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            Abstract
The origins of giraffeâ€™s imposing stature and associated cardiovascular adaptations are unknown. Okapi, which lacks these unique features, is giraffeâ€™s closest relative and provides a useful comparison, to identify genetic variation underlying giraffeâ€™s long neck and cardiovascular system. The genomes of giraffe and okapi were sequenced, and through comparative analyses genes and pathways were identified that exhibit unique genetic changes and likely contribute to giraffeâ€™s unique features. Some of these genes are in the HOX, NOTCH and FGF signalling pathways, which regulate both skeletal and cardiovascular development, suggesting that giraffeâ€™s stature and cardiovascular adaptations evolved in parallel through changes in a small number of genes. Mitochondrial metabolism and volatile fatty acids transport genes are also evolutionarily diverged in giraffe and may be related to its unusual diet that includes toxic plants. Unexpectedly, substantial evolutionary changes have occurred in giraffe and okapi in double-strand break repair and centrosome functions.
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                    Introduction
The origin of giraffeâ€™s iconic long neck and legs, which combine to elevate its stature to the tallest terrestrial animal, has intrigued mankind throughout recorded history and became a focal point of conflicting evolutionary theories proposed by Lamarck and Darwin. Giraffeâ€™s unique anatomy imposes considerable existential challenges and three systems bear the greatest burden: the cardiovascular system to maintain blood pressure homeostasis1, the musculoskeletal system to support a vertically elongated body mass2 and the nervous system to rapidly relay signalling over long neural networks3,4. To pump blood vertically 2â€‰m from the heart to the brain giraffe has evolved a turbocharged heart and twofold greater blood pressure than other mammals1,5. The blood vessel walls in the lower extremities are greatly thickened to withstand the increased hydrostatic pressure, and the venous and arterial systems are uniquely adapted to dampen the potentially catastrophic changes in blood pressure when giraffe quickly lowers its head to drink water1,5,6,7,8,9,10,11. To sustain the weight of the long neck and head, the nuchal ligament, which runs down the dorsal surface of the cervical vertebrae and attaches to the anterior thoracic vertebrae, is greatly enlarged and strengthened2,12.
Okapi (Okapia johnstoni), the giraffeâ€™s closest relative and the only other extant member of the Giraffidae family, provides a useful comparison, because it does not share these unique attributes seen in giraffe13. Nine subspecies of giraffe have been identified that can be distinguished by coat colour and pattern, and have been reproductively isolated as long as 2 mya (refs 14, 15). Two giraffe subspecies are nearly extinct and overall the number of giraffes have declined by 40% since 2000, due to poaching and habitat loss16. As all giraffe subspecies share the unique anatomical and physiological adaptation of the giraffe genus, they provide an important cross-check for unique patterns of genetic variation.
Here we sequenced the genomes of the Masai giraffe and okapi, and through comparative analysis with other eutherians mammals, 70 genes were identified that exhibit multiple signs of adaptation (MSA) in giraffe. Several of these genes encode well-known regulators of skeletal, cardiovascular and neural development, and are likely to contribute to giraffeâ€™s unique characteristics.


