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Abstract

Structural variants (SVs) are DNA mutations that can have relevant effects at
micro- and macro-evolutionary scales. The detection of SVsislargely limited by
the type and quality of sequencing technologies adopted, therefore genetic vari-
ability linked to SV's may remain undiscovered, especially in complex repetitive
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genomic regions. In this study, we used a combination of long-read and linked-
read genome assemblies to investigate the occurrence of insertions and deletions
across the chromosomes of 14 species of birds-of-paradise and two species of
estrildid finches including highly repetitive W chromosomes. The species sam-
pling encompasses most genera and representatives from all major clades of
birds-of -paradise, allowing comparisons between individuals of the same species,
genus, and family. We found the highest densities of SVs to be located on the
microchromosomes and on the female-specific W chromosome. Genome assem-
blies of multiple individuals from the same species alowed us to compare the
levels of genetic variahility linked to SV's and single nucleotide polymorphisms
(SNPs) on the W and other chromosomes. Our results demonstrate that the avian
W chromosome harbours more genetic variability than previously thought and
that its structure is shaped by the continuous accumulation and turnover of trans-

posable element insertions, especially endogenous retroviruses.

Keywords: sex chromosome, avian genomics, deletion, insertion, structural vari-

ant, transposable element, endogenous retrovirus, solo LTR, full-length LTR

I ntroduction

Structural variants (SVs) are a heterogeneous category of DNA mutations that
encompass changes in the copy humber of a sequence (e.g., insertions, deletions,
duplications, segmental duplications, transposable element insertions), changes
in sequence orientation (e.g., inversions, translocations) and other changes in
chromosome structure (e.g., chromosomal fusiong/fissions, centromere shifts) (1,
2). It is thanks to continued advancements in genome sequencing and assembly
that the relevance of SVsin evolution has begun to be appreciated (1, 3) in model

and non-maodel organisms (4—7). Recent studies have found that SVs are com-
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mon and may comprise the largest source of genetic variation within and be-
tween species (8-10). Evidence is aso accumulating on the involvement of SVs
in human diseases (11-13) and their role in the evolution of phenotypic traits (4,
14-17). SVs can have fitness effects through changes in gene expression but also
by shaping the recombination landscape of chromosomes (18). Models of sex
chromosome evolution aso consider the role of inversions and inser-
tions/deletions as key mutations for the stepwise vs. gradual recombination sup-
pression between sex chromosomes (19-22). Given the frequent occurrence and
importance of SVs, there is an increasing tendency to include the entire SV rep-
ertoire of a population or species into more complete and multi-individual refer-
ence genome assemblies called pan-genomes (23, 24). To proceed forward in
determining the neutral, adaptive, and deleterious effects of SVs, as well as the
type and strength of evolutionary forces acting on them, it is pivotal to broaden

the characterisation of SVsto as many (non-model) organisms as possible.

The success in detecting and characterising SV's in genome assemblies is tightly
linked to the type of sequencing techniques adopted, assembly contiguity, and
intrinsic genomic features like the repetitive content (4, 25-27). Avian genomes
present convenient genomic features that make them valuable for the study of
SVs. These genomes, with few exceptions, are on average 10% repetitive and ~1
Gb in size (28), in contrast to mammalian genomes which are usualy ~50% re-
petitive and ~3 Gb in size (28). These aspects make avian genomes technically
easier to assemble with respect to other classes of vertebrates (25, 27). However,
birds exhibit a variety of chromosome types with different characteristics that
pose different challenges for assembling complete genomes and to the full dis-
covery of SVs. Avian chromosomes can be divided into macrochromosomes
(>40 Mb), intermediate chromosomes (<40 Mb but >20 Mb), and microchromo-
somes (<20 Mb), the latter often challenging to assemble due to their high GC
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and G-quadruplex motif content (27, 29, 30). Microchromosomes also have a
relatively higher density of genes and recombination rate than macrochromo-
somes (31, 32). This combination of high gene content and high recombination
rate makes microchromosomes more permeable to selection while being less
subject to linked selection and genetic drift in comparison to macrochromosomes
(31). Therefore, avian genomes represent a good opportunity to investigate the
occurrence and distribution of SVs in autosomes that evolve under a different

balance of neutra and selective forces.

Sex in birds is genetically determined through a ZW sex chromosome system in
which females are ZW heterogametic and males ZZ homogametic (33). The W
chromosome of non-ratite birds is largely non-recombining except for a small
pseudoautosomal region (34, 35), highly repetitive (27, 29, 34, 36, 37), and re-
tains highly dosage-sensitive genes (i.e., under strong purifying selection (37—
39)). Theory predicts that the W chromosome should harbour lower genetic vari-
ability with respect to the Z chromosome and autosomes because of its smaller
effective population size, recombination suppression, absence of male mutational
input through spermatogenesis, and potential W sweeps due to tight linkage with
the mitochondrial genome (40-44). Comprehensive studies on SNP variation in
the coding regions of the W chromosomes of chicken (45) and flycatcher (46)
support this prediction and found even less than expected genetic variability. The
general lack of W-linked genetic variability led to the view of the W chromo-
some as a “sex-linked appendix” (46) with no particular functions besides carry-
ing highly dosage-sensitive genes (37, 38). While the frequency of SNPs on the
W has been investigated, W-linked genetic variation due to SVs has, to our
knowledge, yet to be studied. The lack of knowledge regarding SVs on the W
chromosome is tied to assembly issues since its repetitive content surpasses 70%

in non-ratite birds (36), making it one of the most difficult-to-assemble avian
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chromosomes (27). The true levels of genetic variability on the W might have
been hidden in past studies as part of the so-called genomic “dark matter” in con-
temporary genome assemblies (25, 27, 47). Assessing the level of W-linked vari-
ability with new long-read or multiplatform reference assemblies is necessary to
better understand the magnitude of occurrence rate variation for different types of

mutations (2) and to inform models of sex chromosome evolution (22).

