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Abstract 

Many paleognaths (ratites and tinamous) have a pair of homomorphic ZW sex chromosomes in 

contrast to the highly differentiated sex chromosomes of most other birds. To understand the 

evolutionary causes for different tempo of sex chromosome evolution, we produced female 

genomes of 12 paleognathous species and reconstructed the phylogeny and the evolutionary 

history of paleognathous sex chromosomes. We uncovered that Palaeognathae sex chromosomes 

had undergone stepwise recombination suppression and formed a pattern of ‘evolutionary strata’. 

Nine of the 15 studied species’ sex chromosomes have maintained homologous recombination in 

their long pseudoautosomal regions extending over half of the entire chromosome length. We 

found that in older strata, the W-chromosome suffered more serious functional gene loss. Their 

homologous Z-linked regions, compared to other genomic regions, have produced an excess of 

species-specific autosomal duplicated genes that evolved female-specific expression, in contrast 

to their broadly-expressed progenitors. We speculate the ‘de-feminization’ of Z chromosome 

with underrepresentation of female-biased genes and slow divergence of sex chromosomes of 

paleognaths might be related to their distinctive mode of sexual selection targeting females that 

evolved in their common ancestors. 

 

Keywords: Paleognaths, Sex chromosome evolution, Comparative genomics, Sexual Selection 
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Introduction  

Palaeognathae comprise less than 1% of all avian species, but have been intriguing biologists for 

over a century with an elusive evolutionary history and many extraordinary features that are 

informative for the origin and evolution of birds. As the basal branch to all other living birds 

(Neognathae), Palaeognathae includes the flightless ratites (emus, cassowaries, ostriches, kiwis 

and rheas), which are predominantly gigantic (except for kiwis), as well as the small pheasant-

like, volant tinamous (Cracraft, 1974; Harshman et al., 2008). Recent phylogenomic studies 

(Baker et al., 2014; Cloutier et al., 2019; Mitchell et al., 2014; Prum et al., 2015; Yonezawa et 

al., 2017) produced a congruent tree that placed tinamous within ratites, but the rhea node still 

has low statistical support (Grealy et al., 2017; Mitchell et al., 2014) (Table S1). This 

phylogenetic tree suggested independent evolution of flight loss and gigantism among ratites, 

which are expected to have a much lower genome-wide evolutionary rate relative to tinamous 

and other birds of much smaller sizes. Indeed, the ostrich genome is characterized by lower rates 

of substitution and insertion/deletion (Jarvis et al., 2014), slower transposon removal (Kapusta et 

al., 2017), and fewer chromosome rearrangements (O’Connor et al., 2018) than other birds. This 

parallels the similar comparisons between elephants/whales vs. other mammals (Bromham, 

2011; Kapusta et al., 2017; Mank and Ellegren, 2007; Tollis et al., 2019), and can be explained 

by the fact that large-bodied species tend to have a longer generation time and a lower metabolic 

rate, hence a reduced genome evolutionary rate per time unit (Berv and Field, 2018; Bromham, 

2011). Kiwi is the only small-bodied ratite lineage, but has the lowest metabolic rate among all 

birds (McNab, 1996), therefore is also expected to have a low genome evolutionary rate.  

The lower genome evolutionary rate of ratites may partially explain the distinctive pattern 

of homomorphic sex chromosomes found in many ratites (Nishida-Umehara et al., 2007; Takagi 

et al., 1972), compared to the highly differentiated sex chromosomes of neognathous birds and 

mammals. We have previously shown that the sex chromosomes of most Neognaths have 

undergone four RS events probably through Z- or W-linked inversions (Zhou et al., 2014), with 

each affected region diverged between the Z/W chromosomes (chrZ/chrW) to a different degree 

from the nearby regions, together forming a pattern termed ‘evolutionary strata’ (Lahn and Page, 

1999). The sex-linked regions that maintained homologous recombination (pseudoautosomal 

regions, PAR) of neognaths are mostly very short and concentrated at one chromosome end. 

Emu and ostrich present a striking exception, and have undergone less and smaller sex-linked 
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inversions and have over two-thirds of the sex-linked region as PAR (Vicoso et al., 2013; Zhou 

et al., 2014). Interestingly, recent studies (Xu et al., 2019b) showed that some small-bodied 

tinamous species also have long PARs, while our previous work in another tinamou species 

showed that it has a short PAR (Zhou et al., 2014). This is consistent with cytogenetic results 

showing a much-diversified pattern of PAR lengths among tinamous (Pigozzi, 2011), and 

indicates that factors shared by all paleognaths, other than the slow genome evolution rate alone 

may account for their homomorphic sex chromosomes.  

Once recombination is suppressed, the influenced W-linked regions become transmitted 

only in females and are expected to undergo functional degeneration because of reduced efficacy 

of natural selection and then accumulation of deleterious mutations (Charlesworth and 

Charlesworth, 2000). And the homologous Z-linked regions become transmitted in a male-biased 

manner, and are expected to become ‘masculinized’ or ‘defeminized’ driven by sexually 

antagonistic selection (Wu and Xu, 2003). Such ‘sexualization’ of sex chromosome, i.e., 

evolution of sex-linked gene content or expression patterns shaped by their transmission bias 

toward either sex, has been well-documented for the X chromosomes of various Drosophila or 

mammalian species. In addition to sexually antagonistic selection, meiotic sex chromosome 

inactivation (MSCI), which is the process of transcriptional silencing of the sex (X and Y) 

chromosomes that occurs during the meiotic phase of spermatogenesis (Lifschytz and Lindsley, 

1972; McKee and Handel, 1993; Turner, 2007) plays an important role and the two factors 

together drive an excess of RNA- (retrotransposition) or DNA-based duplications from X 

chromosome onto autosomes in Drosophila and mammals (Bai et al., 2007; Betrán et al., 2002; 

Emerson et al., 2004; Meisel et al., 2009; Potrzebowski et al., 2008; Vibranovski et al., 2009b, 

2009a). As a result, testis-biased genes become deficient on the X chromosomes 

(‘demasculinization’) (Sturgill et al., 2007), but become enriched among the autosomal 

duplicated genes derived from the X-linked parental genes (Betrán et al., 2002; Emerson et al., 

2004; Meisel et al., 2009; Vibranovski et al., 2009b; Zhang et al., 2010). However, a similar 

pattern of excessive gene movement off the Z chromosome has not been found in chicken and 

zebra finch (Toups et al., 2011), probably due to the lack of MSCI in birds (Guioli et al., 2012), 

and generally much fewer retrogenes found in the avian genomes compared to those of mammals 

(Toups et al., 2011). Interestingly, in silkworm which also has an ZW sex system and lacks 

MSCI (Traut et al., 2019), there seems to be an excess of retrogenes out of the Z chromosome (J. 
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Wang et al., 2012) that evolved ovary-biased expression. Overall, whether and if so, why 

different types of sex chromosomes exhibit different patterns of gene movement remain unclear, 

as so far there were much less ZW species than the XY species that have been examined.  

