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Abstract 

Embryos, juveniles and even adults in many bird species lack profound external sexually 

dimorphic characteristics. The accurate sex identification is crucial for research (e.g. 

developmental, population and evolutionary studies), management of wildlife species and captive 

breeding programs both in conservation and poultry.  An accurate molecular sexing method 

applicable across bird radiation is theoretically possible thanks to the long-term stability of their 

ZZ/ZW sex chromosomes, but current molecular sexing methods have limitations in applicability 

to a wide range of bird lineages. We developed a novel molecular sexing method based on 

quantitative real-time PCR (qPCR) comparing the gene copy number variation in conserved Z-

specific genes from chicken genome (chrna6, ddx4, lpar1, tmem161b, vps13a), i.e. genes linked 

to Z but missing on W chromosomes, and tested it across three paleognath and 70 neognath species 

covering the avian phylogeny. We demonstrate that the gene lpar1 can be used as marker to 
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accurately identify the sex in both paleognath and neognath species, while the genes chrna6, ddx4, 

tmem161b and vps13a can reveal the sex in neognath species. Next to practical aspects, our study 

documents in more details the conservation of sex chromosomes  across avian phylogeny. 

 

Keywords (3-6) 

birds, molecular sexing, ostrich, rhea, sex identification, qPCR 

 

Background 

Sex determination is a key biological process which decides whether the gonad will develop into 

ovaries or testes. This process is fundamental for the long-term stability and viability of a 

population by its effect on sex ratio. Despite its importance, there are many pathways to determine 

sex. In amniote vertebrates, the sex of the individual can be either influenced by environmental 

factors at a sensitive embryonic stage (Environmental Sex Determination - ESD), or determined 

by sex-specific genetic differences (Genotypic Sex Determination - GSD) localized in specialized 

parts of the genome; the sex chromosomes (Johnson Pokorná & Kratochvíl, 2016; Capel, 2019).  

Two major systems can be distinguished under GSD: male heterogamety with ♀XX/♂XY 

sex chromosomes and female heterogamety with ♂ZZ/♀ZW sex chromosomes. The widely 

accepted model of sex chromosome evolution postulates that sex chromosomes evolve from a pair 

of autosomes, after one chromosome acquires a sex-determining locus (Ohno, 1967; Charlesworth, 

& Charlesworth, 2000; Charlesworth, Charlesworth, & Marais, 2005). This locus is restricted to a 

single sex, defining the Y or W chromosome, and affects subsequent processes in the nearby, 

linked loci. The regions around this sex-determining locus often subsequently stop recombination 

with their respective homologous regions on X and Z chromosome, with chromosome inversions 

being the most accepted mechanism (Charlesworth, Charlesworth, & Marais, 2005). The cessation 

of recombination between X and Y or Z and W does not occur at once, but successively in a 

stepwise manner forming “evolutionary strata”, i.e. genomic regions with different time since the 

cessation of recombination. Over time, the cessation of recombination triggers more structural 

changes, mainly on the Y and W chromosomes, including the accumulation of repetitive elements 

and deleterious mutations, heterochromatinization and extensive degradation of the gene content 

(for a recent review see Vicoso, 2019). Despite that the above classical model of sex chromosome 
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evolution is often depicted as a linear and deterministic process, empirical data across plant and 

animal taxa show that the differentiation processes differ significantly among lineages (Furman et 

al., 2020) and can result in sex chromosomes varying in range from homomorphic, differing in a 

single SNP in the sex determining gene to highly heteromorphic, where the Y/W has lost the vast 

majority of its original genomic content. Nevertheless, a significant number of genes seem to 

maintain homologous functional loci on both X and Y, or Z and W chromosomes either in 

recombining (pseudoautosomal genes) or non-recombining (gametologs) regions, even in highly 

differentiated sex chromosomes (Perrin, 2009; Beukeboom & Perrin, 2014; Jeffries et al., 2018).  

