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Abstract 
The processes and underlying forces of the evolution of avian sex chromosomes remain to be 

elucidated, despite decades of cytogenetic and molecular studies. In recent years, with the 

increasing availability of avian genomes, it becomes possible to revisit classical questions in 

avian sex chromosome evolution, including what are the causes and consequences of 

recombination suppression, at a fine-scale genomic level. In this thesis, I start tackling this task 

by focusing on two important clades: songbirds and paleognathous birds. The former clade 

represents more than half of the bird species of diverse morphological, ecological and 

behavioral traits, while the latter is a basal and unique clade with unusually homomorphic sex 

chromosomes. Through a comparative analysis of 13 genomes of paleognathous birds, I 

uncovered various stages of sex chromosome evolution, from complete degeneration in some 

tinamous to nearly stalled evolution in most ratites that show a large pseudoautosomal region 

(PAR) that is still recombining. Unexpectedly, I found evidence of reduced efficacy of selection 

for PAR-linked genes in species with large PARs, likely due to a reduced recombination rate. 

On the contrary, all the 11 songbird genomes analyzed here have fully differentiated sex 

chromosomes. I dated each event of recombination suppression in songbird sex chromosomes, 

and found there are in total four such events and they all occurred before the rapid speciation of 

songbirds. Interestingly, I found that the genes survived on the heterochromatic W 

chromosomes, despite in small numbers, are very conserved across songbirds, and their 

retention is likely due to the selection for dosage balance and their regulatory roles in the 

genomes. I further discovered 3 Z-to-W transposition events involving 7 haploinsufficient and 

house-keeping genes. All together, my work on diverse paleognathous birds and songbirds 

provides new insights into the dynamic evolutionary history of avian sex chromosomes.  
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Zusammenfassung  
Die Prozesse und Kräfte, die der Evolution von Geschlechtschromosomen in Vögeln 

zugrundeliegen, sind trotz jahrzehntelanger zytogenetischer und molekularer Studien noch nicht 

geklärt. Durch die Verfügbarkeit von immer mehr Vogelgenomen wird es möglich, klassische 

Fragen der Evolution von Geschlechtschromosomen in Vögeln auf genomischer Ebene erneut 

zu untersuchen, einschließlich der Ursachen und Folgen von Rekombinationsunterdrückung. 

In dieser Arbeit konzentriere ich mich auf zwei wichtige Vogelgruppen: Singvögel und 

Urkiefervögel (palaeognathe Vögel). Singvögel repräsentieren mehr als die Hälfte der 

Vogelarten mit unterschiedlichsten morphologischen, ökologischen und verhaltensbezogenen 

Merkmalen, während Urkiefervögel eine basale und außergewöhnliche Gruppe mit 

ungewöhnlich homomorphen Geschlechtschromosomen sind. Durch eine vergleichende 

Analyse von 13 Genomen von paläontologischen Vögeln entdeckte ich verschiedene Stadien 

der Evolution von Geschlechtschromosomen. Einige Steißhühner zeigen eine vollständige 

Degeneration der Geschlechtschromosome, während die meisten Laufvögel fast einem 

evolutionären Stillstand gleich sind. Sie besitzen eine große pseudoautosomal Region (PAR), 

die sich immer noch rekombiniert. Überraschenderweise unterliegen PAR-verknüpfte Gene bei 

Arten mit großen PARs einer geringeren Selektion, wahrscheinlich aufgrund reduzierter 

Rekombinationsraten.  

Alle Singvogel-Genome auf der anderen Seite verfügen über vollständig differenzierte 

Geschlechtschromosome. Durch Datieren jedes Ereignisses von Rekombinationsunterdrückung 

in Singvogel-Geschlechtschromosomen konnte ich zeigen, dass es insgesamt vier solcher 

Ereignisse gab und sie alle vor der Speziation von Singvögeln auftraten. Interessanterweise 

fand ich heraus, dass die Gene auf den heterochromatischen W-Chromosomen, trotz ihrer 

geringen Anzahl, bei Singvögeln sehr konserviert sind. Ihre Erhaltung ist wahrscheinlich auf ihre 

Rolle in Dosisbalance und Regulation im Genom zurückzuführen. Ich entdeckte weiterhin 3 Z-

to-W-Transpositionsereignisse die sowohl 7 haplo-insuffiziente als auch „house-keeping“ Gene 

involvierten. 

Zusammenfasssend erlaubt meine Arbeit an verschiedenen palaeognathen Vögeln und 

Singvögeln neue Einblicke in die dynamische Evolutionsgeschichte der 

Geschlechtschromosomen von Vögeln. 
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Chapter 1 

Introduction 

1.1  A brief history of studies on the avian sex chromosome 

Birds have a female-heterogametic sex chromosome system, that is, females have one Z 

chromosome and one female-specific W chromosome while males have two Z chromosomes. 

Following the early discovery of the ZW sex chromosome system at the beginning of the 20th 

century, detailed characterization of avian ZW chromosomes relied on cytogenetic methods in 

the last  century (H. Ellegren 2000). Through comparative chromosomal mapping, researchers 

found that the avian sex chromosome evolved from an autosomal pair (A. K. Fridolfsson et al. 

1998) that is not homologous to the mammalian XY chromosomes (Ezaz et al. 2006); 

throughout more than 100 million years’ evolution of birds, the sex chromosomes have been 

particularly stable and conserved (Nanda et al. 2008; Shetty, Griffin, and Graves 1999; Nanda 

et al. 1999).    

 

After the split of two major bird clades, Neognathae and Paleognathae, about 102 million years 

(MY) ago, they followed two diverged evolutionary paths of sex chromosome evolution. 

Neognathae contains more than 99% of extant bird species, including Neoaves and 

Galloanserae (e.g. chicken and duck), in which the sex chromosomes are highly differentiated 

(Rutkowska, Lagisz, and Nakagawa 2012). In most species, the size of the Z chromosome is 

similar to the fourth or fifth chromosome. On the contrary, the W chromosomes are gene-poor 

and heterochromatic, often cytogenetically indistinguishable from other microchromosomes 

(Graves 2014). Despite almost complete differentiation between the Z and W, a small part of the 

chromosome is still recombining during meiosis. The recombining part on the sex 

chromosomes, typically less than 1 Mb, is called the pseudoautosomal region (PAR) (Sarah P. 

Otto et al. 2011).  
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Figure 1. The evolutionary history and pattern of sex chromosome differentialtion in 
birds. All birds (Aves) share a female-heterogamety (ZW) system. Palaeognathae has a pair of  

homomorphic sex chromosome except for the tinamou lineage. The published paper in Chapter 

3 will address this part. Most songbirds (in Passeriformes) have highly differantiated sex 

chromosomes. One published paper in Chapter 2 and one manuscript in Chapter 4 will discuss 

this lineage. The bird illustrations were ordered from https://www.hbw.com/.  

 

The Palaeognathae consists of flightless ratites (e.g. ostrich and emu) and volitant tinamous. In 

most ratites, the W chromosomes are largely homomorphic to the Z chromosomes (Ansari, 

Takagi, and Sasaki 1988; Ogawa, Murata, and Mizuno 1998; M. I. Pigozzi and Solari 1999; 

Stiglec, Ezaz, and Graves 2007), with about two-thirds of the Z chromosome being 

pseudoautosomal. The tinamous, on the other hand, exhibit different degrees of W chromosome 

degeneration: while many of them have an intermediate degree of W degeneration (Tsuda et al. 

2007; María Inés Pigozzi 2011), some show completely degenerated W chromosomes (Zhou et 

al. 2014), similar to that of the Neognathae. This suggests that there must be independent 
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degeneration of the W chromosome in tinamous, paralleling to that in the Neognathae (Judith E. 

Mank and Ellegren 2007).   

 

Although cytogenetic studies have revealed an overview of avian sex chromosome evolution, a 

detailed evolutionary history could not be accurately inferred without the tool of molecular 

evolution. Starting from this century, DNA sequencing has demonstrated its power in uncovering 

a finer picture of the evolution of the avian sex chromosome. In 2001, Ellegren and Carmichael 

inferred independent restriction of recombination between the Z and W in different bird lineages, 

by comparing the ZW divergence of a single gene (ATP5A1) across species (H. Ellegren and 

Carmichael 2001). Later on, by including four more ZW gene pairs (gametologs), Handley et al. 

(2004) identified two ‘evolutionary strata’ on the chicken Z chromosome, due to the occurrence 

of recombination suppression between sex chromosomes at two different evolutionary 

timepoints (Handley, Ceplitis, and Ellegren 2004).   

 

The first genome of a bird species, chicken (Gallus gallus), became available in 2004 

(Consortium and International Chicken Genome Sequencing Consortium 2004), following which 

researchers were able to identify more W-linked gametologs, leading to the identification of 

more than three evolutionary strata in chicken (Nam and Ellegren 2008). More recently, with 

more avian genomes becoming available, including mallard duck (Anas platyrhynchos) and 

turkey (Meleagris gallopavo), independent and multiple formations of evolutionary strata have 

been characterized (Wright et al. 2014). 

 

A more dedicated effort on depicting the evolutionary trajectories of avian sex chromosome 

(Zhou et al. 2014) has been made after the genomes of 48 birds were sequenced (Zhang et al. 

2014; Jarvis et al. 2014). The cost of next generation sequencing (NGS) that reduced 

dramatically since 2008 has made this effort possible. In their study, Zhou and colleagues 

carefully demarcated the boundaries of evolutionary strata on the Z chromosomes of 17 birds, 

and revealed between two to four evolutionary strata across bird taxa, with the oldest stratum 

shared by all birds (Zhou et al. 2014).  

 

With the cost of NGS further coming down and more bird genomes becoming available, the 

study on avian sex chromosome has entered the genomic era. However, more research 

questions have been raised than satisfactorily addressed. For instance, how did the 

recombination between the sex chromosomes become suppressed? Why do some avian 

lineage, e.g. ratites, retain a pair of homomorphic sex chromosome? Why haven’t complete 

dosage compensation evolved in birds? What is the genetic response to W-linked gene loss? 
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Below I will briefly summarise some of the current research topics on avian sex chromosome 

evolution that I will address in this thesis, under a framework of evolutionary genomics. 

1.2  Recombination suppression 

In both eutherian mammals and birds (except for ratites), the sex chromosome pairs are highly 

differentiated (Bachtrog et al. 2014; Cortez et al. 2014). This is mainly due to a lack of 

recombination between the sex chromosomes in the heterogametic sex, through several 

processes (Bachtrog 2013), including genetic hitchhiking (W. R. Rice 1987), Muller’s ratchet (B. 

Charlesworth 1978) and Ruby in the rubbish (Orr and Kim 1998). It has been suggested that the 

suppression of recombination between sex chromosome pairs is needed to maintain the linkage 

of sex determining gene and sexually antagonistic genes on the sex-limited chromosome 

(William R. Rice 1987; S. P. Otto 2014; D. Charlesworth, Charlesworth, and Marais 2005). The 

sexually antagonistic genes are those that benefit one sex but may harm the other sex, 

therefore its restriction within the non-recombining region of the Y or W chromosome is 

essential to avoid sexual conflicts (Charlesworth 1996). The suppression of recombination 

between sex chromosomes can occur multiple times to allow for the expansion of non-

recombining regions and the addition of sexually antagonistic loci (Bergero and Charlesworth 

2009). Each time a sex-linked region is suppressed for recombination, a new evolutionary 

stratum is formed.  

 

While the sexual antagonism (SA) model can almost perfectly explain the evolution of 

recombination suppression, Charlesworth et al. (2014) suggested only when the sexually 

antagonistic selection is very strong will the recombination suppression be favored 

(Charlesworth, Jordan, and Charlesworth 2014). Moreover, empirical evidence for the SA model 

is still limited and mixed (Wright et al. 2016; Ponnikas et al. 2018). A recent study in guppies 

provided new evidence that recombination suppression is favored to maintain the linkage of 

male-coloration locus and male-determining locus, supporting the SA model (Wright et al. 

2017). However, another research group suggested there is occasional recombination between 

male XY while most recombination events are concentrated at the chromosomal tips in males; 

the researchers further suggested the very low male recombination rate helps maintain the high 

frequency of male-beneficial coloration allele on the Y chromosome (Bergero et al. 2019). 

Another study in Ranidae tree frog, similarly, argues against the role of sexual antagonism in 

driving the restriction of recombination (Rodrigues et al. 2018). In addition, recent theoretical 

work suggested that in many lineages, particularly in lower vertebrates, the suppression of 

recombination in XY males may even be harmful to males (Cavoto et al. 2018). 
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Another often-debated topic over recombination suppression is how it takes place. Considering 

the strata-like pattern of ZW divergence along the Z chromosome, physical barriers of 

recombination such as inversions, seem to be a plausible cause of recombination suppression 

(Wright et al. 2016; Ross et al. 2005). However, again, empirical evidence is difficult to obtain. 

One of the difficulties is in most well studied systems, the sex chromosomes are old and already 

fully degenerated, therefore the inversions that we observe now on the chromosome could have 

occurred after the suppression of recombination (Bergero and Charlesworth 2009). In birds, 

Zhou et al. observed a large-scale inversion on the Z chromosome at the ancestor Neognathae, 

coincident with the onset of recombination suppression of the Neognathae-specific evolutionary 

stratum (Zhou et al. 2014). However, it is still unclear if the inversion was the direct trigger of 

recombination suppression. 

 

Alternatively, recombination can be halted without chromosomal rearrangements. Instead, 

graduate loss of recombination can be achieved through a genetic modifier of the recombination 

rate (Choi and Henderson 2015) or changes in chromatin structure (Marand et al. 2017). This 

scenario of recombination loss has been supported by the study in threespine sticklebacks 

(Natri, Shikano, and Merilä 2013), Silene (Bergero et al. 2013) and a fungus (Sun et al. 2017). 

