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regulator sequences specific to a relatively young therian X chro-
mosome (39).

The different dosage compensation mechanisms of vertebrate 
groups may therefore represent different mixes of ancient epige-
netic mechanisms that affect transcriptional and post-transcriptional 
control of gene activity.

Data, Materials, and Software Availability. All sequencing data are availa-
ble under BioProject PRJNA929280 (40). Mass spectrometry data for platypus, 
chicken, and mouse heart and liver samples, including raw files and protein 
summaries, are available at the ProteomeXchange Consortium via the PRIDE 
(41) partner repository with the dataset identifier PXD040182. The scripts for
the statistical models and the datasets necessary to run analyses included in this 
paper, as well as protein summaries for platypus and opossum fibroblasts, have 
been deposited in the public depository Git Hub, and are available at: https://
github.com/kango2/dcomp (42). Protein summary files are names according to 
sample labeling described in ProteinPilot software workflow section of methods. 
Previously published data were used for this work (43).

ACKNOWLEDGMENTS. We acknowledge that reviewer Dr. S.V.E. and author 
J.A.M.G. have co-published in two multiauthor articles, see: H. A. Lewin et al.
(115 authors) and M. Blaxter et al. (24 authors). J.A.M.G. and P.D.W. are sup-
ported by Australian Research Council Discovery Projects (DP210103512 and 
DP220101429). P.D.W. is supported by National Health Medical and Research 
Council (NHMRC) Ideas Grants (2021172, 2027730). H.R.P. is supported 
by an NHMRC Ideas Grant (2021172). S.A.W. is supported by the University 
of New South Wales (UNSW) Scientia program and an NHMRC Ideas Grant 

(1188987). M.I.R is supported by Helmholz association core funding and a DFG 
project grant FOR2841. S.M. was supported by grant MU 880/27-1 from the
Deutsche Forschungsgemeinschaft (DFG). A.R.-H. is supported by the Spanish
Ministry of Science and Innovation (PID2020-112557GB-I00 founded by
AEI/10.13039/501100011033) and the Agència de Gestió d’Ajuts Universitaris 
i de Recerca, AGAUR (2021SGR00122). F.G. and L.S.-W. is supported by an
Australian Research Council Discovery Project (DP210103512).

Author affiliations: aSchool of Biotechnology and Biomolecular Sciences, Faculty 
of Science, University of New South Wales Sydney, Sydney, NSW 2052, Australia; 
bJohn Curtin School of Medical Research, Australian National University, Canberra, 
ACT 2600, Australia; cNational Centre for Indigenous Genomics, Australian National 
University, Canberra, ACT 2600, Australia; dSchool of Biomedical Sciences, Faculty of 
Medicine and Health, University of New South Wales, Sydney, NSW 2052, Australia; 
eZymeworks, Vancouver, BC V5T 1G4, Canada; fMax Planck Institute for Molecular 
Genetics, Berlin 14195, Germany; gInstitute for Medical and Human Genetics, 
Charité Universitätsmedizin Berlin, Berlin 10117, Germany; hInstitute of Chemistry 
and Biochemistry, Freie Universität Berlin, Berlin 14195, Germany; iCharité-
Universitätsmedizin Berlin, Berlin Institute of Health Center for Regenerative Therapies, 
Berlin 13353, Germany; jMedical Research Council Human Genetics Unit, Institute of 
Genetics and Molecular Medicine, University of Edinburgh, Edinburgh EH8 9YL, United 
Kingdom; kSchool of Biological Sciences, University of Adelaide, Adelaide, SA 5000, 
Australia; lDepartment of Environment and Genetics, La Trobe University, Melbourne, 
VIC 3068, Australia; mInstitute of Applied Ecology, University of Canberra, Canberra, ACT 
2601, Australia; nDepartament de Biologia Cellular, Fisiologia I Immunologia, Universitat 
Autònoma de Barcelona, Cerdanyola del Vallès 08193, Spain; and oGenome Integrity 
and Instability Group, Institut de Biotecnologia i Biomedicina, Universitat Autònoma de 
Barcelona, Cerdanyola del Vallès 08193, Spain

Author contributions: P.D.W. designed research; N.C.L., A.M.L., W.B.H., L.K.W., and A.R.R. 
performed research; N.C.L., A.M.M., H.R.P., B.J.H., and A.R.-H. analyzed data; and N.C.L., 
H.R.P., S.A.W., B.J.H., K.L.M., S.M., M.I.R., L.S.-W., F.G., J.A.M.G., A.R.-H., and P.D.W. wrote 
the paper.

