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Highlights

e We present the first analysis of sequences with the potential to adopt non-canonical
(non-B) DNA conformations within a telomere-to-telomere (T2T) assembly of a bird
genome, the zebra finch, and compare it to that in the near T2T assembly of chicken.

e Non-B DNA, particularly G-quadruplexes, is markedly enriched at regulatory regions
such as promoters and 5’UTRs, suggesting its role in regulating gene expression in bird
genomes.

e Z-DNA shows strong enrichment at centromeric regions, implying a contribution to
centromere architecture and function in the zebra finch.

e The short, gene-rich, and highly recombining dot chromosomes have a strong
overrepresentation of non-B DNA, which may act as a tunable regulator of euchromatin
activity, but is also correlated with low sequencing depth.

Summary

Non-canonical (non-B) DNA motifs are genomic sequences capable of folding into
three-dimensional structures distinct from the canonical right-handed helix. These structures
regulate gene expression but also serve as mutation hotspots and are linked to cancer.
Because non-B DNA is difficult to sequence, its annotations have been incomplete in most
genome assemblies. Telomere-to-telomere (T2T) assemblies now overcome this limitation.
Here, we provide a comprehensive analysis of eight types of non-B DNA motifs (e.g.,
G-quadruplexes and Z-DNA) in the zebra finch T2T genome. Motif content varied strongly by
chromosome categories; gene-rich dot chromosomes showed the highest motif levels
(22.8-40.5%), microchromosomes intermediate levels (9.8-24.8%), and macrochromosomes the
lowest (9.1-10.1%). Within chromosomes, Z-DNA was enriched at centromeres, and
G-quadruplexes were enriched at promoters and 5’UTRs. Low methylation at G-quadruplexes
suggests they can form and contribute to gene regulation in these regions. Comparable patterns
of non-B DNA distribution were observed in the near T2T chicken genome, except that
A-phased repeats and not Z-DNA were enriched at chicken centromeres. Overall, our findings
indicate that the non-B DNA distribution reflects the distinctive architecture of avian genomes,
implicating non-canonical DNA in gene expression and centromere organization. The unusually
high density on dot chromosomes is negatively correlated with PacBio sequencing depth, and
thus helps explain why these chromosomes have posed exceptional challenges for sequencing.
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Introduction

The recent improvements in genome assemblies, driven by advances in long-read sequencing
and computational algorithms, have led to a common goal of sequencing complete and gapless
genomes—generating so-called telomere-to-telomere (T2T) assemblies.! The first published
T2T genome was that of a human female,? followed by the complete human Y chromosome,® as
well as the sex chromosomes* and autosomes?® of several ape species. The T2T genomes have
proven to be essential for studies of segmental duplications,®’ transposable elements,®
satellites,® and non-B DNA motifs.'®"" In particular, it was demonstrated that non-B DNA
motifs—sequences that have the potential to form non-canonical, or non-B, DNA—were greatly
enriched in the newly added sequences of T2T genomes compared to previous assemblies.
Non-B DNA structures have recently emerged as novel functional elements'? and drivers of
genome evolution."™ Determining the complete repertoire of non-B DNA is crucial for
understanding the roles of these structures in genomes, which range from being mutation
hotspots and promoting genome instability’®' to regulating gene expression.''¢ Despite
substantial progress made in analyzing non-B DNA in human and great ape T2T genomes'®"
the occurrence of non-B DNA motifs in genomes of other species has remained largely
unexplored, in part due to the lack of T2T assemblies. Moreover, most of our knowledge of
non-B DNA function comes from the analysis of genomes of mammals and model organisms
such as yeast.” Non-B DNA functions in the genomes of other species have been critically
understudied.

Bird genomes have been included in several large-scale evolutionary studies of non-B DNA
motifs."”~"® However, to our knowledge, a detailed study of the non-B DNA motif landscape in
bird genomes has been lacking so far. More than 1,500 bird genomes are now publicly
available.?® However, almost none of them have been assembled gap-free. Bird genomes are
smaller than mammalian genomes (~1 Gbp vs. ~3 Gbp for the haploid genome), with a much
lower repeat content (~10% vs. ~25-50%).2'-23 Yet, they have proven challenging to sequence in
full, likely due to their unique genome organization, which consists of macrochromosomes as
well as multiple small GC-rich microchromosomes that contain many genes and have high
recombination rates.?* Most of the bird genome assemblies released in the 2010s were
produced using short-read sequencing technologies, which have difficulties sequencing
templates with high GC content.?® As a result, a substantial fraction of the bird chromosomes
have been missing from the assemblies.?® Long-read sequencing technologies do not have the
same GC bias as short-read technologies, and have led to a vast increase in bird
chromosome-level assemblies,?” with more than 230 species with such assemblies available on
NCBI at the time of writing (NCBI, July 2025). Despite this, sequencing and assembling small
bird chromosomes have proven to be continuously difficult, even with the latest sequencing
technologies.?®? Indeed, the first bird genome assembly with a complete set of assembled
small chromosomes—that of a chicken—was published only recently*® suggested a further
classification of the small chromosomes into microchromosomes and dot chromosomes, the
latter of which are the most extreme in terms of small size, high GC content, and high
enrichment for housekeeping genes.*°
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Here, we present a comprehensive analysis of the non-B DNA landscape in the first complete
bird T2T genome of a zebra finch.?' We study the distribution of non-B DNA in functionally
important regions (e.g., different genic compartments), as well as in the sequences added to the
T2T vs. previous assembly (e.g., centromeres and repeats). Using the lack of methylation as a
proxy for non-B DNA formation,*?3* we predict where in the genome such structures are likely to
fold. This analysis has allowed us to formulate hypotheses about functions of non-B DNA in the
bird genome. We compare our results to the non-B DNA motif content of another, near T2T bird
genome, that of a chicken,* and provide a potential explanation as to why bird small
chromosomes have been notoriously challenging to sequence.