Phylogenetic reconstruction of the evolution of sex determination revealed that sex 

chromosomes evolved independently at least 40 times in amniotes, a group of vertebrates which 

includes birds, mammals and all non-avian reptiles (Johnson Pokorná & Kratochvíl, 2016). Among 

amniote lineages, birds show long-term stability of ZZ/ZW sex determination system and striking 

homology of sex chromosomes which can date back to their common ancestor approximately 80-

120 Mya (Shetty, Griffin, & Graves, 1999; Mank & Ellegren, 2007). Doublesex and mab-3 related 

transcription factor 1 (dmrt1), a gene involved in testis differentiation in vertebrates, seems to be 

the sex determining locus in both paleognath and neognath birds (Shetty, Kirby, Zarkower & 

Graves, 2002; Smith et al., 2009). This gene is missing in the W chromosome and seems to affect 

sex determination through a dosage sensitive pathway: two gene copies per cell are required for 

male development (ZZ), while a single copy leads to female development (ZW) (Shetty et al. , 

2002; Smith et al., 2009). 

Cytogenetic analyses, such as C- and G-banding and comparative chromosome painting 

with probes specific for the chicken Z chromosome, revealed polymorphism in size, genomic 

content and heterochromatin distribution of W chromosomes across bird species (Stock & Bunch, 

1982; Shetty et al.,1999; Nishida-Umehara et al., 2007; Nanda, Schlegelmilch, Haaf, Schartl, & 

Schmid, 2008.). Both sex chromosomes are euchromatic, with W chromosome being slightly 

smaller in size than the Z chromosome in ratite birds, such as ostriches and emus. On the contrary, 

the sex chromosomes are heteromorphic and the W chromosome is smaller in size and partially 

heterochromatic in tinamous (Nishida-Umehara et al., 2007; Tsuda, Nishida-Umehara, Ishijima, 

Yamada, & Matsuda, 2007; Nanda, et al.2008).  

In neognath birds, sex chromosomes are typically heteromorphic, with a smaller in size 

and fully heterochromatic W chromosome (Derjusheva, Kurganova, Habermann, & Gaginskaya 

2004; Shibusawa et al., 2004; Nanda et al., 2008; Nishida et al., 2008). Nevertheless, even in 
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neognath birds, extensive variability has been reported in the size and heterochromatin distribution 

of the W chromosome (Rutkowska, Lagisz, & Nakagawa, 2012). Furthermore, recent reports of 

multiple sex chromosomes in penguins (Gunski et al., 2017) and autosome-sex chromosome 

fusions in several passerines, especially in the superfamily Sylvoidea (Pala et al., 2012; Gan et al., 

2019; Sigeman et al. 2019; Dierickx et al., 2020; Sigeman, Ponnikas, & Hansson, 2020), depict a 

complex evolution of avian sex chromosomes. 

Recent genomic studies confirmed the previous cytogenetic findings and revealed 

pronounced differences in the length of pseudoautosomal regions across birds. The Z and W 

chromosomes in ratite birds share extensive pseudoautosomal regions, covering at least two-third 

of the Z-chromosome. The non-recombining, Z-specific region (i.e. missing on the W 

chromosome) is approximately the one-third of the Z chromosome and includes, among other 

genes, the sex determining locus dmrt1, and corresponds to the first evolutionary statum (S0) 

shared by all birds studied up to now (Zhou et al., 2014). Tinamous and neognath birds have tiny 

pseudoautosomal regions, but variable in size among species, and their Z-specific regions seem to 

have evolved through at least three different strata (Zhou et al., 2014). The reconstruction of 

evolutionary strata is quite complex and might occur independently among lineages (Zhou et al., 

2014). Furthermore, the comparative phylogenetic analysis of gametologs indicates a variable rate 

of degeneration of W chromosome across avian lineages (Zhou et al., 2014).   

Embryos, juveniles and in many bird species even adults lack profound external sexual 

dimorphism (Kahn, St John, Quinn, 1998). The accurate sex identification is necessary for research 

(e.g. developmental, population and evolutionary studies), management of wildlife species and 

improvement of captive breeding programs both for conservation and poultry (Morinha, Cabral, 

& Bastos, 2012).  Several methods have been developed to identify the sex in birds, based on the 

identification of sex-specific differences in behaviour (Gray & Hamer, 2001), morphometric 

characters (Reynolds, Martin, Wallace, Wearn, & Hughes2008; Cappello & Boersma, 2018; 

Medeiros, Chaves, Vecchi, Nogueira, & Alves, 2019; Alonso, Bautista, Alonso,. 2019; Seyer, 

Gauthier, Bernatchez, & Therrien, 2020), vocalization (Volodin et al., 2009), cloacal examination 

