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455

456 Figure 3. The genes showing multiple signatures of adaptation in tiger. a The upSet plot of the
457 number of genes shared by the combination of the five methods used to test for adaptive evolution.
458  The matrix layout was constructed using the upSET package in R ®%. The connection between the red
459 circles shows the intersection of different methods with the intersection value depicted as a bar
460 plot. RTT: higher root-to-tip branch length, USF: Unique substitution with functional impact, HBW:
461 Higher branch dN/dS (w), PSG: Positively selected genes, PSS: Positively selected sites, GW: Gene-
462 wide, SS: Site-specific. Gene-wide (GW) represents the genes showing all three signs of adaptation
463 among the MSA (HBW, RTT, PSG), which takes into account the evolution of the complete gene. Site-
464  specific (SS) represents the genes showing the two signs of adaptation among the MSA (USF and
465 PSS), which takes into account the evolution of specific sites in a gene. b Network diagram of GO
466 biological processes enriched (p-value < 0.01) in the MSA genes. The nodes represent the GO
467 biological processes, and the edges represent the number of MSA genes shared among the enriched

468  categories.
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Figure 4. The adaptive divergence of Notch signalling pathway in tiger. a The regression of XD-score

and Fisher’s g-value of KEGG pathways. b Network diagram of genes showing the interaction of MSA

genes with the rest of the genes of the Notch signalling pathway. The edges in the network

represent the protein-protein interactions among the genes obtained from STRING database. ¢

Schematic representation of the Notch signalling pathway from KEGG with the genes showing

multiple signatures of adaptation highlighted in Red. The pathway diagram was constructed using

KEGGscape plug-in ¥ in Cytoscape.
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PSG Postively selected genes

PSS Postively selected sites

HBW Higher branch dN/dS

BEX3 Brain expressed gene 3

AgRP Agouti related neuropeptide

ESRP1 Epithelial splicing regulatory proteinl

CONFLICT OF INTEREST

The authors declare that the research was conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict of interest.

ACKNOWLEDGMENT

We thank Dr. Atul Gupta, Wildlife Veterinary Officer, Van Vihar National Park, Bhopal, and Director,
Van Vihar National Park, Bhopal, India for providing the blood samples of tiger. We also
acknowledge the help of Drs. Tista Joseph and Niraj Dahe, Wildlife Veterinary Officers (Wildlife SOS

India) at Van Vihar National Park for carrying out the sample collection procedure. We thank the HPC


https://doi.org/10.1101/544809

bioRxiv preprint doi: https://doi.org/10.1101/544809; this version posted February 10, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

490 facility and NGS facility at IISER Bhopal. SKJ and RS thank the Department of Science and Technology
491 for the DST-INSPIRE fellowship. We also thank the intramural research funds provided by IISER

492  Bhopal.

493

494  AUTHOR’S CONTRIBUTION

495 VKS conceived and coordinated the project. RS prepared the DNA samples and performed genome
496 sequencing. PM and SKJ generated the corrected genome assemblies and gene sets. PM performed
497  the branch dN/dS, positive selection, unique substitution and SIFT analyses. SKJ performed the
498 higher nucleotide divergence analysis. PM, SKJ, NV, and VKS analyzed the data and wrote the

499 manuscript. PM created figures. All the authors have read and approved the final manuscript.


https://doi.org/10.1101/544809

bioRxiv preprint doi: https://doi.org/10.1101/544809; this version posted February 10, 2019. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

1 Cho, Y. S. et al. The tiger genome and comparative analysis with lion and snow leopard
genomes. Nat Commun 4, 2433, doi:10.1038/ncomms3433 (2013).

2 Mazak, V. Panthera tigris. Mammalian species, 1-8 (1981).

3 Seidensticker, J. & McDougal, C. Tiger predatory behavior, ecology and conservation.
(1993).

4 Terborgh, J. et al. The role of top carnivores in regulating terrestrial ecosystems.
(1999).

5 Montague, M. J. et al. Comparative analysis of the domestic cat genome reveals
genetic signatures underlying feline biology and domestication. Proc Nat/ Acad Sci U S
A 111, 17230-17235, doi:10.1073/pnas.1410083111 (2014).