Results
Genome sequencing and de novo assembly
The whole-genome sequence of two Masai giraffe (Giraffa camelopardalis. tippelskirchi) from the Masai Mara (MA1) in Kenya and the Nashville Zoo (NZOO), and one fetal okapi (O. johnstoni) from the White Oak Conservatory was determined by constructing paired-end libraries followed by sequencing using an Illumina HiSeq yielding ca. 30 Ã— coverage. Mate-paired libraries were also prepared from the MA1 Masai giraffe and okapi, and sequenced to increase coverage and to span repetitive sequence elements. The initial sequence reads from giraffe and okapi were aligned to the 19,030 cattle (Bos taurus) references transcripts17 to predict homologous genes (Supplementary Table 1), which yielded 17,210 giraffe and 17,048 okapi genes. The giraffe and okapi sequence data were also used to generate a draft genome assembly with a total length of 2.9 and 3.3â€‰Gb for giraffe and okapi, respectively (Supplementary Table 2). To verify gene predictions and gene structure in cases where the original gene annotations for giraffe and okapi were incomplete or ambiguous, the draft assembly was aligned to dog or human gene sequences. To determine whether substitutions unique to Masai giraffe were conserved in other giraffe subspecies, we performed targeted sequencing of several genes in Rothschild (G.c. rothschildi) and Reticulated (G.c. reticulata) giraffes, which diverged from Masai giraffe âˆ¼1-2 mya (refs 15, 18).
Comparative genome analysis
To identify changes that potentially underlie these unique morphological and physiological adaptations, we analysed the coding sequences of orthologous genes in giraffe, okapi and cattle. Giraffe and okapi genes are highly similar overall with 19.4% of proteins being identical (Fig. 1). Giraffe and okapi genes are equally distantly related to cattle, suggesting that giraffeâ€™s unique characteristics are not due to an overall faster rate of evolution. The divergence of giraffe and okapi, based on the relative rates of synonymous substitutions, from a common ancestor is estimated to be 11.5 mya (Fig. 1), substantially less than the previous estimate of 16 mya (refs 19, 20), which was based on mitochondrial DNA sequence comparisons.
Figure 1: Divergence of giraffe and okapi from a common ancestor.[image: figure 1]
Using the average pairwise synonymous substitution divergence (dS) estimates between giraffe, okapi and cattle as calibrated by the pecoran common ancestor (27.6 mya), the divergence of giraffe and okapi from a common ancestor is estimated to be 11.5 mya. Okapi image adapted from a photograph by Raul654.
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Adaptive evolution of giraffe
Adaptive divergence was evaluated by pairwise analysis of 13,581 giraffe, okapi and cattle genes that showed at least 90% coverage by comparing nonsynonymous (dN) changes in protein coding sequences as well as normalized to synonymous (dS) changes (dN/dS, Ï‰). Enrichment analysis based on gene function (gene ontology (GO) biological processes) and pathway relationships Kyoto Encyclopedia of Genes and Genomes (KEGG) revealed elevation of dN or Ï‰ for giraffe in genes related to metabolism (tricarboxylic acid cycle, oxidative phosphorylation and butyrate), growth and development (cell proliferation, skeletal development and differentiation), the nervous system and cardiac muscle contraction (Supplementary Table 2). In parallel, we employed Polyphen2 analysis21 to identify genes that contain amino acid substitutions that are predicted to cause a significant alteration in function and screened for genes that exhibited evidence for positive selection. Genes exhibiting positive selection in giraffe were enriched in lysosomal transport, natural killer cell activation, immune response, angiogenesis, protein ADP ribosylation, blood circulation and response to pheromones (Supplementary Table 3). Over 400 genes were identified from the giraffeâ€“okapiâ€“cattle analysis that exhibited some degree of genetic differentiation in giraffe by the aforementioned analysis. These selected genes were further compared with orthologues across a large set of mammals, including 14 other cetartiodactyls, to more fully assess evidence of positive selection, relative amino acid sequence divergence and to identify amino acid substitutions unique to giraffe among eutherians. Seventy genes displayed MSA in giraffe by these criteria (Supplementary Table 4 and Supplementary Fig. 1). The unique amino acid substitutions identified in these genes were confirmed in the two unrelated individual Masai giraffe and, in some cases, confirmed in Reticulated and Rothschild giraffe by targeted sequencing. Network analyses based on GO biological process revealed eight functional clusters among the 70 MSA genes including development, cell proliferation, metabolism, blood pressure and circulation, nervous system, double-strand DNA break repair, immunity and centrosome function (Fig. 2). Remarkably, nearly half of these genes are involved in controlling developmental pattern formation and differentiation including homeobox, Notch, Wnt and fibroblast growth factor (FGF) pathway genes, major regulators of growth and cell proliferation including the transcription factors MYC, E2F4, E2F5, ETS2, TGFB1 and CREBBP, and the folate receptor 1 (FOLR1).
Figure 2: Network analysis of GO biological process of giraffe MSA genes.[image: figure 2]
Seventy genes were identified that exhibited MSAs based on amino acid sequence divergence as evaluated by neighbour-joining phylogenetic analysis of mammalian orthologous proteins, enrichment of nonsynonymous substitutions, unique amino acid substitutions at sites otherwise fixed in mammals, substitutions predicted to cause functional changes by Polyphen2 analysis and substitutions under positive selection. Cluster analysis was performed on the set of 70 giraffe MSA genes based on GO Biological Process using Cytoscape 3.0 (ref. 68).
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Evolution of regulators of skeletal growth and differentiation
The extraordinarily long neck of giraffe is not due to adding cervical vertebrae as is the case for long-necked birds, but rather to the vertical extension of each of the seven prototypical cervical vertebrae present in mammals13,22. The elongation of the cervical vertebrae in giraffe is probably due to the extension of somites, which give rise to the cervical vertebrae during early embryogenesis22, and is restricted to the cervical region by the combinatorial action of homeobox genes. The major genes and developmental pathways that specify vertebrae differentiation of the axial and appendicular skeleton in giraffe and okapi were compared with other mammals to determine whether unique patterns of amino acid substitutions were found in giraffe (Supplementary Table 5). The homeobox genes HOXB3, CDX4 and NOTO exhibit enhanced divergence in giraffe among eutherians and have unique amino acid substitutions predicted to alter protein function. In addition, HOXB13, which regulates angiogenic and posterior axial skeletal development, shows high amino acid sequence divergence in giraffe and okapi compared with other mammals (Supplementary Table 4). Modulating the posterior to anterior gradient of fibroblast growth factor signalling or changing the cyclical expression of genes in the NOTCH or WNT signalling pathways could potentially modulate somite size. We found that FGFRL1, a decoy FGF receptor, AXIN2, a negative regulator of the WNT pathway, and three genes in the NOTCH pathway including NOTCH4, JAG1 and DLL3 exhibit amino acid sequence divergence in giraffe and exhibited multiple unique amino acid substitutions compared with other eutherians. The divergence of giraffe FGFRL1 is particularly striking with a cluster of seven unique substitutions (Fig. 3a) in the domain that interacts with FGF ligands. FGFRL1 is among nine genes in giraffe that exhibit a significantly higher number of unique amino substitutions at fixed sites in mammals (Supplementary Table 4). FGFRL1 in mammals lacks a tyrosine kinase domain essential for downstream FGF signalling and acts as a competitive inhibitor of the nascent FGF receptors23. Interestingly, Badlangana et al.22 speculated that an inhibitor of FGF signalling might be responsible for modulating the size of giraffe cervical vertebrae based on the discovery that chemical inhibition of FGF signalling increased somite size in the chick embryo24. Consistent with its hypothesized role in regulating unique features of giraffe, FGFRL1 mutations in mice and human display severe defects in skeletal and cardiovascular development25,26,27.
Figure 3: Giraffe genes and pathways exhibiting extraordinary divergence and patterns of amino acid substitutions.[image: figure 3]
(a) Giraffe FGFRL1 contains seven amino acid substitutions that are unique at fixed sites in other mammals and/or are predicted by Polphen2 analysis to alter function (upper panel). Human reference is shown, which is identical to cattle and okapi in this segment. The unique giraffe substitutions occur in the FGF-binding domain region flanking the N-terminal cysteine (asterisk) of the Ig-III loop (lower panel). Red bracket in lower panel corresponds to the sequence in the upper panel. The extracellular structure of FGFRL1 (left) is the same as a prototypical FGF receptor (FGFR, right) but lacks the cytoplasmic C-terminal tyrosine kinase domains seen in FGFR and instead contains a zinc-binding domain. (b) Giraffe FOLR1 contains seven substitutions that each show evidence of positive selection (P<0.05) by the branch-site model. Two of the positive selected sites (PSG), P48S and E222K, are also unique substitutions at fixed sites and Polyphen2 (PP2) analysis predicts them to alter function. P48S is within Î²-sheet-1 that forms part of the folic acid-binding pocket. The FOLR1 protein forms a globular structure maintained by overlapping disulfide bridges between 16 cysteine residues (red) and tethered to the plasma membrane at S233 by a Gpi anchor. The unique substitution in giraffe, G234Q, immediately adjacent to the Gpi anchor site may alter the anchor site or the rate of its formation. (c) Genes encoding key enzymes in butyrate metabolism and downstream mitochondrial oxidative phosphorylation pathways have diverged in giraffe including the monocarboxylate transporter (MCT1), acyl-coenzyme A synthetase-3 (ACSM3), short-chain specific acyl-CoA dehydrogenase (ACADS), NADH dehydrogenase (ubiquinone) 1Î² subcomplex subunit 2 (NDUFB2) and succinate dehydrogenase [ubiquinone] iron-sulfur subunit (SDHB). ACSM3 and ACADS are located in the mitochondrial matrix where as NDUFA2, NDUFB2 and SDHB are located in the mitochondrial inner membrane. In addition to being present in the rumen epithelial cells, MCT1 is highly expressed in the heart, skeletal muscle and the nervous system where it acts to transport volatile fatty acids (VFAs) and lactate. (d) Double-strand break repair genes exhibit divergence in giraffe and/or okapi. The mediator of DNA-damage check point 1 (MDC1) binds phosphorylated H2AX, which mark DNA double-strand break, and serves as scaffold to recruit the MRN DNA repair complex composed of NBS1, MRE11 and RAD50 (upper panel). The giraffe and okapi MDC1 gene exhibits a 264 amino acid deletion that removes part of the SDT region that harbours two critical CK2 phosphorylation sites (lower panel). These two phosphorylation sites are among multiple sites that regulate the interaction of MDC1 and NBS1 essential for the recruitment of the MRN complex to double-strand breaks.
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The Giraffe FOLR1 shows exceptionally strong evidence for adaptive evolution including six positively selected amino acid substitutions of which two are predicted to cause a significant change in function (Fig. 3b). FOLR1 mutations are embryonically lethal in mice28 and produce hypomyelination and neurological defects in humans29. In addition to its role in cellular folate transport, FOLR1 is internalized, processed and transported to the nucleus where it regulates components of the FGF and NOTCH pathways30. These changes in giraffe FOLR1 may act in concert with similar changes in FGFRL1 and JAG1, components of the FGF and NOTCH pathways, respectively, to forge major developmental adaptations.
Cardiovascular and metabolic gene evolution
The giraffe cardiovascular system is adapted to regulate blood pressure over a height of 6â€‰m and to maintain cardiovascular homeostasis associated with rapid changes in the relative position of the brain to the heart. The blood pressure of giraffe is 2.5 Ã— higher than man, the left ventricle of the heart is enlarged and the blood vessel walls of the lower extremities are greatly thickened1,31. Giraffe exhibits evidence for adaptive evolution of eight genes that regulate blood pressure or cardiovascular function including two of the major adrenergic receptors Î±1 and Î²-2, urotensin-2b and angiotensin-converting enzyme (Supplementary Table 4). BORG1 and RCAN3, which are highly expressed in the heart and purported to have important functions related to cell shape and cardiac muscle contraction, respectively, are also significantly diverged in giraffe32,33. The observed distinctive changes in these genes may provide clues as to the evolutionary origins of giraffeâ€™s high blood pressure, increased cardiac output and modified vasculature.
Giraffeâ€™s elevated stature enables it to feed on acacia leaves and seedpods that are highly nutritious but also contain toxic alkaloids. As with other ruminants, giraffesâ€™ gut microbes ferment plants to generate volatile fatty acids that are transported through the gut epithelium and serve as the main energy source34,35. Included among the MSA genes in giraffe are those involved in the catabolism of volatile fatty acids such as butyrate (MCT1, ACSM3 and ACADS) or downstream oxidative phosphorylation that generate ATP (NDUB2 and SDHB) (Fig. 3c). In addition, these proteins are essential for lactate transport and metabolism that is particularly important for cardiovascular functions36.
Evolutionary changes in DNA and chromosome repair genes
The mediator of damage checkpoint-1 (MDC1) acts as a key scaffold for proteins participating in double-strand DNA break repair, homologous recombination, nonhomologous end-joining and telomere maintenance37,38,39,40,41,42,43, and its sequence exhibits the most radical evolutionary change in giraffe and okapi compared with all other vertebrates. The giraffe and okapi MDC1 gene contains an in-frame termination substitution in exon 5, suggesting either premature termination or alternative splicing to remove the offending termination codons. The complementary DNAs from both giraffe and okapi liver tissue were truncated in exon 5, indicating the use of a cryptic 5â€²-splice site resulting in a 264-amino acid internal deletion not seen in any other vertebrate. The deleted region corresponds to the ST/Q domain that contains numerous phosphorylation sites that have an impact on important regulatory proteinâ€“protein interactions44. Perhaps, not surprisingly, the amino acid sequence of NIBRIN, MRE11 and SOSB2, and BAZB1, which interact with MDC1 (ref. 45) are diverged in giraffe and/or okapi (Fig. 3d). We speculate that the divergence of these genes and those involved in centromeric functions may underlie the unusual degree of chromosomal fusions that occurred in the giraffe lineage46,47. The pecoran ancestor that gave rise to the horned, even-toed ungulates is purported to have had a karyotype of 2n=58â€“60 as exemplified by cattle46. However, giraffe and okapi have unusual karyotypes among pecorans exhibiting reduced chromosome number of 2n=30 and 2n=44â€“46, respectively, due to Robertsonian centric fusions of acrocentric chromosomes.