(Miller & Wagner, 1955), hormone levels (Bercovitz, Czekala, & Lasley, 1978), cytogenetic 

markers (Harris & Walters, 1982; Griffiths and Phil, 2000) and laparoscopy for gonad inspection 

(Richner, 1989). However, many of these methods have limited applications, because they are time 

consuming, technically demanding (e.g. cytogenetics, morphometrics), potentially harmful (e.g. 

laparoscopy) or error-prone. Recently, molecular methods for sex identification became popular 
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for a wide range of applications, because they give accurate results from relatively low-risk (e.g. 

blood) or even non-invasive (e.g. moulted feathers, faeces) sampling methods. 

The knowledge on bird sex chromosome was applied to develop methods for molecular 

sex identification. The initial efforts to develop molecular sexing methods in birds were focused 

on random amplified polymorphic DNA (RAPD) (Griffiths & Tiwari, 1993) and sex-specific 

repetitive elements (Quinn, Cooke, & White, 1990) which could apply only to a restricted 

phylogenetic spectrum of species. The innovation of bird molecular sexing started with the 

discovery that the gene chromodomain helicase DNA binding protein 1 (chd1) has distinct 

gametologs in the Z (chd1-Z) and W (chd1-W) chromosomes differing in the fragment size of the 

intronic regions and lacking autosomal copies or pseudogenes. At the same time it was found that 

the gametologs of this genes are highly conserved in sequence across bird phylogeny (Griffiths & 

Tiwari, 1995; Ellegren, 1996; Griffiths, Daan & Dijkstra, 1996; Ellegren & Sheldon, 1997; 

Griffiths & Korn, 1997; Griffiths, Double, Orr, & Dawson, 1998; Kahn et al. 1998; Fridolfsson 

and Ellegren 1999). In the most common version of the chd1-based molecular sexing method, the 

two alleles are amplified by Polymerase Chain Reaction (PCR) using specific primers designed to 

amplify a genomic fragment that includes the intron variation. The PCR products are screened in 

agarose gel electrophoresis, resulting in two different bands in the females (both gametologs are 

present) and just a single band in the males (only chd1-Z is present) (Griffiths et al. 1998; Kahn, 

St. John, & Quinn, 1998; Fridolfsson & Ellegren, 1999). Since the sequence content of the two 

gametologs is extremely conserved, the same set of primers can be used in theory for molecular 

sexing across the wide phylogenetic spectrum of birds. This method has been re-adapted during 

the years with the development of new, either more conserved or lineage-specific primers (Wang 

& Zhang, 2009; Lee et al., 2010; Wang, Zhou, Lin, Fang, & Chen, 2011). However, in ratites, the 

chd1 gene does not have the sex-specific fragment variation in the same position as other birds 

and therefore it cannot be used as a marker of sex identification in this group (Ellegren 1996). 

Nevertheless, PCR-based molecular sexing using primers to detect sex-specific intron size 

variations of chd1 gene is commonly used for sex identification in neognath birds ( Jensen, 

Pernasetti & Durrant, 2003; J Wang et al., 2007; Lee et al., 2010; Kocijan et al., 2011; Vucicevic 

et al., 2013; Gabor, Miluchová, Trakovická, Hrnčár, & Radosová, 2014; Çakmak, Akın Pekşen & 

Bilgin, 2017; Maheshkumar, Saravanan, Mani, & Murali, 2017; Purwaningrum et al., 2019; 

Mataragka, Balaskas, Sotirakoglou & Ikonomopoulos, 2020). Furthemore, chd1 gene was used as 

marker for the development of alternative PCR-based molecular sexing methods based on allele-

specific PCR (Ito et al. 2003; He, Yu & Fang, 2005; Lee et al., 2008), restriction fragment length 
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polymorphism (RFLP) (Ellegren 1996; Bermudez-Humaran, Chávez-Zamarripa, Guzmán-

Velasco, Leal-Garza, & Montes de Oca-Luna, 2002; Patino, Cruz, Martínez, & Cedeño-Escobar, 

2013; Boano et al., 2020), single-strand conformation polymorphism (SSCP) (Cortes, Barroso & 

Dunner,. 1999; Ramos, Bastos, Mannan, & Guedes-Pinto, 2009), capillary electrophoresis (Lee 

et al. 2010; Çakmak et al. 2017), loop‐mediated isothermal amplification (LAMP) (Centeno-

Cuadros, Tella, Delibes, Edelaar, Carrete 2017; Koch, Blohm-Sievers, & Liedvogel, 2019) and 

real-time PCR using either TaqMan probes or high-resolution melting analysis (Chang et al., 

2008a; 2008b; Chou et al., 2010; Rosenthal et al. 2010; Brubaker et al., 2011; Huang et al., 2011; 

Chen et al., 2012; Morinha et al., 2011; 2013; 2019; Faux, McInnes, & Jarman,  2014). 