Recent studies on hirds have uncovered thousands of SV's on autosomes and the
Z chromosome (4, 8), including SVs linked to reproductive behaviours (5) and
speciation patterns (4, 48). However, none of these studies had female reference
assemblies that would allow the identification of SV's carried by the W chromo-
some and were based on read mapping rather than assembly comparisons. In this
study, we explored the occurrence, diversity, and distribution of SVs on auto-
somes and both sex chromosomes using linked-read draft assemblies from 14
species of birds-of-paradise (BOP; Paradisaeidae family), as well as long-read or
multiplatform reference assemblies for two BOP species and two estrildid finch
species. While the aforementioned studies focused on either very recent or very
deep timescales of avian evolution, the present sampling of genome assemblies
combined timescales which range from several individuals of the same species
(the paradise crow Lycocorax pyrrhopterus), the major branches of the BOP fam-
ily, to species of another bird family (Estrildidae) which comprises the zebra
finch Taeniopygia guttata. The comparison based on genome assemblies via
pairwise whole-genome alignments against a high-quality reference assembly
allowed for the investigation of regions that are difficult to survey with a read-
based approach due to low and/or ambiguous mappability of such regions (49).
Of the various types of structural variants, we focused on insertions and deletions
because they are detectable with the genome assemblies available, while broader

SVs (e.g., translocations, inversions) require additional data sources (e.g., optical
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maps or Hi-C (50)). Therefore, we were able to investigate the occurrence of
insertions and deletions as well as the accumulation and turnover of transposable
elements (TES) on avian chromosomes including both sex chromosomes. In addi-
tion, thanks to the comparison of long-read assemblies for pairs of species in
BOPs and Estrildidae, we were able to reconstruct the evolution of SVs (inser-
tions and deletions) on autosomes and sex chromosomes in two bird families

representative of the highly species-rich songbirds.

Results

In this study, we investigated the evolution of insertions and deletions, as well as
occurrences of interspersed repeats and tandem repeats at recent and deep evolu-
tionary timescales, using genomic data ranging from individuals of the same

species to species from different genera and families (Figure 1).

We combined already existing genomic libraries and assemblies with newly pro-
duced sequencing libraries. We collected 1) the multiplatform female reference
assembly of Lycocorax pyrrhopterus (27); 2) the 10X Genomics Chromium
linked-read assemblies of three other females (F2-F4) and one male (M1) of Ly-
cocorax pyrrhopterus (27, 36); 3) the multiplatform female reference assembly
of Taeniopygia guttata (29); 4) re-sequencing Illumina libraries of one male mu-
seum sample each of Cicinnurus regius, Cicinnurus magnificus, Epimachus mey-
eri, Manucodia chalybatus and Parotia helenae (51). We generated new 10X
Genomics Chromium linked-read libraries (i.e., short reads linked by unique
barcodes) and assemblies of 1) females from 10 BOP species (of Cicinnurus
magnificus, Cicinnurus regius, Epimachus meyeri, Manucodia chalybatus,
Manucodia keraudrenii, Parotia helenae, Parotia lawesi, Paradisaea rubra,

Ptiloris intercedens and Ptiloris magnificus, and 2) male from three BOP species
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(of Astrapia rothschildi, Drepanornis albertisi and Paradigalla brevicauda). In
the newly produced 10X Genomics linked-read draft assemblies, the number of
scaffolds ranged between 13,231 and 92,288 (26,236 on average) with a contig
N50 between 27 kb and 187 kb (112 kb on average) and a scaffold N50 between
36 kb and 23 Mb (5 Mb on average). The most fragmented assembly (i.e., lowest
contig N50) was that of Ptiloris magnificus while the most contiguous was that
of Drepanornis albertisi. We also generated highly contiguous PacBio long-read
assemblies for one female each of the BOP Ptiloris intercedens (880 contigs,
contig N50 11.3 Mb) and the estrildid finch Uraeginthus cyanocephalus (942
contigs, contig N50 7.1 Mb). All assembly statistics are given in detail in Table
SL.

Structural changeswithin and between species
We investigated structural changes across chromosomes, with a particular focus
on the sex chromosomes, by analysing the diversity and distribution of structural

variants using all the genome assemblies available.

SV identification was carried out through smartie-sv (52) which compares con-
tigs of target species to a reference assembly and can characterise insertions and
deletions. The 10X Genomics draft assemblies of BOPs were each compared to
the multiplatform reference of the paradise crow Lycocorax pyrrhopterus. In total
319,381 insertions and 355,035 deletions were identified (Figure 1A), which
were on average 300 bp in size (minimum of 50 bp and maximum of 71,459 bp;
File S1, Figure S1). The insertions affected 7.3 Mb on average in each genome
(minimum of 250 kb in Lycocorax pyrrhopterus F4; maximum of 11.2 Mb in
Parotia lawesi) while deletions affected 7.9 Mb on average in each genome
(minimum of 578 kb in Lycocorax pyrrhopterus F4; maximum of 11.5 Mb in

Parotia lawesi). The species presenting most SV's with respect to L. pyrrhopterus
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was Cicinnurus regius (Files S1, Table S2) while Manucodia chalybatus had the
fewest such SVs. Very few SVs were called relative to the L. pyrrhopterus W
chromosome in male individuals (27 on Lycocorax pyrrhopterus; 41 on Astrapia
rothschildi; 61 on Drepanornis albertisi; 79 on Paradigalla brevicauda), these
presumable misalignments between Z and W gametologs were not included in

the tally and downstream anal yses.

