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Abstract

According to current assemblies, avian genomes differ from those of the other lineages of amniotes in 1) containing a
lower number of genes; 2) displaying a high stability of karyotype and recombination map; and 3) lacking any correlation
between evolutionary rates (dN/dS) and life-history traits, unlike mammals and nonavian reptiles. We question the
reality of the bird missing genes and investigate whether insufficient representation of bird gene content might have
biased previous evolutionary analyses. Mining RNAseq data, we show that the vast majority of the genes missing from
avian genome assemblies are actually present in most species of birds. These mainly correspond to the GC-rich fraction of
the bird genome, which is the most difficult to sequence, assemble and annotate. With the inclusion of these genes in a
phylogenomic analysis of high-quality alignments, we uncover a positive and significant correlation between the ratio of
nonsynonymous to synonymous substitution rate (dN/dS) and life-history traits in Neoaves. We report a strong effect of
GC-biased gene conversion on the dN/dS ratio in birds and a peculiar behavior of Palaeognathae (ostrich and allies) and
Galloanserae (chickens, ducks and allies). Avian genomes do not contain fewer genes than mammals or nonavian reptiles.
Previous analyses have overlooked �15% of the bird gene complement. GC-rich regions, which are the most difficult to
access, are a key component of amniote genomes. They experience peculiar molecular processes and must be included for
unbiased functional and comparative genomic analyses in birds.

Key words: aves, missing genes, evolutionary rate, life-history traits, recombination, GC content, biased gene
conversion.

Background

Avian genomes differ in many respects from those of the
other major lineages of amniotes, that is, mammals and
nonavian reptiles. First, birds have a smaller genome size
mainly due to a lower fraction of transposable elements
and repetitive DNA (Hughes and Piontkivska 2005; Organ
et al. 2007) as well as shorter introns (Hughes and Hughes
1995). Interestingly, several studies have also suggested
that a massive loss of genes, likely associated with chro-
mosomal rearrangements (Hillier et al. 2004; Lovell et al.
2014; Zhang et al. 2014), may have occurred in birds. The
analysis of genome-wide data in 48 species of birds esti-
mated that the total number of genes in avian genomes
was around 70% of those present in humans (Zhang et al.
2014). Lovell et al. (2014) analyzed genome assemblies in
birds, turtle, lizard and humans and identified 274 genes in
synthenic blocks predicted to have been lost in the bird
lineage. Hron et al. (2015), however, showed that some of
these genes are actually present in chicken and in the
Tibetan ground tit Pseudopodoces humilis, and that they
tend to have a high GC content and carry long GC
stretches. The question of how many genes are truly miss-
ing from avian genomes versus not properly assembled or
annotated thus remains open. Whether missing or hidden,

these genes have been absent in birds comparative geno-
mic studies.

Compared with mammals, another remarkable feature of
avian genomes is the high stability of karyotype, the con-
served landscape of recombination rates and the high level
of synteny. The typical avian karyotype, which consists in
14–16 macrochromosomes and numerous microchromo-
somes, has not varied much since the common ancestor of
birds (Burt 2002; Ellegren 2010). Besides a conspicuous differ-
ence in size, microchromosomes have been shown to harbour
higher gene-density, GC content and recombination rates
than macrochromosomes (Smith et al. 2000; Burt 2002).
The way recombination operates also differs between mam-
mals and birds. In the former, recombination takes place in
hotspots that are alternatively turned on and off as deter-
mined by the PRDM9 protein and the genomic distribution of
the DNA motif it recognizes (Baudat et al. 2010). In contrast,
PRDM9 is absent in birds (Oliver et al. 2009) and recombina-
tion, rather than taking place at variable-in-time chromo-
some locations, is highly localized in the neighborhood of
transcription start/termination sites and CpG islands
(Singhal et al. 2015).

Recombination is tightly related to the phenomenon of
GC-biased gene conversion (gBGC), which preferentially
repairs mismatches resulting from double-strand breaks
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towards G/C. Consequently, GC-content is also evolving dif-
ferently in birds versus mammals. Whereas in mammals GC-
content evolution appears erratic across lineages and geno-
mic regions (Romiguier et al. 2010), GC-content in birds has
been increasing in time, especially in high-recombining
regions, and is still far from its equilibrium (Webster et al.
2006; Nabholz et al. 2011; Bol�ıvar et al. 2016). Given the par-
ticular evolutionary dynamics of GC-rich genes, the high levels
of GC-content and gene density are in the mostly unas-
sembled or unannotated microchromosomes, and the appar-
ent trend for GC-rich genes to be reported as missing, it is
legitimate to investigate if there is a relationship between the
two phenomena: 1) how many of the genes, reported as
missing, are really absent in avian genomes? And 2) for those
present, how many were unassembled because of extreme
GC-content?