In contrast to the previous studies focused mainly on the chd1 gene marker, we developed 

a quantitative real-time PCR (qPCR) method based on conserved Z-specific genes for accurate 

molecular sexing in avian species. Here, we designed primers from five Z-specific genes, which 

we tested across three paleognath and 70 neognath species, covering uniformly the avian 

phylogeny.  

 

Materials & Methods 

Sampling effort and DNA isolation 

Blood or tissue samples were collected from both sexes in 73 species of birds covering 22 orders. 

The list of examined specimens is presented in Table S1. DNA was extracted from all samples by 

the DNeasy Blood & Tissue Kit (Qiagen Inc., Valencia, CA). The DNA concentration and quality 

was estimated in the ND-1000 spectrophotometer (NanoDrop Technologies, Inc., Rockland, ME). 

DNA samples with concentration higher than 20 ng/μl and 260/280 ratio higher than 1.8 were used 

for the qPCR measurements. 

 

qPCR methodology 

A qPCR approach was applied to measure the differences in copy number of Z-specific genes 

between sexes. In species like birds, with female heterogamety and  degenerated W, the 

homogametic ZZ males possess twice as many copies of single-copy Z-linked genes compared to 

heterogametic ZW females, while both sexes have equal copy number of autosomal and 

pseudoautosomal genes. This difference in the gene copy number between the two sexes can be 
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measured by qPCR as described in several lineages of non-avian reptiles (Rovatsos et al., 2014; 

2015; 2017a; 2017b; 2019a; 2019b).  

We designed primer pairs for Z-specific and autosomal control genes with Primer-BLAST 

(Ye et al., 2012) according to chicken chromosome Z (GGAZ) sequences derived from the chicken 

genome project (International Chicken Genome Sequencing Consortium 2004) deposited in the 

GenBank database (https://www.ncbi.nlm.nih.gov/gene/). The primers were tested in three 

representative avian species: the elegant crested tinamou Eudromia elegans (Palaeognathae), the 

chicken Gallus gallus and the great tit Parus major (Neognathae) in order to select primers from 

conserved genomic regions across the bird phylogeny. We selected primers for five Z-specific 

(chrna6, ddx4, lpar1, tmem161b, vps13a) and three autosomal genes (ggps1, kiaa1429, mecom) 

(Table S2). The autosomal gene mecom was used for normalization of qPCR values. In species 

where mecom did not amplify successfully, another autosomal gene was used for normalization 

(Table S3). 

All the DNA samples were run in triplicates for each tested gene per sample. The qPCR 

analysis was run on LightCycler II 480 (Roche Diagnostics, Basel, Switzerland). The detailed 

protocols for the qPCR reaction mix and cycler conditions, and the formula to calculate relative 

gene dose between sexes are reported in Rovatsos et al. (2017). Briefly, the qPCR reaction mix 

contains 2 ng of genomic DNA, 0.3 μL of each of the forward and reverse primers (stock solution 

10 pmol/μL) and 7.5 μL SYBR Premix Ex Taq II (Takara Bio, Shiga, Japan), and water up to a 

final volume of 15 μL. The cycling program starts at 95 °C for 3 min, followed by 44 amplification 

cycles at 95 °C for 15 sec, 56 °C for 30 sec, 72 °C for 30 sec, and ends with a melting curve 

analysis to control for non‐specific products. The melting curve program starts with an initial 

denaturation at 94 °C for 15 sec, cooling to 65 °C and subsequent fluorescent measurements every 

0.1 °C from 65 °C to 95 °C. The quantification values (Crossing point - Cp) were calculated by 

the Lightcycler 480 software (version 1.5.0), using the second‐derivative maximum algorithm. 

Quantification values from primers with secondary peaks in the melting curve analysis were 

discarded as unreliable. 