More recently, there is increasing awareness of the role of transposable elements in the 

regulation of recombination (Kent, Uzunović, and Wright 2017). Particularly, epigenetic 

modifications of transposable elements can be associated with the suppression of 

recombination (Underwood and Choi 2019).  

1.3  Evolutionary strata 

Once the recombination between the Z and W is halted, the W chromosome is expected to 

degenerate. Such a course can take place multiple times in a punctuated manner (Lahn and 

Page 1999b). Because of these processes, different regions on the Z chromosome may have 

different ages of recombination suppression with the W chromosomes, therefore different 

degrees of divergence between the Z and W. In many taxa, Z- (or X-) linked regions with similar 

divergence levels tend to cluster together. This pattern of spatial clusters of sequence 

divergence on the Z chromosome is called ‘evolutionary strata’. In humans, at least four strata 

have been identified, and they exhibit a linear organization on the X chromosome (Skaletsky et 

al. 2003). 
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In birds, the first stratum (S0) evolved at the ancestor of all birds (Aves) at least 102 MY ago. 

This stratum is about 18 Mb long, containing the candidate sex determining gene Dmrt1 (Zhou 

et al. 2014). This is in line with the canonical model of sex chromosome evolution that predicts 

the involvement of recombination restriction at the sex-determining loci and its surrounding 

regions, at the early stage of sex chromosome evolution (D. Charlesworth, Charlesworth, and 

Marais 2005). In Palaeognathae, this stratum is located at the end of the Z chromosome. In 

Neognathae, however, it has been relocated and scattering along the middle of the Z 

chromosome. This is likely due to a large-scale inversion at the ancestor of Neognathae 

followed by frequent smaller-scale inversions that reshuffled the organization of S0. The post-

recombination-suppression inversions is probably fixed by genetic drift due to reduced efficacy 

of selection for gene synteny on the Z chromosome (Wright et al. 2016).  

 

Following their divergence, the Paleognathae and Neognathae evolved additional evolutionary 

strata on their Z chromosome independently, at a different rate. In most ratites, only one 

additional stratum has been formed during their almost 100 MY’s evolution. Moreover, this 

stratum is relatively smaller, about only 10 Mb (Zhou et al. 2014; B. Vicoso, Kaiser, and 

Bachtrog 2013). The overall picture in tinamous is unclear, but in white-throated tinamou three 

evolutionary strata have been demarcated (Zhou et al. 2014). In Neognathae, the second 

stratum (S1) is a bit larger than S0, likely formed by a Z-linked inversion - the same inversion 

that brought the S0 into the middle of the Z chromosome. This stratum was estimated to occur 

89 MY ago, at the ancestor of Neoaves (Zhou et al. 2014). Similar to the scenario in S0, 

frequent rearrangements have drastically disrupted its synteny with the ancestral Z 

chromosome.  

 

After the split of the sister groups Galloanserae and Neoaves 89 MA ago, the third stratum (S2) 

seems to have independently formed in the two clades (Zhou et al. 2014). The S2 in 

Galloanserae spreads into almost the entire remaining recombining part of the Z chromosome, 

and appears to evolve at a very early branching of the Galloanserae. The size of Neoaves S2 is 

similar to Neognathae S1, about 20 Mb. The S2 of both Galloanserae and Neoaves were 

formed without a Z-linked inversion, but the contribution of a W-linked inversion have not been 

ruled out. 

 

Finally, the formation of the last stratum (S3), likely independently in various Neoaves lineages, 

leaves only a very small part of the Z chromosome as the PAR (Zhou et al. 2014). This stratum 

is perhaps the only one showing size variations among Neoaves birds. For instance, the S3 in 

white-tailed tropicbird is absent, making it one of the very few Neoaves birds having a relatively 
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large PAR. Most songbirds, including collared flycatcher (Smeds et al. 2014) and zebra finch 

(Singhal et al. 2015), seem to possess a very small PAR shorter than 700 kb. However, while 

more than half of extant bird species belong to songbirds, very few of them have been 

investigated for their sex chromosome evolution.  

1.4  Pseudoautosomal region 

The PAR is the only part of the bird ZW chromosomes that is still recombining in females. While 

no differentiation between sexes is expected, the PAR shows distinct features compared with 

autosomes. One of the prominent features of PAR is perhaps its usually high recombination 

rate. However, this is likely due to the fact that most well studied PARs are very short, and that 

there is at least one obligate crossover (Mohandas et al. 1992) needed in the heterogametic sex 

that is restricted to the small PAR. For instance, researchers found the PAR in collared 

flycatcher is only 630 kb in size, and reported a more than 30 times increase of recombination 

rate relative to autosomes (Smeds et al. 2014). The high recombination rate, in turn, leads to 

high GC content, low repeat density, high gene density and a low evolutionary rate of the PAR 

(Smeds et al. 2014). 

 

The Palaeognathae, usually having a large PAR, is not expected to display such a pattern. 

Indeed, the recombination rate was found not particularly high in the females of ostrich (Yazdi 

and Ellegren 2018). Considering the even lower recombination rate in the males, the sex-

average recombination rate is likely lower than autosomes (Yazdi 2019). However, more effort 

is needed to estimate the recombination rate of the PAR in ratites. 

 

The PAR has often been a subject for the study of sexually antagonistic selection (Sarah P. Otto 

et al. 2011). If different alleles are favored by males versus females (sexual antagonism), 

particularly for those close to the PAR boundary, selection for reduced recombination is needed 

to preserve the linkage of the sexually antagonistic allele and the fully sex-linked regions 

(Kirkpatrick and Guerrero 2014; D. Charlesworth and Charlesworth 1980; Charlesworth, Jordan, 

and Charlesworth 2014). This ongoing process can leave a signal of a higher-than-expected 

genetic diversity in the PAR. Studies on the PAR of a Silene species have provided empirical 

evidence supporting the role of sexual antagonism in maintaining an excess of polymorphisms 

in the PAR (Guirao-Rico, Sánchez-Gracia, and Charlesworth 2017; Qiu et al. 2016). However, 

evidence from other organisms is limited, and a recent theoretical study suggested only under 

certain conditions may sexually antagonistic selection play a role(Sarah P. Otto 2019). In birds, 

studies have failed to demonstrate the role of sexually antagonistic selection in shaping the 
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nucleotide diversity of the PAR, in species with both small (collared flycatcher) (Smeds et al. 

2014) and large (ostrich) (Yazdi and Ellegren 2018) PARs. Particularly, the high recombination 

rate observed close to the PAR boundary in ostrich females can hinder the formation of full 

linkage of the SA allele and sex-determining region, thus preventing the shrinking of the PAR 

(Yazdi and Ellegren 2018).     

1.5  Faster-Z evolution 

One of the consequences of recombination suppression is that the Z chromosome ultimately 

becomes hemizygous in females. On one hand, the recessive hemizygous alleles on the Z are 

more likely to be selected if they are beneficial to females (B. Charlesworth, Coyne, and Barton 

1987; Beatriz Vicoso and Charlesworth 2006), leading to their faster rate of fixation(faster-Z 

evolution). This has been supported by the result  in silk moth (Sackton et al. 2014). A similar 

scenario can also apply to male-heterogametic systems. For instance, in Drosophila, faster-X 

evolution due to positive selection has been frequently observed (Meisel and Connallon 2013; 

Connallon 2007).    

 

On the other hand, the degeneration of the W chromosome reduces the number of the carriers 

of Z-linked genes, therefore in a population with a balanced sex ratio, the number of Z 

chromosome becomes ¾ of that of autosomes. This leads to a ¼ smaller effective population 

size of the Z chromosome, and ultimately reduced the efficacy of selection on Z-linked genes 

(Judith E. Mank et al. 2010). As a consequence, genetic drift has a greater effect on fixing 

slightly deleterious mutations on the Z, causing accelerated nonsynonymous substitution rates 

relative to synonymous substitution rates. In birds, this has been suggested as the major driving 

force behind the faster-Z evolution (J. E. Mank, Nam, and Ellegren 2010; Wang et al. 2014). 

Moreover, the faster-Z effect driven by genetic drift can be stronger when there is more variance 

in male mating success, such as in promiscuous species (Wright et al. 2015). 

 

Despite the prevalence of faster-Z (or faster -X) in diverse taxa (Bechsgaard et al. 2019), when 

other evolutionary processes are at play, the faster-Z effect can be balanced. For instance, 

Rousselle et al. detected enhanced purifying selection against slightly deleterious mutations on 

the hemizygous Z chromosome, resulting in no detectable faster-Z effect (Rousselle et al. 

2016). Moreover, the strength of the faster-Z effect in birds seems to be associated with the age 

of sex chromosome strata. One study that involves a comparative analysis of 48 birds shows no 

faster-Z effect of genes from the old stratum (Wang et al. 2014), while a recent study reports 
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very weak support of faster-Z evolution on the neo-sex chromosome in Sylvioidea (Leroy et al. 

2019). 

1.6  Transposable elements 

The compact bird genome, in general, contains a small portion of repetitive sequences, typically 

less than 10% (Kapusta, Suh, and Feschotte 2017; Zhang et al. 2014). Transposable elements 

(TEs) are mobile repeat elements in the genomes, including LTRs (long terminal repeats), 

LINEs (long interspersed nuclear elements), SINEs (short interspersed nuclear elements) and 

DNA transposons. A typical avian genome has a low content of SINEs and DNA transposons, 

while LTRs and LINEs are relatively more abundant (Weissensteiner and Suh 2019). Because 

of the absence of recombination (thus reduced efficacy of purging TEs), the W chromosome is 

usually highly repetitive and heterochromatic. The most abundant TE family on the W 

chromosome appears to be the LTR (Kapusta and Suh 2017). However, since most avian W 

chromosomes are old, the general pattern and rate of TE accumulation on the W chromosome 

are unclear. 

 

While the Z chromosome has homologous recombination in males, it has accumulated TE at a 

higher rate compared with autosomes (Kapusta and Suh 2017). This is likely due to its reduced 

efficacy of selection of the Z chromosomes. The distribution of TEs on the Z chromosome is 

highly heterogeneous (Kapusta and Suh 2017), suggesting the presence of other evolutionary 

forces in regulating TE proliferation, such as local recombination rate and chromatin states. It is 

unclear if the landscape of TE distribution on the Z chromosome is stable over time, and if the 

heterogeneous distribution is a derived pattern after the suppression recombination or an 

ancestral pattern. If the latter were true, the locally accumulated TE might have a role in 

modulating the distribution of recombination which can facilitate the evolution of sex 

chromosomes. 

 

The interplay between TEs and W (or Y) chromosome degeneration is more complicated 

(Śliwińska, Martyka, and Tryjanowski 2016; Chalopin et al. 2015). Rapid expansions of TEs may 

have occurred in the early-stage of sex chromosome evolution, revealed by a study on young 

sex chromosomes (Mahajan et al. 2018). The accumulation of TEs in turn increased the chance 

of TE-mediated rearrangements, including deletions. This process can not only delete coding 

sequences of the W, but also promote further recombination suppression through chromosomal 

changes, for instance, inversions. However, again this hypothesis is difficult to test in most 

Neoaves birds where the W chromosome is already fully degenerated. 



 

 20 

1.7  W-chromosome gene content 

The first W-linked gametolog CHD1W was identified 23 years ago (H. Ellegren 1996), which is 

later found conserved among bird W chromosomes. Due to the length difference of some 

introns between Z- and W-linked gametologs of CHD1, it has since been widely used as a 

molecular marker for sexing various bird species (Griffiths, Daan, and Dijkstra 1996; A.-K. 

Fridolfsson and Ellegren 1999). Genome sequencing, including sequencing of the 

transcriptomes and  BAC clones (mainly the euchromatic parts), has led to the identification of 

about 28 W-gametologs in chicken (Bellott et al. 2017; Consortium and International Chicken 

Genome Sequencing Consortium 2004; Wright et al. 2014). Most of those genes are single-

copy with an intact open reading frame, except for HINT which has been amplified into multiple 

copies (Backström et al. 2005; Bellott et al. 2017). Interestingly, a similar pattern has also been 

reported in collared flycatcher (Smeds et al. 2015), despite a long divergence time since the 

split of Neoaves and Galloanserae. On the W chromosome of collared flycatcher, 43 single-

copy genes and amplicon HINT have been identified (Smeds et al. 2015). Although the number 

is slightly higher than that in chicken, it is much less than the homologous Z chromosome which 

harbors more than 700 genes, indicating massive gene loss of the W chromosome.   

 

The comparison of the gene content of W chromosomes between chicken and collared 

flycatcher showed another pattern, that is, the convergent retention of W-gametologs. This 

suggests the retention of genes on the W chromosome is not random and is governed by 

selection. By comparing the dosage sensitivity of the retained and lost genes, Bellott et al. found 

the retained genes show significantly higher dosage sensitivity (measured by haploinsufficiency 

scores) than the lost genes, in both mammals (Bellott et al. 2014) and chicken (Bellott et al. 

2017). Retention of dosage-sensitive genes is particularly important in birds which have not 

evolved a mechanism of global dosage compensation.  

1.8  Sex-specific selection 

The cessation of recombination between the Z and W chromosome makes them favorable 

genomic regions to accumulate genes with sex-specific functions. The W chromosome is 

inherited only in females, so female-beneficial alleles can be accumulated and expressed 

without affecting males. Similarly, since the Z chromosome spends more time in males than in 

females, it is expected to be ‘masculinized’ (Beatriz Vicoso and Charlesworth 2006). These 

theoretical predictions have been frequently supported by studies of the XY systems in 

Drosophila (Beatriz Vicoso and Bachtrog 2015; Zhou and Bachtrog 2012) and mammals 

(Graves 2006) (in the opposite way), but empirical evidence for birds is limited.   