For Ptiloris intercedens, we ran smartie-sv against the L. pyrrhopterus reference
with both the 10X Genomics (ptilnt10X) and the PacBio (ptilntPB) assembly,
obtaining different numbers of SVs (Figure 1B and 1C). We identified 73,289
SVs (35,849 deletions and 37,440 insertions) using ptilntPB and 54,055 SVs
using ptilnt10X (28,436 deletions and 25,619 insertions). While with ptilntPB we
identified 19,819 more SV's on autosomes and the Z chromosome, 585 fewer SVs
were identified on the W chromosome with respect to ptilnt10X (Table S3). The
mean size of SVsin ptilnt10X was 397 bp (maximum of 37 kb), whereas in pti-
IntPB the mean size was 466 bp (maximum of 69 kb: Figure S1). By intersecting
the SV sets from ptilnt10X and ptilntPB, we found that 58.70% of the deletions
and 60.30% of the insertions were shared by both types of assemblies (Figure
1D, Table S3). Finaly, the density distributions of SVs across chromosome
categories were similar when calculated using the two assembly types (Figure
2B), except for microchromosomes where ptilntPB showed higher between-

chromosome variability of densities.

In general, microchromosomes showed more insertions and deletions relative to
their size than other chromosomes (Figure 2A). This applied both to the com-
parisons between BOP species (Figure 2A top panel) and between L. pyrrhop-
terus individuals (Figure 2A bottom panel), with the exception of the W chro-

mosome. While the density of SV's on the W chromosome was within the range
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of values of the other chromosomes when other L. pyrrhopterus individuals were
taken into consideration, it was higher when other species were compared. Not
considering the L. pyrrhopterus samples, the species with most SVs on the W
(1,324 deletions and 1,458 insertions) was Parotia lawesi and the species with
fewest was Manucodia chalybatus (417 deletions and 464 insertions; File S1).
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Figure 1. A) The genomes of birds-of-paradise and estrildid finches contain mul-
titudes of SV's across evolutionary timescales and chromosome categories. The
number of SVsidentified with smartie-sv with respect to the reference assembly
of Lycocorax pyrrhopterus is shown for 14 species of birds-of-paradise (BOPS)


https://doi.org/10.1101/2021.12.31.473444
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.31.473444; this version posted January 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

with 10X Genomics Chromium linked-read assemblies. The species tree follows
the phylogeny from (53). The combined set of SVs called on the multiple L. pyr-
rhopterus individuals (F2-F4 and M 1) is shown for the species. The numbers on
top of the tree nodes indicate the number of polarised deletions (green) and inser-
tions (red) relative to L. pyrrhopterus shared by all the species descending from
that node. B) The number of SVs identified in species pairs with PacBio assem-
blies, i.e., between the two estrildid finch species Uraeginthus cyanocephalus
against Taeniopygia guttata (reference) and between the two BOP species Pti-
loris intercedens against Lycocorax pyrrhopterus (reference). C) Difference in
the number of SVsidentified in P. intercedens against L. pyrrhopterus using 10X
Genomics linked-read (ptilnt10X) and PacBio long-read (ptilntPB) assemblies.
D) Percentage of SVs shared between the 10X Genomics and PacBio assembly

comparisons of panel C.

The analyses of female PacBio assembly of Uraeginthus cyanocephalus (ura
CyaPB) against multiplatform reference assembly of Taeniopygia guttata re-
vealed 13,362 SV's, of which 6,772 were deletions (Figure 1B) that affected 2.23
Mb and 6,590 were insertions that affected 2.15 Mb. No W-linked SVsidentified
in this species comparison passed the filtering step.

Then, we characterised which SV's were shared between BOP species at the dif-
ferent nodes in the phylogeny. To do that, we first overlapped the SV called
against L. pyrrhopterus from species belonging to the terminal nodes of the phy-
logeny and then walked node-by-node backwards across the phylogeny (Figure
1A). Deletions with a reciprocal overlap of at least 70% and insertions within 50
bp from one another were considered shared. We found that closely related spe-
cies (e.g., species of the same genus) shared about 50% of their SVs and were

able to anchor thousands of SV's to deeper branches of the phylogeny.
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Figure 2. A) Density of SVs per megabase (Mb) identified with respect to the
reference assembly of Lycocorax pyrrhopterus divided per chromosome catego-
ries. Density of insertions and deletions identified by smartie-sv in all the BOP
species (top panel) and in the four individuas (three females and one male) of
Lycocorax pyrrhopterus (bottom panel). B) Density of structural variants per
Mb across chromosome categories. Density of deletions (left panel) and inser-

tion (right panel) identified in P. intercedens against L. pyrrhopterus using both
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the 10X Genomics and PacBio assemblies of P. intercedens. Macro: macrochro-
mosomes (>40 Mb); Inter: intermediate chromosomes (>20 Mb and <40 Mb);

Micro: microchromosomes (<20 Mb).

