event was lost in humans 

rather than gained in gorillas. We searched for homologous sequences in the Protein Data 

Bank (PDB). Based on the search, we built a full-atom homology model of the entire gorilla 

BTBD8 protein, using Prime 2.1. The model (Fig. 8) comprises two back-to-back BTB 

domains followed by a C-terminal BACK (BTB and C-terminal Kelch) domain. The critical 

difference between the human protein and the gorilla protein is the presence in the latter of 

two extra α-helices encoded by the unique 3’-end exon of the BTBD8 gorilla transcript.
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RFPL1S is an endogenous lncRNA transcriptional unit antisense to the RFPL1 gene, a 

member of the RING-B30 family (Seroussi et al., 1999), which is the second gene with 

known brain expression that we identified in our study. The human RFPL1S lncRNA has an 

almost completely brain-specific expression pattern, with the highest levels in the amygdala, 

the prefrontal cortex, and the cingulate cortex, whereas the expression of RFPL1 is 

considerably more diverse and reaches its highest levels outside of the brain (bioGPS; data 

not shown).

A viral infection response gene has a gorilla-specific first exon contributing an N-terminal 
protein extension

GBF1, a GDP/GTP exchange factor essential for Golgi complex assembly, is involved in 

numerous functions in protein trafficking and cell cycle replication; inhibition of GBF1 with 

siRNA causes cell-cycle arrest in G0/G1 (Citterio et al., 2007). GBF1 is a key host factor 

that aids viral replication upon infection and has been co-opted for replication by diverse 

viruses that infect humans, including poliovirus, enterovirus, and hepatitis C (Belov et al., 

2010; Goueslain et al., 2010; van der Linden et al., 2010), although GBF1 has not been 

studied in gorillas. The gorilla assembled transcript that maps uniquely to the human GBF1 

gene contains an upstream exon and an upstream intron splice donor, neither of which is 

observed in any of the numerous human cDNAs and ESTs representing this gene in public 

transcriptome data. The splice donor GT is conserved throughout placental mammals. While 

the human GBF1 first exon is entirely 5’-UTR, the gorilla first exon in the planum 

temporale sample encodes both the 5’-UTR and the first 6 amino acids of the protein 

sequence. The human initiator methionine is the seventh amino acid in the in silico protein 

translation of the gorilla transcript.

Two spermatogenesis genes exhibit interspecies differences

Conserved male-reproduction genes functionally associated with speciation through their 

contributions to the generation of reproductive barriers (Clark et al., 2009) have undergone 

positive selection in multiple eukaryotic lineages, and reproductive system expression is 

enriched among non-conserved primate-specific genes as well (Tay et al., 2009 and 

references therein). Two of the 13 brain-expressed genes with human-gorilla gene structure 

differences also function in spermatogenesis. Human RNF17, expressed primarily in the 

testis, is a protein containing ring-finger and tudor domains (that may interact with histone 

tails as well as contribute to the Piwi RNA pathway [Ozboyaci et al., 2011; Siomi et al., 

2010]), and is essential for spermiogenesis (Pan et al., 2005). Our brain-expressed gorilla-

specific splice variant, not supported by any public human transcriptome data, uses the 

conserved GT splice donor of the penultimate human intron, misses the last two human 

exons containing the human C-terminus, and splices instead through a canonical AG splice 

acceptor into a LINE1 retrotransposon located downstream of the 3’ boundary of human 

RNF17. Translation stop is predicted in silico to occur after an 11-amino acid C-terminal 

ORF contributed by the LINE1 element.

CATSPER2 is a voltage-gated calcium channel gene that functions in sperm motility and 

has been associated with male infertility (Hildebrand et al., 2010). The gorilla-specific splice 

variant that we observed lacks any human transcriptome support in GenBank and represents 
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intergenic splicing of two same-orientation nearby genes: CATSPER2P1 (an upstream 

unprocessed pseudogene of CATSPER2, a probable product of an ancestral CATSPER2 

tandem duplication) and CATSPER2 itself. The first intron of CATSPER2 is duplicated, and 

the splice donor of the upstream unprocessed pseudogene is spliced directly into the splice 

acceptor of CATSPER2 over nearly 100 kb of genomic sequence. As the first exon of both 

genes is entirely 5’-UTR, the gorilla splice variant uses the CATSPER2 ORF and would not 

encode any unique gorilla-specific protein sequence.