Results

Non-B DNA motifs are distributed unevenly across the genome, with contrasting
coverage among chromosome categories

We annotated eight different types of motifs with the potential of forming non-canonical (non-B)
DNA structures (Figure 1A) in the recently available zebra finch diploid T2T assembly.*' These
included A-phased repeats, direct repeats, G-quadruplexes (G4s), inverted repeats, mirror
repeats, short tandem repeats, triplex motifs, and Z-DNA (see Methods). Taken together, the
non-B DNA motif coverage across the genome was 11.4% (Table S1). The zebra finch genome
consists of 11 macrochromosomes (including Z and W), 19 microchromosomes, and 11 dot
chromosomes.?' The chromosomal distribution of non-B DNA motifs in the zebra finch assembly
was strikingly skewed towards high densities at small chromosomes, especially for the 11 dot
chromosomes, with an overall motif coverage of 30% (Figure 1B, Figure S1, Table S1, see
Table S2 for motif counts). Some dot chromosomes had non-B DNA motif coverage as high as
40.5% (Table S1). We expected to observe a particularly high coverage of G4s, due to the high
GC content at microchromosomes and dot chromosomes (Figure S2). However, all non-B DNA
motif types showed significant enrichment at dot chromosomes compared to
macrochromosomes. This included A-phased repeats, which require recurring stretches of
adenines. Microchromosomes sometimes had intermediate coverage when compared to macro-
and dot chromosomes, e.g., for short tandem repeats and Z-DNA motifs, but often had
coverage more similar to those on macrochromosomes (Figure 1B). The non-B DNA coverage
on the two sex chromosomes—the Z and the W—was 9.8% and 10.1%, respectively, which was
typical of the macrochromosomes (Table S1). Thus, we observed substantial differences in
non-B DNA motif coverage among chromosome categories, with particular contrasts between
macro- and dot chromosomes.
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Figure 1. (A) Non-B DNA structures: bent DNA formed by A-phased repeats (APR), slipped-strand structure formed
by direct repeats (DR) or short tandem repeats (STR), cruciform formed by inverted repeats (IR), triplex DNA formed
by triplex motifs (TR), which are a subset of mirror repeats (MR), G-quadruplexes (G4) formed by
G3:N1.12G3:N1.12G3:N1_1,G3,, and Z-DNA (Z) formed by purimidine-purine stretches. (B) Overall differences in non-B
DNA motif coverage among macro-, micro-, and dot chromosomes. “ALL” means all non-B DNA motif types taken
together. ** denotes P <0.01, *** denotes P <0.001, Wilcoxon test adjusted for multiple testing using FDR.
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Comparisons marked with ‘ns’ are not significant. Note that the scale on the y-axis is different for each panel. (C)
Examples of non-B DNA motif coverage in 100-kb windows along one macrochromosome (Chr8), one
microchromosome (Chr18), and one dot chromosome (Chr36). Maternal haplotypes were used in each case. For
each motif type, the y-axis is the same for the three chromosomes. The centromeres are marked in red below the
panels, and compartments are shown in pink (A compartment) and blue (B compartment). (D) Circos plots with non-B
motif coverage for zebra finch (left) and chicken (right). Centromeres in zebra finch are marked with red bars across
the karyotype track. Chromosome W is excluded due to its incompleteness in the chicken assembly. Colors as in
panel (D). Bird silhouettes are from https://www.phylopic.org.

Visual inspection indicated that the motif landscape was highly dynamic within chromosomes,
with peak regions often colocalizing between motif types (Figure 1C). Intrachromosomal
variation was larger and absolute peaks were higher on dot chromosomes as compared to
macrochromosomes, with a tendency for more peaks close to chromosome ends and Z-DNA
motif peaks at the centromeres (Figure 1C and Figure S1).

We also annotated non-B DNA motifs in the nearly complete chicken genome,* which showed a
remarkably similar non-B DNA motif content to zebra finch, both genome-wide (11.0%, taking all
motifs together) and per chromosome category, with the lowest non-B DNA motif coverage on
macrochromosomes and the highest on dot chromosomes (Figure 1D, Table S3). Similar to the
zebra finch genome, the non-B DNA coverage in the chicken genome displayed a negative
correlation with the chromosome size and a positive one with GC-content (Figure S3).
Interestingly, dot chromosomes displayed an even more extreme total non-B DNA content in
chicken than in zebra finch, with some chromosomes approaching 70%. This is related to the
fact that the smallest chicken dot chromosomes are shorter and display a higher GC-content
than those of the zebra finch (FigureS3).

We also assessed actual overlaps between motif types (i.e., when the same position was
annotated as part of two or more motif types) computationally (Figure S4). In zebra finch, 20%
(48 Mb) of non-B annotated bases were annotated as at least two different motif types, and 7%
(17 Mb) were annotated as more than two types. Genome-wide, the most common overlap was
between G4s and direct repeats (7% of non-B annotated bases, or 16.6 Mb). Additionally, we
found contrasting patterns of motif overlaps for the different chromosome categories. On
macrochromosomes, overlaps between non-B motif types were sparse (Figure S4, top panels),
with the most common overlaps occurring between mirror repeats, direct repeats, and short
tandem repeats. On the contrary, dot chromosomes showed substantial overlaps between G4s
and several other motif types, especially direct repeats and mirror repeats (Figure S4, bottom
panels). Microchromosomes displayed an intermediate pattern, with more G4 overlaps than
macrochromosomes, however, not as many as on the dot chromosomes (Figure S4, middle
panels). The sex chromosomes showed a lower percentage of bases with overlapping
annotations as compared to the autosomes as a group, but similar levels as compared to other
macrochromosomes (Figure S5, Table S4).