The gene dosage of each target gene is determined from the Cp values and normalized to 

the dose of the autosomal reference gene mecom from the same DNA sample. The target‐to‐

reference gene dose ratio (R) is calculated by the equation: R = 2 Cp mecom / 2 Cp gene. Subsequently, 

the relative gene dose ratio (r) between sexes was estimated for each gene, by dividing the gene 

dose ratio R from the female by the gene dose ratio from the male of the same species, as r = R 
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female / R male. The relative gene dose (r) expected for autosomal genes is approximately 1.0, while 

for Z-linked genes is about 0.5. The sex of unidentified individuals can be determined by 

calculating the relative gene dose ratio (r) between an individual with unknown sex and a male 

and/or a female individual of the same species. For example, if the individual with known sex, 

used as the reference is male and we estimate the ratio r  = R unidentified individual / R male, then the 

unidentified individual will be male if r = 1.0, and female if r = 0.5.  

 

 

Results and Discussion 

The qPCR test confirmed that all five tested GGA Z-specific genes (chrna6, ddx4, lpar1 

tmem161b, vps13a) are indeed Z-specific in chicken (Figure 1; Table S3), as it was predicted from 

the chicken genome assembly (International Chicken Genome Sequencing Consortium 2004). 

In paleognath birds, among the GGA Z-specific genes which were successfully amplified, 

tmem161b is autosomal or pseudoautosomal in all three paleognath birds, ddx4 is autosomal or 

pseudoautosomal in Struthio camelus and vps13a is Z-specific in Eudromia elegans but it did not 

amplify successfully in other paleognaths (Figure 1; Table S3). Notably, the gene lpar1 is Z-

specific in all three tested paleognath species: the elegant crested tinamou Eudromia elegans, the 

greater rhea Rhea americana and the common ostrich Struthio camelus, and therefore it is a 

suitable marker for molecular sexing in them. Identification of sex in ratites is not possible with 

the traditional chd-based molecular sexing methods, because this gene is pseudoautosomal and 

does not show sex-specific variation in this group. Accurate identification of sex in paleognath 

birds is of great importance, because of the increased interest in conservation management and 

their commercial value. Almost 1/4 of the paleognath species (mainly kiwis, rheas and tinamous) 

are assigned in threaten or endangered category according to IUCN (www.iucnredlist.org), while 

ostriches, emus and rheas are commercially farmed for the production of meat, eggs, feathers and 

leather (Carbajo, 2006; Sales, 2007). Previous studies applied mainly RAPD-PCR approaches to 

develop PCR-based molecular sexing markers in ostriches (Bello and Sánchez 1999; Hinckley, 

Park, Xiong, Andersen, & Kooyman, 2005; Wu, Horng, Yang, Huang, & Huang,  2006), kiwis 

(Dawson, Brekke, Dos Remedios, & Horsburgh  2015) and other ratites (Huynen, Millar, & 

Lambert, 2002). However, the application of the primers from these studies were not tested across 

other paleognath birds than those developed. Recently, Morinha et al. (2015) developed a qPCR-

based molecular sexing method using the high-resolution melting analysis, which can identify sex 



121 

in four ratite species (ostrich, greater rhea, emu and southern cassowary). The melting curve profile 

has a unique pattern for the Z- and W-specific gametologs of four genes (ntrk2, rasef, tmem2, 

dapk1) due to their sequence divergence (Morinha et al. 2015). Nevertheless, the melting curve 

profile is sensitive to the sequence of the qPCR amplicon and the expected sequence divergence 

in population level or across untested related species might result in unexpected curve profiles, 

which might make the sex identification difficult to interpret. 

In neognath birds, at least one primer pair from the GGA Z-specific genes amplified 

successfully in each tested species. In the vast majority of the cases, the GGA Z-specific genes are 

also Z-specific in the tested neognath species (Figure 1; Table S3), and therefore suitable markers 

for molecular sexing. Nevertheless, few genes are rarely (pseudo)autosomal without a clear 

phylogenetic pattern, namely tmem161b in the Eurasian wigeon Anas penelope and the long-eared 

owl Asio otus, and chrna6 in the domestic goose Anser anser f. domestica (Figure 1; Table S3). 