Birds, finally, are peculiar with respect to the relationship
between evolutionary rates and life-history traits (LHT). A
positive correlation between the ratio of nonsynonymous
to synonymous substitution rates (dN/dS), and body mass,
longevity or age of sexual maturity has been reported in
mammals and nonavian reptiles (Romiguier et al. 2013;
Figuet et al. 2014; Figuet et al. 2016). This correlation is inter-
preted as reflecting an effect of the effective population size
(Ne): large/long-lived species would have, on average, a
smaller Ne than small/short lived ones, and therefore experi-
ence less efficient purifying selection, leading to an increased
rate of fixation of slightly deleterious nonsynonymous muta-
tions, inflating the dN/dS ratio. Interestingly, no such relation-
ships have been detected in birds, which, as far as dN/dS is
concerned, apparently depart the nearly neutral theory
(Weber et al. 2014; Figuet et al. 2016). The exact reasons for
this paradox are unexplained although different hypotheses
including the action of gBGC, the lack of correlation between
life-history traits and historical population size and unreliable
estimates of dN/dS have been suggested (Lartillot 2013;
Bol�ıvar et al. 2016; Figuet et al. 2016; Hua and Bromham
2017). gBGC and GC-content are known to affect the dN/
dS ratio (Berglund et al. 2009; Galtier et al. 2009; Bol�ıvar et al.
2016), so that, again, the impact of hidden/missing genes on
rates versus traits relationships in birds is worth investigating.

We here mined transcriptome data and coding sequences
predicted by an automated pipeline of annotation in 78 spe-
cies of birds. We report that a vast majority of the purportedly
missing genes are actually present in a large number of species,
and present a higher GC-content, on average, than those pre-
sent in current genomic assemblies. Then, we revisit the cor-
relation between dN/dS and LHT using this new set of genes
and uncover a positive relationship with longevity for all avian
species and for body mass for Neoaves only. Interestingly,
paleognaths and galloanseres show dN/dS values that deviate
from what would be expected given their LHT.

Results

Newly Annotated Bird Orthologs
Querying the ENSEMBL database, we identified 2,454 genes
annotated as one-to-one orthologs between human (Homo

sapiens) and the Chinese soft-shell turtle (Pelodiscus sinensis),
but missing in chicken (Gallus gallus) and collared flycatcher
(Ficedula albicollis). These were reciprocally BLASTed to de
novo transcriptome assemblies and/or NCBI-predicted cod-
ing sequences from 79 species of birds. We recovered be-
tween 519 and 1,775 (average: 1,200) orthologous copies of
these genes in each of the targeted species, such that 2,132
(86.9%) of the 2,454 purportedly missing genes were found in
at least one species of birds (fig. 1, supplementary fig. S2,
Supplementary Material online). Of the 1,574 sequences re-
covered this way in Gallus gallus, 474 were found to be pre-
sent in the phylogenomic data set of Jarvis et al (2014), 585
more were also annotated in chicken genome assembly
GALgal_v4, and 515 represent newly annotated orthologs.
The species for which both transcriptomic data and NCBI-
predicted coding sequences were available produced higher
numbers of new orthologs than those for which data con-
sisted of only one of the two sources of data (supplementary
fig. S1, Supplementary Material online). 75.5% of the purport-
edly missing genes were recovered in ten distinct species or
more, and 51.5% were found in 40 species or more (supple-
mentary fig. S2, Supplementary Material online).