Overlaps between different motif types in the chicken genome were largely similar to those of
zebra finch. Dot chromosomes were an exception, where G4s had even more overlaps with
other motif types in chicken than in zebra finch (Figure S6). W chromosome was another
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exception (Figure S7). It is a macrochromosome in zebra finch and a (incompletely assembled)
microchromosome in chicken, and in general it had more motif overlaps in the latter.

Non-B DNA sequences are enriched and are likely to fold at several functional
genomic regions

Because non-B DNA motifs were found to be enriched at functional regions in the primate
genomes,'® we examined whether the same was true in bird genomes. In zebra finch, macro-
and microchromosomes showed moderate enrichment at putative promoter regions (1 kb from
the transcription start site, TSS) and 5’UTRs for all non-B DNA motif types (between 1.3-5.9x
compared to genome-wide densities) except for A-phased repeats (Figure 2A). The
fold-enrichment was usually higher for microchromosomes compared to macrochromosomes,
especially for G4s (5.9x% and 4.3x%, respectively). Dot chromosomes displayed a remarkably
different pattern, with the highest fold enrichment observed at intronic regions, which contained
more than 10 times the content of A-phased repeats, direct repeats, and G4s compared to
genome-wide densities (Figure 2A, bottom panel). A-phased repeats, direct repeats, G4s, and
mirror repeats also showed a higher enrichment at promoters and 5°’UTRs on dot chromosomes
than on macro- and microchromosomes (Figure 2A). G4s were enriched at all functional
categories on dot chromosomes, reflecting the higher overall G4 coverage on these
chromosomes compared to the genome-wide coverage. Thus, the coverage of non-B DNA
motifs at functional regions also varied among the different chromosome categories.

We additionally assessed which strands the G4s preferentially occurred on in relation to the
direction of gene transcription. For putative promoters, 5’UTRs, protein-coding regions (CDS),
and 3'UTRs, there were more G4s annotated on the template than on the coding strand (Figure
2B). However, the opposite was observed for introns. This contrasting pattern was most
prominent on the dot chromosomes. These observations suggest that G4s are less common at
the level of the mRNA.
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Figure 2. (A) Non-B DNA
enrichment at functional regions
on zebra finch macro-, micro-,
and dot chromosomes, as
compared to genome-wide non-B
DNA motif content (red dashed
line). For each bar, an interval
was constructed by
downsampling the data to 50%
100 times, and excluding the two
highest and the two lowest
enrichment values obtained;
enrichment is considered
non-significant if such interval
overlaps the red dashed line. (B)
Mean coverage of G4 motifs on
the coding and template strand in
zebra finch. Bars are compared
using a paired Wilcoxon test
corrected with FDR, ***
P<0.001, ** P<0.01, * P<0.05,
and ‘ns’ denotes non-significant.
Note that intergenic regions are
strand-ignorant and therefore
excluded here. (C) Distribution of
gene median methylation levels
at CpG sites outside (gray) and
inside (green) of G4s in zebra
finch. Gene regions are
separated into chromosome
categories, and G4s are
strand-ignorant. For
strand-specific G4s, see Figure
S8 . *** P<0.001, Mann-Whitney
U test. TSS: transcription start
site; UTR: untranslated region,
CDS: protein-coding region,
IncRNA: long non-coding RNA.
(D) Fold enrichment in functional
regions of the chicken genome,
separated by chromosome
category.
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To assess whether G4s fold at functional regions, we used blood methylation levels as a proxy,
because G4 formation is inversely correlated with methylation.*>**, Comparing median
methylation levels per gene for CpG sites inside and outside of G4s, we found that G4s
overlapping with genes had significantly lower median methylation levels than the rest of the
genic regions (methylation patterns for G4s located on the template vs. the coding strand were
similar; Figure S8). This pattern was most prominent at putative promoter regions (1 kb
upstream of transcription start sites, TSSs) and 5’UTRs, where the vast majority of CpG sites
were unmethylated—especially if overlapping with a G4 motif—and suggests that G4s are likely
to fold in these regions (Figure 2C). Interestingly, for dot chromosomes, there was less
methylation in 5UTR G4s as compared to the putative promoter G4s, potentially indicating that
their gene regulatory elements are closer to the TSSs, reflecting the compact nature of these
chromosomes. We also observed that a significantly smaller proportion of 5’UTRs and putative
promoters on the dot chromosome, as compared to macrochromosomes, have CpG sites at
G4s, which can be methylated and hence interfere with G4 formation (Figure S9). This is
despite the high overall GC content on the dot chromosomes.?' Therefore, our methylation
analysis suggests that G4s are likely to fold and be involved in regulating functional genic
regions in the zebra finch genome.

The enrichment patterns at functional regions in the chicken genome were remarkably similar to
that of zebra finch, with putative promoters and 5’UTRs enriched in G4s for all chromosome
categories, and in Z-DNA on macro- and microchromosomes (Figure 2D). Putative promoters
on dot chromosomes were enriched in all motif types, as in zebra finch, while 5’UTRs showed a
less prominent enrichment. Dot chromosome introns were enriched in almost all motif types, but
especially direct repeats, mirror repeats and G4s—ijust as in zebra finch. Contrary to
observations for zebra finch, the same motifs were also enriched in intergenic regions of these
chromosomes in chicken. This could explain the even more extreme non-B DNA content for
chicken dot chromosomes.