Afterwards, we compared the overall levels of genetic variability linked to SVs
and SNPs across chromosomes. We did so using multiple individuals of L. pyr-
rhopterus and calculating four statistics; SV density per window, SNP density
per window, nucleotide diversity (m) using pixy (54), and SV diversity (see
M ethods). The density and diversity values calculated for windows of 100 kb for
the sex chromosomes and the autosomes 1, 5, and 18 in order to encompass dif-
ferent chromosome sizes are depicted in Figure 3. SV density was low for every
analysed chromosome, with chromosome 1 showing the lowest SV density
(0.000008) and chromosomes 18 and W showing the highest SV densities
(0.000026 and 0.000019 respectively; Table S3). Regarding SNP density, the
autosomes showed the highest values, and the Z chromosome showed half the
mean density of the autosomes (0.0046 to 0.0050 vs. 0.0018). The W chromo-
some had a mean SNP density of 0.0002 (Table $4). In general, SNP density was
significantly higher on all the autosomes with respect to the Z and W (Kolmo-
gorov-Smirnoff test, p-values <2.2e-16). Furthermore, mean nucleotide diversity
() between autosomes was very similar (ranging between 0.002 and 0.0025),
while & was haf of this on the Z chromosome (0.001). However, the W chromo-
some showed art value of 0.0018, i.e., similar to the autosomes (Table S5). Re-
garding SV diversity, mean values were 3.69e-07 (chrl), 3.46e-07 (chr5), 1.03e-
06 (chrl8) on autosomes, 2.95e-07 on the W, and were lowest on the Z with
1.08e-07. The distributions of SV diversity values on the autosomes were not
statistically different from the Z and W (Wilcox-test, lowest p-value: 0.1) except
for chromosome 18 (highest p-value: 5.2e-06).
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Figure 3. The landscape of density and diversity of structural variants and SNPs
across sex chromosomes and selected autosomes of Lycocorax pyrrhopterus.
Values are plotted per window of 100 kb. The mean values for each stetistic are
shown as dashed red lines.

SVscaused by repeats and other mechanisms

To understand which mechanisms may have caused the observed SVs at different
timescales, we investigated two plausible explanations for insertion/deletion oc-
currence: 1) TE insertions and other repetitive elements, and 2) recombination

and DNA repair mechanisms.

First, we investigated whether these SVs were the result of TE insertions. TES are
DNA sequences with their own means of mobility and insertion across the host
genome, therefore their insertions are a specific type of insertion/deletion SVs
(2). For the SV annotation and repeat annotation to be considered overlapping,
we required the SV position to be masked for at least 70% of their length by one
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or more repeats. When considering SV's identified between Lycocorax pyrrhop-
terus individuals, 35-40% of SVs overlapped with repeats. Only 10-14% of all
the SVs overlapped with TEs, of which 6-10% were endogenous retroviruses
(ERVs), agroup of long terminal repeat (LTR) retrotransposons, and 2-4% were
CR1 LINE retrotransposons. Ancther 20% of SVs overlapped with simple re-
peats and complex repetitive regions, i.e., regions occupied by multiple types of
repeats. The percentages of SVs co-occurring with repetitive elements were
~60% when genomes of other BOP species were compared to Lycocorax pyr-
rhopterus. In these comparisons, 27-41% of SVs co-localised with ERVS, 5%
with CR1 LINEs, 8-10% with simple repeats, and 5-6% with complex repetitive
regions (Table S2). When comparing the SVs called by ptiintPB and ptilnt10X,
we observed that in ptilntPB more SVs were masked as satellite DNA and simple
repeats, and fewer SVs were complex repetitive regions. The respective percent-
ages of SVs overlapping with TEs were 32% and 44% in ptilntPB and ptilnt10X
(CR1 LINEs 2% and 5%, ERV's 30% and 39%, SINEs 8% and 20%; Table S2).

SVs commonly arise as by-products of meiotic recombination or DNA repair
events (55). To check whether those SVs that cannot be explained as a result of
insertiong/deletions of TEs may be linked to recombination or DNA repair
events, we anaysed the degree of homol ogy shared by the flanking regions of the
SVs not overlapping with repetitive elements, using approaches from human SV
studies (52, 55). A total 3-4% of the insertions and deletions identified among the
L. pyrrhopterus samples could be explained by events of non-allelic homol ogous
recombination (NAHR; >200 bp homology between flanks), homology-directed
repair (HDR; >50 bp homology between flanks) and to microhomol ogy-mediated
end joining or microhomology-mediated break-induced replication (Table $4).
The percentages were 0.5-1.5% when analysing the other BOP species (Table
$4).
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I nter sper sed repeat evolution

As tested above, structural variants can originate from events of NAHR (55, 56)
between (near-)identical sequences, for example between or within individual TE
copies. The rate of NAHR events is expected to follow the rate of homologous
recombination (57). Since avian genomes exhibit chromosomes with very differ-
ent recombination rates (31, 58-60), we tested whether the rate of NAHR events
follow these expectations or whether there are chromosomes in which this
mechanism is more/less accentuated. A proxy for the occurrence of NAHR
events is the ratio between solo and full-length LTR retrotransposons (61). LTR
retrotransposons can be found in the genome in their full length (characterised by
an internal protein-coding portion flanked by two long terminal repeats, the
LTRs, a the extremities, which are identical upon insertion) and in their solo
LTR forms (21, 62). The latter form is the result of an NAHR event between the
two LTRs, removing one of the two LTRs and the internal portion (21, 62). The
solo-to-full-length ratio was estimated as a proxy for the rate of conversion of
full-length LTRs in solos, which we consider as a proxy for the rate of NAHR. A
high ratio should correspond to a fast full-length to solo conversion. For this
analysis, we used only the multiplatform reference assemblies of L. pyrrhopterus

and T. guttata as they have chromosome models assembled (27, 29).

