


Extended Data Fig. 5 | Transcriptome and translatome comparison across 
different tissues and genotypes. a, Log2-fold changes (Log2FC) between 
ZKOZKO and ZZ genotypes for both autosomal (Non-targets: n = 7279 (RIBO), 
n = 7566 (RNA); Targets: n = 2238 (RIBO), n = 2309 (RNA)) and Z-linked protein- 
coding genes (Non-targets: n = 197 (RIBO), n = 220 (RNA); Targets: n = 264 
(RIBO), n = 292 (RNA)). Two-sided Wilcoxon test P-values between data types  
or target groups are indicated above and below. Log2FC estimates are either 
based on transcriptome (RNA) or translatome data (RIBO, indicated by dashed 
lines) of E3 embryo heads. Genes with FPKM > 1 were used and values were 
normalized using either the median of autosomal non-target transcriptome or 
translatome expression. b, Median and interquartile ranges of ratios of current 
versus proto-Z (ancestral) translation for Z-linked non-targets (n = 174) and 
Exp-Z (n = 188) genes for males and females (log2). Reference lines indicate 
ratios of − 1 (half ancestral expression), 0 (equal expression), and 1 (twofold 
ancestral expression). Statistical significance is indicated above as TOST (Two 
One-Sided Tests) Wilcoxon equivalence test (green indicates significance 
within equivalence bounds (reference value ± 0.5, Methods), gray indicates 
non-significance) and two-sided one-sample Wilcoxon test (red equals 

significant deviation from reference value, gray equals non-significant deviation). 
c, Female-to-male expression level ratios (log2) for Exp-Z and Other-Z genes in 
adult brain (Exp-Z: n = 203 (RIBO), n = 215 (RNA); Other-Z: n = 270 (RIBO), n = 297 
(RNA)) and embryonic head (Exp-Z: n = 201 (RIBO), n = 212 (RNA); Other-Z: n = 257 
(RIBO), n = 282 (RNA)). Two-sided Wilcoxon test P-values between data types or 
between target groups are indicated above and below. Ratios were calculated 
using either transcriptome (RNA) or translatome data (RIBO, indicated by 
dashed lines). Genes with FPKM > 1 were used and values were normalized using 
either the median of autosomal transcriptome or translatome expression. 
Statistical significance was assessed as in b). d, Female to male translational 
efficiency (TE) ratios (log2) for Exp-Z, Other-Z and Autosomal genes in adult 
brain (Exp-Z: n = 194; Other-Z: n = 259; Autosomal: n = 9843) and embryonic 
head (Exp-Z: n = 199; Other-Z: n = 246; Autosomal: n = 9276). Two-sided Wilcoxon 
test P-values between target groups are indicated above. Genes with FPKM > 1 
were used and values were normalized using the median of autosomal TE ratios. 
All box plots show the median, 25th–75th percentiles, and whiskers extending 
to 1.5× the IQR.
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Extended Data Fig. 6 | Impact of miR-2954 knockout on gene expression in 
heterozygous KO males. Left column: log2-fold changes (Log2FC) in gene 
expression between ZKOZ and ZZ genotypes for autosomal (n = 16,142) and 
Z-linked (n = 865) protein-coding genes; P-values from a two-sided Wilcoxon 
rank-sum test are indicated above. Log2FC estimates are based on transcriptomes 
of E3 and E5 embryos across head, heart, and rest of the body tissues (n = 3 

biological replicates per tissue, genotype, and developmental stage). Box plots 
show the median, 25th–75th percentiles, and whiskers extending to 1.5× the 
IQR. Right column: proportions of autosomal and Z-linked target and non-target 
genes among the differentially expressed (DE) genes (Benjamini-Hochberg 
adjusted P < 0.05) when comparing ZKOZ and ZZ genotypes. Two-sided χ² test 
P-values are shown above.