 

 21 

 

As mentioned above, most W-linked genes identified so far are gametologs, which means they 

have a homologous copy on the Z. So far a W-chromosome specific gene has not been 

reported in birds. In contrast, novel Y-linked genes or gene families have been reported in 

human (Lahn and Page 1999a), cat (Li et al. 2013), dog (Li et al. 2013), horse (Janečka et al. 

2018) and Drosophila (Koerich et al. 2008; Tobler, Nolte, and Schlötterer 2017). Moreover, in 

many mammalian species, some Y-linked genes are highly amplified, and are usually testis-

specific (Soh et al. 2014; Bachtrog 2013; Hughes and Page 2015). Those Y-specific genes or 

amplicons are likely a result of male-specific selection, as suggested by their testis-specific or 

testis-biased expression. Although the avian W chromosomes also harbor an amplified gene 

HINTW, there is limited evidence supporting the effect of female-specific selection on this gene 

(C. A. Smith, Roeszler, and Sinclair 2009; Smeds et al. 2015). 

 

On the contrary, the avian Z chromosome seems to be enriched for male-biased genes (Wright, 

Moghadam, and Mank 2012). A frequent movement of male-biased genes into the Z 

chromosome is also reported in chicken, despite a generally low frequency of inter-chromosome 

gene movement in birds (Hans Ellegren 2011). A more complete assembly of chicken Z 

chromosome uncovered amplification of four genes at the end of the Z chromosome that show 

testis-specific expression (Bellott et al. 2010), a similar pattern that has been seen on the 

human X chromosome (Ross et al. 2005; Saifi and Chandra 1999). Whether this pattern can 

also be found in other birds remains to be tested. Particularly, recent gene duplication is difficult 

to be detected in Illumina-based genome assembly (Peona, Weissensteiner, and Suh 2018), but 

the recent development of long-read sequencing has potentials to help reveal hidden genes and 

genomic sequences of the sex chromosomes.   

1.9  Dosage compensation 

In most taxa with differentiated sex chromosomes, there is a need to compensate for 

imbalanced gene dosage in the heterogametic sex. Interestingly, diverse mechanisms have 

been evolved to tackle this issue, including random inactivation of one of the female X 

chromosomes in mammals (Nguyen and Disteche 2006; Pessia, Engelstädter, and Marais 

2014), up-regulation of male X chromosome in Drosophila (Meiklejohn et al. 2011), and down-

regulation of female X chromosomes in C. elegans (Meyer and Casson 1986). In birds, global 

dosage compensation is probably absent (Graves 2014; Gu and Walters 2017). Instead, gene-

by-gene dosage compensation has been reported in a number of bird species (Itoh et al. 2007, 

2010; Uebbing et al. 2013; Wolf and Bryk 2011; Moghadam et al. 2013; Adolfsson and Ellegren 
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2013). Partial dosage compensation has also been confirmed at the protein level in a study in 

chicken which also reported post-transcriptional regulation of dosage compensation, in a gene-

by-gene manner (Uebbing et al. 2015). 

 

It is still unclear why complete dosage compensation has not evolved in birds. This is probably 

not linked to female-heterogamety, as complete dosage compensation has been observed in 

other female-heterogametic taxa (Gu, Walters, and Knipple 2017; Huylmans, Macon, and 

Vicoso 2017; G. Smith et al. 2014; Walters and Hardcastle 2011) and a lack of complete dosage 

compensation has also been found in male-heterogametic taxa (Julien et al. 2012; White, 

Kitano, and Peichel 2015; Hough et al. 2014). As mentioned above, the avian Z chromosome 

has been ‘masculinized’ due to male-specific selection, therefore up-regulation of the Z is 

perhaps not favoured by females (Naurin et al. 2010). This hypothesis has been supported by a 

study in chicken by showing conflicting effects of dosage selection and male-specific selection 

on gene expression of the Z chromosome (Wright, Moghadam, and Mank 2012). Furthermore, 

theoretical modeling suggests the extent of dosage compensation is influenced by the relative 

strength of sexual selection, and this has been supported with empirical evidence that in tissues 

with stronger sexual selection by females, dosage compensation is more effective (Mullon et al. 

2015).   

 

Although under debate, it is generally assumed that the sex determining gene in birds is Dmrt1, 

and sex is determined by the dose of Dmrt1 (Hirst et al. 2017; C. A. Smith et al. 2009). This is 

maybe one of the reasons why global complete dosage compensation is not selected, because 

it would skew the sex ratio if the dose of Dmrt1 is balanced between sexes. Given not all Z-

linked genes are dosage sensitive, chromosome-wise complete dosage compensation is maybe 

not necessary, as long as the dosage balance can be achieved for dosage-sensitive genes 

(White, Kitano, and Peichel 2015; Judith E. Mank 2009; J. E. Mank and Ellegren 2009). This 

notion becomes more compelling when it is found that the majority of the retained gametologs 

on chicken W chromosome are dosage sensitive (Bellott et al. 2017).  
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Highlights 
● The evolutionary history of the sex chromosome is shared by all songbirds 

● Accumulation of transposable elements contributes to recombination suppression 

● The gene content of the W chromosome is conserved across species 
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● Dosage sensitive genes are retained on the W chromosome by selection 

 

Summary 
Songbirds have a species number close to that of mammals and are classic models for studying 

speciation and sexual selection. Sex chromosomes are hotspots of both processes, yet their 

evolutionary history in songbirds remains unclear. We characterized genomes of 11 songbird 

species, with 5 genomes of bird-of-paradise species. We conclude that songbird sex 

chromosomes have undergone four periods of recombination suppression before species 

radiation, producing a gradient of pairwise sequence divergence termed ‘evolutionary strata’. 

The latest stratum was probably due to a songbird-specific burst of retrotransposon CR1–E1 

elements at its boundary, instead of the chromosome inversion generally assumed for 

suppressing sex-linked recombination. The formation of evolutionary strata has reshaped the 

genomic architecture of both sex chromosomes. We find stepwise variations of Z-linked 

inversions, repeat and guanine–cytosine (GC) contents, as well as the W-linked gene loss rate 

associated with the age of strata. A few W-linked genes have been preserved for their essential 

functions, indicated by higher and broader expression of lizard orthologues compared with those 

of other sex-linked genes. We also find a different degree of accelerated evolution of Z-linked 

genes versus autosomal genes among species, potentially reflecting the diversified intensity of 

sexual selection. Our results uncover the dynamic evolutionary history of songbird sex 

chromosomes and provide insights into the mechanisms of recombination suppression. 
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Songbirds (Oscines, suborder Passeri) have over 5,000 species 
and comprise most passerines and nearly half of all extant bird 
species1. This is because of the largest avian species radiation 

that occurred about 60 million years (Myr) ago2. With the devel-
opment of genomics, many species besides zebra finch are now 
becoming important models for studying molecular patterns and 
mechanisms of speciation3,4, supergene5 or cognition6, out of their 
long history of ecological or behavioural studies. One major rea-
son for biologists’ interest in songbirds is their diversified sexual 
traits. For example, their ostentatious plumage forms and colours, 
sophisticated songs and mating rituals, all of which can undergo 
rapid turnovers even between sister species. Theories predict that 
sex chromosomes play a disproportionately large role in speciation 
(the ‘large X/Z’ effect), sexual selection and evolution of sexually 
dimorphic traits7–9. However, the evolutionary history of songbirds’ 
sex chromosome remains unclear because there were few genomic 
studies characterizing songbirds’ sex chromosomes except for col-
lared flycatcher10. Unlike the mammalian XY system, birds have 
independently evolved a pair of female heterogametic sex chromo-
somes that are usually heteromorphic in females (ZW) and homo-
morphic in males (ZZ). A recent cytological investigation of over 
400 passerine species found a higher fixation rate of chromosomal 
inversions on the Z chromosome than autosomes within species,  
so that gene flow is probably more reduced by hybridization11,12.  

A significantly lower level of introgression in Z-linked genes com-
pared to autosomal genes has been reported from studying pairs of 
recently diverged songbird species13–15. Such a large-Z pattern is prob-
ably contributed by several factors that act in an opposite manner in 
the XY sex system. First, Z chromosomes are more often transmit-
ted in males, thus are expected to have a higher mutation rate than 
the rest of the genome, due to the ‘male-driven evolution’ effect16. 
Previous studies17–19 showed this effect is less pronounced in birds 
than in mammals, thus the contribution of ‘male-driven evolution’ to 
the large-Z pattern may be limited. Second, as sexual selection more 
frequently targets males, the variation in male reproductive success 
will further reduce the effective population size of Z chromosomes 
from three-quarters that of autosomes20. The consequential genetic 
drift effect is expected to fix excessive slightly deleterious muta-
tions on the Z chromosome and lead to its faster evolutionary rate 
than autosomes (the ‘fast-Z’ effect)21. This has been demonstrated 
in Galloanserae species (for example, chicken and duck), of which 
those undergoing stronger sperm competition, which is a more 
intensive male sexual selection, exhibit a larger difference between Z 
chromosome and autosomes in their evolution rates22.

In contrast to the avian Z chromosomes, or more broadly the 
mammalian XY chromosomes, genomic studies of avian W chro-
mosomes, especially those of songbirds, have only recently been 
performed10,23,24. This is because most genomic projects prefer to 

Dynamic evolutionary history and gene content of 
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Songbirds have a species number close to that of mammals and are classic models for studying speciation and sexual selection. 
Sex chromosomes are hotspots of both processes, yet their evolutionary history in songbirds remains unclear. We character-
ized genomes of 11 songbird species, with 5 genomes of bird-of-paradise species. We conclude that songbird sex chromosomes 
have undergone four periods of recombination suppression before species radiation, producing a gradient of pairwise sequence 
divergence termed ‘evolutionary strata’. The latest stratum was probably due to a songbird-specific burst of retrotranspo-
son CR1–E1 elements at its boundary, instead of the chromosome inversion generally assumed for suppressing sex-linked 
recombination. The formation of evolutionary strata has reshaped the genomic architecture of both sex chromosomes. We 
find stepwise variations of Z-linked inversions, repeat and guanine–cytosine (GC) contents, as well as W-linked gene loss rate 
associated with the age of strata. A few W-linked genes have been preserved for their essential functions, indicated by higher 
and broader expression of lizard orthologues compared with those of other sex-linked genes. We also find a different degree of 
accelerated evolution of Z-linked genes versus autosomal genes among species, potentially reflecting diversified intensity of 
sexual selection. Our results uncover the dynamic evolutionary history of songbird sex chromosomes and provide insights into 
the mechanisms of recombination suppression.
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Supplementary Material 
 

 
Supplementary Fig. 1 Identifying candidate sex-linked scaffolds.  
The sequencing coverage was calculated for every 50-kb non-overlapping window along each 
scaffold. Scaffolds that are shorter than 5 kb or have less than 60% of the length covered by 
reads were discarded. The scaffolds showing half the coverage are expected to be either Z- or 
W-linked.  
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Supplementary Fig. 2 Verification of W-linked sequences.  
Five studied species have sequencing data of both sexes for verifying W-linked sequences. The 
numbers of nucleotide sites mapped by male versus female genomic sequencing reads were 
compared. The W-linked sequences are expected to be mapped by very few male (ZZ) reads, 
i.e., approaching 0 at the x-axis. Both W-linked (red) and Z-linked (blue) sequences have 
sequencing coverage (y-axis) about half of that of autosomes (green, represented by 
chromosome 5). The sizes of circles represent the length of scaffolds or chromosomes. A 
similar plot for medium ground finch is shown in Fig. 1.  
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Supplementary Fig. 3 TE content of the Z and W chromosomes.  
The TEs include LINEs, SINEs, LTRs and DNA transposons. TE content tends to be higher in 
the older evolutionary strata on both Z (cyan) and W (red) chromosomes. TE content is much 
higher on the W than the Z chromosomes.  
 
 
 

 
 
Supplementary Fig. 4 Demarcation of the boundary of emu S1/S0.   
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We first defined the evolutionary strata of emu by mapping the female reads to its reference 
genome. Sequencing depth was calculated for every 50k non-overlapping sliding windows and 
shown here. For the relaxed alignment, bwa mem was used (default parameters) while for the 
stringent alignment bwa map was used (-o 1 –e 50 –m 100000 –I 15 –k 0) with only one 
mismatch allowed (bwa sampe –a 900 –n 1 –N 0 –o 10000). A small region of S1 was retrieved 
using stringent alignment.   
 
 
 

 
Supplementary Fig. 5 Genome synteny of the studied Z chromosomes.  
The pseudo-Z chromosomes of songbirds were constructed using great tit Z chromosome as a 
reference. Pairwise alignments were performed using nucmer. The colors of lines represent the 
evolutionary strata of songbirds. There are in general more frequent genomic rearrangements 
on older strata. All bird illustrations were ordered from https://www.hbw.com/1. 
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Supplementary Fig. 6 Sequence similarity of the Z and W chromosomes.  
The sequence similarity was calculated for every 100-kb windows. The size of circles represents 
the length of sequence alignments. The smooth lines (light green) were added using the ‘loess’ 
method with ‘span=0.2’. House sparrow has excessive Z-linked inversions, similar to the 
reported case of zebra finch. The scaffolds of American crow were ordered according to the 
synteny of great tit Z chromosome. Different colours represent different evolutionary strata. 
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Supplementary Fig. 7 GC3 and TE density of evolutionary strata.  
GC3 is the GC content of the third position of codons. The density of the transposable element 
(TE) groups LINE and LTR were defined as base-pairs of TE sequences per 200-kb non-
overlapping window. They change by the age of strata except for LINE density at S3. 
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Supplementary Fig. 8 Burst of CR1-E1 elements at the boundary of PAR and S3. The 
density of CR1 is calculated as base-pairs of CR1 elements per 100-kb windows. Only the 
subtype CR1-E1 is enriched at the PAR/S3 boundary of songbirds. In Passerida (medium 
ground finch, collared flycatcher and ground tit) the PAR-linked sequences that enrich for CR1-
E1 have been deleted. CR1-E4, CR1-E5 and CR1-6 are enriched in the homologous region of 
rifleman.  
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Supplementary Fig. 9 Gene trees for the Z- and W-linked gametologs of S0.  
Gene name is shown under each tree. W-linked gametologs are highlighted in red. Genes are 
grouped by chromosome rather than species.  
  