To investigate the evolutionary patterns and history of paleognathous sex chromosomes 

and explore their potential mechanisms of maintaining large homomorphic sex-linked regions, 

we produced new female genomes of nine tinamou species and three ratite species, and analyzed 

a total of 15 paleognathous genomes. We first reconstructed a new phylogenomic tree using non-

coding sequences spanning nearly 40% of the entire genome of each species. This provides the 

phylogenetic framework for our subsequent analyses of sex chromosomes. We found that 5 of 

the 9 investigated tinamou species, despite a much higher evolutionary rate indicated by the 

longer branch lengths than ratites, share the feature with ratites of not having extensive RS 

between sex chromosomes. In 8 of the 15 investigated paleognaths, we found an excess of 

duplicated genes produced by the Z-linked copies onto the autosomes. We finally discussed these 

distinctive patterns of paleognathous sex chromosomes compared to those of other birds, in 

terms of their different intensities and mode of sexual selection.  

 

Results 

Genome assemblies and phylogenomic tree of paleognaths 

We generated new genome assemblies and annotations for 12 paleognathous species, from 

between 48 and 106 fold of shotgun sequencing per species (Table S2). We specifically chose 

female samples of all species for sequencing in order to include the genomic information of W 

chromosomes, and densely sampled tinamou species (9 species) to form a comprehensive 

comparison to ratites (5 species, including the two [ostrich, kiwi] published  genomes [Duc et al., 

2015; Zhang et al., 2014, 2015]), as well as for tinamous’ diversified sex chromosome 

composition and unclear genome evolution patterns (Pigozzi, 2011; Xu et al., 2019b). Half of the 

sequenced species in this work have draft genomes with a scaffold N50 length longer than 1Mb 

(Table S3). Their assembled regions comprise on average 82.35% of the estimated genome size 

(1.0 to 1.6 Gb), with a gap content lower than 5% (Table S3). For each genome, we annotated 

from 14,180 to 16,438 protein-coding genes, and about 5% of the genome as repetitive elements, 

with an average BUSCO score (aves_odb10 database) reaching 88.5 (Table S4). We also 
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assembled the complete mitochondrial genomes, and annotated a complete set of 13 

mitochondrial genes in all the studied species.  

 To provide a phylogenetic framework for all the evolutionary inferences in this work, we 

first constructed phylogenomic trees based on the concatenated alignments of whole-genome 

non-coding sequences (NC, Fig. 1A), of entire mitochondrial genomes (MT, Fig. S1A) using the 

maximum likelihood method, and also a tree based on fourfold degenerate sites in coding 

sequences from single-copy orthologous genes using the Bayesian method (4D, Fig. S1B). After 

removing alignment ambiguities using the published method (Jarvis et al., 2014) (Materials and 

Methods), these datasets comprise per species 393,165,276 bp non-coding sequences (~37.56 % 

of the nuclear genome), 15,873 bp or 92.57% of the mitochondrial genome, and 588,067 bp from 

4,387 orthologous genes or 30.78% of the entire gene repertoire. They represent the largest 

phylogenomic dataset of Palaeognathae known to date (Table S1). All resulting phylogenies 

have 100% full bootstrapping support for all the nodes of the studied paleognaths, with all the 

topologies congruent with each other and previous works (Cloutier et al., 2019; Grealy et al., 

2017; Mitchell et al., 2014; Yonezawa et al., 2017) except for the phylogenetic position of rhea. 

NC- and MT-trees consistently place the greater rhea as the sister species to all tinamou species, 

with both taxa now living in South America. This result is different from those of 4D tree and 

previously published trees (Cloutier et al., 2019) using the coalescence (CL-tree) method or 

based on phylogenetic distribution of transposons (Prum et al., 2015), which produced different 

estimates of minimum times of flight loss and evolution of gigantism among ratites (Fig. S2). 

The different phylogenetic position of rheas between these trees can be attributed to the different 

size and type of the input data, and also different tree reconstruction methods. Particularly, the 

extremely short internal branch length of rhea found in our (Fig. 1A) and published works (Jarvis 

et al., 2014; Parker et al., 2013) is probably the major cause of the different topology. In this 

work, our NC alignment data comprises nearly 40% of the entire genome and is expected to be 

much less influenced by convergent evolution of life history traits than the 4D or exon sites 

(Braun et al., 2019; Cloutier et al., 2019). We therefore chose the NC-tree topology as the guide 

tree for all the subsequent analyses in this work. 

Our estimation of species divergence times with the NC-tree is generally consistent with 

the previous results (Mitchell et al., 2014; Yonezawa et al., 2017) (Fig. S3), with some 

differences in the tinamou lineage because of the more tinamou species sampled in this study. 
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Particularly, the estimated divergence time (about 67.9 million years, MY) of rhea from its sister 

group is around the Cretaceous–Paleogene (K-Pg) mass extinction 66 MY ago (Jarvis et al., 

2014), when high levels of ILS also occurred during early diversification of the Neoaves. 

Overall, the branch lengths of ratites are much shorter than those of tinamous (Fig. 1A, P = 1e-

07, relative rate test). And there is a significant negative correlation between the genome-wide 

substitution rate vs. the body mass after controlling for the phylogeny (Fig. 1B, PGLS test, P = 

0.0089). This demonstrated the impact of evolution of gigantism in slowing down the genome 

evolutionary rates of ratites. One outlier of ratites is the kiwi with a small body size, which 

shows an even shorter branch length than all the other large-bodied ratites. This is consistent 

with previous results (Sackton et al., 2019) and is probably because kiwi has the lowest 

metabolic rate among all birds (McNab, 1996), which has a similar impact with gigantism on the 

genome evolutionary rate.  