Discussion
Genes regulating fundamental aspects of development and physiology are highly conserved among major mammalian taxa48,49. However, we found that two-thirds of the genes most diverged in giraffe have specific roles in regulating skeletal, cardiovascular and/or neural development, or physiology (Fig. 4). In addition, several identified genes functionally intersect metabolism, growth and cardiovascular function, suggesting that giraffeâ€™s unique features may have co-evolved to elevate its stature, adapt its metabolism for more toxic food sources and adapt its cardiovascular and nervous system to the increased demands imposed by its unique morphology. The camelâ€™s neck is relatively long among mammals and intermediate in length between giraffe and okapi22. However, unlike the giraffe, the camelâ€™s long neck does not function to increase its stature and we did not detect similar patterns of unique amino acid substitutions between giraffe and camel among the 70 giraffe MSA genes including those that are known to regulate skeletal development. Okapi shares some of the same genetic changes seen in giraffe, which for some genes might underlie shared adaptive traits, whereas in other cases might represent evolutionary remnants of a common Giraffidae ancestor that is purported to have had a shorter neck than giraffe but longer than that of okapi50.
Figure 4: Gene cluster analysis of genes that exhibit evidence of adaptive evolution in giraffe.[image: figure 4]
Developmental and physiological regulatory genes in giraffe that exhibit adaptive evolution are enriched in skeletal, cardiovascular and neural functions. The MSA genes that are not known to be related to the regulation of skeletal, cardiovascular, or neural development are listed (right box).
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Among the 70 genes exhibiting MSA in giraffe, FGFRL1 is the strongest candidate for directly having an impact on the unique growth of the axial and appendicular skeleton and the cardiovascular system. FGFRL1 is known to be essential for normal skeletal and cardiovascular development in humans and mice25,26,27, and the FGF pathway regulates somite size51. Other genes are required to restrict differential growth to the cervical vertebrae and legs, and the homeotic genes, which specify the identity of different regions of the body, probably play that role. We identified three homeobox genesâ€”HOXB3, CDX4 and NOTOâ€”which exhibit significant changes in giraffe compared with other mammals. The advent of gene-editing methods provide a means of testing these hypotheses by introducing the unique amino acid substitutions seen in giraffe into the homologous genes of model organisms and determining the functional consequences. Among mammals, giraffe has some of the most challenging physiological and structural problems imposed by its towering height. The solutions to these challenges, in particular related to its turbocharged circulatory system, may be instructive for treatment of cardiovascular disease and hypertension in humans.