 

 52 

 
 

 
Supplementary Fig. 10 Gene trees for the Z- and W-linked gametologs of S1.  
Gene name is shown under each tree. W-linked gametologs are highlighted in red. Genes are 
grouped by chromosome rather than species. 
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Supplementary Fig. 11 Gene trees for the Z- and W-linked gametologs of S2.  
W-linked gametologs are highlighted in red, and chicken Z-linked gametologs are in blue. 
Chicken W-linked genes are grouped with its Z-linked gametologs instead of the songbirds’ 
homologs, suggesting its independent origin of S2.   
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Supplementary Fig. 12 Gene trees for the Z- and W-linked gametologs of S3.  
W-linked gametologs are highlighted in red, while Z-linked gametologs of chicken and rifleman 
are in blue. In most cases rifleman Z-linked genes (smad4, smad7, smad2, atp5a1 and pias2) 
do not tend to group with songbird orthologs, and the W-linked genes (e.g. smad7) are closely 
related to their Z-linked gametologs. Another S3 gene c18orf5 is shown in Fig. 2.  
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Supplementary Fig. 13 The dS values are larger for the Z and significantly smaller for the 
W chromosome.  
Only one BOP species was selected to avoid short branches within BOP lineages. The 
chromosome-wise dS values are shown. The dS values (synonymous substitution rates) tend to 
be larger for the Z-linked genes relative to macrochromosomes though statistically insignificant. 
The W-linked dS values are significantly smaller, consistent with the prediction of ‘male-driven’ 
evolution. 
 
 

 
 
Supplementary Fig. 14 The ω values are larger in both the Z and W chromosomes. Only 
one BOP species was selected to avoid short branches within BOP lineages. Both sex 
chromosomes show elevated ω (ratio of nonsynonymous substitution rates to synonymous 
substitution rates), due to the ‘faster-Z’ effect and accumulation of deleterious mutations, 
respectively. The ω values were calculated by dividing chromosome-wise dN by chromosome-
wise dS values. 
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Supplementary Fig. 15 Independent amplification of HINT1 on the W chromosomes.  
HINT2 (in orange) is a paralog of HINT1 which is also on the Z but absent on the W 
chromosome. There were at least two independent duplication events (branches marked in blue 
and green) of HINT1W in Corvida species.  
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Supplementary Fig. 16 A duplicate gene of NARF on the W chromosome of American 
crow.  
The duplicated gene has one exon, corresponding to the first four exons and a part of fifth exon 
of Z-linked NARF. It is likely to be produced by retroposition. The retrogene was inserted into 
the second intron of W-linked KCFM1, causing the intron expansion.  
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Supplementary Fig. 17 Z-linked homologs of retained W-gametologs have lower dN/dS 
ratios.  
We show the dN/dS ratio (ω, nonsynonymous substitution rate to synonymous substitution rate) 
as the branch length for Z-linked genes homologous to lost or retained W-linked genes, in 
comparison to macrochromosomes. The Z-linked genes with retained gametologous W-linked 
gene show smaller ω irelative to those without a W-linked gametolog.  
 
 

 
 
Supplementary Fig. 18 Retained W-gametologs have ancestrally higher and broader 
expression.  
Left panel: the expression levels (measured by TPM) of emu homologous genes of those avian 
Z-linked genes with (denoted as ‘Retained’) or without (‘Lost’) W-gametologs. The log 
transformed medium expression values of each category are color-coded. Right panel: gene 
expression tissue specificity (measured as tau) in emu for the homologous avian Z-linked 
genes. A higher tau value means larger tissue specificity. 
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Supplementary Fig. 19 Retained W-gametologs have higher haploinsufficiency scores. 
We used the human orthologs of the Z-linked genes with (denoted as ‘retained’) and without 
(‘lost’) W-linked gametologs to search for the haploinsufficiency scores from Huang et al. 
(2010)2. significant levels (Wilcoxon rank-sum test) of ‘retained’ vs. ‘lost’ comparison is denoted 
with asterisks. ‘***’: P<0.0001, ‘**’: P<0.001.   
 
 

 
Supplementary Fig. 20 Position of W-linked genes on emu Z chromosome.  
The green tiles (Lost) represent genes without a W-linked gametologs, while the red tiles 
(Retained) represent genes with retained W-linked gametologs. In those 10 pairs/ clusters of 
genes, genes are next to or close to each other on the Z chromosome.  
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Supplementary Fig. 21 LTR distribution across different evolution strata 
We show e LTR distribution along the Z chromosome of each studied species, divided by their 
different evolutionary strata. Young strata, e.g. S3, have relatively low density of LTRs. 
Reference 
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Supplementary table S1-S2, S4, S7-S10 that do not fit in this document can be viewer online at 
https://www.nature.com/articles/s41559-019-0850-1 
 
 
Table S3  Sequence percentage of CR1 family in the genomes 
Species CR1-E1 CR1-E2 CR1-E3 CR1-E4 CR1-E5 CR1-E6 
Magnificent BOP 0.595365 0.389128 0.695205 0.841479 0.861853 0.334868 
Lawes's parotia 1.05873 0.387895 0.633715 0.538542 0.633918 0.300907 
Raggiana BOP 1.15605 0.574546 0.755646 0.492042 0.640285 0.380182 
King BOP 1.02302 0.498493 0.699736 0.504362 0.466591 0.334132 
Red BOP 1.05207 0.4701 0.882334 0.978416 1.10483 0.416072 
American crow 1.8464 0.734855 1.08384 0.633796 1.04191 0.509066 
Common canary 1.79833 0.586826 1.32054 0.787536 0.551211 0.333394 
Ground tit 1.43465 0.513468 0.740818 1.15296 0.893043 0.378259 
House sparrow 1.56736 0.51595 1.30397 1.03209 0.846879 0.327969 
Medium ground finch 1.09728 0.505809 1.34292 1.08149 0.850727 0.307169 
Rifleman 0.591276 0.333366 0.72281 1.52884 1.83421 0.612583 

 

 

Table S5  Number of W-linked genes on each stratum 
Species Group S3 S2 S1 S0 Total 
house sparrow Passerida 5 16 7 3 31 
common canary Passerida 6 19 7 3 35 
medium ground finch Passerida 7 23 5 3 38 
collared flycatcher Passerida 7 22 11 6 46 
ground tit Passerida 5 26 12 3 46 
Red BOP Corvida 7 26 12 6 51 
Raggiana BOP Corvida 10 22 13 5 50 
Magnificant BOP Corvida 9 29 14 9 61 
King BOP Corvida 10 29 15 9 63 
Lawes's parotia Corvida 10 26 14 7 57 
American crow Corvida 9 26 10 5 50 
chicken Galloanerae  11 11 5 1 28 

 

 

 

Table S6  GO term enrichment for W-linked gametologs 
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Category Go term Go term name P-value Benjamini 
Molecular function 3677 DNA binding 4.51E-05 0.00359 

Molecular function 3700 transcription factor activity, 
sequence-specific DNA binding 0.00490409 0.179 

Biological process 6351 transcription, DNA-templated 0.0105044 0.936 
Cellular component 5634 nucleus 0.0151125 0.645 
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Chapter 3 

Paper II: Evolutionary dynamics of sex chromosomes of 

paleognathous birds 

Luohao Xu1, Simon Yung Wa Sin2,3,4, Phil Grayson2,3, Scott V. Edwards2,3, Timothy B. Sackton5 

 
1 Department of Molecular Evolution and Development, University of Vienna, Austria 
2 Department of Organismic and Evolutionary Biology, Harvard University, USA 
3 Museum of Comparative Zoology, Harvard University, USA 
4 School of Biological Sciences, The University of Hong Kong, Pok Fu Lam Road, Hong Kong 
5 Informatics Group, Harvard University, USA 

 

Highlights 
● The sizes of pseudoautosomal regions (PAR) vary among paleognathous birds 

● There is a lack of male-biased gene on the PAR 

● The large PAR shows reduced recombination rate and efficacy of selection 

● There is partial dosage compensation in paleognathous birds 

 

Summary 
Standard models of sex chromosome evolution propose that recombination suppression leads 

to the degeneration of the heterogametic chromosome, as is seen for the Y chromosome in 

mammals and the W chromosome in most birds. Unlike other birds, palaeognaths (ratites and 

tinamous) possess large non-degenerate regions on their sex chromosomes (PARs or 

pseudoautosomal regions). It remains unclear why these large PARs are retained over more 

than 100 MY of evolution, and their impact on sex chromosome evolution. To address this 

puzzle, we analyzed Z chromosome evolution and gene expression across 12 palaeognaths, 

several of whose genomes have recently been sequenced. We confirm at the genomic level that 

most palaeognaths retain large PARs. As in other birds, we find that all palaeognaths have 

incomplete dosage compensation on the regions of the Z chromosome homologous to 

degenerated portions of the W (differentiated regions or DRs), but we find no evidence for 

enrichments of male-biased genes in PARs. We find limited evidence for increased evolutionary 

rates (faster-Z) either across the chromosome or in DRs for most palaeognaths with large 

PARs, but do recover signals of faster-Z evolution in tinamou species with mostly degenerated 



 

 64 

W chromosomes, similar to the pattern seen in neognaths. Unexpectedly, in some species, 

PAR-linked genes evolve faster on average than genes on autosomes, possibly due to reduced 

efficacy of selection in palaeognath PARs. Our analysis shows that palaeognath Z 

chromosomes are atypical at the genomic level, but the evolutionary forces maintaining largely 

homomorphic sex chromosomes in these species remain elusive. 

 

Keywords 

Paleognathae; Sex chromosome; Pseudoautosomal region; Recombination rate; Dosage 

compensatoin 
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FIG. S1. Gene synteny among the Z chromosomes. The alignment of coding sequence and 
plot were implemented by the python package jcvi (MCscan). Only scaffolds (bars) longer than 
50k were shown. As a showcase, the orientation of scaffold 813 of ostrich was corrected. The 
~12M containing scaffolds 816, 79, 179, 347 and a part of scaffold 9 were removed from the 
ostrich. Mate-pair reads alignment for the breakpoint on the scaffold 9 is shown in S2.    
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FIG. S2. Alignments of mate-pair reads against the scaffold9 of ostrich. The breakpoint is 
located at the near-end of the scaffold (~5.6M). The upper panel shows the alignments of 10k 
mate-pair reads and the bottom panel is for 20k mate-pair reads.  
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FIG. S3. Annotation of PAR/DR boundary. In the ‘coverage’ panels, each dot represents a 
50k window. The black dashed line denotes the boundary of the pseudoautosomal region (PAR) 
and the differentiated region (DR). In kiwis, an addition dashed line at ~18M show a putative 
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PAR boundary. In ‘m/f expression’ panels, the red triangle represents the mean m/f expression 
ratio of 20 genes. The ‘SNP density’ shows the density of female heterozygous sites or SNPs 
over 50k windows. For both kiwi, female RNA-seq reads were used to call SNPs and the density 
of SNPs were calculated by dividing the number of SNPs over the length of exonic sequences 
for every 50k windows. Heterozygous sites were called using GATK pipelines based on female-
reads alignments. Note that white-throated tinamou is not shown, as previously published PAR 
and DR annotations were used for this species. 
 
 
 

 
FIG. S4. Male-to-female expression ratios for DR- and PAR-linked genes. For Chilean 
tinamou, emu and ostrich, RNA-seq data of multiple tissues of both sexes are available. The m/f 
ratios (log2 transformed) of DR-linked genes are larger than 1 but less than 2, suggesting 
incomplete dosage compensation, but show limited variation within species. 
 
 
 

 
FIG. S5. Distribution of male-to-female expression ratios for PAR-linked genes. In most 
samples m/f expression ratios do most deviate from 1, suggest similar expression levels of 
PAR-linked genes between males and females. Only in Okarito brow kiwi, however, male 
expression levels are slightly higher than for females.   
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FIG. S6. Positive correlation of dN/dS ratios and chromosome size among macro-
chromosomes. Among macro-chromosome (chr1 – chr10), chromosome size positively 
correlates with dN/dS ratios. The chromosome size of the Z is about 75M, between the sizes of 
chr4 (~97M) and chr5 (~63M). The ‘r’ strands for Pearson’s correlation coefficient. Abbreviation 
for species names: L_kiwi, little spotted kiwi; G_kiwi, great spotted kiwi; O_kiwi, Okarito brown 
kiwi; L_rhea, Lesser rhea; G_rhea, Greater rhea; C_tinamou, Chilean tinamou; E_tinamou, 
elegant crested tinamou; T_tinamou, thicket tinamou; W_tinamou, white-throated tinamou. 
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FIG. S7. A lack of faster-DR in most palaeognaths. The PAR-linked genes were removed 
from the analysis. Species without faster-DR effect (permutation test, P > 0.05) were highlighted 
by purple colour. The faster-Z effect is no longer observed in Okarito brown kiwi, elegant 
crested tinamou and thicket tinamou after PAR-linked genes were removed. 
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FIG.S8. The boundary of PAR/DR does not show faster-Z effect. dN (nonsynonymous 
substitution rate), dS (synonymous substitution rate) and their ratios (dN/dS) are shown for PAR 
(cyan), DR (red), chr4/5 (dark grey) and macro-chromosome (grey) genes. The test for faster-Z 
evolution was repeated after the exclusion of PAR-linked gene close to PAR boundaries (less 
then 5 Mb away). Similar to Fig. 4 in the main text, Confidence intervals were estimated by 
1,000 bootstraps. Asterisks indicate the significant levels of PAR/DR vs. chr4/5 comparison 
(two-sided permutation test), * <0.05, ** <0.01, *** <0.001.   
 