The ratios on the autosomes mostly ranged between 10 and 100, with a few mi-
crochromosomes (19, 20, 24, 26) where ratio values were more similar to the Z
chromosome (ratio of 7), despite the expectation that autosome sizes inversely
correlate with recombination rates (31, 58-60). Chromosomes 28 and 33 ap-
peared to lack full-length LTR retrotransposons despite the presence of solo

LTRs, therefore no ratio was estimated for these chromosomes (Figure 4). Given
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the very low (3-4) expected number of full-length LTR retrotransposons on such
small microchromosomes, their absence might be stochastic or reflect limitations
of the assembly and detection tools, rather than reflect the biology of these chro-
mosomes. Finally, the solo-to-full-length ratios were the lowest on the male-
recombining Z chromosome and on the non-recombining female-specific W
chromosome (Figure 4, File S2), the latter being the most highly enriched for
full-length LTR retrotransposons.

Lycocorax pyrrhopterus Taeniopygia guttata

8

100 . bl 1 O @ Fulllength

@ SololTR
@ Ratio

Solo and full-length LTRs

Chromosome Chromosome

Figure 4. The W chromosome and microchromosomes are highly enriched for

full-length LTR retrotransposons and solo LTRs, respectively. The number of
expected and observed solo and full-length LTR retrotransposons and their ratios
are shown for each chromosome of Lycocorax pyrrhopterus and Taeniopygia
guttata reference genomes. A high ratio indicates that more solo LTRs are pre-
sent than full-length LTRs, while alow ratio indicates the opposite. Each X-axis
first lists the non-recombining W chromosome and the male-recombining Z
chromosome, followed by autosomes sorted inversely by chromosome size as

proxy for their increasing recombination rate. The Y-axisis given in loglO scale.

To further understand if TEs evolved differently on the W chromosome with
respect to the Z and autosomes, we compared the relative age of W-linked TEs to
TEs on the other chromosomes. The relative age of a TE copy is commonly in-

ferred by the number of mutations accumulated relative to a consensus sequence
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(63). The consensus sequence of a TE is the sequence approximation of the an-
cestral sequence that gave rise to the TE copies of each TE subfamily (64). As-
suming neutrality, the more substitutions are present on the annotated TE inser-
tion with respect to the consensus sequence, the older the insertion is. Therefore,
we tested whether the W chromosome accumulated new TE insertions faster than
the other chromosomes and whether TE insertions on the W aged (mutated)

faster than those on the Z and autosomes.

Given the lack of recombination and thus low effective population size of the W,
we expect this chromosome to accumulate new TE insertions faster than the
other chromosomes, as well as to have a faster TE turnover. Therefore, we also
expect that the continuous accumulation of new insertions should drive the aver-
age age (mean divergence) of active TE subfamilies down. While insertions of
active TE subfamilies keep accumulating, the past insertions of inactive subfami-
lies are not supplemented anymore by new copies and thus the mean divergence
from consensus increases. To test this expectation, we calculated the weighted
mean of the divergence from consensus of the TE insertions on the different
chromosome categories (autosomes, Z, and W) and compared the distribution of
these means in young and old TE subfamilies using the Kolmaogorov-Smirnoff
(K-S) test (File S7). A TE subfamily was considered young when it presented
insertions with a divergence of 5% or less. On the other hand, a TE subfamily
was considered old when all of its insertions showed a divergence >10%. In Ly-
cocorax pyrrhopterus, when 312 young subfamilies were compared, subfamilies
on the W looked significantly younger with respect to the autosomes (K-S test; p-
value 0.0002) and to the Z chromosome (K-S test; p-value 7.922e-07). Similarly,
also subfamilies on the Z looked younger than on the autosomes (K-S test; p-
value 0.0488). On the other hand, when the 626 old subfamilies were considered,
they looked older on the W chromosome with respect to the autosomes (K-S test;

17


https://doi.org/10.1101/2021.12.31.473444
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.31.473444; this version posted January 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

p-value 7.72e-05) but not to the Z chromosome (K-S test; p-value 0.07277);
likewise, the old subfamilies on the Z looked older than on the autosomes (p-
value: 0.002365). In Taeniopygia gutatta, we found 437 young subfamilies that
looked younger on the W chromosome with respect to the Z (K-S test; p-value
0.0007) but not to the autosomes (K-S test; p-value 0.038). The 610 TE subfami-
lies labelled as old were found to look older on the W with respect to the auto-
somes (K-S test; p-value 0.0001) and on the Z with respect to the autosomes (K-
S test; p-value 0.0001). The detailed results of the Kolmogorov-Smirnoff test

(including the D scores) are shown in File S6.

Discussion and conclusions

Structural variants reperesent an important source of genetic variation and are
thought to play a crucia role in the evolutionary process (14, 9, 10). Yet to un-
derstand it is how this source of variation contributes to the evolutionary dynam-
ics at both macro and microevolutionary levels, it is therefore key to document
their importance in genomes across a diverse range of organisms. Here, we ex-
plored the occurrence of SVs and repetitive elements in 14 species of BOPs and
two species of estrildid finches using both (linked) short-read and long-read data
(Figure 1A and B). Using a multiplatform reference genome assembly we called
SVs using both linked-read draft assemblies and high-quality long-read assem-
blies. We found SVs occurring on all chromosomes (Figure 2A), including the
non-recombining female-specific W chromosome which, to our knowledge, had
previously not been characterised for SVs in any bird. Since avian karyotypes
present macrochromosomes, intermediate chromosomes, and microchromosomes
(32), we divided the resulting SVs into these chromosome categories and found
that microchromosomes show a higher density of SVs with respect to the other