  

Complex evolutionary history of the slow-evolving paleognathous sex chromosomes 

To reconstruct the evolutionary history of paleognathous sex chromosome, we first identified the 

sex-linked sequences of each studied species based on their homology to the Z chromosome 

sequence of ostrich (Yazdi and Ellegren, 2018; Zhang et al., 2015). We then ordered and 

oriented these scaffolds into pseudo-chromosome sequences according to their unique mapped 

positions along the ostrich reference. The lengths of the identified Z chromosome sequences of 

each paleognaths range from 68.77 to 82.13 megabases (Mb), corresponding to 83.0% to 97.6% 

of the ostrich Z chromosome length (Table S5). We have annotated between 550 to 930 Z-linked 

genes, and 12 to 286 W-linked genes across the studied species (Table S6). We then determined 

the length of PAR of each studied species, which is expected to have a similar level of aligned 

female read depth with autosomes, or a similar read depth between sexes if data of both sexes are 

available. The lengths of the identified PARs range from 0.7 to 56.9 Mb, encompassing 15 to 580 

Z-linked genes (Table S6). We found no significant association between the proportion of the Z 

chromosome that is identified as the PAR, i.e., the degree of sex chromosome homomorphism, 

and the species’ body mass (P = 0.2017, PGLS test) after controlling for the phylogeny. The lack 

of association can be caused by the small number of the studied species. It can be also because of 

the fact that 5 out of the 15 studied paleognaths are small-bodied tinamou species with a long 

PAR extending at least half of the entire sex chromosome length (Fig. 2A), similar to the PARs 
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of large-bodied ratites. These results showed that all the 15 investigated paleognaths except for 4 

tinamous have much longer PARs than neognathous birds or mammals, regardless of their great 

variations of genome-wide evolutionary rates (Fig. 1A).  

In the sexually differentiated regions (SDR) where recombination has been suppressed, 

particularly in the older evolutionary strata, we expected to be able to assemble much less W-

linked sequence fragments, and observe a lower degree of Z/W pairwise sequence similarity than 

in the younger strata. This is because the former has undergone sequence divergence from the 

homologous Z-linked regions for a longer time, with more repeats accumulated and more 

sequence deletions. The density of W-linked fragments and their sequence divergence level 

exhibit a sharp shift between neighboring regions of their homologous Z chromosome, forming a 

clear pattern of evolutionary strata (Fig. 2A, Fig. S4) and allowing us to define the strata 

boundaries. To date each stratum, we aligned their boundaries across species, and concluded a 

more ancestral stratum is expected to share its boundaries across multiple species, while a more 

recent species-specific stratum does not. In addition, if the Z- and W-linked genes (also called 

‘gametologs’) of an evolutionary stratum started to diverge before a lineage split, their 

gametolog trees should include separate groups of Z and W sequences. In contrast, a lineage-

specific evolutionary stratum is indicated when the Z/W gametologs of the same species group 

together. Based on these principles and the species divergence times, we first determined the 

evolutionary stratum shared by all birds (stratum 0, S0), thus also shared by all paleognaths, 

which encompasses the avian male-determining gene DMRT1 (Zhou et al., 2014) and emerged 

over 100 MY ago. After their divergence, ostrich, the ancestor of all tinamous, rhea, the ancestor 

of emu and cassowary, and kiwi have each independently experienced a second RS event that 

each formed a new stratum (S1); these four events are dated to different times, ranging from 23 

to 75 MY ago (Table S6). As we have only one species of rhea and kiwi, this S1 could have 

formed either in the ancestors of all rheas and all kiwis respectively, or specifically in the species 

that we studied here. Some tinamou lineages, (the ancestor of Crypturellus genus including 

thicket, little, undulated, and white-throated tinamous), and also the elegant-crested tinamou, 

have independently formed a more recent stratum (S2), at times estimated to be between 26 to 56 

MY ago (Fig. 2A; Table S6). As expected, the analyses of such trees for genes with positions 

known in the ostrich reference assembly yielded ages of evolutionary strata consistent with those 

inferred from inferring their boundaries from W-Z divergence of individual genes (Figs. S5–
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S12). That is, an evolutionary stratum that was dated to the ancestor of multiple species is 

expected to share their boundaries within these species. For example, all tinamou species share 

one evolutionary stratum (Tinamidae S1, named after its phylogenetic node when it originated), 

whose boundaries are aligned between tinamous by the nearby PAR or S2 sequences. 

Consistently, gametologs of APC gene from this stratum are grouped separately by Z and W 

chromosomes (Fig. 2B). Gametologs of ARKL1 gene are also grouped by sex chromosomes, 

suggesting the evolutionary stratum (Crypturellus_Tinamus S2) started to diverge before 

speciation (Fig. 2B). While for the gene GPX8, whose Z/W recombination was suppressed after 

elegant-crested tinamou diverged from its sister species in Eurdomia S2 region, its gametologs 

are grouped by species (Fig. 2B). 

 

Genetic degeneration of sex chromosome and evolution of sex-linked transposable elements  

The difference in the numbers of genes between Z and W chromosomes reflects the degeneration 

of W chromosomes after recombination was suppressed. Our analysis showed that older 

evolutionary strata had expectedly lost more genes due to the longer time of evolving under a 

non-recombining environment (Table S6). The rate of gene loss (% of lost genes per million 

years) however becomes much reduced in the older strata (Fig. 3A). This is consistent with our 

previous finding in other birds (Zhou et al., 2014) or the work in Silene latifolia (Krasovec et al., 

2018), and reflects a weaker effect of Hill-Robertson interference caused by less genes retained 

in the older strata. Both the assembled W-linked lengths, and the numbers of annotated W-linked 

genes relative to those of their Z-linked homologs decrease in the older evolutionary strata (Fig. 