Extended Data Fig. 7 | Effects of miR-2954 knockdown on survival and gene 
expression. a, Sequential injections of the mirVana inhibitor complexed with 
Invivofectamine 3.0 Reagent into embryos at E2.5 (left) and E4 (right) using a 
microcapillary glass needle. b, Survival proportions of miR-2954 knockdown 
(KD) embryos categorized by treatment, sex, and embryonic day (E) of 
development. Numbers above the bars indicate the numbers of dead vs. total 
number of embryos analyzed per subgroup at each timepoint; P-values are 
from two-sided χ² tests. E12 survival represents the subset of embryos that 

survived at E4 and received a second injection. c, Log2-fold change (KD vs. 
Control) of miR-2954 target genes and the XPA gene (top), and non-target genes 
(bottom) in heart tissue of male chicken embryos at E5 for control (n = 3) and 
miR-2954 KD (n = 5), measured by RT-qPCR. P-values are from two-sided t-tests 
with Benjamini-Hochberg correction. All box plots show the median, 25th–75th 
percentiles, and whiskers extending to 1.5× the IQR. Individual data points are 
overlaid with jitter.
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Extended Data Fig. 8 | Dosage sensitivity assessments in the extended set 
of 576 genes expressed during chicken development. a, Probabilities of 
haploinsufficiency (pHaplo). b, Probabilities of triplosensitivity (pTriplo). In both 
panels, comparisons are shown between upregulated (Up) and non-upregulated 

(Non_Up), developmentally expressed Z-linked (n = 576) genes for both 
predicted (Pred) and non-predicted (Non_Pred) targets of miR-2954. Two-sided 
Wilcoxon test P-values are shown above. All box plots show the median, 25th–75th 
percentiles, and whiskers extending to 1.5× the IQR.



Extended Data Fig. 9 | Alignment of the miR-2954 locus and segment of the 
XPA host gene sequence across vertebrates and conservation pattern. 
MultiZ alignment of the genomic region containing miR-2954 across 77 vertebrate 
species, highlighting sequence conservation across species and phylogenetic 
relationships. On the left, a phylogenetic tree shows the evolutionary connections 

among species. The red bar marks the location of miR-2954. The main alignment 
consists of green bars, where each row represents a species’ sequence; green 
regions indicate conserved nucleotides, while white gaps signify divergence or 
deletions.
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Extended Data Fig. 10 | Genes with miR-2954 target sites in birds and 
outgroup species. a, Proportion of autosomal and Z-linked genes with predicted 
miR-2954 target sites (7–8mer matches) among all protein-coding genes in 
chicken, and among 1:1 chicken orthologs in zebra finch, ostrich, crocodile, and 
human. Distributions of predicted targets and non-targets were compared 
using two-sided χ² tests. The number of predicted targets and the total number 
of genes in each category are shown above the bars. b, Mean number of  

miR-2954 target sites per kilobase of 3′ UTR in chicken and human. A total of 
11,789 autosomal and 571 Z-linked genes with annotated 3′ UTRs in both chicken 
and human were used to calculate the number of target sites per kilobase of  
3′ UTR. Error bars indicate 95% confidence intervals from permutation tests 
(n = 10,000), with empirical P-values from two-sided pairwise permutation tests 
shown above the bars. In both panels, genes were classified as autosomal or 
Z-linked based on the chromosomal location of their 1:1 chicken orthologs.



Raw sequencing data (mRNA-seq, small RNA-seq, DNA-seq, and Ribo-seq) have been deposited in the NCBI Sequence Read Archive (SRA) under BioProject accession 
number PRJNA1079296 (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1079296) . Processed data for mRNA-seq and small RNA-seq are available in the 
Gene Expression Omnibus (GEO) repository under the same BioProject accession. Dosage sensitivity scores are available from Zenodo (zenodo.org/ 
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No software was used. 