1.	 F. Grützner et al., In the platypus a meiotic chain of ten sex chromosomes shares genes with the bird 
Z and mammal X chromosomes. Nature 432, 913–917 (2004).

2.	 F. Veyrunes et al., Bird-like sex chromosomes of platypus imply recent origin of mammal sex 
chromosomes. Genome Res. 18, 965–973 (2008).

3.	 J. A. M. Graves, S. M. Gartler, Mammalian X chromosome inactivation: Testing the hypothesis of
transcriptional control. Somat. Cell Mol. Genet. 12, 275–280 (1986).

4.	 P. Julien et al., Mechanisms and evolutionary patterns of mammalian and avian dosage 
compensation. PLoS Biol. 10, e1001328 (2012).

5.	 Y. Zhou et al., Platypus and echidna genomes reveal mammalian biology and evolution. Nature 
592, 756–762 (2021).

6.	 M. Martínez-Pacheco et al., Expression evolution of ancestral XY gametologs across all major groups 
of placental mammals. Genome Biol. Evol. 12, 2015–2028 (2020).

7.	 Y. Itoh et al., Dosage compensation is less effective in birds than in mammals. J. Biol. 6, 2 (2007).
8.	 L. Xu, S. Y. Wa Sin, P. Grayson, S. V. Edwards, T. B. Sackton, Evolutionary dynamics of sex 

chromosomes of paleognathous birds. Genome Biol. Evol. 11, 2376–2390 (2019).
9.	 F. Zimmer, P. W. Harrison, C. Dessimoz, J. E. Mank, Compensation of dosage-sensitive genes on the 

chicken Z chromosome. Genome Biol. Evol. 8, 1233–1242 (2016).
10.	 S. Ohno, Sex Chromosomes and Sex-Linked Genes (Springer Science & Business Media, 1967).
11.	 F. Lin, K. Xing, J. Zhang, X. He, Expression reduction in mammalian X chromosome evolution refutes 

Ohno’s hypothesis of dosage compensation. Proc. Natl. Acad. Sci. U.S.A. 109, 11752–11757 (2012).
12.	 M. Wang, F. Lin, K. Xing, L. Liu, Random X-chromosome inactivation dynamics in vivo by single-cell 

RNA sequencing. BMC Genom. 18, 90 (2017).
13.	 Y. Xiong et al., RNA sequencing shows no dosage compensation of the active X-chromosome. Nat. 

Genet. 42, 1043–1047 (2010).
14.	 A. Lentini et al., Elastic dosage compensation by X-chromosome upregulation. Nat. Commun. 13, 

1854 (2022).
15.	 Z. Y. Wang et al., Transcriptome and translatome co-evolution in mammals. Nature 588, 642–647 (2020).
16.	 Q. Lyu et al., A small proportion of X-linked genes contribute to X chromosome upregulation in early 

embryos via BRD4-mediated transcriptional activation. Curr. Biol. 32, 4397–4410.e5 (2022).
17.	 H. C. Naik, K. Hari, D. Chandel, M. K. Jolly, S. Gayen, Single-cell analysis reveals X upregulation is 

not global in pre-gastrulation embryos. iScience 25, 104465 (2022).
18.	 R. Marin et al., Convergent origination of a Drosophila-like dosage compensation mechanism in a 

reptile lineage. Genome Res. 27, 1974–1987 (2017).
19.	 E. Davalos-Dehullu et al., Chromosome-level genome assembly of the blacktail brush lizard, 

urosaurus nigricaudus, reveals dosage compensation in an endemic lizard. Genome Biol. Evol. 15, 
evad210 (2023).

20.	 D. C. H. Metzger, B. A. Sandkam, I. Darolti, J. E. Mank, Rapid evolution of complete dosage 
compensation in poecilia. Genome Biol. Evol. 13, evab155 (2021).

21.	 X. Deng et al., Evidence for compensatory upregulation of expressed X-linked genes in mammals, 
Caenorhabditis elegans and Drosophila melanogaster. Nat. Genet. 43, 1179–1185 (2011).

22.	 Q. L. Hu et al., Chromosome-level assembly, dosage compensation and sex-biased gene expression 
in the small brown planthopper, Laodelphax striatellus. Genome Biol. Evol. 14, evac160 (2022).

23.	 J. A. M. Graves, C. M. Disteche, R. Toder, Gene dosage in the evolution and function of mammalian 
sex chromosomes. Cytogenet. Cell Genet. 80, 94–103 (1998).