categories both at inter-species and intra-species levels (Figure 2A). In addition,
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the W chromosome also exhibits a high density of SVs especiadly at the inter-
specific level. We propose that this high density of SVs can be linked to se-
guence composition of this chromosome. The W chromosome in Neognathae
birds is highly heteromorphic (34) and repetitive (27, 36), featuring most of the
full-length TEs of the genome (especialy potentially active ERVS) as well as
most of the young insertions with a low divergence from consensus (36). Indeed,
our results further strengthen the observations that the W chromosome accumu-
lates new insertions more rapidly than other chromosomes, highlighted by a
lower average divergence of recently mobilised TE subfamilies on the W with
respect to the Z and the autosomes (File S3). Conversely, we also noted that old
TE subfamilies show a higher average divergence on the W. These two diver-
gence patterns suggest that, while W-linked TE insertions experience a higher
rate of substitution with respect to the other chromosomes as expected from the
lower effective population size and higher effect of genetic drift on the W (42),
the continuous accumulation of recent insertions lowers their mean divergence
from consensus. Once the TE subfamilies become inactive and no new insertions
accumulate on the W anymore, the W-linked insertions diverge from the consen-

sus faster than on other chromosomes.

The tendency of the W to accumulate new insertions in great quantity provides,
theoretically, the optimal homogeneous sequence substrate to trigger events of
non-allelic homol ogous recombination (NAHR), aform of ectopic recombination
commonly associated with structural rearrangements (55). Assuming that the rate
of NAHR is generally correlated with the rate of homologous recombination, we
estimated the solo-to-full-length ratio of LTR retrotransposons. By calculating
thisratio in BOPs and estrildid finches (Figure 4), we found that more NAHR is
generally associated with a higher recombination rate of chromosomes as ex-

pected (57). Indeed, the solo-to-full-length ratio is lowest on the W chromosome,
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which is non-recombining outside a small pseudoautosomal region, and in the Z
chromosome which fully recombines only in males, i.e., half of the population.
The patterns on the microchromosomes are less clear though. Microchromo-
somes have a higher recombination rate than macrochromosomes and intermedi-
ate chromosomes (31, 58-60), so a higher solo-to-full-length ratio is expected
with decreasing chromosome size. While T. guttata shows this expected pattern,
most microchromosomes in L. pyrrhopterus do not show such a pattern(rather
ratios similar or lower than macrochromosomes). While the discordant patterns
between the two birds can be biological, it must also be considered that limita-
tions in the assembly and/or LTR detection tools could be a partial cause of such
discordance especialy on the GC-rich microchromosomes. Our results suggest
that the expected number of full-length LTRs in the smallest microchromosomes
is very low (between 1 and 10) and together with the fact that some microchro-
mosomes are particularly difficult to assemble correctly (65), it is probable that
those sequences could be missing or misassembled. From the sol o-to-full-length
ratio results, we gather that NAHR occurs aso on the non-recombining W chro-
mosome and that the rate of solo LTR formation is faster than the rate of inser-
tion of new full-length LTR retrotransposons. However, it must be noted that
when we investigated what types of mechanisms could underlie the SVs detected
in the pairwise comparison of genome assemblies, we found only 1-4% of the
SVsto show evidence of NAHR. Alternatively, this result might be a by-product
of the draft quality of the linked-read assemblies used to call the SVs and thus
might reflect uncertainty in the detection of precise SV breakpoints.

Our results also suggest that the choice of sequencing technology to use for SV
calling is essential to get reliable calls (see also (4)) and to be able to compare
SVs from different species. Given our genome assemblies were based on two

types of sequencing data (linked and long reads), we explored the effects of using
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different genomic data for the same species on SV calling. When comparing the
SVs called by using a 10X Genomics linked-read assembly and a PacBio long-
read assembly of P. intercedens (with L. pyrrhopterus as reference), we found
the two sets of SVs to share most of the calls (58-60% of the SVswere called by
both assemblies). Whereas part of the non-shared SVs can be false positives,
some of these SV's are likely detectable only with the long-read assembly where

these regions are assembled.

After investigating SVs between different species, we focused on SV's occurring
between individuals of the same species using the L. pyrrhopterus samples and
compared the SV-linked diversity across chromosomes to the SNP-linked diver-
sity. We investigated the genetic diversity of the sasmpled L. pyrrhopterus popu-
lation through the SNP and SV density, the nucleotide diversity xr, and an adapted
version of ©t for SVs. The SNP density on the W chromosome was low with re-
spect to the Z and autosomes, but its nucleotide diversity similar to the other
chromosomes (Figure 3), which contrasts with previous results in chicken and
flycatcher (45, 46). We suspect that these unexpected n values can be linked to
the fact that previous studies focused only on coding regions and therefore had
underestimated n. The SV density and diversity showed values whose distribu-

tions were similar between the W and other chromosomes.

We consider our estimates of SV density and diversity to be very conservative
since we were comparing draft assemblies to long-read assemblies with strict
filters. We expect not al regions of a genome to be equally scorable for SVs,
especialy highly repetitive ones like the W. Now with a high-quality but not
gap-free assembly of the W, the situation looks almost paradoxical where assem-
bly completeness entails scorability issues. While the W assembly is getting

more and more complete in multiplatform assemblies, we suspect that the now
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assembled repeats are in turn the least scorable regions for the detection of SVs.
Even with these conservative estimates regarding SV presence, the W here
showed values of SV density and diversity similar to the other chromosomes, i.e.,

the true values are probably much higher.