Four genes relevant to brain energy metabolism have gorilla-specific upstream exons

Human PPP1R3C encodes an inhibiting subunit of protein phosphatase 1, expressed 

primarily outside of the brain. It is regulated by HIF-1 and promotes glycogen accumulation 

in hypoxic conditions (Shen et al., 2010). The gorilla splice variant detected by our RNAseq 

analysis of the planum temporale adds two upstream exons and two introns. Although the 

splice acceptor of the second intron of this splice variant is shared with the splice acceptor of 

the first intron of the canonical human transcript, the other three splice sites utilized in the 

gorilla are not supported by any human transcriptome data in GenBank, and two of those 

splice sites are primate-specific. The predicted translation of the gorilla transcript removes 

the first five amino acids of the human PPP1R3C protein.

Osteocrin (OSTN) is a peptide expressed in muscle and adipocytes that is regulated by 

insulin and inhibits glucose uptake (Moffatt and Thomas, 2009), and is therefore potentially 

related to metabolic disorders. Neither its expression in the brain nor its splicing in the 

gorilla had been investigated prior to our study. We have identified a unique upstream exon 

of this gene in the gorilla that lacks any public human transcriptome evidence. This 

osteocrin splice variant has no effect on the ORF.

Apolipoprotein H (APOH), which is elevated in type 2 diabetes (a disorder that is a known 

risk factor for late-onset Alzheimer’s disease [for review see Dickstein et al., 2010]), is a 

marker of cardiovascular disease risk (Castro et al., 2010) and is mostly expressed in the 

liver. The gorilla data provide evidence of its expression in the brain and suggest that a 

novel transcription start site and two cryptic splice sites are utilized in gorilla. These 

sequences correspond to the 5’-UTR of human APOH and do not affect protein-coding 

exons.

PPARGC1A (co-activator 1-alpha of the peroxisome proliferator-activated receptor gamma) 

is the last of four metabolism-related genes with gorilla-specific splice isoforms in our data. 

The alignment of the gorilla transcript to the annotated human genome reveals a novel 

upstream exon and an upstream intron splice donor not supported by any human 

transcriptome data available at the time of our analysis, whereas the first intron’s splice 

acceptor is shared with the canonical human first-intron splice acceptor of this gene. The 

ORF of the gorilla isoform contains eight amino acids of gorilla-specific N-terminal 

sequence (Table 1).
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Endogenous antisense transcription and intergenic splicing events correspond to gorilla-
specific gene structures

Six of the 13 genes with gorilla-specific gene structure features (RNF17, CATSPER2, 

CWC15, BTBD8, E2F1, and RFPL1S) are associated with one or both of two types of 

genomic structure complexity that are often not conserved among closely related species 

(Akiva et al., 2006; Lipovich et al., 2010 and references therein): intergenic splicing (i.e., the 

combination of transcripts from distinct genes) and endogenous cis-antisense (i.e., double-

stranded, bidirectional) transcription. Two genes functional in transcriptional control and 

post-transcriptional regulation are affected by unique genomic structure complexity in the 

gorilla planum temporale. E2F1, a key transcription factor, is a cell cycle regulator that 

controls pancreatic beta cell proliferation (Fajas et al., 2010). An assembled transcript in the 

gorilla dataset represents intergenic splicing between the upstream gene PXMP4 (a 

peroxisome membrane protein) and E2F1, although the splicing event interrupts the ORFs of 

both genes, precluding the translation of a chimeric protein product. The CWC15 gene, 

homologous to a yeast gene encoding a spliceosome-associated protein and therefore 

putatively related to post-transcriptional gene expression regulation through a function in 

splicing, has two upstream 5’-UTR exons in the gorilla that are not supported by any human 

transcriptome data. The first of those two exons is cis-antisense to the KDM4DL gene, 55 kb 

upstream of CWC15 along the human genome.