6 Denton, J. F. et al. Extensive error in the number of genes inferred from draft genome
assemblies. PLoS Comput Biol 10, €1003998, doi:10.1371/journal.pchi.1003998 (2014).

7 Prosdocimi, F., Linard, B., Pontarotti, P., Poch, O. & Thompson, J. D. Controversies in
modern evolutionary biology: the imperative for error detection and quality control.
BMC Genomics 13, 5, d0i:10.1186/1471-2164-13-5 (2012).

8 Clark, A. G. & Whittam, T. S. Sequencing errors and molecular evolutionary analysis.
Molecular Biology and Evolution 9, 744-752 (1992).

9 Hubisz, M. J., Lin, M. F., Kellis, M. & Siepel, A. Error and error mitigation in low-
coverage genome assemblies. PloS one 6, 17034 (2011).

10 Heydari, M., Miclotte, G., Demeester, P., Van de Peer, Y. & Fostier, J. Evaluation of the
impact of Illumina error correction tools on de novo genome assembly. BMC
Bioinformatics 18, 374, doi:10.1186/s12859-017-1784-8 (2017).

11 Yang, X., Chockalingam, S. P. & Aluru, S. A survey of error-correction methods for next-
generation sequencing. Brief Bioinform 14, 56-66, doi:10.1093/bib/bbs015 (2013).

12 Salzberg, S. L. et al. GAGE: A critical evaluation of genome assemblies and assembly
algorithms. Genome Res 22, 557-567, doi:10.1101/gr.131383.111 (2012).

13 Del Angel, V. D. et al. Ten steps to get started in Genome Assembly and Annotation.
F1000Research 7 (2018).

14 Walker, B. J. et al. Pilon: an integrated tool for comprehensive microbial variant
detection and genome assembly improvement. PloS one 9, €112963 (2014).

15 Ronen, R., Boucher, C., Chitsaz, H. & Pevzner, P. SEQuel: improving the accuracy of
genome assemblies. Bioinformatics 28, i188-i196 (2012).

16 Cunningham, F. et al. Ensembl 2019. Nucleic acids research 47, D745-D751 (2018).

17 Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM.
arXiv preprint arXiv:1303.3997 (2013).

18 Li, H. et al. The sequence alighment/map format and SAMtools. Bioinformatics 25,
2078-2079 (2009).

19 Thorvaldsdottir, H., Robinson, J. T. & Mesirov, J. P. Integrative Genomics Viewer (IGV):

high-performance genomics data visualization and exploration. Brief Bioinform 14,
178-192, doi:10.1093/bib/bbs017 (2013).


https://doi.org/10.1101/544809

bioRxiv preprint doi: https://doi.org/10.1101/544809; this version posted February 10, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

20 Kasprzyk, A. BioMart: driving a paradigm change in biological data management.
Database (Oxford) 2011, bar049, doi:10.1093/database/bar049 (2011).

21 Liu, K. et al. SATe-ll: very fast and accurate simultaneous estimation of multiple
sequence alignments and phylogenetic trees. Systematic biology 61, 90-106 (2011).

22 Rice, P., Longden, |. & Bleasby, A. EMBOSS: the European molecular biology open
software suite. Trends in genetics 16, 276-277 (2000).

23 Yang, Z. PAML 4: phylogenetic analysis by maximum likelihood. Molecular biology and
evolution 24, 1586-1591 (2007).

24 Uebbing, S. et al. Divergence in gene expression within and between two closely
related flycatcher species. Molecular ecology 25, 2015-2028 (2016).

25 Axelsson, E. et al. Natural selection in avian protein-coding genes expressed in brain.
Mol Ecol 17, 3008-3017, doi:10.1111/j.1365-294X.2008.03795.x (2008).

26 Ng, P. C. & Henikoff, S. SIFT: Predicting amino acid changes that affect protein
function. Nucleic Acids Res 31, 3812-3814 (2003).

27 UniProt Consortium, T. UniProt: the universal protein knowledgebase. Nucleic Acids
Res 46, 2699, doi:10.1093/nar/gky092 (2018).

28 Guindon, S. et al. New algorithms and methods to estimate maximum-likelihood
phylogenies: assessing the performance of PhyML 3.0. Syst Biol 59, 307-321,
doi:10.1093/sysbio/syq010 (2010).