We hypothesise that a highly repetitive W chromosome with a continuous accu-
mulation of potentially active LTR retrotransposons (36) and an SV diversity
similar to or higher than the other chromosomes, can lead to the frequent reshap-
ing of the heterochromatic landscape of the female-specific W chromosome itsel f
as well as of the entire genome. Studies on Drosophila melanogaster highlighted
that SV's involving repetitive regions on the male-specific Y chromosome can
have epistatic effects on the expression of genes across the entire genome (66—
69). The dynamic structural variability of the W, therefore, may have epistatic
and fitness effects as well as the potential to solve genetic conflicts by modulat-
ing gene expression. We predict that the thorough investigation of additional
types of SVs on ever-improving W chromosome assemblies will continue to
provide a better understanding of sex chromosome evolution and of the different

mutational forces shaping (avian) genomesin general.

M ethods

Samples and sequencing libraries

For this study, we used previously published as well as newly produced genomic
data. We retrieved the high-quality chromosome-level genome assembly of Ly-
cocorax pyrrhopterus (27) and 10X Genomics Chromium linked-read libraries
(i.e., short reads linked by unique barcodes) and assemblies for three female and
one male of the same species (27, 36). The DNA for one female individual (pec-

toral muscle) each of Cicinnurus regius, Cicinnurus magnificus, Paradisaea
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rubra, Epimachus meyeri, Ptiloris intercedens, Ptiloris magnificus, Parotia hele-
nae, Parotia lawesi, Manucodia keraudrenii, Manucodia chalybatus and one
male individual (pectoral muscle) each of Astrapia rothschildi, Drepanornis al-
bertisi, Paradigalla brevicauda were extracted with the Kingfisher Duo robot
using the KingFisher Cell and Tissue DNA Kit following the manufacturer’s
recommendation and eluted in 100 ul eution buffer. For Uraeginthus cyano-
cephalus, high molecular weight DNA was extracted from female blood at
SciLifeLab Uppsala using the Circulomics Nanobind kit. For Ptiloris magnificus,
sampling in Papua was conducted according to relevant research and ethical
guidelines by the government of the Republic of Indonesia and under research
permits issued by RISTEK (Indonesia) (304/SIP/FRP/SM/X/2014) and relevant

Indonesian government collecting permits.

10X Genomics Chromium libraries were generated from these samples and se-
quenced at SciLifeLab Stockholm, either on an Illumina HiSeg X instrument or
an lllumina NovaSeq 6000 instrument. Low-coverage (5-8X) Illumina libraries
for one male each of Cicinnurus regius, Cicinnurus magnificus, Parotia helenae,
Manucodia chalybatus and Epimachus meyeri were retrieved from (51). In addi-
tion, we newly generated a PacBio long-read library of the same Ptiloris interce-
dens female sample (104 Gb total data, 10 kb read N50, 15 SMRT cells, Sequel
I1) used for generating the 10X Genomics Chromium linked-read library, and a
PacBio HiFi long-read library for afemale sample of Uraeginthus cyanocephalus
(58 Gb total data, 20 kb mean read length, two SMRT cells, Sequel Il HiFi
mode). PacBio library generation and sequencing was done at SciLifeLab Upp-
sala

Genome assembly generation
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The 10X Genomics Chromium libraries for the species listed above were assem-
bled de novo with the dedicated assembler Supernova? (70) and the pseudohap-
loid assembly versions were used for downstream analyses. The PacBio library
obtained for Ptiloris intercedens was assembled into primary contigs by the dip-
loid-aware assembler Falcon-unzip (71). The primary contigs were polished with
a round of Arrow (https://github.com/PacificBiosciences/GenomicConsensus),
two rounds of Pilon (72) and scaffolded with ARCS (73) and LINKS (74) using
the 10X Genomics Chromium library for the same individua following the
methods and parameters in (27). The PacBio HiFi library for Uraeginthus cyano-
cephalus was assembled using IPA
(https://github.com/PacificBiosciences/pbipa). Uncollapsed haplotypes were
removed from the assembly of both P. intercedens and U. cyanocephalus with

Purge Haplotigs (75).

Structural variant calling

We used smartie-sv (52) to call structural variants present in the BOP linked-read
draft assemblies with respect to the L. pyrrhopterus reference assembly, the P.
intercedens long-read assembly with respect to the L. pyrrhopterus reference
assembly, and the U. cyanocephalus long-read assembly with respect to the T.
guttata reference assembly. Smartie-sv takes contigs as input, therefore we split
the assemblies back into contigs when necessary. Only the SVs that 1) were lo-
cated within chromosome models (i.e., SVs within unknown chromosomes, un-
placed scaffolds and contigs were discarded), 2) contained less than 10% of N
nucleotides in their sequences, and 3) showed an alignment identity higher than
90% were used for downstream analyses. To find and merge overlapping SVs
among the multiple individuals of L. pyrrhopterus, we concatenated the smartie-
sv outputs and merged the coordinates of the SVs using BEDTools merge (76).
The W-linked SVsidentified using the male L. pyrrhopterus assembly were used
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asablacklist of false positives. These false positives, as well as all the SVs over-

lapping with them, were discarded from downstream anal yses.

We calculated the density of SV's per megabase for different chromosome cate-
gories by dividing the chromosomes into macrochromosomes (>40 Mb), inter-
mediate chromosomes (20-40 Mb), microchromosomes (<20 Mb), and Z and W.
Finally, to identify which structural variants overlapped with repetitive elements,
we intersected the coordinates of the SVs with the RepeatMasker output using
BEDtools intersect (76) requiring areciprocal 70% of overlap (-f 0.7 -r).