Methods
Genome sequencing
The Illumina TruSeq DNA PCR-Free Library Preparation Kit was used to construct paired-end libraries from liver samples of two female Masai giraffe (G.c. tippelskirchi) from the MA1 in Kenya and the Nashville Zoo (NZOO), and one fetal male okapi (O. johnstoni) from the White Oak Holdings. Libraries were prepared according to the manufacturerâ€™s protocol using 2â€‰Î¼g of input and the 550â€‰bp insert size workflow. The Nextera Mate Pair Sample Preparation Kit was used to construct mate pair libraries from the same three samples using the manufacturerâ€™s â€˜Gel Plusâ€™ protocol with 4â€“8â€‰kb size selection. Libraries were sequenced on an Illumina HiSeq 2500 in Rapid Run mode using 2 Ã— 150-bp paired-end sequencing. All libraries were prepared and sequenced by the Penn State Genomics Core Facility at University Park, PA. Targeted sequencing of specific genes in Rothschild (G.c. rothschildi) and Reticulated (G.c. retulata) giraffe used genomic DNA that we isolated from primary fibroblast cell cultures obtained from Dr Oliver Ryder at the San Diego Zoo Institute for Conservation Research.
Quality control and genome coverage
Interspecies variant nucleotides were identified as follows. The sequences that aligned to the reference genome as described above were sorted by the start position of their alignment to the reference genome. These were then assembled using a reference-based approach52, requiring at least 2-fold and at most 80-fold coverage of the region to be considered for assembly. The sequences from the okapi samples were aligned to the giraffe consensus sequence using BWA53 version 0.5.9 with default arguments and differences between giraffe and okapi were then identified using SAMtools54 version 0.1.19 with default arguments and the mpileup command. In-house scripts (available on request) were used to determine the position of variants relative to the (cow or dog) reference sequence.
Reads were discarded if the above process revealed evidence of insufficient read quality or instability of the genomic region, using three criteria. First, reads were required to have a best alignment to the reference assembly with at least 3% more identical nucleotides than the second-best alignment. Second, reference contigs were ignored if the depth of coverage was too high or too low according to the Landerâ€“Waterman statistic. Third, regions with an unusually high putative rate of interspecies differences were ignored, to lessen the impact of duplications and low-complexity regions. The average depth of read coverage for the nucleotide differences identified using the dog reference assembly and applied in subsequent analyses were 20.0 for the giraffe from MA1, 21.6 for the Nashville Zoo (NZOO) giraffe and 16.8 for the okapi.
Approximately 300 genes that displayed relative high dN/dS ratios in giraffe compared with cow and okapi were lacking complete coverage relative to cattle or other orthologues of other mammals. In most cases, incomplete coverage of these genes was due to the fact that the reference cattle gene model that was used was incomplete relative to other mammals. To complete the annotation for these genes, the giraffe and okapi scaffolds containing these genes were identified. The appropriate scaffolds were analysed by the Genewise55 annotation programme using complete reference coding sequences from cattle or human. Ensembl reference transcripts with the highest degree of confidence and information (TSL:1, GENECODE basic, APPRIS P1) were used.
De novo assembly
First, TruSeq adapters from mate-pair data were removed using Nesoni default parameters (v0.115) (https://github.com/Victorian-Bioinformatics-Consortium/nesoni). Then, KmerGenie (v1.6269)56 was executed with default parameters on both data sets, to determine best k-mer sizes for assembly. Scaffolds were assembled using SOAPdenovo2 (v2.04)57, setting k-mer size to 91 for the giraffe data set and 81 for the okapi data set, and enabling repeat resolution (-R parameter). Finally, gaps in scaffolds were filled using GapCloser (v1.12) with default parameters.
The same paired-end and mate-pair reads that were used to assemble were mapped back to the giraffe and okapi assemblies. The BWA-MEM programme was executed with default parameters and statistics were extracted using the â€˜samtools statsâ€™ tool. It is noteworthy that the percentage of properly mapping mate pairs was lower than for paired ends, as the larger span of a mate pair makes it more likely to map across different scaffolds.
Alignments and gene trees
Before aligning sequences, tblastn was run on each sequence against corresponding cow protein RefSeq sequence (downloaded from Ensembl). This ensured correction for frame shifts indels, as it was noted that some sequences were of draft quality and may have some sequencing errors. Sequences were aligned using MUSCLE release 3.8 (ref. 58) and phylogenetic trees were constructed using PhyML Version 3.0 (ref. 59). PhyML uses a likelihood-based tree-searching algorithm to find an optimal phylogeny. Bootstrapping (n=100) was used to test the robustness of the resulting phylogenies.
Positive selection analyses
To test for signatures of positive selection acting on giraffe lineage for each of the genes, we compared the likelihood scores of selection models implemented in CODEML in the PAML package, version 4.7 (ref. 60), using likelihood ratio tests (LRTs). Branch-site models were used to identify positive selection acting on giraffe versus cattle, okapi and gerenuk. The revised branch-site model A was used, which attempts to detect positive selection acting on a few sites on particular specified lineages, that is, â€˜foreground branchesâ€™61. Four classes of sites are assumed in the model and codons are categorized into these site classes based on foreground and background estimates of Ï‰. The alternative hypothesis that positive selection occurs on the foreground branches (Ï‰>1) is compared with the null hypothesis, where Ï‰=1 is fixed, using an LRT62. All genes whose LRT Ï‡2- analysis yielded P-values<0.05 were considered significant and these were selected as initial positive selection gene (PSG) candidates. As maximum likelihood methods designed to detect episodes of positive selection are sensitive to taxa sample size63, we re-analysed the initial PSG candidates list by including the orthologues of all mammals for which high-quality sequence data were available (10â€“45 species). In addition, genes identified by other means to have shown evidence of selection/divergence in giraffe were subjected to PSG analyses using all the available high-sequence quality mammalian orthologues. The results of the PSG analysis are given for the 70 MSA genes in Supplementary Table 4. Bayesian empirical Bayes values64 were used to identify sites under significant positive selection. Functional classification of positively selected genes was achieved using PANTHER classification of Biological Process ontology terms65.
Evaluation of nucleotide and amino acid substitutions
The mappings between giraffeâ€“okapi nucleotide difference and the reference assembly allowed us to predict amino-acid difference (in the case of nonsynonymous protein-coding differences) as follows. Ensembl gene annotations identified protein-coding regions in the reference assembly, which were inferred to map to coding regions in giraffe and okapi, as well as revealing the transcription orientation and phase. These data were analysed extensively on the Galaxy platform66,67 to determine enrichment of dN and dN/dS (Ï‰) in giraffeâ€“cattle as compared with okapiâ€“cattle. Genes that exhibit higher dN or dN/dS values in the giraffeâ€“cattle dyad were subjected to (a) KEGG pathway analysis and biological function analysis. Approximately 400 genes exhibiting exceptionally higher dN or dN/dS values in giraffeâ€“cattle dyad were further analysed in detail including (a) Polyphen2 analysis21 to identify amino acid substitutions predicted to be â€˜probably damagingâ€™; (b) Unique Substitution Analysis to identify unique amino acid substitutions in giraffe at fixed sites in eutherians, and to determine which genes have a statistically significant excess of unique substitutions at fixed sites, unique substitutions were manually curated from BLAST alignments; and (c) protein phylogenetic tree analysis using neighbour-joining method to identify genes that exhibit a high degree of divergence in giraffe as assessed by relative branch lengths. In assessing unique substitutions and constructing phylogenetic trees, all available mammalian orthologues of sufficient sequence quality were used. These data were combined with global analysis of positive selection analysis to identify genes that exhibit MSA in giraffe. This aggregate analysis led to the identification of 70 MSA genes. For these 70 genes, the amino acid substitutions unique to giraffe were confirmed in 2 individual Masai giraffes (MA1 and NZOO) and confirmed in an individual Rothschild and Reticulated giraffe including FGFRL1, FOLR1, RCAN3, AXIN2 and HOXD9.