3B). Also, the synonymous substitution rates (Ks) between the Z/W gametologs are generally 

higher in the older evolutionary strata, although low numbers of genes (e.g., there are less than 

five genes assembled in S0 in many species) and gene conversion that reduce the Ks values are 

expected to confound this pattern (Fig. S13; Table S7). In general, paleognaths not only retained 

a longer PAR (Fig. 2A), but also retained a significantly (22.39±13.628 vs. 4.429±4.389, P = 

2.21e-05, Wilcoxon test) higher percentage of W-linked genes at SDRs, relative to neognaths 

(Fig. 3C). This indicated that the Palaeognathae sex chromosomes not only underwent less 

frequent RS, but also diverged from each other at a lower rate after the recombination was 

suppressed. Retained W-linked genes at SDRs of S0 and S1 regions show a decreased expression 

level relative to their Z-linked homologs among all the examined tissues in emu and Chilean 
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tinamou with transcriptomes of both sexes available (Fig. S14). This provides direct evidence for 

functional degeneration of W-linked genes after the RS.  

 The formation of evolutionary strata has also reshaped the TE landscape of the Z 

chromosomes, due to the reduction of effective population size and average recombination rate 

from different time points, when the influenced region of Z chromosomes has stopped 

recombination in females. This has led to the differential accumulation of TEs on the Z 

chromosome, so that different evolutionary strata are predicted to have different TE densities. 

Indeed, the Z-linked SDRs in all studied species have higher TE content (7.337±3.691% vs. 

5.396±2.121%, P < 0.01, Wilcoxon test) than PARs or autosomes, and in the older strata 

compared to the younger ones (Fig. S15). Chicken repeat 1 (CR1) elements, a family of non-long 

terminal repeat (LTR) retrotransposons, that were active throughout the Palaeognathae evolution 

history(Wang et al., 2020) are expectedly enriched on the Z chromosomes across all species, 

while some families (e.g., CR1-J1/2_Pass) are tinamou-specific and are enriched only on 

tinamou Z chromosomes (Fig. 3D).  

 

An excess of gene movements off the paleognathous Z chromosomes, but not from PAR 

We hypothesized that if sexually antagonistic selection is shaping the gene movement on the  

male-biasedly transmitted Z chromosomes of paleognaths, their SDRs but not PARs are expected 

to either harbor an excess of duplicated genes derived from autosomes (A-to-Z duplicates) that 

evolve male- or testis-biased gene expression (‘masculinization’), or to produce an excess of 

duplicated genes on autosomes (Z-to-A duplicates) that evolve female- or ovary-biased gene 

expression (‘defeminization’). To test this, we first identified all the interchromosomal 

duplicated genes of each species, annotated each of them as either DNA- or RNA-based 

duplication, then divided them into three categories of ‘A-to-A’, ‘Z-to-A’, and ‘A-to-Z’ 

according to their source and target chromosomes. We found that 8 out of the 15 studied species 

show a significant (P < 0.05, Chi-squared test) excess of Z-to-A gene movements (Fig. 4A), 

which is almost exclusively contributed by their old evolutionary strata S0, and S1 in tinamous, 

but not from the younger strata S1 in ratites and S2 in tinamous, or PAR (Fig. 4B). In contrast, 

we have not found a significant excess of A-to-Z gene movements in any species. The Z-to-A 

duplicated genes are predominantly (22.0% to 93.8% across species) derived from DNA-based 

duplications. If we only considered RNA-based duplications, there are no significant Z-to-A 
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movements (Table S8), because of the very low numbers of such duplications identified at the 

genome-wide level.  

 We further compared the gene expression patterns of duplicated genes on the autosomes 

vs. those of their parental genes on the Z chromosome in ostrich and Chilean tinamou with 

multiple tissue transcriptomes of both sexes available. Interestingly, between 33.3% to 66.7% of 

the autosomal gene copies have evolved a female-specific gene expression pattern in both gonad 

and somatic tissues, in contrast to their broadly-expressed Z-linked parental genes (Fig. 4C). This 

diverged expression pattern between parental and daughter gene copies was not found in the 

PARs of the two species. These results together suggested that in some paleognathous species 

sexually antagonistic selection probably accounts for the stepwise defeminization of 

paleognathous Z chromosomes, i.e., relocation of female-biased gene duplications onto the 

autosomes from the Z chromosome, during its stepwise suppression of recombination with the W 

chromosome. 

  

Discussion 

Birds harbor a tremendous diversity in their extent of sex chromosome differentiation (Xu et al., 

2019a; Xu and Zhou, 2020; Zhou et al., 2014) therefore provide a great model for understanding 

the evolutionary factors influencing the tempo of sex chromosome evolution. Such a diversity is 

not observed among the XY sex chromosomes of eutherian mammals (Bachtrog, 2013; Cortez et 

al., 2014; Graves, 2006), whose Y chromosomes have all become highly degenerated or even 

completely lost. The ‘male-driven evolution’ effect (Li et al., 2002) predicts that the male-

specific Y chromosomes have the highest mutation rate, while the female-specific W 

chromosomes have the lowest mutation rate throughout the genome. However, the ‘male-driven 

evolution’ effect alone cannot explain the different evolutionary patterns of sex chromosomes 

between birds and mammals. This is because the majority of birds, like chicken and zebra finch, 

also have a highly degenerated W chromosome similar to the mammalian Ys. Here we first 

reconstructed the phylogenomic tree of ratite species. Because of the different datasets and 

reconstruction methods used in this study, particularly the impact of ILS, we acquired a tree 

topology that differs with the previous results for the position of rheas (Fig. 1). This however 

does not change our major conclusions on the patterns of evolutionary strata (Fig. 2) and gene 

loss rate (Fig. 3); because majorities of ratite lineages formed their evolutionary strata 
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independently due to the species radiation, and rheas only contributed one data point on the 

pattern of gene loss rate. In addition, we found that many tinamous, which have a much higher 

genome-wide substitution rate, but a similar homomorphic sex chromosome pair compared to the 

ratites, also suggest other factors may be responsible for the generally lower sex chromosome 

evolution rate of paleognaths relative to other birds.  