 
FIG. S9. The PAR-linked genes in white throated tinamous is GC-biased. The boxplots 
show the median of gc3s of nine PAR-linked (genBank ID 104571644, 104571645, 104571646, 
104571647, 104571642, 104571648, 104571649, 104571643 and 104571650) gene and the 
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rest Z-linked genes. Their homologous genes in other species are also shown for comparison. 
The PAR-linked genes of white throated tinamou are GC-biased only in white throated tinamou 
(P = 0.0353, Wilcoxon rank-sum test).  
 

 
FIG. S10. Comparison of genomic feature among macro-chromosomes. GC3s (GC content 
of synonymous site of the third codon) and exon density show negative correlation with 
chromosome size, while TE (transposable element) density and intron size show positive 
correlation with chromosome size. 
 

 
FIG. S11. Comparison of ENC between PAR/DR and autosomes. The ENC (Effective 
Number of Codons) values are higher in DRs for many species, but only for cassowary and 
Chilean tinamou ENC values are higher in PAR than for autosomes. Asterisks indicate the 
significant levels of PAR/DR vs. chr4/5 comparison (Wilcoxon sum rank test), * <0.05, ** <0.01, 
*** <0.001. 
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FIG. S12. Reduced GC3s on the PARs compared to chr5 and chr4. The location of the PAR-
linked genes is based on the pseudo-chromosome Z, and the location of genes of chr4 and chr5 
are based on the homologous genes of the chicken genomes. The abbreviation for species 
names is the same as in FIG S8. 
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Table S1. The length of pseudoautosomal region (PAR) and differentiated region (DR) 
in palaeognaths and selected neognaths 
 

Species	
PAR	 DR	

Reference	Length	
(bp)	

#gene	 Length	
(bp)	

#gene	

Little	spotted	
kiwi	

53,648,137	 644	 27,858,477	 315	 This	study	

Great	spotted	
kiwi	

53,103,935	 639	 27,917,301	 295	 This	study	

Okarito	brown	
kiwi	

53,052,411	 655	 29,311,255	 345	 This	study	

North	Island	
brown	kiwi	

~20M	 -	 ~65M	 -	 This	study	

Emu	 59,302,072	 695	 21,929,632	 234	 This	study	
Southern	
cassowary	

59,264,808	 749	 22,782,997	 295	 This	study	

Lesser	rhea	 54,869,205	 508	 26,064,611	 207	 This	study	
Great	rhea	 52,553,322	 604	 29,742,736	 214	 This	study	
Chilean	tinamou	 34,050,901	 485	 36,483,903	 380	 This	study	
Elegant	created	
tinamou	

32,217,551	 419	 33,168,615	 350	 This	study	

Thicket	tinamou	 250,000	 10	 71,263,047	 831x	 This	study	
White-throated	
tinamou	

685,144	 14	 62,454,206	 736	 (Zhou	et	al.	2014)	

Ostrich	 52,483,918	 704	 31,782,146	 391	 (Zhou	et	al.	2014),	
this	study	

Collared	
flycatcher	

630,000	 17	 68,355,977	 591	 (Smeds	et	al.	
2014)	

Zebra	finch	 450,000	 16	 75,826,118	 653	 (Singhal	et	al.	
2015)	

Chicken	 10,000	 0	 82,519,921	 826	 (Bellott	et	al.	
2017)	

Pekin	duck	 1,050,000	 -	 76,500,000	 -	 (Zhou	et	al.	2014)	
 
Large PAR species are shaded in gray 
 
 
 
 
 
 
 
 
Table S2. P-values of Fisher’s exact test for overrepresentation of sex-biased on the Z 
chromosome and PAR.  
Tissue	 Z	chromosome	 PAR	
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Male	biased	
Female	
biased	

Male	
biased	

Female	
biased	

Spleen	 1.26E-23	 0.062	 0.303	 0.122	
Gonad	 2.72E-07	 1.000	 1.000	 1.000	
Brain	 0.00848	 0.211	 0.637	 0.910	
Embryo	day15	 1.52E-05	 1.000	 0.214	 0.747	
Embryo	day42	 0.00676	 0.524	 1.000	 0.174	

  
 
Table S3. Correlation between chromosome sizes and genomic features 
 

 
Table S4. Location of Janes et al 2009 BAC sequence in the emu genome assembly. 
 

Species	 	 GC3s	
TE	
density	 Intron	size	

Exon	
density	 ENC	 Intergenic	size	

L_kiwi	
r	 -0.86	 0.90	 0.83	 -0.68	 0.79	 0.53	
p-value	 0.00143	 0.00033	 0.0033	 0.03091	 0.00633	 0.11574	

G_kiwi	
r	 -0.86	 0.93	 0.81	 -0.75	 0.74	 0.50	
p-value	 0.00157	 0.00009	 0.00434	 0.01307	 0.01534	 0.1394	

O_kiwi	
r	 -0.86	 0.90	 0.74	 -0.63	 0.87	 0.19	
p-value	 0.00134	 0.00045	 0.01365	 0.0532	 0.00117	 0.60513	

Emu	
r	 -0.86	 0.92	 0.86	 -0.71	 0.90	 0.71	
p-value	 0.00158	 0.00019	 0.00125	 0.02259	 0.00035	 0.02122	

Cassowary	
r	 -0.87	 0.92	 0.84	 -0.84	 0.87	 0.76	
p-value	 0.00105	 0.00013	 0.00256	 0.00209	 0.00119	 0.01071	

L_rhea	
r	 -0.88	 0.90	 0.87	 -0.77	 0.77	 0.62	
p-value	 0.00069	 0.00039	 0.0011	 0.00957	 0.00951	 0.05399	

G_rhea	
r	 -0.91	 0.92	 0.82	 -0.81	 0.77	 0.86	
p-value	 0.00021	 0.00017	 0.00406	 0.00439	 0.00893	 0.00124	

C_tinamou	
r	 -0.79	 0.95	 0.89	 -0.86	 0.91	 0.81	
p-value	 0.00681	 0.00003	 0.00059	 0.00131	 0.00022	 0.00447	

E_tinamou	
r	 -0.90	 0.94	 0.91	 -0.79	 0.94	 0.74	
p-value	 0.00039	 0.00006	 0.00022	 0.00681	 0.00006	 0.01391	

T_tinamou	
r	 -0.89	 0.97	 0.91	 -0.85	 0.88	 0.78	
p-value	 0.00066	 0	 0.00023	 0.0017	 0.00068	 0.00735	

W_tinamou	
r	 -0.82	 0.94	 0.87	 -0.80	 0.80	 0.71	
p-value	 0.00396	 0.00006	 0.00119	 0.00513	 0.00555	 0.02226	

Ostrich	
r	 -0.54	 0.95	 0.75	 -0.77	 0.51	 0.75	
p-value	 0.10623	 0.00004	 0.01255	 0.00933	 0.1314	 0.01212	
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GENBANK	
RECORD	

CHROMOSOME	
(JANES	ET	AL	
2009)	

EMU	GENOME	LOCATION	 EMU	GENOME	
CHROMOSOME	

EU200931	 Autosome	 not	determined	 not	determined	
EU200931	 Autosome	 not	determined	 not	determined	
ET041500	 Autosome	 not	determined	 not	determined	
ET041501	 Autosome	 not	determined	 not	determined	
ET041502	 Autosome	 not	determined	 not	determined	
ET041515	 Autosome	 not	determined	 not	determined	
ET041512	 Autosome	 not	determined	 not	determined	
ET041513	 Autosome	 not	determined	 not	determined	
AB002056	 PAR	 presumed	assembly	gap	 Z	(PAR)	(1)	
AB006694	 PAR	 scaffold_221:	152067-154756		 Z	(DR)	
AY095498	 PAR	 scaffold_13:6582073-6583283		 Z	(DR)	
AB006695	 PAR	 scaffold_239:1028675-1030884		 Z	(PAR)	
ET041507	 PAR	 scaffold_16:5843173-5843899		 chr5	
ET041520	 PAR	 scaffold_66:2150084-2282118		 chr7	
ET041521	 PAR	 scaffold_66:2150084-2282118		 chr7	
ET041516	 PAR	 scaffold_14:4429102-4300170		 chr4	
ET041517	 PAR	 scaffold_14:4429102-4300170		 chr4	
ET041508	 PAR	 scaffold_19:	1980997-2079372		 Z	(DR)	
ET041509	 PAR	 scaffold_19:	1980997-2079372		 Z	(DR)	
ET041510	 PAR	 scaffold_19:	1980997-2079372		 Z	(DR)	
ET041518	 PAR	 scaffold_106:822019-944625		 chr8	
ET041519	 PAR	 scaffold_106:822019-944625		 chr8	

 
(1) determined by alignment to other palaeognaths 

 
 



 

 92 

  



 

 93 

Chapter 4 

Paper III: Female-specific and dosage selections restore genes 
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Highlights 
● Transposition from the Z to W chromosome occurred three times in songbirds 

● Seven transposition-derived genes survived on the W chromosome 

● Survived genes are generally dosage-sensitive or housekeeping genes 

● One ovary-biased gene has been transposed due to female-specific selection 

 

Summary 
Homologous recombination is usually suppressed between sex chromosomes, which leads to 

the loss of functional genes on the W and Y chromosomes. It remains unclear how species like 

birds with a ZW sex system (male ZZ, female ZW) cope with the consequential gene dosage 

imbalance, in the absence of global dosage compensation mechanism. Here we tackle this 

conundrum by reporting 14 genes recently duplicated from the Z to the W chromosomes of 

three songbird lineages, after analyzing a total of 12 songbird species’ genomes. These Z-to-W 

transpositions are estimated to have occurred within 9 million years. Besides the expected 

signatures of functional degeneration in some genes on the non-recombining W chromosomes, 

many other retained genes after transposition are putative haploinsufficient genes or 

housekeeping genes. Several genes show biased expression in ovaries of birds or lizard, or 

function in female germ cells. These results, together with the reported X-to-Y transpositions, 
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strongly suggest that sex-specific and dosage selections may have recurrently driven the 

restoration of genes on the W or Y chromosomes, and their evolutionary processes are more 

dynamic than simply becoming completely degenerated 

 

Keywords 
Transposition; Sex chromosome; Songbird; Dosage sensitivity; Sex-specific selection 
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Abstract 
Homologous recombination is usually suppressed between sex chromosomes, which leads to 

the loss of functional genes on the W and Y chromosomes. It remains unclear how species like 

birds with a ZW sex system (male ZZ, female ZW) cope with the consequential gene dosage 

imbalance, in the absence of global dosage compensation mechanism. Here we tackle this 

conundrum by reporting 14 genes recently duplicated from the Z to the W chromosomes of 

three songbird lineages, after analyzing a total of 12 songbird species’ genomes. These Z-to-W 

transpositions are estimated to have occurred within 9 million years. Besides the expected 

signatures of functional degeneration in some genes on the non-recombining W chromosomes, 

many other retained genes after transposition are putative haploinsufficient genes or 

housekeeping genes. Several genes show biased expression in ovaries of birds or lizard, or 

function in female germ cells. These results, together with the reported X-to-Y transpositions, 

strongly suggest that sex-specific and dosage selections may have recurrently driven the 

restoration of genes on the W or Y chromosomes, and their evolutionary processes are more 

dynamic than simply becoming completely degenerated.  
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The female-specific W or male-specific Y chromosomes very often embark on an irreversible 

trajectory of functional degeneration, at regions where their homologous recombination with the 

Z or X chromosomes was suppressed (Charlesworth and Charlesworth 2000; Bachtrog 2013). 

The recombination suppression between sex chromosome pair was proposed to be driven by 

the selection for restricting the sex-determining (SD) genes, or genes beneficial to one sex but 

detrimental to the other (so-called ‘sexual antagonistic’, SA genes) within one sex from being 

inherited in the opposite sex through recombination (Ponnikas, et al. 2018). The consequential 

cost of maintaining the SD and SA genes within one sex is essentially much less effective 

natural selection on the W/Y chromosome due to the lack of recombination (Charlesworth and 

Charlesworth 2000). Although some genes with important regulatory functions or high dosage-

sensitivity have been demonstrated to be degenerating much slower than others on the 

mammalian Y (Bellott, et al. 2014; Cortez, et al. 2014) or the avian W chromosomes (Smeds, et 

al. 2015; Bellott, et al. 2017; Xu, et al. 2019), due to a much higher level of selective constraints. 

This nevertheless creates a conundrum that when recombination was initially suppressed, the 

affected regions must contain a great number of sex-linked genes with important functions 

besides the SD/SA genes.  