Additional information
Accession codes: Sequence data for G. camelopardalis tippelskirchi (MA1 and NZOO) and O. johnstoni (WOAK) have been deposited in Short Read Archive under project number SRP071593 (BioProject PRJNA313910) and accession codes NZOO: SRX1624609 and MA1: SRX1624612. The Whole Genome Shotgun project of G. camelopardalis tippelskirchi (MA1) has been deposited at DDBJ/ENA/GenBank under the accession LVKQ00000000 and the version described in this paper is version LVCL01000000. The Whole Genome Shotgun project of O. johnstoni (WOAK) has been deposited at DDBJ/ENA/GenBank under the accession LVCL00000000 and the version described in this paper is version LVCL01000000.
How to cite this article: Agaba, M. et al. Giraffe genome sequence reveals clues to its unique morphology and physiology. Nat. Commun. 7:11519 doi: 10.1038/ncomms11519 (2016).



                

            

            
                Accession codes

              
              
                Accessions

                
                  BioProject
	
                      
                        PRJNA313910
                      

                    


                  GenBank/EMBL/DDBJ
	
                      
                        LVCL00000000
                      

                    
	
                      
                        LVCL01000000
                      

                    
	
                      
                        LVKQ00000000
                      

                    


                  Sequence Read Archive
	
                      
                        SRP071593
                      

                    


                
              
            