We speculate that one of the possible factors could be the distinctive mode of paternal 

care originated in the paleognathous ancestor. Paleognaths have predominant (e.g. in ostrich) or 

exclusive (in tinamous) paternal care behaviors that have been reported in only ~1% of extant 

bird species (Cockburn, 2006; HANDFORD and MARES, 1985). Despite such rarity, paternal 

care likely has evolved before the divergence of paleognaths and their sex chromosomes 

(Cockburn, 2006; HANDFORD and MARES, 1985; Tullberg et al., 2002; Varricchio et al., 

2008; Wesolowski, 1994). Meta-analyses of life history traits of birds showed that post-mating 

paternal care is usually associated with reduced premating sexual selection targeting males, 

manifested as reduced levels of male-biased sexual size dimorphism and extrapair paternity 

(Remeš et al., 2015). Indeed, the reversal of sex roles in parental care seems to result in a 

significantly different level (P = 3.816e-05, Wilcoxon test) of sexual size dimorphism between 

Palaeognathae and Neognathae (Fig. S16), with most paleognaths having larger females than 

males (Table S9). Unlike most other vertebrates, it has been reported in emu that females would 

compete vigorously for access to males during mating season (Coddington and Cockburn, 1995). 

These results led us to propose that the evolution of paternal care in the Palaeognathae ancestor 

probably ‘resolved’ the post-mating sexual conflict over care (Szekely, 2014), and reduced the 

intensity of premating sexual selection, eventually producing the unique pattern of homomorphic 

sex chromosome pattern of Palaeognathae. However, why some tinamous nevertheless 

suppressed recombination throughout almost the entire sex chromosome pair, and have extensive 

differentiation between sex chromosomes still remain unclear. We have to point out that this 

hypothesis cannot be directly tested in paleognaths because paternal care only originated one 

time in their ancestor. More insights can be gained regarding the relationship between the 

parental care mode and sex chromosome evolution by comparing species, for example, 

shorebirds that have recently evolved diverse modes of parental care (Reynolds and Székely, 

1997).  
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Another interesting and relevant finding is that in over half of the studied paleognaths, 

there are an excess of duplicated genes derived from the Z chromosome onto the autosomes, 

which evolved female-biased gene expression. A similar pattern of extra ‘X-to-A’ duplicated 

genes that evolved testis expression has been well-documented in Drosophila and mammalian 

species (Betrán et al., 2002; Emerson et al., 2004; Vibranovski et al., 2009b). Such redistribution 

of sex-biased genes between X chromosome and autosomes was interpreted to be caused by 

MSCI and/or sexually antagonist selection. Birds do not seem to have MSCI, and have very few 

retrogenes, which may explain a lack of extra ‘Z-to-A’ duplicated genes in chicken and zebra 

finch. However, since there is probably stronger sexual selection targeting females in 

paleognaths, female-biased duplicated genes maybe more frequently fixed on the autosomes than 

other avian species, resulting in the ‘defeminization’ pattern of Z chromosomes of many 

paleognaths observed in this work. 

  

Materials and Methods 

Genome assembly and annotation 

All animal procedures were carried out with the approval of China National Genebank animal 

ethics committee. We extracted 12 female genomic DNAs from vouchered museum specimens 

for 10 of the studied species, and from zoo samples for 2 of the studied species (Table S10) using 

Gentra Puregene Tissue Kit (QIAGEN). Illumina paired-end DNA libraries were constructed and 

sequenced (Hiseq 4000) following the manufacturer's protocol with varying insert sizes (250bp, 

800bp, 2 or 5kb) for each species. We used customized perl scripts to remove the reads 

containing more than 10% ambiguous nucleotides, or with more than 40% low-quality (Phred 

score ≤ 7) bases, or derived from adapter sequences and PCR duplications. We further trimmed 

the low-quality ends of reads if abnormal base compositions or low read qualities were detected. 

We then used the cleaned reads for de novo genome assembly using SOAPdenovo2 (Luo et al., 

2012) (Version 2.04). Different k-mers were tested for SOAPdenovo2 for each species to 

achieve the largest contig/scaffold N50 lengths. We then polished the assembly by Gapcloser 

(v1.12). We used Tandem Repeats Finder(Benson, 1999) (TRF Version 4.09), 

RepeatProteinMask and RepeatMasker (version 4.0.6) with RepBase(Bao et al., 2015) 

(20160829), and the de novo prediction program RepeatModeler (version open-1.0.8) together to 

predict and categorize the repetitive elements. We used the Kimura 2-parameter distance to 

estimate the divergence level between the individual TE copies vs. their consensus sequences. 

Kimura distances between genome copies and TE consensus were calculated using the 

RepeatMasker built-in scripts (calcdivergencefromalign.pl). We dated the expansion of certain 

repeat subfamilies based on their sequence divergence pattern in the phylogeny by parsimony. 

We inferred more recent or ancestral subfamilies if they show a sequence divergence pattern 

concentrated at a lower or higher divergence level, and shared among species or specific to 

certain lineages. For gene annotation, we first defined the candidate gene regions after aligning 

the query protein sequences of zebra finch, chicken and human (Ensembl release-87) to the 
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targeted genomes using TBLASTN (E-value ≤ 1E-5). Then we refined the candidate gene 

regions by GeneWise (Birney et al., 2004). 1000 such homology-based genes with a Genewise 

score of 100 were randomly selected to train Augustus (Stanke et al., 2004) (version 3.2.1) for de 

novo prediction. And we combined gene models from these two sources into a non-redundant 

gene set. The resulting gene models (measured by gene length, mRNA length, exon number and 

exon length) are comparable to those of other vertebrates. Gene names were further translated to 

those of their orthologs in the query species, based on the reciprocal best BLAST hit.  

 

Phylogenomic analyses 

The protein-coding genes from 3 amniotic species (Gallus gallus, Anolis carolinensis and Homo 

sapiens were downloaded from Ensembl (release-87). The gene sets from brown kiwi 

(PRJEB6383), white-throated tinamou and common ostrich (PRJNA212876) were obtained from 

NCBI. For gene loci with alternative splicing isoforms, only the longest transcript was retained.  

Then we used Treefam (Li et al., 2006) to cluster genes from different species into gene families. 