A direct resolution to such ‘collateral damage’ is evolution of dosage compensation on 

the Z/X chromosome, so that the balance of expression level can be restored. In addition, 

studies showed that the W/Y chromosomes come up with various strategies to ‘rescue’ 

functions of certain genes during their complex and dynamic evolutionary course. The human Y 

chromosome contains palindromic sequence structures that are thought to have been favored 

by natural selection, because they help repair deleterious mutations and facilitate gene 

conversions between Y-linked genes (Rozen, et al. 2003). Other ways of rescuing or even 

innovating the gene functions on the Y chromosomes include escaping onto the autosomes 

(Hughes, et al. 2015), or recruiting novel genes via various resources. Emerging cases of gene 

restorations on the Y chromosome after the complete loss of original copies have been reported 

since the characterization of ‘X-transposed’ region (XTR) on the male-specific region of human 

Y chromosome (MSY) over 30 years ago (Page, et al. 1984; Schwartz, et al. 1998; Skaletsky, et 

al. 2003). The XTR was duplicated from the X chromosome onto the Y chromosome within 4.7 

million years (MY) (Ross, et al. 2005) after the human-chimpanzee split, and subsequently 

disrupted into two blocks by a Y-linked inversion (Schwartz, et al. 1998). The enclosed PCDH11 

X-Y gene pair has been suggested to contribute to the human-specific cerebral asymmetry and 

language development (Crow 2002; Speevak and Farrell 2011). More cases of transposition 

from the X chromosome or autosomes to the Y chromosome have been reported in Drosophila 

(Koerich, et al. 2008; Carvalho, et al. 2015; Tobler, et al. 2017) or other Diptera species 

(Mahajan and Bachtrog 2017), dog (Li, et al. 2013), cat (Li, et al. 2013; Brashear, et al. 2018) 
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and horse (Janečka, et al. 2018), suggesting such transposition events are not rare during the Y 

chromosome evolution.  

Little is known about whether and how the avian W chromosome resolves the 

conundrum of losing dosage-sensitive genes long after the recombination was suppressed, 

which is particularly important given that global dosage compensation has never evolved on the 

homologous Z chromosome (Itoh, et al. 2007; Graves 2014; Gu and Walters 2017). A previous 

study showed that palindromic sequence structures also exist on the W chromosomes of 

sparrows and blackbirds (Davis, et al. 2010). This suggests that birds and mammals, despite 

their independent origins of sex chromosomes, can convergently evolve sequence structures to 

retard the functional degeneration of their W or Y chromosomes. However, one might expect 

that DNA-mediated transposition or RNA-mediated retrotransposition events are scarce in avian 

genomes due to their compact structures with a much lower repeat content to mediate these 

events, particularly the L1 retroposons relative to mammals (International Chicken Genome 

Sequencing 2004; Suh 2015). Indeed, there are only 51 retrogenes identified in chicken, 

compared to over 8,000 cases in human (Zhang, et al. 2003; International Chicken Genome 

Sequencing 2004). So far no transposed genes have been reported on the avian W 

chromosomes, and we have recently reported one retrotransposed gene on the W chromosome 

of American crow (Xu, et al. 2019). Of course, these results are far from being conclusive 

regarding the role of transposition or retrotransposition in the evolution of avian W 

chromosomes, because only a few out of over 10,000 bird species have been investigated. In 

addition, the degree of sexual selection, which is known to dramatically vary across bird 

species, must have a different impact shaping the evolution of sex chromosomes. 

Here we sought to address the question of how birds cope with their W-linked gene loss 

without global dosage compensation, by studying 12 songbird genomes whose male and female 

sequencing data are both available. We reasoned that these Illumina-based genomes do not 

contain complete information of complex and repetitive sequence structures (e.g., palindromes) 

or traces of ancient transposition events, if any on the W chromosome. We therefore focused on 

searching for the recent duplicative Z-to-W transpositions, similar to the XTR of human (for 

simplicity, referred as transpositions or transposed genes hereafter) that were manifested as 

female-specific elevations of both read coverage and heterozygosity level (i.e. Z/W sequence 

divergence level), relative to other Z-linked regions that have become hemizygous. Those 

located at the end of the chromosome with an elevation of female coverage to the hemizygous 

Z-linked regions, but without sex-specific patterns of heterozygosity, were inferred as 

pseudoautosomal regions (PAR) that maintained recombination between sex chromosomes 

(Figure 1, Supplementary Fig. S1).  
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Intriguingly, we identified four Z-to-W transpositions involving 14 genes, with 6 genes 

subsequently deleted (see below), among 4 songbird species great tit (Parus major), medium 

ground finch (Geospiza fortis), red bird-of-paradise (Paradisaea rubra) and Raggiana bird-of-

paradise (P. raggiana). We also identified a very recent Z-linked duplication, which showed 

elevations of read coverage and heterozygosity in both sexes (Figure 2d, Supplementary Fig. 
S1c), a pattern distinguishable from that of transpositions. Recombination with the W 

chromosome has been suppressed in the Z-linked regions involved in the transpositions at least 

85 million years (MY) ago, where most primary W-linked gene copies have become completely 

lost (Zhou, et al. 2014). We further confirmed that none of the 8 retained genes after 

transposition can be found from any of the previously assembled W-linked genomic sequences 

for the studied species (Xu, et al. 2019). Therefore, these transpositions probably occurred after 

the original W-linked genes had become lost. To verify these identified recent transpositions, we 

randomly selected and amplified 10 sex-linked genomic fragments in both sexes of great tit, and 

genotyped 60 SNPs within and near the transposition loci. We confirmed that female-specific 

heterozygous sites were only present within the transposed regions (see two examples in 

Supplementary Fig. S2). The two birds-of-paradise species share the same transposition 

(Supplementary Fig. S3), and for simplicity hereafter we used red bird-of-paradise to represent 

this lineage. The lengths of detected transposed regions range from 67kb in great tit to 1.3Mb in 

bird-of-paradise species. We dated the transposition of medium ground finch about 8.3 MY ago, 

as the same transpositions have been found in all the other Coerebinae (Darwin’s finches and 

their relatives) but absent in their sister group Sporophilinae (Lamichhaney, et al. 2015) 

(Supplementary Fig. S4). Similarly, we dated the transpositions of bird-of-paradise species 

within 4 MY (Supplementary Fig. S3) and that of great tit about 7 MY ago, after examining their 

sister species.  

These very recent Z-to-W transpositions provided us a unique window to examine the 

evolution of W-linked genes at their early stages. They show clear evidence of functional 

degeneration. For instance, among the five genes transposed in medium ground finch, at least 

one (THBS4) has become a probable pseudogene due to frameshift mutations (Supplementary 
Fig. S5). The most prominent case of gene loss was found in bird-of-paradise species (Figure 
2a-c). A 1.3Mb-long region on the Z chromosome shows clear signatures of transposition, 

except for a large encompassing 583kb region and a nearby 2kb region (Figure 2c, 

Supplementary Fig. S6). The involved 8 Z-linked genes and their residing scaffold sequence 

show a conserved synteny across multiple bird species (Supplementary Fig. S7), suggesting 

there were no intrachromosomal rearrangements on the Z chromosome. Based on these 

results, we inferred that there was one large Z-to-W transposition, followed by two deletion 

events on the W chromosome. This is more parsimonious a scenario than multiple independent 
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transpositions occurred in the same region. This scenario is also supported by the similar level 

of female heterozygosity, i.e., Z/W pairwise divergence level surrounding the deleted regions 

(Supplementary Fig. S8). The large 583kb-long deletion has removed 4 complete genes and 2 

partial genes on the W chromosome after the transposition (Figure 2e). We have not detected 

any large-scale insertions into the transposed regions, based on analyses of insert size of mate-

pair libraries. 

While such gene losses are expected because of the lack of recombination, the retained 

genes, essentially the recently restored genes that had previously become lost on the W 

chromosomes, are more informative for the driving forces that originally fixed these 

transpositions. We reasoned that two types of selection, i.e., female-specific selection for the 

female reproductive genes, as well as dosage selection for the haploinsufficient genes probably 

account for the restoration of W-linked genes. The first type of selection is demonstrated by a 

previous study showing that the chicken breeds selected for higher female fecundity exhibit an 

increased W-linked gene expression than other breeds (Moghadam, et al. 2012). Indeed, the 

only two retained genes ANXA1 and ALDH1A1 after the transposition in bird-of-paradise 

species (Figure 2), and the great tit transposed gene MELK all have a biased or specific 

expression pattern in ovary in many examined bird species (Supplementary Fig. S9), and also 

their outgroup species green anole lizard (Figure 3). Although ALDH1A1 has a relatively lower 

expression level in ovary than in testis, it has been recently shown in mice that the disruption of 

this gene delays the onset of meiosis in ovary (Bowles, et al. 2016). Besides, ANXA1 and CDK7 

probably have been restored by strong dosage selection, indicated by their much higher levels 

of predicted haploinsufficiency (HP score) than most other genes on the Z chromosome 

(Supplementary Fig. S9) (Huang, et al. 2010), as well as a lack of any nonsynonymous 

changes compared to their Z-linked homologs (Supplementary Table 1). Several medium 

ground finch genes, for example, SERINC5 and MTX3, have a low HP score, but a very broad 

expression pattern across tissues measured by tissue-specificity matrix tau, thus are likely 

restored as housekeeping genes (Figure 3). In fact, the restored genes tend to have on 

average a higher HP score (although not significantly, P=0.051, Wilcoxon test) than those that 

have become lost after the transpositions. 

These results together strongly suggested that the female-specific and dosage 

selections have driven the frequent restoration of W-linked genes through transpositions among 

songbird species. Because similar X-to-Y transpositions have been reported in insects and 

mammals (Page, et al. 1984; Mahajan and Bachtrog 2017; Tobler, et al. 2017; Janečka, et al. 

2018), we propose that restoration of once-lost genes onto the non-recombining sex 

chromosomes is probably a general feature in sex chromosomes evolution. Such restoration is 

not expected to alter the evolutionary trajectories of W or Y chromosomes toward complete 
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functional degeneration. In fact, we found some transposed genes have already become lost or 

shown signatures of functional degeneration (e.g., THBS4). Such loss-and-restoration cycles 

may recurrently occur throughout the evolution of sex chromosomes, particularly in ZW systems 

that usually do not have global dosage compensation to cope with the imbalance of gene 

expression. We have to point out that our method can only identify recent transpositions, and 

probably has missed ancient transpositions that have become too divergent in sequence 

between Z and W chromosomes. The genes involved in the such cases nevertheless have 

probably already become pseudogenes. Our results are in line with the reported cases in avian 

W or mammalian Y chromosomes that dosage-sensitive genes are retarded for their functional 

degeneration due to the strong selective constraints (Bellott, et al. 2014; Smeds, et al. 2015; 

Bellott, et al. 2017; Xu, et al. 2019). We also provided new evidence that sex-specific selection 

is shaping the evolution of the W chromosome, which was assumed to be less frequent than 

that shaping the Y chromosome, due to the more frequent and intensive male-targeted sexual 

selection.  

 

Materials and Methods 
The genomic, transcriptomic and resequencing data used in this study are listed in 

Supplementary Table 2-4. For the studied 12 songbird species, genomic data are available for 

both sexes except for three species. Genome assemblies were derived from female samples, 

except for great tit. We first used the published Z chromosome sequence of great tit (Laine, et 

al. 2016) to identify and order the Z-linked sequences among the investigated species. To 

calculate the read coverage, we first mapped the reads to the reference genomes using BWA-

MEM (0.7.16a-r1181) with default parameters. We used the function ‘depth’ in samtools (1.9) to 

calculate coverage for every nucleotide site, subsequently removed those sites with mapping 

quality (-Q) lower than 60 or depth 3 times higher than average. Then we calculated genomic 

coverage of every 50 kb sliding window by using ‘bedtools map’ function. Any windows with less 

than 60% of the region (30 kb) mapped by reads were excluded. We used the GATK (3.8.0) 

pipeline (HaplotypeCaller) to call variants. Raw variants were filtered by this criteria: -window 10 

-cluster 2 "FS > 10.0", "QD < 2.0", "MQ < 50.0",  "SOR > 1.5", "MQRankSum < -1.5", " 

RedPosRankSum < -8.0". We expected the allele frequency to be 0.5 for one individual, thus 

further required the variants to show an allele frequency ranging between 0.3 and 0.7. The SNP 

density was defined by the number of SNPs over a 50 kb window. To genotype the W-derived 

alleles, we used the FastaAlternateReferenceMaker function of the GATK to create W-linked 

sequences for the transposed regions. The gene models on the W were then predicted by 

genewise (2.4.1). To remove potential chimeric W-derived alleles in the Z-linked regions (due to 

the collapse of genome assembly), if any, we used male sequencing reads to polish the Z-linked 
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sequence using pilon (1.22). To estimate pairwise substitution rated between sex-linked alleles, 

we used the guidance program (v2.02) and PRANK (170427) to align the Z- and W-linked 

coding sequences. Then we used the ‘free ratio’ model in codeml from PAML package (4.9e) to 

estimate the substitution rates. We used the program RSEM (1.3.0) to estimate gene 

expression levels. Details of the method is described in Xu et al. (2019). Codes used in this 

study has been deposited at Github (https://github.com/lurebgi/ZWtransposition). We measured 

the probability of haploinsufficiency of avian genes, with published HP scores (Huang, et al. 

2010) for their human orthologs. Haploinsufficiency is defined as one single copy of genes is not 

sufficient to accomplish normal gene functions. Huang et al. predicted HP score for each human 

gene, based on known haploinsufficient genes identified from disease studies, and 

haplosufficient genes which show copy number variations among healthy human individuals.  
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Figure legend 
Figure 1 Transpositions from the Z to W chromosomes in songbirds.  
a) We show seven representative species out of the 12 studied songbirds, including the 

signatures of Z-to-W duplicative transpositions for three species. We labelled the phylogenetic 

node when the transposition occurred with red asterisks. b) For each of the three species, 

genomic regions on the Z chromosome showing female-specific elevations of SNP density (f/m 

SNP density) and read mapping coverage were inferred as recent transpositions, and were 

marked by red vertical bars. PAR and Z-linked duplications (marked in purple vertical bars) are 

not expected to show a female-specific elevation of SNP density level. c) We showed the SNP 

density of male and female calculated in 50kb windows at the Z-linked region that generated the 

transpositions, relative to the rest Z-linked regions, the PAR, and autosomes. SNP density is 

calculated as number of SNPs every 50kb window, and indicates levels of sequence divergence 
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between the Z- and W-linked homologous regions in female, or those between the two Z 

chromosomes in males, or between the two Z-linked duplications in both sexes.  