Non-B DNA motifs are overrepresented at many tandem repeats, and some
transposable elements and satellites

All different repeat classes in the zebra finch T2T genome assembly were analyzed for
enrichment or depletion of non-B DNA motifs per chromosome category, in comparison to the
whole-genome motif content. The enrichment patterns were mainly shared across the
chromosome categories, with some exceptions (Figure 3A). Among transposable elements
(TEs), multiple classes of DNA transposons displayed enrichment in several non-B DNA motif
types, particularly in direct repeats and G4s on dot chromosomes, though some TE classes
were entirely missing from these chromosomes. Both DNA transposons and miniature
inverted-repeat transposable elements (MITEs) belonging to the Mutator superfamily (DTM)
showed enrichment for essentially all non-B DNA motif types (Figure 3A). The most striking
enrichment among TEs was observed for Ngaro elements, a distinct group of retrotransposons
(Goodwin and Poulter 2004), which exhibited an ~288-fold enrichment of Z-DNA motifs
compared to the genome-wide content. Ngaro elements are not abundant in zebra finch (they
occupy only ~70 kb in the diploid genome), but are present in small clusters on 56 of the 80
chromosomes. We found that long interspersed nuclear elements (LINEs), short interspersed
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nuclear elements (SINEs), and long terminal repeats (LTRs) were usually not enriched for non-B
DNA motifs (Figure 3A), consistent with the pattern observed in great apes.°
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Figure 3. (A) Enrichment of non-B DNA motifs at different repeat classes for each chromosome category. Only repeat
classes occupying at least 10 kb in the diploid genome are shown. TE: Transposable elements; TR: tandem repeats.
White denotes no enrichment compared to the genome-wide average motif coverage; red and blue denote
enrichment and depletion, respectively (color coding on the log scale). Repeat classes that are missing from a
chromosome category are marked in gray. Ngaro elements and telomeric and centromeric satellites are marked in
bold. (B) Enrichment of non-B DNA motifs within introns annotated as tandem repeats (“TR”) vs. not annotated as
tandem repeats (“not TR”). The dashed red line denotes genome-wide average. (C) Fraction of intronic base pairs
overlapping with tandem repeats. (D) Number of annotated tandem repeats in introns, grouped by repeat unit length.
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Tandem repeats of all lengths showed enrichment for essentially all non-B DNA motif types, and
this enrichment was negatively correlated with the repeat unit length (Figure 3A, Figure S10).
We further investigated overlaps between introns and tandem repeats. We found that tandemly
repeated parts of introns exhibited notably higher enrichment for non-B DNA motifs compared to
the rest of the introns (Figure 3B). This enrichment was high for all chromosome categories.
However, we noticed that tandem repeats were rare on macro- and microchromosomes (they
constituted 1.8% and 3.9% of introns, respectively) but highly abundant on dot chromosomes
(where they constituted 61.9% of introns, Figure 3C). The most common tandem repeats on dot
chromosome introns were minisatellites (Figure 3D), especially with repeated units of 10-11 bp
and 20-21 bp (Figure S11).

The telomeres were enriched for direct repeats, short tandem repeats (because of their short
unit size and high sequence similarity), and G4s (as expected, because each G4 stem
corresponds to different repeat units of the telomeric repeat motif). Satellites showed a highly
mosaic pattern of enrichment and depletion in different non-B DNA motif types, with many
low-frequency satellites enriched in A-phased repeats, direct repeats, and G4s, but often
depleted in short tandem repeats, triplex repeats, and Z-DNA motifs (Figure S12). One of the
two most common satellites, Tgut191A, did not show any enrichment in non-B DNA elements
on macrochromosomes and was only enriched in direct repeats on micro- and dot
chromosomes. The other most common satellite, Tgut716A, was enriched for Z-DNA motifs in
all chromosome categories (Figure 3A). Both of these satellites were previously suggested to be
associated with centromeres in the zebra finch.* Tgut716A has been identified as the dominant
centromeric satellite repeat in our companion study.®' At the same time, Tgut191A appears to
play a different role, potentially mediating ZW conjugation in the PAR region.?' The 18S/28S
rRNA, almost exclusively present on dot chromosome pair 37 in the zebra finch, was enriched in
all motif types except for APRs. The 5S rRNA (in Figure 3A named Tgut368A), located in two
clusters on macrochromosome pair 2,*', was highly enriched in Z-DNA and STRs (36.2x and
4.9x%, respectively, compared to the genome average).

Bird centromeres are strongly enriched in non-B DNA

In the newly released T2T zebra finch genome,*' the centromeres were fully resolved and
consist mainly of the highly conserved satellite Tgut716A, either flanked by the satellite
Tgut191A or directly adjacent to the telomere. Z-DNA motifs were significantly overrepresented
at almost all (75 out of 80) chromosomes (2.83-17.02% compared to the genome-wide average,
Figure 4A, Figure S13), consistent with Tgut716 being enriched in Z-DNA as indicated by our
repeat analysis above (Figure 3A). An exception was the W chromosome (Figure 4A), which
had a relatively short centromere (~51 kb compared to the average centromere length in the
genome of 200 kb) and completely lacked Z-DNA motifs despite containing multiple copies of
Tgut716A. A single repeat unit of Tgut716A generally contains two separate Z-DNA motifs, but
a detailed investigation of the W centromere showed single-nucleotide changes that interrupted
both motifs in each repeat unit. Interestingly, the W chromosome has another much larger
cluster (879 kb) of Tgut716A located around 20 Mb, which contains Z-DNA motifs but lacks a
centromeric function. Because the average non-B DNA motif coverage differed strikingly among
chromosome categories (Figure 1B), we also assessed non-B DNA enrichment at each
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centromere in relation to the rest of the chromosome it was located on rather than to the
genome-wide coverage (Figure S14). This reduced the fold enrichment of Z-DNA on dot
chromosomes and microchromosomes only slightly (from 2.8-17.0x to 2.2-12.0%), while there
was an increase on macrochromosomes (from 3.4-15.6x to 4.3-18.1x). We also noted that
inverted repeats were overrepresented at 73 of 80 centromeres (1.01-2.47x compared to the
genome-wide average), but the majority of these enrichments were not statistically significant
(Figure 4A). Chicken also showed enrichment in non-B DNA motifs on almost all centromeres,
but for other motif types, mainly A-phased repeats (Figure 4B). Indeed, A-phased repeats were
significantly enriched for 25 chicken chromosomes.
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Figure 4. (A) Enrichment of non-B DNA motifs at centromeres in the haploid zebra finch genome (maternal + Z),
compared to the genome-wide average. Red and blue denote, respectively, enrichment and depletion compared to
the genome-wide non-B DNA content. Values marked with “*” are significantly enriched or depleted as compared to
the genome-wide average (two-sided randomization test, P < 0.05). Abbreviations are as in Figure 1. See Figure S13
for a full version including all haplotypes, and Figure S14 for fold comparisons to the chromosome average instead of
the genome-wide average. (B) Centromere enrichment in the chicken genome. Note that centromeric positions were
not available for all chicken chromosomes.