29 Jombart, T., Dray, S. & Dray, M. S. Package ‘adephylo’. (2017).

30 Jombart, T. & Dray, S. adephylo: exploratory analyses for the phylogenetic
comparative method. Bioinformatics 26, 1-21 (2010).

31 Wang, J., Vasaikar, S., Shi, Z., Greer, M. & Zhang, B. WebGestalt 2017: a more
comprehensive, powerful, flexible and interactive gene set enrichment analysis toolkit.
Nucleic acids research 45, W130-W137 (2017).

32 Huerta-Cepas, J. et al. eggNOG 4.5: a hierarchical orthology framework with improved
functional annotations for eukaryotic, prokaryotic and viral sequences. Nucleic acids
research 44, D286-D293 (2015).

33 Glaab, E., Baudot, A., Krasnogor, N., Schneider, R. & Valencia, A. EnrichNet: network-
based gene set enrichment analysis.  Bioinformatics 28, i451-i457,
doi:10.1093/bioinformatics/bts389 (2012).

34 Figueiro, H. V. et al. Genome-wide signatures of complex introgression and adaptive
evolution in the big cats. Sci Adv 3, 1700299, doi:10.1126/sciadv.1700299 (2017).

35 Johnson, W. E. et al. The late Miocene radiation of modern Felidae: a genetic
assessment. Science 311, 73-77 (2006).

36 Li, G., Davis, B. W., Eizirik, E. & Murphy, W. J. Phylogenomic evidence for ancient
hybridization in the genomes of living cats (Felidae). Genome research 26, 1-11 (2016).

37 Calvo, L. et al. Bex3 Dimerization Regulates NGF-Dependent Neuronal Survival and
Differentiation by Enhancing trkA Gene Transcription. J Neurosci 35, 7190-7202,
doi:10.1523/JINEUROSCI.4646-14.2015 (2015).

38 Yi, J. S., Lee, S. K., Sato, T. A. & Koh, J. Y. Co-induction of p75(NTR) and the associated
death executor NADE in degenerating hippocampal neurons after kainate-induced
seizures in the rat. Neurosci Lett 347, 126-130 (2003).


https://doi.org/10.1101/544809

bioRxiv preprint doi: https://doi.org/10.1101/544809; this version posted February 10, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

39 Kim, S. et al. Comparison of carnivore, omnivore, and herbivore mammalian genomes
with a new leopard assembly. Genome Biol 17, 211, doi:10.1186/s13059-016-1071-4
(2016).

40 Nyakatura, K. & Bininda-Emonds, O. R. Updating the evolutionary history of Carnivora

(Mammalia): a new species-level supertree complete with divergence time estimates.
BMC Biol 10, 12, d0i:10.1186/1741-7007-10-12 (2012).

41 Paradis, E., Claude, J. & Strimmer, K. APE: analyses of phylogenetics and evolution in R
language. Bioinformatics 20, 289-290 (2004).

42 Dobrynin, P. et al. Genomic legacy of the African cheetah, Acinonyx jubatus. Genome
Biol 16, 277, d0i:10.1186/s13059-015-0837-4 (2015).

43 Sternson, S. M. Hypothalamic survival circuits: blueprints for purposive behaviors.
Neuron 77, 810-824 (2013).

44 Sternson, S. M. & Eiselt, A.-K. Three pillars for the neural control of appetite. Annual
review of physiology 79, 401-423 (2017).

45 lInytska, O. & Argyropoulos, G. The role of the Agouti-Related Protein in energy
balance regulation. Cell Mol Life Sci 65, 2721-2731, doi:10.1007/s00018-008-8104-4
(2008).

46 Vink, T. et al. Association between an agouti-related protein gene polymorphism and

anorexia nervosa. Mol Psychiatry 6, 325-328, d0i:10.1038/sj.mp.4000854 (2001).

47 Marks, D. L. et al. Ala67Thr polymorphism in the Agouti-related peptide gene is
associated with inherited leanness in humans. Am J Med Genet A 126A, 267-271,
doi:10.1002/ajmg.a.20600 (2004).