24.	 J. A. M. Graves, C. M. Disteche, Does gene dosage really matter? J. Biol. 6, 1 (2007).
25.	 S. Uebbing et al., Quantitative mass spectrometry reveals partial translational regulation for dosage 

compensation in chicken. Mol. Biol. Evol. 32, 2716–2725 (2015).
26.	 H. Ellegren et al., Faced with inequality: Chicken do not have a general dosage compensation of

sex-linked genes. BMC Biol. 5, 40 (2007).
27.	 S. Uebbing, A. Kunstner, H. Makinen, H. Ellegren, Transcriptome sequencing reveals the character 

of incomplete dosage compensation across multiple tissues in flycatchers. Genome Biol. Evol. 5, 
1555–1566 (2013).

28.	 E. Heard, Delving into the diversity of facultative heterochromatin: The epigenetics of the inactive X 
chromosome. Curr. Opin. Genet. Dev. 15, 482–489 (2005).

29.	 E. Heard, C. M. Disteche, Dosage compensation in mammals: Fine-tuning the expression of the X 
chromosome. Genes. Dev. 20, 1848–1867 (2006).

30.	 J. A. M. Graves, 5-azacytidine-induced re-expression of alleles on the inactive X chromosome in a 
hybrid mouse cell line. Exp. Cell Res. 141, 99–105 (1982).

31.	 S. A. Waters et al., Landscape of DNA methylation on the marsupial X. Mol. Biol. Evol. 35, 431–439 
(2018).

32.	 M. L. Faucillion, J. Larsson, Increased expression of X-linked genes in mammals is associated with a 
higher stability of transcripts and an increased ribosome density. Genome Biol. Evol. 7, 1039–1052 
(2015).

33.	 R. L. Kan, J. Chen, T. Sallam, Crosstalk between epitranscriptomic and epigenetic mechanisms in 
gene regulation. Trends Genet. 38, 182–193 (2022).

34.	 M. Warnefors et al., Sex-biased microRNA expression in mammals and birds reveals underlying 
regulatory mechanisms and a role in dosage compensation. Genome Res. 27, 1961–1973 
(2017).

35.	 J. Chaumeil et al., Evolution from XIST-independent to XIST-controlled X-chromosome inactivation: 
Epigenetic modifications in distantly related mammals. PLoS One 6, e19040 (2011).

36.	 J. Grant et al., Rsx is a metatherian RNA with Xist-like properties in X-chromosome inactivation. 
Nature 487, 254–258 (2012).

37.	 A. Necsulea et al., The evolution of lncRNA repertoires and expression patterns in tetrapods. Nature 
505, 635–640 (2014).

38.	 M. Rovatsos, I. Rehák, P. Velenský, L. Kratochvíl, Shared ancient sex chromosomes in varanids, 
beaded lizards, and alligator lizards. Mol. Biol. Evol. 36, 1113–1120 (2019).

39.	 J. A. M. Graves, Evolution of vertebrate sex chromosomes and dosage compensation. Nat. Rev. 
Genet. 17, 33–46 (2016).

40.	 N. C. Lister, P. D. Waters, Data from “Incomplete transcriptional dosage compensation of chicken and 
platypus sex chromosomes is balanced by post-transcriptional compensation.” NCBI SRA. https://
www.ncbi.nlm.nih.gov/bioproject/PRJNA929280. Deposited 7 February 2023.

41.	 Y. Perez-Riverol et al., The PRIDE database resources in 2022: A hub for mass spectrometry-based 
proteomics evidences. Nucleic Acids Res. 50, D543–D552 (2022).

42.	 H. R. Patel, N. C. Lister, P. D. Waters, Code and protein summaries from “Incomplete transcriptional 
dosage compensation of chicken and platypus sex chromosomes is balanced by post-transcriptional 
compensation.” GitHub. https://github.com/kango2/dcomp. Deposited 15 May 2024.

43.	 D. Brawand et al., The evolution of gene expression levels in mammalian organs. Nature 478, 
343–348 (2011).

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA929280
https://www.ebi.ac.uk/pride/archive/projects/PXD040182
https://github.com/kango2/dcomp
https://github.com/kango2/dcomp
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA929280
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA929280
https://github.com/kango2/dcomp

	Incomplete transcriptional dosage compensation of chicken and platypus sex chromosomes is balanced by post-transcriptional compensation
	Significance
	Compensation by Transcriptional and Post-transcriptional Control
	Molecular Basis of Partial Transcriptional Dosage Compensation in Platypus
	Full Compensation by Control at Multiple Regulatory Levels
	Evolution of Dosage Compensation in Vertebrates
	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 18