Dot chromosomes display a unique non-B DNA motif landscape

Because dot chromosomes differed significantly in non-B DNA motif content compared to micro-
and macrochromosomes, we examined their motif distribution in greater detail in zebra finch.
Non-B DNA motifs taken together were significantly more enriched in the euchromatic “A”
compartment than the heterochromatic “B” compartment of dot chromosomes (Figure 5A).
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When analyzing different motif types separately, we found that almost all non-B DNA maotif types
were more prevalent in A than B compartments, whereas Z-DNA showed the opposite pattern.
A-phased repeats, direct repeats, and G4 motifs had particularly contrasting fold enrichment
between A and B compartments (Figure 5A). The high amount of G4s in the A compartment
may be attributed to its high content of protein-coding genes, which in turn leads to an
abundance of promoters and 5’UTRs, where G4s are enriched, compared to the B
compartment. Indeed, 2,533 and 1,513 protein-coding genes overlap the A and B
compartments, respectively.®' Moreover, the A compartment has many minisatellites in the
introns, in which A-phased repeats, direct repeats, and G4s are highly enriched (Figure S15A).
The same enrichment was also seen at intronic minisatellites in the B compartment, but they
were much less prevalent (Figure S15B-C). In contrast, the B compartment contains many
macrosatellites, including the Z-DNA-rich centromere satellite Tgut716A,*", which contributes to
its overall enrichment of Z-DNA.

There were a handful of visible outliers, namely chr29, chr33 and chr34, which had a similar
non-B DNA enrichment between their A and B compartments. An additional inspection indicated
that, compared to the more typical dot chromosomes, these outliers had a very different
compartment organization—with small A and B regions intermingled and not well aligned with
gene density, repeat structure, and sequence coverage patterns (see Figure S16 for an
example). Outliers notwithstanding, we detected significant intrachromosomal differences in
non-B DNA content between dot chromosomes’ euchromatic (compartment A) and
heterochromatic (compartment B) sequences.

Low sequencing depth on dot chromosomes can in part be explained by high
non-B DNA content

To test a hypothesis about the link between non-B DNA and reduced sequencing coverage on
dot chromosomes, we evaluated the relationship between non-B DNA coverage and PacBio
HiFi or Oxford Nanopore Technology (ONT) sequencing depth in 1,024-bp windows. This was
done separately for dot, micro-, and macrochromosomes. For PacBio HiFi, we found a negative
relationship, which was particularly strong for dot chromosomes, with non-B DNA content
explaining 54% of the variability in sequencing depth (Figure 5B). The content of direct repeats,
G4s, and mirror repeats, when considered separately, explained 41%, 35%, and 25% of the
variability in sequencing depth, respectively. Similar but much weaker patterns were found for
micro- and macrochromosomes (Figure S17). We also found a negative relationship between
non-B DNA and ONT sequencing coverage (Figure 5C, Figure S18), but this was much less
pronounced. Indeed, non-B DNA content explained only 16% of the variability in ONT
sequencing depth on dot chromosomes.
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Figure 5. (A) Enrichment of non-B DNA at euchromatic (A) and heterochromatic (B) compartments of the 11 dot
chromosomes (averaged across the compartments for each chromosome and haplotype separately) compared to the
genome-wide average (red dashed line). Gray lines between violins connect the compartments from the same dot
chromosome. * denotes P <0.05 and *** denotes P <0.001, Wilcoxon test adjusted for multiple testing using FDR.
Note that not all parts of the chromosomes were assigned to A or B; the telomeres and some satellites were excluded
in the original annotations.?' (B) Non-B DNA motif coverage and PacBio HiFi coverage on dot chromosomes in
non-overlapping windows of length 1,024 bp. Windows are colored by compartment: windows in A are shown in pink,
windows in B are shown in blue, and windows not assigned to compartments are shown in gray. Red dashed lines
show linear regression fits, and Pearson's R? (red) and Spearman’s p (blue) are shown for each correlation. Windows
with sequence coverage greater than 100x are not displayed for visualization purposes. (C) Same as (B) but for ONT
coverage data.
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Discussion

Here, we conducted a comprehensive analysis of the zebra finch and chicken T2T genomes
and found that a total of 11.4% and 11%, respectively, contain sequences with the potential to
form non-B DNA structures. This is remarkably similar despite approximately 100 million years
(Mya) of divergence.* Moreover, these values are very similar to the non-B DNA motif content
observed in ape T2T genomes (9.2-14.9%),'° notwithstanding approximately 300 Mya of
divergence from birds.*’