The new set of genes exhibited substantially higher GC and
GC at third codon position (GC3) values, on average, than
previously annotated genes (fig. 2), in agreement with previ-
ous suggestions that the GC-rich fraction of the bird genome
is badly annotated. Moreover, we found a negative correlation
(r¼�0.42, P< 2.2e-16) between mean GC content of genes
and the number of species for which a given gene was recov-
ered (fig. 3), this is, genes with high GC-content tend to be
harder to recover than those with low or intermediate GC.
We examined the GC-content in turtle of the 353 human-
turtle orthologs that were not recovered in any bird species in
our analysis. We found that the distribution of GC-content
for these still-missing genes is highly skewed towards elevated
GC values, compared with the whole gene complement of P.
sinensis (supplementary fig. S3, Supplementary Material on-
line). This either implies that GC-rich genes have a higher
probability than AT-rich genes to have been lost in birds, or
that these extremely GC-rich genes are actually present in
birds but so far unreachable, even with the help of RNAseq
data.

dN/dS Ratio and Correlations with LHT and
GC-Content
Focusing on 44 species analyzed by Jarvis et al. (Jarvis et al.
2014), we created a phylogenomic data set including the
1,077 genes of Figuet et al. (2016) and 1,245 genes newly
identified here, for which orthology relationships were pre-
dicted. Ambiguously aligned sites were removed with the
HMMcleaner program (Amemiya et al. 2013; Philippe et al.
2017). Based on this data set, significantly positive correlations
between dN/dS ratio and each of body mass (r¼ 0.59, P¼ 7.0
� 10�5) and longevity (r¼ 0.62, P¼ 1.2� 10�4) were recov-
ered (fig. 4 and table 1). Interestingly, the five species of
Palaeognathae (ostrich, tinamou) or Galloanserae (duck,
chicken, turkey) had a lower dN/dS ratio than expected given
their body mass (fig. 4a) or longevity (fig. 4b) and the
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correlation with body mass is not significant when these spe-
cies are included (r¼ 0.23, P¼ 0.12).

Genes were split in three bins according to GC-content
and the analysis was reconducted for Neoaves species only.
The three categories of genes yielded a significant, positive
relationship between dN/dS and LHT. The average dN/dS,
however, was strikingly higher in GC-poor genes than in
the other two categories (fig. 5). To analyze this effect more
deeply we separately measured the rate of nonsynonymous
and of synonymous evolution across for each gene (total tree
length) and we evaluated their variation as functions of gene

mean GC-content. We found that the synonymous rate is
consistently, positively correlated to GC-content (r¼ 0.16,
P¼ 4.67e-14), whereas the nonsynonymous rate is slightly
negatively related to GC-content (r ¼ �0.12, P¼ 2.24e-09).

Discussion

Missing Genes in Birds?
The existence of a missing fraction of genes in avian genomes
was pointed since the genome of chicken (Gallus gallus), the
first avian genome sequenced, was published (Hillier et al.

Homo
22,285

Pelodiscus
18,189

Gallus
16,342

15,545

+ 2,132

15,045 13,680

10,491

FIG. 1. Number of available annotations in human (Homo), Chinese soft-shell turtle (Pelodiscus) and chicken (Gallus). Numbers in intersections
correspond to the amount of 1-to-1 orthologs available for each pair of species and, in blue, the total number of new sequences corresponding to
orthologs missing in Gallus annotations that were recovered in at least one avian species.

GC(%)

D
en

si
ty

0 20 40 60 80 100

0.00

0.02

0.04

0.06

0.08

A

GC3(%)

D
en

si
ty

0 20 40 60 80 100

0.00

0.02

0.04

0.06

0.08

B

Jarvis 2014

This study

FIG. 2. Comparison of (a) GC total and (b) GC3 for the set of 8,235 genes produced in Jarvis et al (2014), in blue, and the sequences retrieved in this
study, in red.
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2004). The authors explicitly mentioned that a number of
genes present in RNA and EST data were only partially or
fragmentarily recovered in the assembly and attributed the
problem to the elevated GC-content of these genes. The
chicken genome became the natural reference for annotation
of subsequent avian genomes (Dalloul et al. 2010; Warren
et al. 2010) and this fraction of unannotated genes has
been systematically absent since then in bird comparative
genomic studies.

Mining transcriptome data via BLAST or the Gnomon
pipeline, we here demonstrate that the vast majority of these
genes are actually present in the genome of many, if not all,
bird species. We therefore confirm the usefulness of RNA-Seq
in identifying genes missing from draft genome assemblies
thus improving assessment of gene content (e.g., Denton
et al. 2014). Our analysis retrieved 91 of the 273 genes
reported as missing by Lovell et al. (2014) and predicted
515 new chicken-turtle orthologs. Importantly, human-
turtle orthologs still missing in birds after our analysis are
strongly GC-enriched in turtle (supplementary fig. S3,
Supplementary Material online). Given the strong impact of
GC-content on the probability for a gene to be missed in birds
(fig. 3), this strongly suggests that many, if not all, of these still-
missing genes are actually present in avian genomes. Indeed,
our analysis confirms that GC content is a major cause for the
fragmentary nature of genomic assemblies. Both the GC-poor
(AT-rich) and the GC-rich (AT-poor) extremes have been
documented to hinder assembly and annotation in several
groups of organisms including the honeybee (Elsik et al. 2014)
and the sand rat (Psammomys obesus; Hargreaves et al. 2017).