Our results demonstrate an extreme conservation of Z-chromosome gene content across the 

phylogeny of neognath birds. Recombination or translocation events, which would switch the 

genes from Z-specific to pseudoautosomal or autosomal position respectively, were rarely 

recorded (only in 2 cases out of 5 genes tested in 70 species), despite the 70-90 million years of 

divergence of neognath birds (Jarvis et al., 2014; Prum et al., 2015). 

Despite the popularity and the theoretical easiness of the PCR-based method, molecular 

sexing using the chd1 gene as marker can be inaccurate in some avian species, due to (i) the 

preferential amplification of chd1-W or chd1-Z allele in females leading to pseudo-male 

identification due to a single visible band in the electrophoretic gel (Medeiros et al., 2012), (ii) 

polymorphism in size of the chd1-Z allele resulting to pseudo-female identification (Dawson et 

al., 2001;Casey, Jones, Sandercock, & Wisely, 2009), or (iii) small size variation between the two 

gametologs below the detection efficiency of the electrophoresis (Zhang, Han, Liu, Zhang, & 

Zhang, 2013). In several avian species, PCR with the standard chd1 primers results in poor or lack 

of amplification (Reddy, Prakash, & Shivaji2007; Chang et al. 2008b; Wang & Zhang, 2009; 

Sulandart & Zein, 2012; Li et al., 2015), and/or variation in the pattern of bands in the 

electrophoresis gel (Çakmak et al. 2017). In addition, the PCR conditions, especially the annealing 

temperature and the selection of suitable primers should be adjusted, which makes the method time 

consuming (Faux et al., 2014).  

Taking into account the limitations of the current molecular sexing methods, in this study, 

we developed a qPCR molecular sexing method which is based on conserved Z-specific genes. 
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We present a set of 5 genes (chrna6, ddx4, lpar1, tmem161b, vps13a) and three autosomal control 

genes (ggps1, kiaa1429, mecom) which can be used for molecular sexing in both the paleognath 

and neognath birds. Our qPCR approach is faster than the traditional PCR-based methods, as it 

can be processed in a single step, without the need of gel electrophoresis. The innovation of our 

method is based on (i) the selection of a wide range of conserved genes, (ii) through a sensitive, 

(iii) relative quantification approach using for comparison an individual of the same species with 

known sex. Our method has been successfully tested in 73 species, consisting a universal 

molecular sex identification approach for birds. For performing a molecular sex identification in 

any species of birds, we recommend to select the primer set(s) from Table S2, which amplified 

successfully in the species of interest or its closely tested relative, presented in Table S3. We 

previously developed a similar approach for molecular sex identification, successfully applied in 

many non-avian reptile species, including caenophidian snakes, iguanas, lacertid lizards, monitors 

and softshell turtles (Rovatsos et al., 2015; 2016; 2017; 2019). Therefore, our molecular sexing 

method is in principle applicable in 14.000 species of avian and non-avian reptiles. 
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Figure 1. Average relative gene dose ratios between females and males from two autosomal genes 

(ggps1, kiaa1429) and five Z-specific genes (chrna6, ddx4, lpar1, tmem161b, vps13a) of Gallus 

gallus, tested in 73 species of birds, covering 22 orders of the bird phylogeny. List of species is 

presented in Table S1, list of primers in Table S2 and list of relative gene dose ratios per gene in 

Table S3. The average value of 1.0 is expected for autosomal and pseudoautosomal genes and 0.5 

for Z-specific genes. The phylogenetic relationship follows Prum et al. (2015). The average 

relative gene dose ratio between sexes was calculated for three categories of genes: autosomal or 

pseudoautosomal genes (blue bar), GGAZ-specific genes with (pseudo)autosomal position (yellow 

bar) and GGAZ-specific genes with Z-specific position (red bar). Standard error bars are indicated 

by black bars. 

 

Table S1 List of birds, per species and sex, used in the current study. 

 

Table S2 List of primers used for the measurement of relative gene dose through qPCR. 

 

Table S3 Relative gene dose ratios (r) between females and males for each species and primer 

pair. For normalization of the Cp values for each gene we used the Cp values of mecom from the 

same run (relative gene dose 1.00, depicted in blue letters). If the amplification of mecom was not 

successful, then the Cp values of kiaa1429 or ggps1 were used for normalization. The symbol "x" 

means that the primer was tested, but the test was not successful (e.g. due to a presence of a 

secondary product). 
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