References
	Mitchell, G. & Skinner, J. D. An allometric analysis of the giraffe cardiovascular system. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 154, 523â€“529 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Endo, H. et al. Modified neck muscular system of the giraffe (Giraffa camelopardalis). Ann. Anat. 179, 481â€“485 (1997).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Badlangana, N. L., Bhagwandin, A., Fuxe, K. & Manger, P. R. Observations on the giraffe central nervous system related to the corticospinal tract, motor cortex and spinal cord: what difference does a long neck make? Neuroscience 148, 522â€“534 (2007).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	More, H. L. et al. Sensorimotor responsiveness and resolution in the giraffe. J. Exp. Biol. 216, (Pt 6): 1003â€“1011 (2013).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Hargens, A. R., Millard, R. W., Pettersson, K. & Johansen, K. Gravitational haemodynamics and oedema prevention in the giraffe. Nature 329, 59â€“60 (1987).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Brondum, E. et al. Jugular venous pooling during lowering of the head affects blood pressure of the anesthetized giraffe. Am. J. Physiol. Regul. Integr. Comp. Physiol. 297, R1058â€“R1065 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mitchell, G., Bobbitt, J. P. & Devries, S. Cerebral perfusion pressure in giraffe: modelling the effects of head-raising and -lowering. J. Theor. Biol. 252, 98â€“108 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ostergaard, K. H. et al. Left ventricular morphology of the giraffe heart examined by stereological methods. Anat. Rec. 296, 611â€“621 (2013).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Ostergaard, K. H. et al. Pressure profile and morphology of the arteries along the giraffe limb. J. Comp. Physiol. B 181, 691â€“698 (2011).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Paton, J. F., Dickinson, C. J. & Mitchell, G. Harvey Cushing and the regulation of blood pressure in giraffe, rat and man: introducing â€˜Cushingâ€™s mechanismâ€™. Exp. Physiol. 94, 11â€“17 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Petersen, K. K. et al. Protection against high intravascular pressure in giraffe legs. Am. J. Physiol. Regul. Integr. Comp. Physiol. 305, R1021â€“R1030 (2013).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Solounias, N. The remarkable anatomy of the giraffeâ€™s neck. J. Zool. 247, 257â€“268 (1999).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Lankester, R. On certain points in the structure of the cervical vertebrae of the okapi and the giraffe. Proc. Zool. Soc. Lond. 1908, 320â€“334 (1908).

                    Google ScholarÂ 
                

	Bock, F. et al. Mitochondrial sequences reveal a clear separation between Angolan and South African giraffe along a cryptic rift valley. BMC Evol. Biol. 14, 219 (2014).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Brown, D. M. et al. Extensive population genetic structure in the giraffe. BMC Biol. 5, 57 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Fennessy, J. Giraffeâ€“The Facts. http://www.giraffeconservation.org/programmes/giraffe-conservation-status-2/ (2014).

	Bovine HapMap, C. et al. Genome-wide survey of SNP variation uncovers the genetic structure of cattle breeds. Science 324, 528â€“532 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Stanton, D. W. et al. Distinct and diverse: range-wide phylogeography reveals ancient lineages and high genetic variation in the endangered okapi (Okapia johnstoni). PLoS ONE 9, e101081 (2014).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hassanin, A. et al. Pattern and timing of diversification of Cetartiodactyla (Mammalia, Laurasiatheria), as revealed by a comprehensive analysis of mitochondrial genomes. C. R. Biol. 335, 32â€“50 (2012).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Hernandez Fernandez, M. & Vrba, E. S. A complete estimate of the phylogenetic relationships in Ruminantia: a dated species-level supertree of the extant ruminants. Biol. Rev. Camb. Philos. Soc. 80, 269â€“302 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Adzhubei, I., Jordan, D. M. & Sunyaev, S. R. Predicting functional effect of human missense mutations using PolyPhen-2. Curr. Protoc. Hum. Genet. Chapter 7: Unit 7, 20 . Editorial board, J. L. Haines et al. (2013).

                    Google ScholarÂ 
                

	Badlangana, N. L., Adams, J. W. & Manger, P. R. The giraffe (Giraffa camelopardalis) cervical vertebral column: a heuristic example in understanding evolutionary processes? Zool. J. Linn. Soc. 155, 736â€“757 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Trueb, B. Biology of FGFRL1, the fifth fibroblast growth factor receptor. Cell. Mol. Life Sci. 68, 951â€“964 (2011).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dubrulle, J., McGrew, M. J. & Pourquie, O. FGF signaling controls somite boundary position and regulates segmentation clock control of spatiotemporal Hox gene activation. Cell 106, 219â€“232 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Catela, C. et al. Multiple congenital malformations of Wolf-Hirschhorn syndrome are recapitulated in Fgfrl1 null mice. Dis. Model. Mech. 2, 283â€“294 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rieckmann, T., Zhuang, L., Fluck, C. E. & Trueb, B. Characterization of the first FGFRL1 mutation identified in a craniosynostosis patient. Biochim. Biophys. Acta 1792, 112â€“121 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Engbers, H. et al. Wolf-Hirschhorn syndrome facial dysmorphic features in a patient with a terminal 4p16.3 deletion telomeric to the WHSCR and WHSCR 2 regions. Eur. J. Hum. Genet. 17, 129â€“132 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Piedrahita, J. A. et al. Mice lacking the folic acid-binding protein Folbp1 are defective in early embryonic development. Nat. Genet. 23, 228â€“232 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Steinfeld, R. et al. Folate receptor alpha defect causes cerebral folate transport deficiency: a treatable neurodegenerative disorder associated with disturbed myelin metabolism. Am. J. Hum. Genet. 85, 354â€“363 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Boshnjaku, V. et al. Nuclear localization of folate receptor alpha: a new role as a transcription factor. Sci. Rep. 2, 980 (2012).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Goetz, R. H. & Keen, E. N. Some aspects of the cardiovascular system in the giraffe. Angiology 8, 542â€“564 (1957).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Joberty, G. et al. Borg proteins control septin organization and are negatively regulated by Cdc42. Nat. Cell Biol. 3, 861â€“866 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Facchin, F. et al. Identification and analysis of human RCAN3 (DSCR1L2) mRNA and protein isoforms. Gene 407, 159â€“168 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Clemens, E. T., Maloiy, G. M. & Sutton, J. D. Molar proportions of volatile fatty acids in the gastrointestinal tract of East African wild ruminants. Comp. Biochem. Physiol. A. 76, 217â€“224 (1983).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Aluwong, T., Kobo, P. T. & Abdullahi, A. Volatile fatty acids production in ruminants and the role of monocarboxylate transporters: a review. African J. Biotechnol. 9, 6229â€“6232 (2010).
CASÂ 
    