DISCUSSION

Based on an analysis of genes expressed in the gorilla neocortex, we have shown gene 

structure differences between human and gorilla. These differences are evident from 

transcript-to-genome alignments, but not from genome sequences alone. Additionally, we 

have presented evidence that the gene structure differences have the potential to result in 

protein structure differences. We did this by describing previously unknown splicing events 

at 13 loci conserved in gorilla and human and placing these events into the broader context 

of potential human-gorilla interspecies gene structure differences. This number is a 

conservative lower bound, because our computational pipeline was built to identify 

differences at gene boundaries, rather than internal differences at cassette exons. Both 

terminal and internal differences in gene structure have the potential to affect protein 

sequence, and both should therefore be considered in future comparative interrogations of 

primate transcriptomes. Although assigning a biological role to these gorilla transcripts in 

the brain is challenging at present, their existence illustrates the potential of RNAseq-based 

studies.

We carried out this analysis because sequencing of transcriptomes from nonhuman primate 

brains facilitates inference of species-specific splicing and other regulatory events that may 

underlie functional differences between humans and our close phylogenetic relatives. 

Lineage-specific differences in these phenomena may contribute to the genomic basis of 

interspecies phenotypic distinctions because of their impact on the length and sequence of 

orthologous proteins, untranslated gene regions, and non-coding RNAs. Our analysis 

documents the actual genomic structures (promoters, exons, introns, and splice sites) of 

10,511 protein-coding, and 1,870 noncoding-RNA, neocortex-expressed genes from a 
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western lowland gorilla that are alignable to their orthologous counterparts along the human 

genome.

Interspecies gene structure differences within primates, including gene boundaries as well as 

splice site usage, have not been described for any of the 13 genes we identified in the current 

study. Four of the 13 genes have functions in energy utilization and metabolism. This is 

notable because the primate brain is known for its high energy demand (Bauernfeind et al., 

2014; Kuzawa et al., 2014) and has been accompanied by accelerated evolution of the 

human cortical metabolome (Bozek et al., 2014). Interestingly, studies have demonstrated 

positive selection operating on genes of the anthropoid electron transport chain (Grossman 

et al., 2004; Schmidt et al., 2005; Pierron et al., 2011), by comparative genomics and gene 

expression studies to human-specific evolutionary changes (Uddin et al., 2008), and by 

distinct expression patterns of genes that function in glucose metabolism and mitochondrial 

function (Uddin et al., 2004; Preuss et al., 2004; Cáceres et al., 2003).

One of the genes identified in our analyses with known functions in energy utilization is 

PPARGC1A, a regulator of mitochondrial biogenesis and oxidative metabolism. It is 

expressed in all tissues with high oxidative energy turnover as a metabolic regulator 

(Dominy et al., 2009). In brain, it activates reactive oxygen species detoxification (St-Pierre 

et al., 2006) and thus is neuroprotective (Róna-Vörös and Weydt, 2010; Helisalmi et al., 

2008). The gorilla variant splices into the equivalent of human exon 2. It contains eight 

amino acids not encoded by known human transcripts. A pig ovary full-length cDNA 

(GenBank accession number: AK235681) recapitulates the gorilla isoform, suggesting a 

human loss (not a gorilla gain) in evolution, and adding 14 amino acids to this N-terminal 

extension. The 22 novel residues provide a potential new acetylation site consistent with the 

consensus for GCN5 (Basu et al., 2009), the major PGC-1α N-acetyltransferase. Our results 

indicate brain expression, and a unique promoter and first-exon genomic architecture, in the 

gorilla for this central regulator of mitochondrial energy metabolism (Spiegelman 2007; 

Rodgers et al., 2008).