In both cases, resequencing and incorporating transcriptomic
data improved the assembly and gene annotation.

The application of single-molecule real-time (SMRT) se-
quencing technologies that do not rely on PCR has greatly
improved gene annotation in birds (Damas et al. 2017;
Warren et al. 2017; Korlach et al. 2017, http://biorxiv.org/con
tent/early/2017/02/02/103911.abstract, last accessed April 14,
2017). As an illustration, the most recent version of chicken
genome (GALgalv5, available from Ensemble v87) that was
obtained using SMRT sequencing technology in combination
with finished BACs and improved physical maps, provided
chromosome-level scaffolds for four additional microchromo-
somes as well as annotations for >4,000 additional genes
including 1,911 protein-coding genes, bringing the number
of available coding DNA sequences (CDS) above 18,000
(Warren et al. 2017) compared with the ca. 16,000 CDS in
the previous version.

The Correlation between dN/dS and LHT
Although strong positive correlations have been documented
between dN/dS and body mass or longevity in mammals and
nonavian reptiles (Romiguier et al. 2013; Figuet et al. 2016),
such relationships have been reported to be absent in birds
(Weber et al. 2014; Figuet et al. 2016). This is paradoxical
because other molecular markers of the effective population
size, such as within-species diversity and the ratio of non-
synonymous to synonymous polymorphisms, do correlate
with life-history traits in birds (Figuet et al. 2016). The two
studies that reported an absence of the correlation (Weber
et al. 2014; Figuet et al. 2016) analyzed gene sets derived from
the alignment of Jarvis et al. (Jarvis et al. 2014), which includes
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FIG. 3. Number of genes recovered as a function of GC content. Genes with high GC content (red) are less often recovered than those with low
(blue) and intermediate (orange). r: �0.42; P< 2.26E-16.
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all orthologs recovered from genomic assemblies in 48 species
of birds.

Here, we analyzed the 1,077 genes selected by Figuet et al.
(2016) on the basis of their availability in nonavian reptiles
plus the 1,245 new genes identified in this study, badly aligned
sites being removed with HMMClean (Amemiya et al. 2013;
Philippe et al. 2017). Our analysis recovered a significant,

positive relationship between dN/dS and each of body mass
and longevity, thus solving the rates versus traits paradox in
birds. Birds are no exception to the nearly neutral theory:
coding sequence evolutionary rate in this group appears to
be dominated by the balance between purifying selection and
genetic drift, body mass and longevity being reasonable pre-
dictors of the long-term Ne, consistent with other groups of
amniotes. The relationship, however, has been more difficult
to verify in birds than in mammals, in which a significant
correlation has been reported in many different studies
(Lartillot and Poujol 2011; Nabholz et al. 2013; Romiguier
et al. 2013; Figuet et al. 2014, 2016; supplementary fig. S5,
Supplementary Material online). Along the same lines, a pos-
itive correlation between LHT and dN/dS was obtained using
the mitochondrial genome of mammals (Popadin et al. 2007)
but not using the mitochondrial genome of birds (Nabholz
et al. 2013). A narrower range of variation in LHT in birds
could be invoked to explain this difference. Controlling for
this effect, however, Figuet et al. (2016) still observed a differ-
ent behavior in mammals compared with birds.

The HMMClean method models alignments of amino-acid
sequences thanks to a hidden Markov Model and identifies
sequence segments that depart the general pattern (Philippe
et al. 2017). The impact of this cleaning step is appreciable:
treating the alignments of Figuet et al. (2016) was sufficient
to generate a significant correlation between dN/dS and life-
history traits (table 1). Correlation coefficients were further
increased and reached levels similar to those obtained in
mammals and nonavian reptiles with the inclusion of the
new genes identified in this study (table 1). Interestingly, we
found that GC content had a major impact on dN/dS esti-
mation and, thus, in the evaluation of these correlations.
Indeed, as illustrated in figure 5, sets of genes differing in
GC content produced very different dN/dS averages and
the strength of the correlation with LHT was also impacted,
further highlighting the need for an appropriate representa-
tion of the avian genome for proper evolutionary inferences.