Micro- and dot chromosomes

The non-B DNA motif content is highly skewed towards small (micro- and dot) chromosomes in
both zebra finch and chicken genomes. Small chromosomes in bird genomes are known to
have high GC-content, high gene density, elevated recombination rates, and high repetitive
element content.*® Thus, small bird chromosomes represent particularly active, functionally
significant genomic units with several processes (e.g., transcription and recombination)
requiring active regulation. Non-B DNA likely plays an active role in such regulation in birds,
based on previous evidence about its participation in gene expression regulation in humans,'
data about its facilitation of recombination (e.g.,*®), and our findings about the high frequency of
non-B DNA on the small gene-rich chromosomes in birds. A particularly strong enrichment in
non-B DNA was found on the dot chromosomes. Whereas we expected dot chromosomes to be
enriched in some non-B DNA motif types because they are G-rich (e.g., G4s), our data support
that all non-B DNA motif categories, including A-rich ones (i.e. A-phased repeats), are
overrepresented at such chromosomes.

Dot chromosomes portray a highly polarized distribution of non-B DNA motifs between the two
compartments. Their euchromatic A compartment is highly enriched in several non-B DNA motif
categories—G4s and direct repeats in particular—above the genome-wide levels. In contrast,
their heterochromatic B compartment usually has non-B DNA coverage at genome-wide levels.
Because the A compartment represents euchromatin, these patterns all point towards a high
concentration and availability of non-B DNA for the regulation of functionally important regions
of the bird genome.

The role of non-B DNA in regulating bird genes

Promoters and 5’UTRs are enriched in non-B DNA motifs, especially in G4s, for genes in all bird
chromosome categories. Great ape non-B DNA motifs, G4s and Z-DNA, have strong
enrichment at promoters and 5’UTRs as well.'® This aligns with previous findings that G4s are
important promoter elements’® and evolve under purifying selection at UTRs*® in the human
genome. Another study, using different methodology and data sets, demonstrated that G4s
located at human promoter and UTR regions are overrepresented, subject to purifying selection,
and are predicted to form particularly stable structures.' This line of evidence strongly points
towards the functionality of non-B DNA at gene regulatory regions in both birds and primates.
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Our observation that G4s located at bird promoters and 5UTRs are usually unmethylated, and
are less methylated than the non-G4 parts of the same functional regions, suggests that these
G4s indeed fold, given the negative correlation between G4 folding and methylation.®23* These
patterns of low methylation at promoters and 5’'UTRs are also consistent with observations for
human and other great apes (see Fig. 5C in ™). Just as in great apes,™ bird protein-coding
sequences, introns, and 3'UTRs display a bimodal distribution of methylated vs. unmethylated
G4s. However, the zero methylation peak is taller with respect to the methylation peak in introns
for birds than for great apes, suggesting that a higher proportion of G4s fold in birds than in
great apes.

We observed that G4 motifs in birds are more prevalent on the template than the coding strand
in UTRs and CDS, suggesting that G4 structures are avoided at the level of mMRNA. This is
consistent with our observations in primates.'? Interestingly, we observed no differences in
methylation patterns whether the G4 is annotated on the coding (non-transcribed) or template
(transcribed) strand, suggesting that, while differing in abundance, G4s on both strands can fold
and affect gene regulation. This finding aligns with the results for human and ape G4s."

Additionally, our results suggest that, compared to macro- and microchromosomes, dot
chromosomes have evolved to have fewer CpGs at G4s in their regulatory regions, potentially to
ensure that these G4s always fold and the genes they regulate are consistently expressed. This
is consistent with the fact that dot chromosomes carry many housekeeping genes.*

Non-B DNA at repeats and centromeres

We found that various repeat elements exhibit distinct patterns of enrichment and depletion of
non-B DNA motifs in birds, a phenomenon also observed in great apes.'™

We did not find a general enrichment of non-B DNA motifs in TEs as a group; however, we
observed a high enrichment for certain motifs at specific TEs. The most striking enrichment was
of Z-DNA motifs in Ngaro elements, a distinct type of retrotransposon that bears similarities to
long terminal repeats (LTRs) and is found in many animals and fungi.*® LTRs that contain
Z-DNA-forming sequences have previously been suggested to act as alternative promoters for
genes,*' and the Z-DNA motif containing Ngaro elements in zebra finch—present on 70% of
zebra finch chromosomes—could have a similar function. More generally, non-B DNA has been
suggested to play a role in the life cycle of some transposable elements, e.g., L1s (e.g., **), and
Z-DNA at Ngaro might have a similar function.

Non-B DNA was found to be enriched at bird tandem repeats (i.e., micro- and minisatellites).
Short tandem repeats fold into slipped-strands, which can lead to copy-number changes in
repeat units at microsatellite sequences.*® Satellites (i.e., macrosatellites), the class of repeats
with the highest number of copies in the bird genome, had the lowest non-B DNA motif content
among all repeat classes analyzed. Tgut191A—the macrosatellite previously defined as
centromeric®—was highly abundant in the pseudoautosomal region (PAR) on sex
chromosomes and between the telomere and euchromatin of microchromosomes. However, it
showed no overall enrichment for non-B DNA motifs (Figure 3A). The other abundant
macrosatellite, Tgut716A, which is presently the strongest candidate for centromeric function,®'
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showed Z-DNA motif enrichment on all chromosomes except for the W chromosome
centromere. However, we note that the W had a much longer cluster of Tgut716A with Z-DNA
motif enrichment at a different location. Possibly, this is a remnant of an older centromere that
has become inactivated. Formenti et al.3' found that Tgut716A had sequence similarity to
satellites in several other passerines; however, centromere positions are lacking from most bird
assemblies, and it remains to be seen whether other passerines share the Z-DNA enrichment in
centromeres.