 

Figure 2 The Z-to-W transposition in red bird-of-paradise. a) The loci of transposition (at 

~60 Mb) on the Z chromosome shows an elevated heterozygosity and coverage in females. b) 

Since the transposition was found in two bird-of-paradise species, it was inferred to emerge 

before their speciation. c) A zoom-in view of the Z-to-W transposed region and d) the Z-linked 

duplication region. The Z-linked duplicate show a similar level of coverage and SNP density 

between sexes. e) The 1.3 Mb transposed sequence involves 8 genes, but 4 compete and 2 

partial genes probably have become lost through a 583 kb sequence deletion, where the female 

coverage becomes lower than the rest transposed regions in c). Only ANXA1 and ALDH1A1 are 

retained on the W.  

 

Figure 3 Female-specific and dosage selections restore avian W-linked genes. The seven 

restored functional genes through transposition on the W chromosomes tend to show a higher 

expression level or a broader (larger 1-tau value) expression pattern across tissues than the lost 

genes and putative pseudogenes. Most of restored genes also have a higher degree of dosage 

sensitivity (higher predicted haploinsufficiency scores) than the lost genes and putative 

pseudogenes, with some genes (e.g., ANXA1) showing an ovary-biased expression pattern.  
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Fig. 1 Transpositions from the Z to W chromosomes in songbirds. 
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Fig. 2 The Z-to-W transposition in red bird-of-paradise. 
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Fig. 3 Female-specific and dosage selections restore avian W-linked genes.  
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Supplementary material 

 

Supplementary Note 

Bioinformatic verification of the Z-to-W Transpositions 

In red bird-of-paradise, the entire transposed sequence is located in a single scaffold 

(scaffold_234). This scaffold shows strong synteny relationship with Z-linked sequence of other 

birds (Supplementary Fig. S7). Moreover, this scaffold (the transposed and retained part) shows 

a female-specific increase in SNP density (heterozygosity). This suggests this scaffold has not 

been translocated to autosomes, as it would predict equal heterozygosity in males and females. 

Similarly, we show the transposed sequence (scaffold NW_005054440.1, NW_005054526.1 

and NW_005055028.1) in medium ground finch is Z-linked as the transposed sequence, as well 

as the flanking non-transposed sequences of those scaffolds, have good synteny with the Z 

chromosomes of other birds (Supplementary Fig. S7). The Z chromosome assembly in great tit 

is supported by linkage map (Laine et al. 2016), therefore the Z-linked of the transposed region 

is supported. Moreover, the transposed region show a similar location in the Z chromosome of 

collared flycatcher (Supplementary Fig. S7).  
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Fig. S1 Identifying Z-to-W transpositions from coverage and SNP patterns. The transposed 

regions show substantially increased SNP density in female, but not in male, and the coverage 

level in female become twice of that of other Z-linked sequences. The patterns of coverage and 

SNP density are different for Z-linked duplications in which, as seen in red bird-of-paradise, 

male coverage also become twice of the rest Z-linked regions.  
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Fig. S2. Verification of female-specific SNPs in the Z-transposed regions in great tit. The 

fragments have been amplified from 6 females and 6 males, with 7 of them at the Z-transposed 

regions (ZTR) and 3 near the ZTR. One region from the product 5 shows three female-specific 

SNPs, and one region of the product 6 shows one female-specific SNP and signals of female-

specific indels. 
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Fig. S3 Z-to-W transposition of red bird-of-paradise originated at the ancestor of 
Paradisaea. Signals of Z-to-W transpositions were examined in five genomes of birds-of-
paradise. The 1.3 Mb transposition discovered in red bird-of-paradise and Raggiana bird-of-
paradise are homologous, but are not found in the other species. The origin of the transposition 
is therefore about 4 my ago when the Paradisaea lineage diverged from other birds-of-paradise. 
The duplication of a ~50k sequence is shared by all species.  
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Fig. S4 Shared Z-to-W transposition across Darwin’s finches and their close relatives.  
We used the re-sequencing data of 12 Coerebinae (including 6 Darwin’s finches) and one 
Sporaphilinae species (sister group to Coerebinae) to screen for signals of transpositions. 
Reads were mapped against the genome of medium ground finch. All Coerebinae species 
share the two transpositions as seen in medium ground finch.  
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Fig. S5. Two frame shift mutations of THBS4 on the W-linked transposed sequence. The 
panel in the middle shows the sequence alignments of four birds, and panels below show the 
alignment of female reads (‘samtools tview’ visualisation). A deletion of one basepair at the 7th 
exon and a deletion of 5 basepairs at the 13th exon have probably disrupted the open reading 
frame of the coding sequences.  
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Fig. S6 A W-linked 2-kb deletion in red bird-of-paradise transposed region. We showed 

paired-end read pairs with an insert size of 670bp, and mate-pair read pairs with an insert size 

of 3kb as color-coded lines. Red lines indicated a deletion with a length about 2kb: for example, 

in the 670bp track, the red read pairs spanned a region over 2kb long. The grey peaks above 

the read pair tracks showed the heterozygous sites with colored vertical lines, and the heights of 

peaks indicated the read coverage. At the deleted region, there are reduced levels of 

heterozygosity and read coverage.  
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Fig. S7 Synteny of transposed sequences. Great tit and collared flycatcher have a 
chromosome assembly. Synteny blocks are shown in grey, while the synteny of individual gene 
is shown by a connecting line. For red bird-of-paradise (BOP) and medium ground finch, we 
show the synteny of the scaffolds containing transposed sequences to the Z chromosomes of 
great tit and collared flycatcher. The synteny is analyzed with MCscan (a jcvi tool). 
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Fig. S8 Similar heterozygosity levels in two separate blocks of Z-transposed region in red 

bird-of-paradise. The ZTR (1.3Mb) is separated by a 583kb sequence deletion, and the two 

separated region show a similar level of female heterozygosity, suggesting a similar age of the 

transposition. This supports the scenario of one single transposition event followed by sequence 

deletions instead of two independent transpositions.   

 
Fig. S9 Gene expression patterns and haploinsufficiency of transposed genes. The upper 
panel shows the distribution of haploinsufficiency scores of Z-linked genes. The vertical lines 
indicate haploinsufficiency scores of transposed genes, included those that are already lost (in 
box) or become pseudogene (dashed box). The lower panel shows the color-coded expression 
levels (log1p transformed TPM, transcripts per million) of transposed genes in 10 birds and 
green anole. The blank tiles indicate the data that is not available. ANXA1 shows biased 
expression in ovaries across species.    
  

THBS4 C9ORF85 ZFAND5 GDA TMEM2 TRPM3 TMC1

SERINC5 CDK7 MTX3 SLC30A5 MELK ANXA1 ALDH1A1

0

100

200

300

0.00 0.25 0.50 0.75 1.00

co
un

t

0 2 4 6
log1p(tpm)

Green anole
Chilean tinamou
Mallard duck
Swan goose
Helmeted guineafowl
Chicken
Turkey
Rock pigeon
Collared flycatcher
Blue tit
Great tit

Green anole
Chilean tinamou
Mallard duck
Swan goose
Helmeted guineafo
Chicken
Turkey
Rock pigeon
Collared flycatcher
Blue tit
Great tit

TMEM2

TMC1

ZFAND5

SERINC5

THBS4

C9ORF85
MTX3 CDK7ANXA1SLC30A5

MELK

TRPM3

GDAALDH1A1

Lost

pseudogene

Red bird-of-paradise
Medium ground finch
Great tit

haploinsufficiency score

brain spleenliver
♀ ♂ ♀ ♂♀ ♂

ov
ary tes
tis heart

♀ ♂

brain spleenliver
♀ ♂ ♀ ♂♀ ♂

ov
ary tes
tis heart

♀ ♂

brain spleenliver
♀ ♂ ♀ ♂♀ ♂

ov
ary tes
tis heart

♀ ♂

brain spleenliver
♀ ♂ ♀ ♂♀ ♂

ov
ary tes
tis heart

♀ ♂

brain spleenliver
♀ ♂ ♀ ♂♀ ♂

ov
ary tes
tis heart

♀ ♂

brain spleenliver
♀ ♂ ♀ ♂♀ ♂

ov
ary tes
tis heart

♀ ♂

brain spleenliver
♀ ♂ ♀ ♂♀ ♂

ov
ary tes
tis heart

♀ ♂



 

 118 

 

 

 

Reference 
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Table	S-1	Divergence	rate	of	the	transposed	genes	measured	by	pairwise	synonymous	(dS)	and	
nonnsynonymous	(dN)	substitution	rates	between	Z/W	gametologs	

Gene	 Species	
Z	 W	

Status	
dS	 dN	 dN/dS	 dS	 dN	 dN/dS	

ANXA1	
Red	bird-of-
paradise	 0.003995	 0	 0.0001	 0.003992	 0	 0.0001	 Retained	

ALDH1A1	
Red	bird-of-
paradise	 0.010218	 0.000001	 0.0001	 0.005625	 0.000888	 0.15792	 Retained	

MELK	 Great	tit	 0.007387	 0.000751	 0.101655	 0.005241	 0.001507	 0.287433	 Retained	

SLC30A5	
Medium	
ground	finch	 0.001119	 0	 0.0001	 0.000621	 0	 0.0001	 Retained	

CDK7	
Medium	
ground	finch	 0.000005	 0	 0.0001	 0	 0.000002	 66.4915	 Retained	

SERINC5		
Medium	
ground	finch	 0.000005	 0	 0.0001	 0.002758	 0	 0.0001	 Retained	

MTX3	
Medium	
ground	finch	 0.003784	 0.001664	 0.439907	 0.008356	 0.000001	 0.0001	 Retained	

THBS4	
Medium	
ground	finch	 0.004096	 0.000528	 0.128935	 0.002846	 0.001047	 0.367974	

Pseudog
ene	
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Table S2  Accessions of NCBI genome assemblies 
Species Common name Assembly Sex Reference 
Pseudopodoces humilis Tibetan ground tit GCF_000331425.1 Female 1,2  
Geospiza fortis Medium ground finch GCF_000277835.1 Female 3 
Passer domesticus House sparrow GCA_001700915.1 Female 4 
Corvus brachyrhynchos American crow GCF_000691975.1 Female 3 
Corvus cornix Hooded crow GCF_000738735.1 Male 6 

Ficedula albicollis Collared flycatcher GCF_000247815.1, 
GCA_900067835.1 Female 7 

Parus major Great tit GCF_001522545.2 Male 9 
Parotia lawesii Lawes’s Parotio GCA_003713295.1 Female 8 
Cicinnurus magnificus Magnificent BOP GCA_003713285.1 Female 8 
Paradisaea raggiana Raggiana BOP GCA_003713265.1 Female 8 
Cicinnurus regius King BOP GCA_003713305.1 Female 8 
Paradisaea rubra Red BOP GCA_003713215.1 Female 8 

 
1 Qu, Y. et al. Ground tit genome reveals avian adaptation to living at high altitudes in the Tibetan 
plateau. Nature Communications 4, 2071 (2013). 
2 Cai, Q. et al. Genome sequence of ground tit Pseudopodoces humilis and its adaptation to high 
altitude. Genome Biol 14, R29 (2013). 
3 Zhang, G. et al. Comparative genomics reveals insights into avian genome evolution and adaptation. 
Science 346, 1311–1320 (2014). 
4 Elgvin, T. O. et al. The genomic mosaicism of hybrid speciation. Sci Adv 3, e1602996 (2017). 
5 Frankl-Vilches, C. Using the canary genome to decipher the evolution of hormone-sensitive gene 
regulation in seasonal singing birds. Genome Biol 16, 1–25 (2015). 
6 Poelstra, J. W. et al. The genomic landscape underlying phenotypic integrity in the face of gene flow 
in crows. Science 344, 1410–1414 (2014). 
7 Ellegren, H. et al. The genomic landscape of species divergence in Ficedula flycatchers. Nature 491, 
756–760 (2013). 
8 Xu, L. et al. Dynamic evolutionary history and gene content of sex chromosomes across diverse 
songbirds. Nat Ecol Evol 3:834–844 (2019). 
9 Laine, V. N. et al. Evolutionary signals of selection on cognition from the great tit genome and 
methylome. Nature Communications 7, 10474 (2016). 
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Table	S3		Resequencing	data	of	related	species	
Taxa Species SRA Sex Reference 
Coerebinae (Darwin's finch) Cactospiza_pallida SRR1607494 M 1 
Coerebinae (Darwin's finch) Cactospiza_pallida SRR1607498 F 1 
Coerebinae (Darwin's finch) Camarhynchus_parvulus SRR1607504 M 1 
Coerebinae (Darwin's finch) Camarhynchus_parvulus SRR1607506 F 1 
Coerebinae (Darwin's finch) Camarhynchus_psittacula SRR1607543 F 1 
Coerebinae (Darwin's finch) Camarhynchus_psittacula SRR1607545 M 1 
Coerebinae (Darwin's finch) Geospiza_conirostris SRR1607300 M 1 
Coerebinae (Darwin's finch) Geospiza_conirostris SRR1607318 F 1 
Coerebinae (Darwin's finch) Geospiza_difficilis SRR1607400 F 1 
Coerebinae (Darwin's finch) Geospiza_difficilis SRR1607403 M 1 
Coerebinae (Darwin's finch) Geospiza_magnirostris SRR1607485 M 1 
Coerebinae (Darwin's finch) Geospiza_magnirostris SRR1607488 F 1 
Coerebinae (Darwin's finch) Pinaroloxias_inornata SRR1607512 F 1 
Coerebinae (Darwin's finch) Pinaroloxias_inornata SRR1607514 M 1 
Coerebinae (Darwin's finch) Platyspiza_crassirostris SRR1607532 M 1 
Coerebinae (Darwin's finch) Platyspiza_crassirostris SRR1607541 F 1 
Coerebinae Tiaris_bicolor SRR1607551 F 1 
Coerebinae Tiaris_bicolor SRR1607554 M 1 
Coerebinae Loxigilla_noctis SRR1607474 F 1 
Coerebinae Loxigilla_noctis SRR1607478 M 1 
Coerebinae Certhidea_olivacea SRR1607385 F 1 
Coerebinae Certhidea_olivacea SRR1607390 M 1 
Coerebinae Certhidea_fusca SRR1607327 M 1 
Coerebinae Certhidea_fusca SRR1607330 F 1 
Sporophilinae Sporophila melanogaster SRR5447379 F 2 
1 Lamichhaney, Sangeet, et al. "Evolution of Darwin’s finches and their beaks revealed 
by genome sequencing." Nature518.7539 (2015): 371. 
2 Campagna, Leonardo, et al. "Repeated divergent selection on pigmentation genes in 
a rapid finch radiation." Science advances 3.5 (2017): e1602404. 
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Table	S4	RNA-seq	datasets	analyzed	in	this	study	 	  
Species	 Comman	name	 SRA	 Reference	