                    Google ScholarÂ 
                

	Johannsson, E. et al. Upregulation of the cardiac monocarboxylate transporter MCT1 in a rat model of congestive heart failure. Circulation 104, 729â€“734 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lukas, C. et al. Mdc1 couples DNA double-strand break recognition by Nbs1 with its H2AX-dependent chromatin retention. EMBO J. 23, 2674â€“2683 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Townsend, K. et al. Mediator of DNA damage checkpoint 1 (MDC1) regulates mitotic progression. J. Biol. Chem. 284, 33939â€“33948 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Coster, G. et al. The DNA damage response mediator MDC1 directly interacts with the anaphase-promoting complex/cyclosome. J. Biol. Chem. 282, 32053â€“32064 (2007).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dimitrova, N. & de Lange, T. MDC1 accelerates nonhomologous end-joining of dysfunctional telomeres. Genes Dev. 20, 3238â€“3243 (2006).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Stucki, M. & Jackson, S. P. MDC1/NFBD1: a key regulator of the DNA damage response in higher eukaryotes. DNA Repair (Amst) 3, 953â€“957 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lou, Z., Minter-Dykhouse, K., Wu, X. & Chen, J. MDC1 is coupled to activated CHK2 in mammalian DNA damage response pathways. Nature 421, 957â€“961 (2003).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Goldberg, M. et al. MDC1 is required for the intra-S-phase DNA damage checkpoint. Nature 421, 952â€“956 (2003).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Stewart, G. S., Wang, B., Bignell, C. R., Taylor, A. M. & Elledge, S. J. MDC1 is a mediator of the mammalian DNA damage checkpoint. Nature 421, 961â€“966 (2003).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Spycher, C. et al. Constitutive phosphorylation of MDC1 physically links the MRE11-RAD50-NBS1 complex to damaged chromatin. J. Cell Biol. 181, 227â€“240 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cernohorska, H. et al. Molecular cytogenetic insights to the phylogenetic affinities of the giraffe (Giraffa camelopardalis) and pronghorn (Antilocapra americana). Chromosome Res. 21, 447â€“460 (2013).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Huang, L. et al. Karyotype evolution of giraffes (Giraffa camelopardalis) revealed by cross-species chromosome painting with Chinese muntjac (Muntiacus reevesi) and human (Homo sapiens) paints. Cytogenet. Genome. Res. 122, 132â€“138 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jiang, Y. et al. The sheep genome illuminates biology of the rumen and lipid metabolism. Science 344, 1168â€“1173 (2014).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Qiu, Q. et al. The yak genome and adaptation to life at high altitude. Nat. Genet. 44, 946â€“949 (2012).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Danowitz, M., Vasilyev, A., Kortlandt, V. & Solounias, N. Fossil evidence and stages of elongation of the neck. R. Soc. Open Sci. 2, 150393 (2015).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Dubrulle, J. & Pourquie, O. fgf8 mRNA decay establishes a gradient that couples axial elongation to patterning in the vertebrate embryo. Nature 427, 419â€“422 (2004).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Ratan, A. Assembly algorithms for next-generation sequence data. Pennsylvania State Univ. Thesis (2009).

	Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25, 1754â€“1760 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, H. et al. The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078â€“2079 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Birney, E., Clamp, M. & Durbin, R. GeneWise and Genomewise. Genome Res. 14, 988â€“995 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chikhi, R. & Medvedev, P. Informed and automated k-mer size selection for genome assembly. Bioinformatics 30, 31â€“37 (2014).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Luo, R. et al. SOAPdenovo2: an empirically improved memory-efficient short-read de novo assembler. Gigascience 1, 18 (2012).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Edgar, R. C. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 32, 1792â€“1797 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Guindon, S. & Gascuel, O. A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood. Syst. Biol. 52, 696â€“704 (2003).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Yang, Z. PAML 4: phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 24, 1586â€“1591 (2007).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, J., Nielsen, R. & Yang, Z. Evaluation of an improved branch-site likelihood method for detecting positive selection at the molecular level. Mol. Biol. Evol. 22, 2472â€“2479 (2005).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Anisimova, M. & Yang, Z. Multiple hypothesis testing to detect lineages under positive selection that affects only a few sites. Mol. Biol. Evol. 24, 1219â€“1228 (2007).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Anisimova, M., Bielawski, J. P. & Yang, Z. Accuracy and power of bayes prediction of amino acid sites under positive selection. Mol. Biol. Evol. 19, 950â€“958 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yang, Z., Wong, W. S. & Nielsen, R. Bayes empirical bayes inference of amino acid sites under positive selection. Mol. Biol. Evol. 22, 1107â€“1118 (2005).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Thomas, P. D. et al. PANTHER: a browsable database of gene products organized by biological function, using curated protein family and subfamily classification. Nucleic Acids Res. 31, 334â€“341 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bedoya-Reina, O. C. et al. Galaxy tools to study genome diversity. Gigascience 2, 17 (2013).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Blankenberg, D. et al. Galaxy: a web-based genome analysis tool for experimentalists. Curr. Protoc. Mol. Biol. Chapter 19: Unit 19, 1â€“21 (2010).

                    Google ScholarÂ 
                

	Shannon, P. et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498â€“2504 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
This work was supported by the Eberly College of Science and Huck Institutes of Life Sciences, Penn State University; Nelson Mandela African Institute of Science and Technology, Tanzania; Biosciences Eastern and Central Africaâ€“International Livestock Research Institute; Nashville Zoo, Nashville, TN; and White Oak Holding and SEZARC. E.I. was supported by the Tanzania Commission of Science and Technology, COSTECH, Tanzania. We thank the Kenya Wildlife Service for providing the giraffe tissue from the MA1. We thank David Hunter, Penn State University, for advice on the statistical analysis of unique substitutions. We thank Carly Driebelbis and Michael Potter for constructing Giraffe Genome website (https://giraffegenome.science.psu.edu).