Non-B DNA structures have been suggested to contribute to defining centromeres* and to
generating satellite copy number variation important for centromere drive.*> Z-DNA motifs have
previously been shown to be enriched at centromeres in plants*® and at specific chromosomes
in human, chimpanzee, and bonobo. Future studies should investigate whether Z-DNA forms
and what potential function it may have for the centromeres in zebra finch.

The finding that chicken centromeres were enriched for other types of non-B DNA than zebra
finch might not be surprising, as no sequence similarity was found between chicken and zebra
finch centromeres,*!, and centromeres are assumed to evolve at high rates.*” Huang et al.*
found that most chicken micro- and dot chromosome centromeres had a 41-bp tandem repeat
called CNM that often formed higher-order repeats (HORs), while macrochromosomes had
different, chromosome-specific tandem repeats. In terms of non-B DNA motifs, we see no clear
separation between macro- and micro/dot chromosome centromeres, and no clear pattern that
connects all centromeres with CNM repeats. However, we note that defining the exact
centromere positions is difficult and somewhat arbitrary. The more precise CENP-A binding
regions from chicken were not available for our study; however, Huang et al.*® describe that
these do not occur precisely on the CNM cluster, but rather overlap with a short tandem repeat,
sometimes identical to the telomeric sequence (TTAGGG)n. This explains why some chicken
centromeres are enriched in G4s. Further detailed analyses of the centromeric components and
the distribution of non-B DNA motifs among them, as well as more complete bird genomes, are
necessary to draw more general conclusions about the role of non-B DNA in centromeric
function in birds.

Additionally, we note that even though the repeat enrichment pattern was—with a few
exceptions—remarkably similar for the different chromosome categories, the dot chromosomes
had a higher repeat content than the other chromosome categories. This pattern was primarily
driven by a specific minisatellite sequence located in introns and intergenic regions of
euchromatin. Our finding that introns on dot chromosomes are enriched in non-B DNA,
particularly within minisatellites, requires further investigation. For instance, non-B DNA might
be involved in alternative splicing.*® Consistent with this, G4s were overrepresented on the
coding strand of bird genes (Figure 2B). Alternatively or additionally, non-B DNA at introns might
facilitate recombination.* Because dot chromosomes are so compact,®! intronic minisatellites
might represent recombination hotspots.

Interestingly, both zebra finch sex chromosomes displayed no enrichment in non-B DNA. This
pattern was similar between the zebra finch Z and the ape X.'° However, the fact that the highly
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repetitive zebra finch W (with repeat content of 86%, Table S5) did not show enrichment in
non-B DNA is surprising. This is in contrast to the also highly repetitive ape Y chromosome,
which was found to have the highest density of non-B DNA among all ape chromosomes.™ The
lack of non-B DNA enrichment on the zebra finch W can be explained by the fact that most of its
repeats consist of TEs (Table S5), and TEs are not enriched in non-B DNA in the zebra finch.
Additionally, unlike for the ape Y, we did not observe many overlapping motifs of different types
on the zebra finch W. The chicken W shows a higher non-B DNA motif enrichment, on a level
between microchromosomes and dot chromosomes. This chromosome is not assembled to the
T2T level, so the motif content might change depending on what sequences are still missing.
However, the fact that the W chromosome is defined as a microchromosome in chicken but a
macrochromosome in zebra finch suggests that the observed differences in non-B DNA
enrichment are real.

High non-B DNA content on dot chromosomes as a potential reason for not
sequencing them in previous assemblies

The smallest chromosomes of bird genomes have been notoriously challenging to sequence
and assemble.®' Dot chromosomes have a high GC content—a known problem for short-read
lllumina sequencing, but a smaller problem for PacBio and even less so for the ONT
platform.***° Therefore, the fact that dot chromosomes have been largely missing from bird
assemblies until very recently,*>*' could be in part explained by a shift from lllumina to long-read
technologies. Additionally, non-B DNA structures, which we hypothesize form during
sequencing, increase polymerase stalling for PacBio technology®' and the speed of going
through pores for Oxford Nanopore Technology.*? Moreover, non-B DNA motifs elevate
sequencing errors, particularly for lllumina sequencing technology, but to a lesser extent for
ONT and PacBio technologies.®® Even in the recent sequencing effort of the zebra finch
genome,® we observed lower sequencing depths for the euchromatic parts of dot
chromosomes, particularly for the PacBio HiFi technology. These results are consistent with a
small-scale study examining sequencing depth at five bird genes using Illlumina and PacBio
technologies and suggesting that non-canonical DNA structures may explain dropout in
sequencing depth.>* Examining this phenomenon genome-wide, we found that non-B DNA
content explains a large proportion of dropout in PacBio HiFi sequencing depth, and a smaller
proportion in ONT sequencing depth, on the dot chromosomes. However, the high long-read
sequencing depth used for generating T2T assemblies, and the combination of long-read
sequencing technologies used—as was suggested>*—alleviates some of these limitations of
sequencing through non-B DNA, and results in more accurate non-B DNA motif sequences and
gapless genome assemblies, rescuing dot chromosomes.

General conclusions and perspectives

Here we present the first extensive study of non-B DNA motifs in completely or nearly
completely sequenced bird genomes. Even though the overall motif content was very similar to
that in primates, the inter- and intrachromosomal variation in non-B DNA motif content in birds
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was substantial, mainly due to the unique genome organization of birds into macro-, micro-, and
dot chromosomes. We found that non-B DNA motifs have particularly high density at parts of the
bird genome with a high concentration of genes—the euchromatic compartments of dot
chromosomes, where they are likely implicated in regulating gene expression. Additionally,
non-B DNA might play a role in defining centromeres and contributing to centromere drive in
passerines.