1). We performed all-versus-all alignments using BLASTP with E-value < 1E-7, and joined the 

fragmental alignments using Solar (a program in Treefam). The alignments were used to 

calculate the distance between two genes. Next, a hierarchical clustering algorithm was used to 

cluster all the genes, with the following parameters: min_weight = 10, min_density = 0.34, and 

max_size = 500. 2). Multiple sequence alignment for each gene family was performed by 

MUSCLE (Edgar, 2004) (v3.8.1551) and four-fold degenerate sites were extracted and 

concatenated to generate super-alignments. Our final dataset contained a total of 54,013 fourfold 

degenerate sites. We used MrBayes (Ronquist and Huelsenbeck, 2003) (v3.1.2) to reconstruct the 

phylogeny with the (GTR + gamma) model using the following parameters: lset nst=6 

rates=gamma; mcmc ngen=100000 printfreq=100 samplefreq=100 nchains=4 savebrlens=yes. 

For the NC tree, we first generated the whole genome alignments with LASTZ(1.04.00), using 

the genome of ostrich as the reference. In detail, each species’ genome was first built into 

pseudo-chromosome sequences using ostrich as reference, using a LASTZ parameter set 

designed for distant species comparison (--step=19 --hspthresh=2200 --inner=2000 --

ydrop=3400 --gappedthresh=10000 --seed=12of19 for alignment, --minScore=1000 --

linearGap=loose, with the scoring matrix HOXD55 for the chain step). The pairwise alignments 

were further processed by MULTIZ (Blanchette et al., 2004) with the ROAST approach to 

construct multiple genome alignment, using a guided tree fixing the known phylogenetic 

positions of ostrich, and chicken as an outgroup. We then used the alignment filtering code 
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(filter_alignment_maf_v1.1B.pl --window 36 --minidentity 0.55) described in the study (Jarvis et 

al., 2014) to remove the poorly-aligned regions. The multiple sequence alignments (MSAs) were 

then passed to MAFFT (Katoh and Standley, 2013) (--maxiterate 1000 --localpair) to obtain 

further locally refined alignments. To construct the ML tree, we first preprocessed the non-

informative sites with RAxML. This step resulted in 393,165,276 whole-genome aligned sites 

with 10.34 % gaps and undetermined sites removed, of which 15,565,579 distinct patterns can be 

used to estimate the phylogenetic topology. The final MSA was first randomized into 100 

subsets and each subset was used to generate a parsimony tree as the starting topology with 

RAxML (Stamatakis, 2014) (8.2.11). Each starting tree was used together with its corresponding 

sequence subset to estimate a maximum likelihood tree with ExaML (Kozlov et al., 2015) 

(3.0.19) under the GTRGAMMA model. Out of the 100 ML trees constructed above, the one 

with maximum ML was further used to evaluate the consistency and obtain the bootstrap value 

for the final tree. To further avoid the bias introduced by the protein-coding sequences, a 

genome-wide NC tree was further reconstructed based on the above whole genome alignments 

by excluding the coding sequences using msa_view in PHAST (Hubisz et al., 2011) (v1.3). In 

total, 348,449,087 usable sites were obtained to construct the NC tree with the same approaches 

applied to the whole genome tree. The MCMCtree program (version 4.4) implemented in the 

Phylogenetic Analysis by Maximum Likelihood (PAML) (Yang, 2007) package was used to 

estimate the species divergence time. Calibration time was obtained from the TimeTree database 

(http://www.timetree.org/). Two calibration points were applied in this study as normal priors to 

constrain the age of the nodes described below: 105-118 MA for the most recent common 

ancestor (TMRCA) of ostrich-chicken, and 271-286 MA for TMRCA of Aves and Dactyloidae. 

MitoZ (Meng et al., 2019) was utilized with the default settings to assemble the whole 

mitochondrial genome for all studied Palaeognathae using a random subset (5 Gb) of paired-end 

reads from small insert-size library sequencing. The genes were identified using MITOS (Bernt 

et al., 2013) and curated by comparison with known sequences of other published ratites and 

tinamous from GenBank. Complete mitochondrial genomes were also used to construct a 

maximum likelihood phylogenetic tree using the same method as the NC tree. We tested the 

association between the body mass vs. the degree of sex chromosome homomorphism using 

PGLS models implemented in the R packages APE (Paradis et al., 2004) and nlme 

(https://CRAN.R-project.org/package=nlme). 
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Identification of sex-linked sequences 

We identified the Z chromosome sequences out of the draft genomes (14 females and 4 males 

from 14 species) based on their alignments to the Z chromosome sequences of ostrich (Yazdi and 

Ellegren, 2018; Zhang et al., 2015), and also a female-specific reduction of read depth. Scaffold 

sequences of each species were aligned with LASTZ (version 1.02.00) to the ostrich Z 

chromosome sequence with parameter set ‘--step=19 --hspthresh=2200 --inner=2000 --

ydrop=3400 --gappedthresh=10000 --format=axt’ and a score matrix set for distant species 

comparison. Alignments were converted into a series of syntenic ‘chains’, ‘net’ and ‘maf’ results 

with different levels of alignment scores using UCSC Genome Browser’s utilities 

(http://genomewiki.ucsc.edu/index.php/). Based on the whole genome alignments, we first 

identified the best aligned scaffolds within the overlapping regions on the reference genome, 

according to their alignment scores with a cutoff of at least 50% of the whole scaffold length 

aligned in the LASTZ net results. We further estimated the overall identity and coverage 

distributions with a 10kb non-overlapped sliding window for each scaffold along the reference 

sequence, and obtained the distributions of identity and coverage. Scaffolds within the lower 5% 

region of each distribution were removed to avoid spurious alignments. Finally, scaffolds were 

ordered and oriented into pseudo-chromosome sequences according to their unique positions on 

the reference chrZ in ostrich. Scaffolds were linked with 600 ‘N’s as a mark of separation. W-

linked sequences are expected to also form an alignment with the reference Z chromosome of 

ostrich, but with lower numbers of aligned sequences and lower levels of sequence identity than 

their homologous Z-linked sequences, due to the accumulation of deleterious mutations after 

recombination was suppressed on the W. We also expect that there are still certain degrees (at 

least 70% as a cutoff) of sequence similarities between the Z- and W-linked sequences, for 

discriminating the true W-linked sequences from spurious alignments. After excluding the Z-

linked sequences from the draft genome, we performed a second round of LASTZ alignment 

against the Z chromosome sequences of each species built from the above step. Then we 

excluded the spurious alignments with the cutoff of the pairwise sequence identity to be higher 

than 70%, but lower than 95%, and with the aligned sequences spanning at least 50% of the 

scaffold length. We further verified the W-linked sequences in species with sequencing data of 

both sexes available (Fig. S17). We identified the missing Z-linked sequences (Table S11), if any 
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due to the lack of substantial sequence similarity with the ostrich Z chromosome, in species with 

sequencing data of both sexes available (greater rhea, southern cassowary, emu, chilean tinamou 

and elegant crested tinamou). They are expected to show a reduced coverage in female than in 

male. We first aligned the female and male reads to all the scaffold sequences separately with 