We encountered several instances of complex loci (Engström et al., 2006) - places in the 

genome where multiple genes overlap each other in the same locus. The start of the gorilla 

GBF1 transcript sequence mapped to the protein-coding region of the last exon of the human 

PITX3 gene (paired-like homeodomain 3, a regulator of eye development), with GBF1 

transcription taking place in the antisense orientation relative to PITX3. In view of the fact 

that pathogens including Ebola, SIV, and Plasmodium falciparum malaria can cross the 

species barrier, infecting both gorillas and humans (Liu et al., 2010; Duval et al., 2010; 

Genton et al., 2012; Neel et al., 2010), the human-gorilla distinctions of the viral replication 

accessory GBF1 are likely to contribute to the broader human-gorilla differences in infection 

susceptibility and to the respective histories of shared infections and pathogen transfers.

We have previously shown that endogenous antisense lncRNAs are key regulators of the 

protein-coding loci that they overlap, including specifically in the brain (Lipovich et al., 

2012; Lipovich et al., 2010) and therefore the possibility that RFPL1S is a brain-specific 

regulator of RFPL1 warrants further investigation. Cis-antisense regulation of another brain-

expressed gene, NEFH (neurofilament H) by RFPL1S is suggested by the unexpected 
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overlap of the gorilla-specific RFPL1S first exon and the NEFH N-terminal exon, both of 

which reside 30 kb away from the previously known human RFPL1S locus boundary. 

NEFH is a neuronal biomarker of brain injury (Siman et al., 2009) and of neurodegeneration 

in Alzheimer’s disease (Hof et al., 1990; Bussière et al., 2003a,b; Hof and Morrison, 2004). 

The novel gorilla exon is absent from human RFPL1S but present in another nonhuman 

primate, the long-tailed macaque, Macaca fascicularis (GenBank accession: AB172344). 

RFPL1S does not encode a protein.

Human-gorilla gene structure differences have potentially diverse functional and 

evolutionary implications. The gorilla splice variant of HRH2 presented a unique C-

terminus of 63 amino acids. HRH2 functions in the cell cycle (Xu et al., 2008). The 

discovery of its gorilla-specific splice variant may have implications for differences between 

primate species in cell cycle regulation, a factor that might be relevant to the up to fourfold 

variation in the incidence of spontaneous malignant tumors between closely related primate 

species (Takayama et al., 2008). TTLL13, a tubulin tyrosine ligase-like gene, has a unique 

upstream exon in its matching gorilla assembled transcript.

Another example of the implications of human-gorilla gene structure differences is provided 

by our structural model of the gorilla BTBD8 protein, which consists of four domains (Fig. 

8). Its two central domains contain a BTB subdomain (Zollman et al., 1994; Adams et al., 

2000). The C-terminal domain of BTBD8 has a BACK fold; the BACK domain is found in 

the majority of proteins that contain both a BTB domain and Kelch repeats (Stogios and 

Privé 2004), and is involved in ubiquitination. Hence, our results point to the possible 

existence of differences in protein ubiquitination between humans and gorillas. Interspecies 

gene structure differences that do not affect protein-coding sequence may also contribute to 

functional and phenotypic distinctions because they can lead to differential regulation of 

orthologous genes by RNA-binding proteins acting at 5’-UTRs and by microRNAs acting at 

3’-UTRs.

Our approach of sequencing the gorilla planum temporale transcriptome enabled us to 

construct more accurate gene models in gorilla. Our results suggest that the gorilla planum 

temporale transcribes more than 40,000 RNA molecules. Deeper-coverage comparative 

sequencing of transcribed regions of the genomes of multiple primate species should help to 

characterize the expressed genes in these different regions accurately.