Parus	major	 Great	tit		

SRR1847223,	
SRR1847228,	
SRR1847415;	
SRR2170826,	
SRR2170832	

1,	2	

Cyanistes	caeruleus	 Blue	tit	 PRJNA284903	 3	
Ficedula	albicollis	 collared	flycatcher	 PRJEB2984	 4	

Columba	livia	 rock	pigeon	 PRJEB16136,	
PRJNA427400	 5,	6	

Meleagris	gallopavo	 turkey	 PRJNA271731,	
PRJNA259229	 7,8	

Gallus	gallus	 chicken	

PRJEB8390,	
PRJNA381064,	
PRJNA171809,	
PRJNA171809	

9,	10,	11,	12	

Numida	meleagris	 helmeted	guineafowl	 PRJNA271731	 7	
Anser	cygnoides	 swan	goose	 PRJNA271731	 7	

Anas	platyrhynchos	 mallard	duck	 PRJNA419583,	
PRJNA271731	 7,	13	
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Discussion 
 

The avian chromosomes are generally stable with few interchromosomal rearrangements, so as 

the sex chromosomes (Zhang et al. 2014; Zhang 2018). As the recent efforts in the 

characterization of chromosome evolution in the bird lineage revealed frequently chromosomal 

rearrangements, mostly interchromosomal (Damas et al. 2018), my evolutionary genomic study 

also revealed that the evolution of sex chromosomes in birds is more dynamic than previously 

thought (Xu, Wa Sin, et al. 2019; Xu, Auer, et al. 2019; Xu and Zhou 2019). First, we showed 

the disparity of the rate of sex chromosome differentiation in two major clades of birds: 

Palaeognathae and Neognathae. This disparity further extends to within the paleognathous 

lineage. Second, During the course of sex chromosome differentiation, the pace of evolutionary 

changes varies at different time points, and different evolutionary forces may at play. Third, we 

identified multiple occasions of gene acquisitions on the W chromosomes of birds, suggesting 

the avian W chromosome can also be evolutionarily active, likely through female-specific 

selection or selection for dosage-sensitive genes. Below I will elaborate on each argument. 

Palaeognathae versus Neognathae 
Paleognaths are thought to be slow-evolving and maintain many ancestral features of birds 

(Yonezawa et al. 2017), including the karyotypes (Damas et al. 2018). This is in part in line with 

the primordial status of sex chromosome evolution in paleognaths. The chromosomal inversion 

is one of the main mechanisms of recombination suppression, and in neognaths, a large 

inversion involving ~20 Mb sequence is probably the direct cause of the formation of the second 

stratum (Zhou et al. 2014). Paleognaths did not undergo this inversion; though many 

paleognaths independently evolved a second stratum, they are much smaller than that of 

neognaths. This suggests the differentiation of sex chromosomes in paleognaths is not 

completely halted, but at a much slower rate and to a much smaller scale.   

 

Moreover, within paleognaths, the tinamou lineage shows an accelerated rate of sex 

chromosome evolution, relative to the rest of paleognaths, ratites (Zhou et al. 2014; Wang et al. 

2019). In some lineages, including Crypturellus and Tinamus, the W chromosome has 

substantially differentiated from the Z, to an extent similar to that in neognaths. However, it 

seems the third stratum that spans nearly half of the Z chromosome can account for tinamous’ 

nearly complete differentiation of the sex chromosome. In fact, kiwis which also show a small 
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PAR, has only two strata but the latest stratum spans more than half of the length of the Z 

chromosome (Wang et al. 2019). This suggests the differential degrees of sex chromosomes 

degeneration among birds stems from the occurrence of one or two large strata (likely due to 

chromosomal rearrangements), rather than differential rates of accumulations of graduate 

changes (small strata) between the Z and W chromosomes.  

 

However, it’s unclear why no large chromosomal rearrangements have been fixed in ratites 

which lack additional large-scale sex chromosome differentiation. A previous study on emu 

suggests the sexual antagonism can be solved through male-biased expression in the PAR 

without the need of restricting the recombination of the PAR (Vicoso, Kaiser, and Bachtrog 

2013). This hypothesis is however not supported by our more extensive and sophisticated study 

(Xu, Sin, et al. 2019). We also showed that the absence of global dosage compensation is 

probably not a sensible explanation for the slower degeneration of ratite sex chromosome, as 

suggested by a study in ostrich (Yazdi and Ellegren 2014). Recently, a study suggests the 

unique paternal care of ratites can be responsible for the slower evolution of sex chromosomes 

in this lineage, though no direct evidence has been provided (Wang et al. 2019).  

 

Nevertheless, in ratites which have nearly homomorphic sex chromosome, the PAR already 

display features resembling a hemizygous Z-chromosome, including lower recombination rates 

and accumulation of TEs (Transposable elements) (Xu, Sin, et al. 2019; Yazdi 2019). The 

reduced efficacy of selection due to lower recombination rate, as well as the accumulation of 

TE, may increase the chance of chromosomal rearrangements and/or chromatin structure 

alternations, thereby recombination suppression. Given sufficient time, the sex chromosomes of 

ratites may ultimately be as fully differentiated as in other neognaths.  

Temporal evolution of sex chromosome 
The rate of sex chromosome differentiation shows not only an interspecies variation, but also a 

temporal variation over more than 100 million years’ evolution of birds. In chapter 2, we reveal 

that at each stratum, the rate of gene loss of the W chromosome slows down over time (Xu, 

Auer, et al. 2019). This suggests the genes became loss more rapidly at the earlier stages of 

sex chromosome differentiation, a pattern that is also seen in mammalian (Bellott et al. 2014) 

and Drosophila (Bachtrog 2008) sex chromosomes. This is perhaps because there was a larger 

portion of the gene repertoire affordable to be lost immediately after recombination suppression, 

and over time that portion becomes smaller. We have identified two evolutionary forces that 

retain a certain pool of genes, despite being in a small number, on the W chromosome, namely 
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the purifying selection for important regulatory genes and selection to maintain dosage-sensitive 

genes. Those two forces do not seem to differ among the strata.  

 

Additionally, we reveal a differential rate of sex chromosome degeneration among strata, with 

the younger strata losing fewer proportions of their gene content. This might reflect the biased 

spatial distribution of dosage-sensitive or regulatory genes towards younger-strata regions of 

the Z chromosome. Alternatively, it could simply be that the younger strata have undergone less 

time for the genes to decay. Since the sex chromosomes of tinamous and kiwis have young 

strata of independent origin, a detailed study on those two lineages may provide insight into the 

evolutionary forces governing the gene retention on the W chromosomes. 

 

Interestingly, in chapter 3 we also reveal a different pattern of the faster-Z effect among strata of 

different ages. In particular, the oldest stratum of birds rarely displays a faster-Z effect, in both 

paleognaths and neognaths (Xu, Sin, et al. 2019; Wang et al. 2014). We argue that in the oldest 

stratum the purifying selection on the hemizygous alleles may have counterbalanced the effect 

of genetic drift that normally predicts a faster-Z in the non-recombining part of the Z 

chromosome. In the younger strata, however, the fixation of slightly deleterious mutations may 

be more tolerable, though we don’t completely understand why. More study is needed to 

confirm this trend, and I figure the tinamou lineage will be an excellent study model since it 

contains strata with multiple various ages.  

  

We have also provided evidence that different mechanisms of recombination suppression have 

been involved for different strata. It is most likely that a large inversion led to the formation of the 

second stratum in neognaths (Zhou et al. 2014), but additional evidence for the role of inversion 

in other strata is absent. In chapter 2, we present evidence the specific accumulation of a CR1, 

a family of TE, is the most likely explanation for the formation of the latest stratum in songbirds 

(Xu, Auer, et al. 2019). One implication of the TE-induced recombination suppression is, the 

formation of a new stratum may not necessarily be an adaptive outcome, or a result of sexually 

antagonistic selection, but simply a deleterious byproduct of TE proliferation. Nevertheless, the 

first phase of recombination suppression that contained Dmrt1 was probably favored by the 

selection for maintaining the linkage of Dmrt1 and other sexual antagonistic loci, though 

empirical evidence is still lacking. 
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W-chromosome innovations 
Finally, in chapter 2 and chapter 4 we discovered and characterized novel gene acquisitions on 

the W chromosome through retroposition and transposition, respectively. In both cases, such 

reports are the first of its kind in the bird sex chromosome system. Retroposition is usually 

mediated by transposable elements (Moran, DeBerardinis, and Kazazian 1999; Tan et al. 2016), 

leaving a duplicated copy that contains no introns at a new locus. We found one such case on 

the W chromosome of American crow, and the gene Narf was retroposed from an autosome 

(Xu, Auer, et al. 2019). On the contrary, the mechanism of transposition is less clear, but likely 

due to nonallelic homologous recombination (Veerappa, Padakannaya, and Ramachandra 

2013). We found much more frequent transpositions relative to retrotranspositions from the Z to 

W chromosomes, involving 14 genes in three songbird lineages (Xu, Auer, et al. 2019). The 

recent transpositions essentially created new young strata on the Z chromosomes. 

 

It is unclear about the function and adaptive relevance of Narf, but we have identified two 

evolutionary forces that fixed the transposed genes on the songbird W chromosomes. The first 

is purifying selection for dosage-sensitive or housekeeping genes, which is also at play for other 

retained W-linked genes (Bellott et al. 2017; Xu, Auer, et al. 2019; Bellott et al. 2014). It appears 

that the need to maintain dosage-sensitive genes is probably a more dominant force in shaping 

the gene content of the avian W chromosomes, while the mammalian or Drosophila Y 

chromosomes are enriched for male beneficial genes driven by sex-specific selection.  

 

Importantly, we provided new evidence for a novel force, that is, the female-specific selection 

that maintains the function of transposed genes. Particularly, the gene Anxa1 has been shown 

to have ovary-biased genes in all birds investigated as well as in lizard (Xu, Auer, et al. 2019). It 

is unclear if the expression of this gene may be harmful to males, but transposing this gene (and 

likely its regulatory regions as well) to the female-specific W chromosome is perhaps a more 

direct way to avoid sexual conflicts this gene may cause. It remains to be investigated whether 

the W-linked Anxa1 has rewired its regulatory domains since its rebirth on the W chromosome.  

Future perspectives 
Besides what I have covered in this thesis on the topics of avian sex chromosome evolution, 

there are many other interesting processes that have been made in recent years. In particular, 

neo-sex chromosomes through chromosome fusions have been reported in multiple lineages of 

birds. The first reported neo-sex chromosome has an ancestral origin in Sylvioidea warblers, 

caused by a chromosomal fusion between the sex chromosomes and a part of chromosome 4 
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(Pala et al. 2012; Leroy et al. 2019). Furthermore, within this clade, additional fusions of 

chromosome 5 and a part of chromosome 3 in larks have made the Z chromosomes the largest 

chromosome in their genomes (Dierickx et al. 2019; Sigeman et al. 2019). More recently, an 

independent formation of the neo-sex chromosome was reported in eastern yellow robin that 

was derived from the fusion between the sex chromosomes and chromosome 1A (Gan et al. 

2019). The neo-sex chromosome may also exist in lineages other than passerines, for instance, 

the chromosomal assembly of budgerigar indicates a fusion of the Z chromosome and 

chromosome 11, though the sex-linkage needs further verification (Cooke et al. 2017). In most 

of these cases, it seems the sex chromosomes started the differentiation process once the 

fusions took place, therefore creating young strata on the Z chromosomes. Those young strata 

will also be useful models to study the evolutionary forces that shape the evolution of bird sex 

chromosomes. For instance, the effect of faster-Z evolution in the young stratum of reunion grey 

white-eye seems to be curiously weak (Leroy et al. 2019), implying another form of selection 

likely at play at the nascent stage of sex chromosome differentiation. 

 

In recent years, long-read sequencing technology has made it possible to sequence through the 

heterochromatic part of the genomes (Jain et al. 2018; Chang and Larracuente 2019; Khost, 

Eickbush, and Larracuente 2017), including the avian W chromosome (Weissensteiner and Suh 

2019; Peona, Weissensteiner, and Suh 2018). This will allow for the study of chromosomal 

rearrangements and the proliferation of TEs of the W chromosomes, and their impacts on the 

recombination suppression and the evolution of avian sex chromosomes.  
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