BWA mem. We then calculated the mean depth for each scaffold using the single-base depths 

produced by samtools. We defined a putative Z-linked scaffold with the male vs. female ratio to 

be within the range of 1.8 to 2.2. Then we compared the lengths of all putative Z-linked scaffolds 

to those identified from alignments with the ostrich Z chromosome. We aligned the protein 

sequences of Z-linked genes with BLAT to the W-linked sequences, and then annotated the W-

linked genes with GeneWise (Birney et al., 2004). To construct the gametolog trees, CDS 

sequences of single-copy genes’ Z/W gametologs were aligned by MUSCLE (Edgar, 2004) and 

the resulting alignments were cleaned for ambiguous alignments by gblocks (-b4=5, -t=c, -e=-

gb). Only the alignments longer than 300bp were used for constructing maximum likelihood 

trees by RAxML (Stamatakis, 2014) to infer whether their residing evolutionary stratum is 

shared among species or specific to certain lineages. Then all gametologs trees were manually 

checked and categorized as supporting the evolutionary stratum to be originated either before or 

after the speciation, or simply as non-informative due to the low bootstrapping values ( < 50, 

Table S12). 

 

Characterization of PARs and evolutionary strata 

We aligned the raw reads of each species to their pseudo-chromosome sequences by BWA (Li 

and Durbin, 2009) (0.7.12-r1039) with BWA-MEM algorithm. After removing PCR duplicates, 

we calculated read depth using SAMtools (version: 1.3.1) within each 100kb non-overlapping 

window and normalized it against the median value of depths per single base pair throughout the 

entire genome, to allow comparison among species. Boundaries of PAR were determined by a 

sharp shift of depth values between neighboring windows. We first plotted all the depth values 

along the chrZ for each species. Then the sharp shift between PAR and differential region (DR) 

is directly visible, which helps us to define the boundaries of the strata. Then we performed 

Wilcoxon’s test to test its significance. Similarly, we then scanned the Z/W pairwise alignment 

along the Z chromosome with a non-overlapping 100kb window to determine the boundaries 

between the neighboring strata, where there expected to be a sharp shift of the pairwise sequence 
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identities or the occurrences of W-linked scaffolds. The information of PAR, SDR and W-linked 

gene numbers from Neognathae were retrieved from our previous study (Xu et al., 2019a; Zhou 

et al., 2014). To determine the heterozygosity level of the evolutionary strata, we used the GATK 

(DePristo et al., 2011) (version 3.6-0-g89b7209) for SNP calling in both sexes for elegant crested 

tinamou and Chilean tinamou. SNPs whose read depths were too low ( < 100) or qualities lower 

than 100 were excluded. Boundaries of the very young stratum were determined by a sharp shift 

of heterozygosity ratio between female and male.  

We used the method of assuming the molecular clock to infer the age of evolutionary 

strata, as well as relying on the species divergence time. In brief, we calculated branch-specific 

synonymous substitution rates (dS) of genes on the macrochromosomes by PAML (Yang, 2007) 

(free-ratio model) for each species. The species-specific mutation rate to that of chicken (2.5×10-

9/site/year) was scaled by their ratio of median values of the branch-specific synonymous 

substitution rates. We calculated the degree of male-biased mutation (α) by using the equation 

α=3(Z/A -2)/(4- 3Z/A), where ‘Z’ and ‘A’ represent the median substitution rates of intronic 

regions linked to autosomes and Z chromosome. The mutation rate of the W chromosome is then 

estimated from the equation α = 2A/W-1 (Miyata et al., 1987), where ‘W’ refers to the mutation 

rate of the W chromosome. The sum of Z and W chromosome mutation rates in different strata 

results in the local divergence rate between the sex chromosomes. For the Z/W divergence level, 

the coding regions were removed from the pairwise Z/W genome alignments generated 

previously from LASTZ by customized perl scripts, and then we estimated the divergence level 

within non-coding regions by baseml in the PAML package after 1000 bootstraps. The age of a 

stratum was finally estimated by dividing the divergence level by divergence rate. Alternatively, 

the age of the strata was also estimated by the species divergence time, when we can map the 

strata to certain phylogenetic nodes.  

 We downloaded the transcriptomes of green anole lizard (brain, gonad: PRJNA381064) 

and Chilean tinamou (brain and gonad: PRJNA433114) from SRA. In addition, we collected the 

transcriptomes of adult emu brain, kidney, and gonad from both sexes. We collected the total 

RNAs of adult tissues (brain, kidney, gonad) of both sexes using TRIzol® Reagent (Invitrogen 

#15596-018) following the manufacturers’ instructions. Then paired-end libraries were 

constructed using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) and 

about 3.5Gb paired-end reads of 150bp were produced for each library. Overall, we used the data 
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from three emu individuals, two lizard individuals for each sex and one tinamou individual here. 

We used HISAT2(Kim et al., 2015) (version 2.1.0) for aligning the RNA-seq reads against 

reference genomes. Gene expression was measured by reads per kilobase of gene per million 

mapped reads (RPKM). To minimize the influence of different samples, RPKMs across tissues 

were adjusted by a scaling method based on TMM (trimmed mean of M values; M values mean 

the log expression ratios)(Robinson and Oshlack, 2010), which assumes that the majority of 

genes have similar expression levels across all samples. The mean RPKM value of biological 

replicates was calculated for each gene. Then we calculated fold-change difference ( > 2) in gene 

expression between both sexes to detect differential expression.  