An unpublished directional pooled gorilla RNAseq dataset (Christopher E. Mason, 2014, 

personal communication) from the Non-Human Primate Transcriptome Resource (Pipes et 

al., 2013), yielded support for 8 of our 13 novel gorilla-specific exons, indicating that these 

splice events – despite their modest FPKM counts – are recurrent and detectable in other 

gorilla datasets and tissues. Furthermore, we mounted the unassembled, unstranded raw 

RNAseq data from the 11 gorilla samples of Brawand et al. (2011; NCBI SRA Bioproject 

143627) in a custom instance of the UCSC Genome Browser. We witnessed clear support of 

our gorilla-specific exons in seven of our 13 cases (APOH, CATSPER2, HRH2, 

PPARGC1A, PPP1R3C, RNF17, and TTLL13) and complete absence of support of these 

exons at three loci. This further supports the conclusion that these splice events are 

recurrently detectable in independently derived datasets from other gorillas and diverse 
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tissues. As the remaining three loci involved intergenic splicing, we could not interpret the 

Brawand et al unstranded peaks for those genes without transcriptomic contigs. Also, five of 

the 13 genes matched interspecies conserved gene expression modules, according to the 

companion web resource of Brawand et al. (2011: http://www2.unil.ch/cgi-bin/cgiwrap/

wwwcbg/devel/isaweb.py). Four genes resided in modules with brain and neuronal 

functions. BTBD8 and OSTN shared two modules (IDs: p169, p187) in human and 

chimpanzee, but not in the gorilla. This is intriguing with regard to the potential for human-

gorilla splicing differences that we suggest at these loci. Even though OSTN lacks known 

function in the brain, it participates in six other modules pertaining to neuronal functions. 

CWC15 is found in three modules linked to neuron and oligodendrocyte functions in human 

but not in gorilla, whereas E2F1 is found in four modules, of which three are shared by 

human and gorilla.

The availability of appropriate resources for nonhuman primate transcriptome sequencing, 

including snap-frozen, high-quality postmortem brain specimens from rare primate species, 

is extremely limited. Therefore, our effort represents an important contribution to the 

literature in this field, even though we only analyzed the brain of a single gorilla.

It is tempting to speculate that the unique upstream exons we have detected at several genes 

in this gorilla transcriptome survey correspond to unique transcription start sites, and 

therefore potentially to promoters that are utilized specifically or selectively in the gorilla. 

However, several limitations preclude a definitive test of this hypothesis. First, our 

transcriptome sampling protocol does not distinguish between transcripts that are, or are not, 

full-length. Second, lack of comparable data for other primates or, indeed, sequences at 

comparable depth specifically for the human planum temporale, leaves open questions such 

as whether the unique upstream exons absence in humans is due to a human-specific loss 

taking place on the human terminal branch in evolution, or to a gorilla-specific gain. Third, 

we derived these results from a single gorilla.

We make the assumption that no changes other than substitutions and very small indels 

distinguish the human and gorilla genome regions containing the orthologous genes in our 

study. Although large-scale changes, generated by segmental duplications and genomic 

rearrangements, are relatively rare, this assumption may impact the interpretation of gorilla 

transcript to human genome alignments at regions that have undergone recent large-scale 

genomic remodeling.

Although orthologous genes may retain similar functions in multiple closely related species, 

minor changes in their post-transcriptional regulation or encoded protein, such as the 

changes that can be inferred from interspecies orthologous gene structure differences, may 

in fact reflect protein function or gene regulation differences that separate one species from 

another. Even gene structure differences that do not affect protein sequence may carry a 

functional load because they may result in different patterns of post-transcriptional 

regulation in humans and gorillas. These differences, which we have detected from the 

alignment of a nonhuman primate transcriptome to the human genome, may represent 

molecular fossils of adaptive changes accompanying past speciation events that ultimately 

gave rise to humans and other great apes.
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Fig. 1. 

Location of the gorilla planum temporale. (A) Left lateral view of a western lowland gorilla 

brain showing the location where tissue was sampled from the planum temporale (dot) in the 

specimen used in our study. This immersion-fixed whole brain is from a 50 year old female 

gorilla, and was provided by the Hogue Zoo (Salt Lake City, Utah). (B) A Nissl-stained 

histological section through the hemisphere of another gorilla brain specimen showing the 

location of the planum temporale in a coronal plane (box). Both brains shown here are from 

individuals other than the gorilla used for RNA sequencing in our study. Scale bar = 0.75 

mm for A and 1 mm for B.
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Fig. 2. 