48 Van Valkenburgh, B. & Wayne, R. K. Carnivores. Curr Biol 20, R915-919,
doi:10.1016/j.cub.2010.09.013 (2010).

49 Sunquist, M. & Sunquist, F. Wild cats of the world. (University of chicago press, 2017).

50 Su, G., Morris, J. H., Demchak, B. & Bader, G. D. Biological network exploration with
Cytoscape 3. Curr Protoc Bioinformatics 47, 8 13 11-24,
doi:10.1002/0471250953.bi0813s47 (2014).

51 Snel, B., Lehmann, G., Bork, P. & Huynen, M. A. STRING: a web-server to retrieve and
display the repeatedly occurring neighbourhood of a gene. Nucleic Acids Res 28, 3442-
3444 (2000).

52 Artavanis-Tsakonas, S., Rand, M. D. & Lake, R. J. Notch signaling: cell fate control and
signal integration in development. Science 284, 770-776 (1999).

53 Lowell, S., Benchoua, A., Heavey, B. & Smith, A. G. Notch promotes neural lineage
entry by pluripotent embryonic stem cells. PLoS Biol 4, 121,
doi:10.1371/journal.pbio.0040121 (2006).

54 Chau, M. D., Tuft, R., Fogarty, K. & Bao, Z. Z. Notch signaling plays a key role in cardiac
cell differentiation. Mech Dev 123, 626-640, doi:10.1016/j.mod.2006.06.003 (2006).

55 de la Pompa, J. L. et al. Conservation of the Notch signalling pathway in mammalian
neurogenesis. Development 124, 1139-1148 (1997).

56 Su, A. I. et al. A gene atlas of the mouse and human protein-encoding transcriptomes.
Proc Natl Acad Sci U S A 101, 6062-6067, doi:10.1073/pnas.0400782101 (2004).


https://doi.org/10.1101/544809

bioRxiv preprint doi: https://doi.org/10.1101/544809; this version posted February 10, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

57 Jacobs, B. et al. Comparative morphology of gigantopyramidal neurons in primary
motor cortex across mammals. Journal of Comparative Neurology 526, 496-536 (2018).

58 Johnson, C. B. et al. Neocortical neuronal morphology in the Siberian Tiger (Panthera
tigris altaica) and the clouded leopard (Neofelis nebulosa). J Comp Neurol 524, 3641-
3665, doi:10.1002/cne.24022 (2016).

59 Seidensticker, J. Saving wild tigers: a case study in biodiversity loss and challenges to
be met for recovery beyond 2010. Integr Zool 5, 285-299, doi:10.1111/j.1749-
4877.2010.00214.x (2010).

60 Wakeham, A. et al. Conservation of the Notch signalling pathway in mammalian
neurogenesis. Development 124, 1139-1148 (1997).

61 Sunquist, M. Ecology, behavior and resilience of the tiger and its conservation needs.
Riding the tiger: tiger conservation in human dominated landscapes, 5-18 (1999).

62 Valkenburgh, B. V. & Ruff, C. Canine tooth strength and killing behavior in large
carnivores. Journal of Zoology 212, 379-397 (1987).

63 Eisert, R. Hypercarnivory and the brain: protein requirements of cats reconsidered. J
Comp Physiol B 181, 1-17, d0i:10.1007/s00360-010-0528-0 (2011).

64 Panchin, Y. V. et al. Neuronal basis of hunting and feeding behavior in the pteropod
mollusc Clione limacina. Netherlands journal of zoology 44, 170-183 (1993).

65 Jennings, J. H. et al. Interacting neural ensembles in orbitofrontal cortex for social and
feeding behavior. Nature, doi:10.1038/s41586-018-0866-8 (2019).

66 Han, W. et al. Integrated Control of Predatory Hunting by the Central Nucleus of the
Amygdala. Cell 168, 311-324 €318, d0i:10.1016/j.cell.2016.12.027 (2017).

67 Heffner, R. S. & Heffner, H. E. Hearing range of the domestic cat. Hear Res 19, 85-88
(1985).

68 Lex, A. & Gehlenborg, N.  (Nature Publishing Group, 2014).

69 Nishida, K., Ono, K., Kanaya, S. & Takahashi, K. KEGGscape: a Cytoscape app for
pathway data integration. F1000Research 3 (2014).


https://doi.org/10.1101/544809