The dN/dS versus LHT relationship we report is significant
at the whole bird level for longevity and it is markedly stron-
ger in Neoaves-only analyses (table 1) whereas for body mass
the correlation is only significant when evaluated within
Neoaves. In general, the deeply branching lineages of paleo-
gnaths and galloanseres are characterized by a lower dN/dS
ratio than expected from their body masses and longevities
(fig. 4), in agreement with the work of Nabholz et al. (2011). In
particular, these lineages were also shown to be the exception
to the estimated trend of a reduction in body mass during bird
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FIG. 4. Correlation between dN/dS and body mass (a) and longevity
(b) in Aves. Empty dots correspond to Palaeognathae (Struthio and
Tinamou) and Galloanserae (Anas, Gallus, and Meleagris). Solid dots
correspond to Neoaves. Traits correspond to linear regressions for all
aves in the data set (red) and Neoaves only (blue).

Table 1. Correlations between Log-transformed values of body mass and longevity and dN/dS for 1) All Species in Data Set and 2) for Neoaves.a

Data set Body mass Longevity

r All aves P r Neoaves P r All aves P r Neoaves P

Figuet et al (2016) 0.12 [�0.18–0.40] 0.44 0.24 [�0.085–0.51] 0.15 0.24 [�0.083–0.52] 0.14 0.32 [�0.027–0.60] 0.07
Figuet et al (2016)
þ HMMclean

0.17 [�0.14–0.44] 0.28 0.42 [0.12–0.65] 0.004 0.34 [0.028–0.060] 0.03 0.48 [0.16–0.71] 0.005

This study 0.23 [�0.072–0.49] 0.13 0.59 [0.19–0.69] 7.344e-05 0.40 [0.092–0.64] 0.013 0.62 [0.35–0.79] 1.2e-04

aValues in brackets correspond to 95% CI and P values in bold indicate significant correlations.
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evolution (Nabholz et al. 2013). Paleognaths, in particular, are
supposed to descend from a flying ancestor (Yonezawa et al.
2017), so that current traits might not reflect well the long-
term effective population size in this group. The combination
of these peculiarities could explain the outlying position of
Palaeognathae and Galloanserae in the dN/dS versus LHT plots
(fig. 4).

GC-Biased Gene Conversion Impacts Substitution
Rates in Birds
Our report of a strong impact of gene GC-content on the dN/
dS ratio across the bird phylogeny corroborates the analysis of
Bol�ıvar et al. (2016), who focused on the flycatcher lineage
(Ficedula albicollis). Analyzing the genome-wide landscape of
divergence with another passerine, the zebra finch, these
authors reported a positive effect of GC-content and the re-
combination rate on the dN/dS ratio. At first sight, the cor-
relation between dN/dS and recombination rate might be
interpreted as reflecting Hill–Robertson interferences, that
is, the negative effect of linkage on the efficiency of multi-
locus selection. Bol�ıvar et al. (2016), however, argued that the
relationship between recombination and dN/dS is rather me-
diated by gBGC, as attested by the stronger effect of recom-
bination rate on dS than on dN, which is unexpected under
the Hill–Robertson hypothesis.

Similarly, we here report a strong, positive correlation of dS
with GC-content, again suggesting that Hill–Robertson effect
is not the major force at work. Regarding dN, we detected a
weaker but significantly negative relationship with GC-
content regardless of the data set, oppositely to the results
of Bol�ıvar et al. (2016). The two studies analyzed distinct sets
of genes and used distinct methods of estimation of dN and
dS. Estimating dN and dS is particularly tricky in case of het-
erogeneous base composition (Guéguen L, Duret L,

unpublished data, http://biorxiv.org/content/early/2017/04/
06/124925.abstract, last accessed April 13, 2017). Additional
research appears needed to characterize the complex impact
of gBGC on the rate of amino-acid substitution.