Schematic of gorilla transcriptome scaffold matching to human genes. To identify gorilla 

scaffolds that, when BLAT-mapped to the human genome, match exonic sequences of 

known human genes (protein-coding from RefSeq NM; noncoding-RNA from RefSeq NR 

and from the Jia et al. 2010 dataset), we interrogated block-level BLAT mappings of each 

scaffold for block (exon) overlap with blocks of any known human genes along the hg18 

assembly. Partial or complete block-level overlaps between gorilla-scaffold-to-human-

genome and human-gene-exon-to-human-genome mappings were scored. Gorilla scaffolds 

residing outside of or wholly intronic to any known human genes were not annotated with 

any gene matches.
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Fig. 3. 

Human-gorilla gene structure differences at 5’ and 3’ termini of conserved orthologous 

genes. Gene structure differences were identified from transcript-to-genome alignments in 

which both gorilla and human transcripts were uniquely mapped to the human genome. All 

differences involving protein-coding genes were manually annotated using the UCSC 

platform as described in the text.
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Fig. 4. 

Annotation categories of aligned gorilla sequences relative to the human genome. Thick 

boxes are exons, thin boxes are introns and intergenic sequences, arrows indicate the 

direction of transcription. In each frame, the bottom horizontal track represents the UCSC 

Genome Browser human gene tracks whereas the top tracks represent the aligned gorilla 

transcripts. These are hypothetical examples. A. An uninteresting match: the gorilla 

sequence directly matches the human sequence and shares the same splice structure. B. 

Example of a 3’-end extended sequence, with an additional exon present in the gorilla 

sequence, relative to the human. C. Example of a 5’-end extended sequence, with an 

additional exon present in the gorilla sequence, relative to the human. D. Example of an 

intergenic splicing event: gene A and gene B are two human gene matches that are not 

connected by any human transcripts in the public databases, but are connected by an 

intergenically spliced gorilla transcript.
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Fig. 5. 

A multiple alignment of gorilla BTBD8 with the sequences of the proteins whose structures 

were used as templates to build the homology model.
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Fig. 6. 

Frequency distribution histogram of known human protein-coding genes’ open reading 

frame coverage by assembled gorilla transcripts. The x-axis is the percentage of open 

reading frame coverage by gorilla transcripts, within each bin. The y-axis is the number of 

human genes in that bin. These results reside in Supplementary Dataset 12.
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Fig. 7. 

Examples of sequence matching using BLAT and the UCSC Genome Browser. All 

examples depict UCSC BLAT alignments of query sequences to the hg18 human genome 

assembly. The best-scoring BLAT result was viewed in each case. A. A unique 5’-end 

sequence relative to the human gene, as evidenced by the sequence extension and the 

direction of transcription. B. Similar to (A), a unique 3’-end sequence relative to the human 

gene. C. An intergenic splicing event.
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Fig. 8. 

Ribbon representation of the full-atom model of gorilla BTBD8 protein. Upon an initial 

energy minimization of the side chains corresponding to the sequence of gorilla BTBD8 

protein, the entire protein was relaxed to a stable conformation by means of a 1.2 ns 

molecular dynamics (MD) run. Four domains are visible in the model. The two central 

domains contain a BTB subdomain (colored in magenta and dark blue, respectively). The C-

terminal domain (cyan box) has a BACK fold. The final two helices (colored in green) of the 

BACK domain are notably absent in the human protein, whose amino acid sequence is 30 

residues shorter. Residues 1–41 of BTBD8 were modeled using residue 15–55 of the X-ray 

structure of 5-lipoxygenase (PDB 3O8Y) as template. Residues 42–185 of BTBD8 

containing the first BTB domain (residue 58–157) were modeled using residues 184–326 of 

the MATH-BTB protein known as SPOP (PDB 3HQI). Residues 186–312 of BTBD8 

containing a second BTB domain were modeled using residues 180–306 of SPOP and 

residues 77–198 of human klhl11 (Kelch-like protein 11; PDB 3I3N). Residues 313–408 of 

gorilla BTBD8 protein, which comprise the entire BACK domain, were modeled using 

residues 199–294 of human Klhl11.
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