Finaly, using the phylogeny from (53), we identified which SVs were shared
between BOP species at the different nodes in the phylogeny. We walked node-
by-node backwards across the phylogeny and overlapped the deletion and inser-
tion coordinates between species. Deletions with a reciprocal overlap of at |east
70% and insertions within 50 bp from one another were considered shared. The
number of shared SVs at the degpest nodes of the phylogeny were not reported

because, given the species sampling, those SV's cannot be polarised.

SNP and SV diversity

To investigate the diversity of SVs and SNPs at the population level, we calcu-
lated nucleotide diversity (pi) and structural variant diversity as well as SNP and
SV densities. First, we ran pixy (54) to calculate the nucleotide diversity within
the L. pyrrhopterus population. Pixy is atool designed to minimise biases in the
calculation due to missing genotypes or sites. To use pixy, we first mapped the
10X Genomics libraries of four L. pyrrhopterus females and one male to the L.
pyrrhopterus reference genome assembly with Longranger. The obtained align-
ment files were combined with bcftools (77) to generate a comprehensive VCF

file that included the invariant sites following the suggested code given by pixy
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(https://pixy.readthedocs.io/en/latest/index.html). The VCF file was then used to
calculate the nucleotide diversity per window of 100 kb. Second, the same VCF
file was filtered for SNPs with a quality phred score higher than 30 and the num-
ber of SNPs per windows (100 kb) was calculated by using BEDTools intersect.
Before estimating the SNP density, the size of the windows was corrected for the
presence of N nucleotides. Similarly, we calculated the density of SVs by inter-
secting the SV and window coordinates, and correcting the window sizes for the

presence of N nucleotides as they constitute missing sites.

Finally, we estimated the SV diversity in the population by genotyping the SVs
with Paragraph (78) and custom cal cul ations adapting the approach implemented
in pixy for nucleotide diversity. The calculation of nucleotide diversity using
genotyped SVsis a way to estimate the levels of polymorphisms in the popula-
tion from an SV point of view. To run Paragraph, we used the alignment files
produced with Longranger and SV coordinates converted into a VCF file as in-
puts. The resulting genotype V CF file was parsed and turned into a table of hap-
lotypes where all the genotypes marked as “.” in the GT field or marked as
“CONFLICT”, “NO_VALID GT’, “NO_READS', “UNMATCHED” or
“BP_DEPTH” were considered as missing genotypes. After filtering, we calcu-
lated the nucleotide diversity on this set of haplotypes while fixing the number of
comparisons, taking the missing genotypes into account and adjusting the win-

dow sizes for the presence of N nucleotides.

Solo/full-length LTR ratio and repetitive element turnover

We used available full-length LTR annotations for L. pyrrhopterus and T. guttata
from (36) and carried out the annotation of solo LTRs using the findSoloLTRs
pipeline developed for this study (https://github.com/V aentinaBoP/Wevol ution).
The findSoloL TRs pipeline took as primary input the RepeatMasker output (.out)
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file and the genome assembly of interest. The RepeatMasker output file were
filtered for retaining only hits belonging to the long terminal repeats of the ERV's
that spanned the entire length of the matching consensus sequence (5 bp up-
stream and 5 bp downstream were given as threshold of completeness). All the
hits belonging to the internal portion of the LTR elements, to elements labelled
as incomplete (.inc) or “LTR?’, and fragmented hits were discarded. To find
target site duplications (TSDs) that are the hallmark of an actual transposition
event, the proximal 10 bp upstream and 10 bp downstream to the complete hits
were extracted from the assembly and aligned to one ancther using Blast (79).
The common length of TSDs for LTR retrotransposons spans from 4 to 6 bp (80),
therefore we used a word size of 4 in BLAST to accommodate for such micro-
homol ogies. All TSDs that appeared to be longer than 6 bp were discarded at the
end of the pipeline.

After retrieving the coordinates of both solo and full-length LTRs, we calculated
the solo-to-full-length ratio (62) for each chromosome. This ratio is a proxy for
the speed of the conversion of full-length elements into solo LTRs and of the rate
of non-allelic homologous recombination (NAHR). We aso calculated the ex-
pected number of full-length and solo LTRs as well as the expected ratio by as-

suming a homogeneous density of these elements across the chromosomes.

To investigate how fast TE insertions mutate on the W, Z, and autosomes with
respect to their sequence at time point of insertion (approximated by the consen-
sus sequence), we compared the genetic divergence of TE from their consensus
sequences on the different types of chromosomes using the RepeatMasker anno-
tations for L. pyrrhopterus and T. guttata. If TEs mutate at the same rate on all
chromosomes, then we expect the subfamilies to have a similar divergence from

consensus in all the chromosomes. To test this, we identified young and old sub-
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families and compared their average divergence from consensus. First, we calcu-
lated the weighted mean genetic divergence for each TE subfamily annotated by
RepeatMasker on each chromosome category (autosomes, Z, and W). Second,
we established a criterion to distinguish young and old TE subfamilies: We con-
sidered young those TE subfamilies which presented insertions with a divergence
of 5% or less; similarly, we considered old those subfamilies which present zero
insertions at 10% divergence and below. Then, we compared the distributions of
the weighted means of young and old TE subfamilies between the different
chromosomes applying the Kolmogorov-Smirnoff non-parametric (one-sided)
test using the ks.test function in R (81).
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