Conclusions
Our analysis recovered a majority of the genes annotated as
missing in birds according to ENSEMBL and genome assem-
blies, and suggests that many of the still-missing genes are part
of the avian gene complement, contradicting previous claims
of massive gene loss in the bird lineage. Based on our results,
there is no strong reason to believe that avian genomes would
contain fewer genes than mammals or nonavian reptiles. Most
of the published analyses of bird genomes, therefore, have
overlooked 10–20% of the gene complement, particularly
genes carried by microchromosomes. We show that GC-rich
regions, which are the most difficult to access, are a key com-
ponent of the genomes of amniotes, experience peculiar mo-
lecular processes and must be included in genomic data sets
for unbiased functional and comparative analyses in birds.

Material and Methods

Building the List of 0Missing’ Genes
Lists of 1-to-1 orthologs were created for all pairs among
humans (Homo sapiens) and Chinese soft-shell turtle
(Pelodiscus sinensis) as nonavian references, and chicken
(Gallus gallus) and collared flycatcher (Ficedula albicollis) as
avian target species from ENSEMBL annotations as of version
86. Comparison of these lists yielded 2,454 protein-coding
genes that were annotated in nonavian taxa but absent in
avian annotations. The choice of P. sinensis as a reference is
justified by 1) its place in the phylogeny as a close-relative of
birds, and 2) its slower evolutionary rate compared with, for
example, crocodilians and lizards (e.g., Chiari et al. 2012),
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which maximizes the efficiency of similarity search. We recov-
ered the amino acid sequences available for these genes in
P. sinensis. When several transcripts were available for a gene,
we kept the longest one.

Recovery of Homologous Sequences from Avian Data
We targeted two sources of data to search for homologous
sequences: (i) de novo predicted cDNAs obtained from tran-
scriptome data available from the SRA database and assem-
bled using SOAP-DeNovo-Trans (Xie et al. 2014) with
parameters max_rd_len and rd_len_cutof adjusted for each
library, avg_ins¼ 200, reverse_seq¼ 0, asm_flags¼ 3, and
map_len¼ 32; 2) the “PREDICTED” sequences available in
GenBank, which are generated by the Gnomon pipeline of
annotation using a maximum of the available data for a given
taxon, or 3) both kinds of data sets. Over the 48 bird species
included in the phylogenomic work by Jarvis et al (2014),
three species—the Caribbean flamingo (Phoenicopterus
ruber), the great crested grebe (Podiceps cristatus) and the
turkey vulture (Cathartes aura)—were missing the two sour-
ces of data and they were thus discarded from the analysis.
Additionally, as there were two representatives of the genus
Haliaeetus, only Haliaeetus leucocephalus was used. Accession
numbers and detailed information on the type of data used
for each species are provided in supplementary table S1,
Supplementary Material online.

TBLASTN analyses were performed between the newly
gathered data sets and the amino-acid sequences of reference
genes from Pelodiscus. The best hit was kept for each gene
provided that e value was below 1e-10. The rationale of con-
ducting a TBLASTN research, instead of BLASTN, is the higher
conservation of amino acid sequences, especially in case of
base composition biases or high evolutionary rates.

Check for Orthology
In order to verify the orthology among the obtained sequen-
ces, a reciprocal TBLASTN search was conducted, this time
using the best hits of each species as database and P. sinensis
protein sequences (ENSEMBL v86) as query. Only those genes
for which the best hit corresponded to the original reference
were kept for subsequent analyses. An additional filtering of
paralogs, which are expected to present a higher proportion
of misaligned sites, was indirectly done when cleaning amino
acid alignments with HMMCleaner (Amemiya et al. 2013;
Philippe et al. 2017; see below).

Sequences Alignment and Cleaning
Coding sequences were aligned using MACSE v1.01 b
(Ranwez et al. 2011), warranting conservation of reading
frames, with parameters -gap_op¼ 3 and -ext_gap_ratio¼
0.75 in order to facilitate gap opening at the beginning and
the end of the sequences. The resulting amino-acid align-
ments were treated with HMMcleaner to identify and mask
highly misaligned sites. This software first builds a Hidden
Markov Model profile of the alignment minus the target se-
quence, and then measures the score of the different se-
quence regions along this profile (Philippe et al. 2017).
Every positions diverging more than the estimated score

are removed (see Supplementary information for Amemiya
et al. 2013). We used a very stringent value of 5 as threshold.
Site masking was then propagated to nucleotide alignments.
Sequences reduced by >50% in length were discarded. Sites
(codons) for which <60% of the species were represented in
the alignment were discarded. We selected the set of 1,245
genes in which at least ten species were present, equivalent to
�2, 0 Mb of data. Final alignments are available at https://doi.
org/10.6084/m9.figshare.5202853.