 

Identification of interchromosomal gene movements 

For DNA-based gene relocations, we used MCScanX (Y. Wang et al., 2012) to detect 

intraspecies collinearity blocks between each studied species and green anole lizard and chicken 

with default settings (5 genes required to call a collinear block) based on the all-to-all BLASTP 

result (E-value ≤ 1e−5 and identity > 75). Then we used MCScanX-transposed(Wang et al., 

2013) to detect transposed gene duplications. To further filter out false transposed gene 

duplications, we only kept gene pairs in which parental and transposed duplicates have the same 

gene name based on the SwissProt annotation. For RNA-based gene relocations, we first aligned 

all peptide sequences (retrieved from our homology-based gene prediction) against all peptide 

sequences using BLASTP with E-value < 1E-7. We screened out gene pairs with a blast score 

ratio of best hit over second best hit < 0.8. We further screened out potential paralog pairs 

generated by retrotransposition, which contain one single-exon gene (potential retrogene) and 

one multiple-exon gene (potential parental gene). Then we confirmed the intronlessness of 

candidate retrogene by aligning the protein sequence of potential parental gene against the DNA 

sequence of potential retrogene with GeneWise(Birney et al., 2004). We only kept TE-free 

paralog pairs for further analyses, in which neither of the two genes had >50% CDS occupied by 

TEs. We defined more conservative paralog pairs with > 50% align rate and >50% identity. We 

used the same way(Vibranovski et al., 2009b) to calculate expected number of interchromosomal 

gene movements. 

 

Data Availability  

Jo
urn

al 
Pre-

pro
of



20 

All the genomic reads, the genome assemblies and annotations generated in this study have been 

deposited in NCBI SRA and GenBank under the project accession number PRJNA545868. The 

above data have also been deposited in the CNGBdb (https://db.cngb.org/cnsa/) with accession 

number CNP0000505. All customized codes used in this study are available at 

https://github.com/zj-wien/Paleognaths. 
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Figure Legends 

Fig. 1. Phylogenomic tree of Palaeognathae 

A: Maximum likelihood tree reconstructed from genome-wide alignments of non-coding 

sequences. Branch lengths indicating the genome substitution rates were estimated by ExaML.  

All phylogenetic nodes have full bootstrap support, and were labelled with estimated species 

divergence times (in million years), and 95% highest posterior densities (in blue horizontal bars). 

Based on the tree, all extant paleognaths are grouped by their living landmass shown in the 

background, and extant ratites probably have had at least three times of independent flight loss 

marked by blue arrows. All paleognaths have male-only parental care marked by green arrow. 

The divergence time between rheas and tinamous is very close to the Cretaceous-Paleogene (K-

Pg, in red bar) mass extinction about 66 million years ago. All bird illustrations were ordered 

from https://www.hbw.com/. B: Correlation between substitution rate and body mass. Each data 

point represents a stratum of a certain bird species (dot). Black line depicts a negative linear 

relationship for substitution per site and body mass.  

 

Fig. 2. Evolutionary strata in Palaeognathae.  

A: Evolutionary strata of sex chromosomes. Each species has two tracks showing the color-

scaled female read depths along the Z chromosome normalized against the median value of the 

read depths of autosomes, and the level of Z/W pairwise sequence divergence. PAR region is 

expected to show a normalized female read depth around 1 (in green), while the SDR whose 

recombination has been suppressed is expected to show a normalized read depth around 0.5 (in 

light blue). The faster one SDR region is evolving between sex chromosomes, the less W-linked 

fragments can be identified, and the more diverged in sequence that homologous Z/W regions 

are.  The boundaries between two neighboring evolutionary strata were inferred by the sharp 

shift of the Z/W divergence level or the identified W-linked fragments, or that of the female read 

depth. We named each evolutionary stratum according to the phylogenetic branch that it 

originated, and labelled them on the species tree. All bird illustrations were ordered from 

https://www.hbw.com/. B: Examples of gene trees for Z- and W- linked gametologs at different 

evolutionary strata. If sequences were grouped by their chromosomal origins, their residing 

evolutionary stratum was inferred to emerge before the species divergence. If sequences were 
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grouped by their species origins, the stratum was inferred to emerge after the species divergence. 

The chromosomal positions of the example genes were labelled (A). 

 

Fig. 3. Evolution of sex-linked genes and transposable elements in Paleognathae 

A: Correlation between gene loss rate and age of stratum. Each data point represents a stratum of 

a certain bird species. B: Comparison of W-linked genes and sequence lengths between different 

evolutionary strata. The areas of the circles are scaled to the W-to-Z ratios of the assembled 

lengths, and the colors of the circles are scaled to the W-to-Z ratios of the annotated genes. C: 

Comparison of the percentages of retained W-linked genes at the SDRs of Palaeognathae vs. 

those of Neognathae. We show levels of significance (Wilcoxon test) with asterisks. ***: P = 

2.21e-05; D: Comparing the CR1 content across Palaeognathae from different evolutionary 

strata. Each cell corresponds to the average density (measured by copy numbers of certain CR1 

subfamily over region length) of certain CR1 subfamilies (shown at the top) at an evolutionary 

stratum (x-axis). Blank cell indicates that there is no corresponding region in that species. CR1, 

Chicken repeat 1; S0, stratum 0; S1, new stratum; S2, recent stratum; PAR, pseudoautosomal 

regions; SDR, differentiated regions.  

 

Fig. 4. Gene movement off the Z chromosome in Paleognathae 

A: Distribution of DNA-based gene movements in the Palaeognathae phylogenetic tree. Inferred 

ancestral gene movements are labelled at corresponding phylogenetic nodes. Three different 

shapes and colors correspond to the three types of movement directions (presented as legend). 

We show levels of significance (Chi-squared test) with asterisks. *, P < 0.05; **, P < 0.005; ***, 

P < 0.0005. B: Comparison of excess across different evolutionary strata. Excess = ([O – E] / E) 

× 100, where E is expected and O is observed. C: The heatmap shows the expression levels of 

duplicated genes on the autosomes (right: relocated genes) vs. those of their parental genes on 

the Z chromosome (left: parental genes) across different tissues in ostrich and Chilean tinamou. 

We grouped these genes by their chromosomal regions shown on the left of the y-axis. S0, 

stratum 0; S1, new stratum; S2, recent stratum; PAR, pseudoautosomal regions; SDR, 

differentiated regions.  
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