CHOPCHOP v2 and Primer-BLAST were used for designing quide RNAs and primers. Analyses were performed using STAR aligner (v2.7.2b and 
v2.7.11a), DESeq2 (v1.24.0), R (v4.1 and v4.4.0), vsn (v3.52.0), Cutadapt (v4.4 and v4.6), TargetScan (v7.0 and v6.0), UMI-tools (v1.1.4), 
Bowtie2 (v2.5.1), minimap2 (v2.27-r1193), Sniffles2 (v2.2), samtools (v1.2), BLAST+ (v2.4), edgeR (v4.2.0), Clustal Omega, Primer-BLAST, IGV, 
and a modified Ribocutter pipeline (2021 preprint version). Gene annotations and ortholog mappings were retrieved using BioMart (Ensembl 
releases 106, 109, and 113). Custom codes developed in the study are available at https://github.com/amirshahr/MIR2954. 
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No statistical methods were used to determine sample size. Sample size was based on the number of individuals available (see Supplementary 
Table 2). 
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(See ICLAC register) 

records/6347673). The list of ohnologs is available from the OHNOLOGS database (ohnologs.curie.fr). Gene phylogenetic ages are available from GenTree 
(gentree.ioz.ac.cn). Genome assemblies, 3ʹ UTR sequences, and 1:1 orthologs were retrieved from Ensembl releases 109–113 (ensembl.org) and BioMart 
(ensembl.org/biomart/martview/64183b5d28d21d3d657ef39fbb9ad5b2). The following genome assemblies were used: chicken (Gallus gallus) 
bGalGal1.mat.broiler.GRCg7b, GRCg6a, and galGal4; zebra finch (Taeniopygia guttata) bTaeGut1_v1.p; crocodile (Crocodylus porosus) CroPor_comp1; ostrich 
(Struthio camelus) ASM69896v1; human (Homo sapiens) GRCh38.p14; and mouse (Mus musculus) GRCm39. 

2 

One batch of eggs was not used due to incubator malfunction. 

Each tissue type from each embryo was represented by 3 replicates derived from 3 individuals, respectively. All attempts at replication were 
successful. 

Individuals collected from heterozygous parents were ensured a random distribution of the dissected embryos in terms of genotype and sex. 

The collection of samples and estimation of phenotypes were performed blindly, with the experimenter unaware of the individuals' genotype 
and sex. 

The primordial germ cells were derived from chicken embryo at embryonic day 2.5. 

The cell-lined that was used in this study was authenticated based on it appearance and its ability to propagate in the host's 
gonads. 

No test for Mycoplasma contamination was performed on the cell lines. The chicken lines used to derive PGCs had been 
routinely tested and were free of avian mycoplasma. 

None 
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Both male and female adults and embryos of domestic chickens (Gallus gallus domesticus, Hy-Line and Red Junglefowl breeds) were 
used in this study. Adult chickens, aged between 6 and 24 months, were used for breeding purposes and for generation of riboseq 
libraries. Chicken embryos were collected at embryonic days 3, 4, 5, 7, 12, 13, and 14. In addition, one adult female mouse brain 
(Mus musculus, strain: CD-1, RjOrl:SWISS; RRID:MGI:5603077) was used. 
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3 

No wild animals were used in the study. 

No field collected samples were used in the study. 

All animal procedures were conducted in compliance with national and international ethical guidelines and regulations. Mouse 
experiments were approved by the local animal welfare authorities at Heidelberg University Interfaculty Biomedical Research Facility 
(T-64/17). Chicken experiments were conducted under UK Home Office license PP9565661 and approved by the Roslin Institute 
Animal Welfare and Ethical Review Board Committee, and Linköping Council for Ethical Licensing of Animal Experiments (288-2019). 
Mice (Mus musculus, strain: CD-1, RjOrl:SWISS, RRID:MGI:5603077) were purchased from Janvier Labs (France) and euthanized by 
cervical dislocation. All chicken (Lohmann white; Gallus gallus) management, maintenance, and embryo manipulation followed the 
relevant regulatory guidelines. 
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