GC Content
GC-content was estimated for the whole sequence (GC) and
third codon positions only (GC3) for each assembled/recov-
ered gene in order to compare them to mean genomic values
of birds and those of representatives of other nonavian line-
ages (i.e., Pelodiscus, Homo).

Estimation of dN/dS and Kr/Kc Ratios
In order to assure comparability among both studies we used
the same analytical pipeline ans species set as in Figuet et al.
(2016). We used the phylogeny made available by Jarvis et al
(2014) because 1) it is, to our knowledge, the best available up
to present 2) it includes and describes the relationships for
the species in our data set (supplementary fig. S4,
Supplementary Material online). The ratio of nonsynony-
mous to synonymous substitutions (dN/dS) was estimated
by first optimizing branch lengths under the YN98 model and
then mapping each type of substitutions (nonsynonymous
and synonymous) along the branches of the avian phylogeny.
This method is significantly faster than for example estima-
tions implemented in PAML while providing similar estima-
tions (Romiguier et al. 2012). Counts for each type of
substitution were then corrected for the opportunity of mu-
tation using the transition-to-transversion ratio (kappa) as
estimated from initial optimization (Figuet et al. 2016).

Life-HistoryTraits
Values for body mass and longevity were taken from Figuet
et al. (2016).

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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cussions and their constructive suggestions during different
stages of the project. This work benefited from support by the
Agence Nationale de la Recherche (ANR) under projects ANR
Ancestrome (10-BINF-0001) and ANR DaSiRe (ANR-15-CE12-
0010) and the computational resources of the Montpellier
Bioinformatics Biodiversity platform (MBB). This publication
is the contribution No 2017-193 of the Institut des Sciences
de l’Evolution de Montpellier.

Avian Genomes Revisited . doi:10.1093/molbev/msx236 MBE

3129Downloaded from https://academic.oup.com/mbe/article-abstract/34/12/3123/4104406
by Soulie Muriel user
on 24 November 2017

Deleted Text: h
Deleted Text: s
Deleted Text: a
Deleted Text: d
Deleted Text: (ii
Deleted Text: (iii
Deleted Text:  &ndash; 
Deleted Text:  &ndash; 
Deleted Text: -
Deleted Text: o
Deleted Text: ) (
Deleted Text: a
Deleted Text: c
Deleted Text: more than 
Deleted Text: less than 
Deleted Text:  
Deleted Text: 10 
https://doi.org/10.6084/m9.figshare.5202853
https://doi.org/10.6084/m9.figshare.5202853
Deleted Text: c
Deleted Text: -
Deleted Text: dN/dS
Deleted Text: r
Deleted Text: (i
Deleted Text: (ii
Deleted Text: -
Deleted Text: dN/dS
Deleted Text: -
Deleted Text: h
Deleted Text: t


References
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Damas J, O’Connor R, Farré M, Lenis VPE, Martell HJ, Mandawala A,
Fowler K, Joseph S, Swain MT, Griffin DK, et al. 2017. Upgrading
short-read animal genome assemblies to chromosome level using
comparative genomics and a universal probe set. Genome Res. 27(5):
875–884.

Denton JF, Lugo-Martinez J, Tucker AE, Schrider DR, Warren WC, Hahn
MW. 2014. Extensive error in the number of genes inferred from
draft genome assemblies. PLoS Comput Biol. 10(12): e1003998.

Ellegren H. 2010. Evolutionary stasis: the stable chromosomes of birds.
Trends Ecol Evol. 25(5): 283–291.

Elsik CG, Worley KC, Bennett AK, Beye M, Camara F, Childers CP, de
Graaf DC, Debyser G, Deng J, Devreese B, et al. 2014. Finding the
missing honey bee genes: lessons learned from a genome upgrade.
BMC Genomics 15: 86.

Figuet E, Nabholz B, Bonneau M, Mas Carrio E, Nadachowska-Brzyska K,
Ellegren H, Galtier N. 2016. Life-history traits, protein evolution, and
the nearly neutral theory in amniotes. Mol Biol Evol. 33: 1517–1527.

Figuet E, Romiguier J, Dutheil JY, Galtier N. 2014. Mitochondrial DNA as a
tool for reconstructing past life-history traits in mammals. J Evol Biol.
27: 899–910.
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