Author information
Authors and Affiliations
	School of Life Sciences and Bioengineering, African Institute of Science and Technology, Arusha, 4222, Tanzania
Morris Agaba,Â Edson IshengomaÂ &Â Douglas R. Cavener

	Biosciences Eastern and Central Africa, International Livestock Research Institute, Nairobi, GPO00100, Kenya
Morris Agaba

	Department of Biology, Center for Genomics and Bioinformatics, Huck Institutes of the Life Sciences, Pennsylvania State University, University Park, 16802, Pennsylvania, USA
Morris Agaba,Â Webb C. Miller,Â Barbara C. McGrath,Â Chelsea N. Hudson,Â Oscar C. Bedoya Reina,Â Aakrosh Ratan,Â Rico Burhans,Â Lan Wu-Cavener,Â Brendan WoodÂ &Â Douglas R. Cavener

	Department of Physiology, MRC Functional Genomics Unit, Anatomy and Genetics, University of Oxford, Oxford, OX1 3PT, UK
Oscar C. Bedoya Reina

	Department of Computer Science, Center for Public Health Genomics, University of Virginia, Charlottesville, 22908, Virginia, USA
Aakrosh Ratan

	Department of Computer Science and Engineering, Center for Genomics and Bioinformatics, Huck Institutes of the Life Sciences, Pennsylvania State University, University Park, 16802, Pennsylvania, USA
Rayan ChikhiÂ &Â Paul Medvedev

	Department of Biochemistry and Molecular Biology, Pennsylvania State University, University Park, 16802, Pennsylvania, USA
Rayan ChikhiÂ &Â Paul Medvedev

	Huck Institutes of the Life Sciences, Pennsylvania State University, University Park, 16802, Pennsylvania, USA
Craig A. Praul

	Nashville Zoo at Grassmere, Nashville, 37211, Tennessee, USA
Heather Robertson

	White Oak Holdings, Yulee, 32097, Florida, USA
Linda Penfold


Authors	Morris AgabaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Edson IshengomaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Webb C. MillerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Barbara C. McGrathView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Chelsea N. HudsonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Oscar C. Bedoya ReinaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Aakrosh RatanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Rico BurhansView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Rayan ChikhiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Paul MedvedevView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Craig A. PraulView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Lan Wu-CavenerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Brendan WoodView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Heather RobertsonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Linda PenfoldView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Douglas R. CavenerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
D.R.C. and M.A. conceived the project and co-lead the project. W.C.M., O.C.B.R., A.R. and R.B. performed the gene annotations. R.C. and P.M. performed the genome assemblies. C.A.P. performed the whole-genome sequencing. B.C.M. prepared the DNA samples and RNA samples. B.C.M. and B.W. performed targeted sequencing. C.H. and D.R.C. performed the gene network analysis. M.A., D.R.C., L.W.C. and E.I. performed the Polyphen and PSG analyses. D.R.C. and L.W.C. performed the unique substitution analysis. M.A. and D.R.C. performed the gene-tree analysis. D.R.C. coordinated the project, performed enhanced gene annotations, performed the dN/dS screen and pathway enrichment analyses, and identified and collated the set of MSA genes. H.R. provided the Nashville Zoo (NZOO) giraffe tissues samples. L.P. provided the okapi tissue samples. M.A. provided the MA1 giraffe genomic DNA samples. D.R.C. and M.A. wrote the paper. D.R.C., M.A., W.C.M., P.M., B.C.M., C.H. and E.I. revised the paper.
Corresponding author
Correspondence to
                Douglas R. Cavener.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Information
Supplementary Figures 1-5, Supplementary Tables 1-2, Supplementary Notes 1-4 and Supplementary References (PDF 2111 kb)





Rights and permissions

                This work is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License. The images or other third party material in this article are included in the articleâ€™s Creative Commons license, unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, users will need to obtain permission from the license holder to reproduce the material. To view a copy of this license, visit http://creativecommons.org/licenses/by-nc-sa/4.0/

              Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Agaba, M., Ishengoma, E., Miller, W. et al. Giraffe genome sequence reveals clues to its unique morphology and physiology.
                    Nat Commun 7, 11519 (2016). https://doi.org/10.1038/ncomms11519
Download citation
	Received: 30 November 2015

	Accepted: 01 April 2016

	Published: 17 May 2016

	DOI: https://doi.org/10.1038/ncomms11519


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        The cardiovascular challenges in giraffes
                                    
                                

                            
                                
                                    	Christian AalkjÃ¦r
	Tobias Wang


                                
                                Journal of Muscle Research and Cell Motility (2023)

                            
	
                            
                                
                                    
                                        Human Nature, Metaphysics and Evolutionary Theory
                                    
                                

                            
                                
                                    	Harry Smit


                                
                                Philosophia (2023)

                            
	
                            
                                
                                    
                                        Population analysis of retrotransposons in giraffe genomes supports RTE decline and widespread LINE1 activity in Giraffidae
                                    
                                

                            
                                
                                    	Malte Petersen
	Sven Winter
	Maria A. Nilsson


                                
                                Mobile DNA (2021)

                            
	
                            
                                
                                    
                                        CSN: unsupervised approach for inferring biological networks based on the genome alone
                                    
                                

                            
                                
                                    	Maya Galili
	Tamir Tuller


                                
                                BMC Bioinformatics (2020)

                            
	
                            
                                
                                    
                                        Evolution of toll-like receptors in the context of terrestrial ungulates and cetaceans diversification
                                    
                                

                            
                                
                                    	Edson Ishengoma
	Morris Agaba


                                
                                BMC Evolutionary Biology (2017)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                
    
        
            
                Download PDF
                
            
        

    

            
        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Open Access Fees and Funding
                                
                            
	
                                
                                    Calls for Papers
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Editors' Highlights
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    Top Articles
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For authors
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Communications (Nat Commun)
                
                
    
    
        ISSN 2041-1723 (online)
    
    


                
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