Additional annotations of bird genomes will enable testing a hypothesis about whether non-B
DNA also contributes to regulating other functionally important regions, such as enhancers and
origins of replication, as was suggested by the analysis of primate genomes.® Future wet-lab
studies are needed to resolve this and determine when and where non-B DNA forms in bird
genomes.

We hypothesize that bird dot chromosomes have been challenging to sequence and assemble
in part because of their high non-B DNA content. This can be primarily attributed to G4
structures that likely form in the promoters of housekeeping genes in the euchromatic regions of
dot chromosomes. Since dot chromosomes are enriched in all eight non-B motif types
investigated in this study, other structures apart from G4s may also form and impede
sequencing. This poses a challenge for PacBio HiFi-only reference genome projects moving
forward, since this sequencing technology appears to be substantially affected by the high
density of non-B DNA in the sequence. The PacBio HiFi sequencing dropout in dot
chromosomes may result in many genes being entirely missing from the assemblies. Until this is
resolved, a combination of PacBio HiFi and ONT technologies should be preferred to guarantee
a good representation of dot chromosome sequences in bird reference genomes.

Materials and Methods

Annotation of non-B DNA in the zebra finch and chicken genomes

The maternal and the paternal haplotypes of the zebra finch T2T genome (GCA_048771995.1
and GCA_048772025.1%") were annotated for the following non-B DNA motifs: A-phased
repeats (APR), direct repeats (DR), G-quadruplexes (G4), mirror repeats (MR), short tandem
repeats (STR), triplex motifs (TRI), and Z-DNA (Z), as previously described in.®" In short, gfa
(https://github.com/abcsFrederick/non-B_gfa,*®), with default motif parameter settings and the
flags -skipGQ -skipWGET, was used to annotate all motifs except G4s. This allows for
spacer lengths up to 100 bp for MRs and IRs, and 10 bp for DRs. It is debated if motifs with long
spacers actually form non-B DNA, but we choose to include them in this study as potentially
forming, and we note that the majority of spacers are short, below 10bp. The output was
converted to BED format using custom scripts (available on github), and triplex motifs were
extracted from mirror repeats using grep ‘subset=1’. G4 motifs were annotated with
Quadron®® using a dockerized version (docker://kxk302/quadron:1.0.0) and default settings for
one chromosome at a time. The output was merged and converted to BED format using custom
scripts. Quadron does not score motifs if the flanks are shorter than 50 bp, and any unscored
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motif (in general 1-2 per chromosome) was removed from further analysis. All motifs were also
merged into a single track (named ALL) using bedtools merge v2.31.0,2%%% The latest
version of the near complete chicken genome*® (downloaded from
https://www.dropbox.com/scl/fo/plg2tm2w9lzlkOua1rzph/h?rlkey=16z3rgmjs7ec9azun8nundnz|&e
=1&dI=0, including gene annotations) was processed in the same manner.

Coverage, enrichment in genes, repeats, and at centromeres

For coverage plots, chromosomes were divided into non-overlapping 100-kb windows using
bedtools makewindows, and overlap to each motif type was calculated using bedtools
intersect and custom scripts. Positions that were annotated for more than one motif (where
different motifs overlapped each other) were only counted once per motif category. Hence,
coverage is defined as the fraction of each window that is annotated as non-B DNA motifs.
Circos plots were generated using circos v0.69°.

Genome-wide coverage for all motifs was calculated as the sum of (unique) positions in each
motif type divided by the diploid genome length (haploid genome length for chicken). This was
also done for the three categories of chromosomes: macro-, micro-, and dot chromosomes,
defined in, ***' as well as for each chromosome separately. These genome-, category-, and
chromosome-wide coverages (as fractions of the regions) were used as baseline levels for
different downstream enrichment calculations; see further below.

Different functional regions were extracted from the diploid zebra finch gene annotations
(created with EGAPx and available at GenomeArk). We used the longest available isoform for
each gene and extracted CDS directly from the gtf file. UTRs were not included in the
annotations: we extracted them by subtracting CDS from exons using bedtools subtract,
and defined them as 5’ or 3’UTRs depending on their position relative to the annotated start and
start codons using a custom script. Introns of protein-coding genes were defined as the region
between adjacent exons on the same gene (using the longest isoform), and any overlaps to
previously defined CDS and UTRs (in case of overlapping genes) were removed using
bedtools intersect. Non-protein coding genes were extracted directly from the
annotations file containing the longest isoform only (all of which were classified as long
non-coding RNAs). Promoters were not annotated, so we defined them as 1 kb upstream of
each TSS (using only the longest isoforms of protein-coding genes). Intergenic regions were
defined as the regions between adjacent genes, excluding the ends before the first and after the
last genes on each chromosome, and removing any potential overlap with previous gene
categories. Gene annotations for chicken did not include information on gene type
(protein-coding or long non-coding DNA), so genes with CDS were assumed to be
protein-coding. All regions were converted into BED format before downstream analysis. Each
functional region was overlapped with each motif bed file using bedtools intersect, and
the sum of the unique overlapping positions was divided by the length of the region to obtain the
non-B DNA motif coverage. Enrichment was calculated as region motif coverage divided by the
genome-wide motif coverage. To test the robustness of the data, we randomly subsampled half
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of the regions for each functional class and chromosome category 100 times and calculated the
enrichment for each subsample. The range of obtained enrichment values, excluding the two
lowest and two highest values, was used to obtain error bars for each class and motif type. For
G-quadruplexes, enrichment was also calculated per gene based on whether they occurred on
the coding or template strand, in relation to gene annotations. The content of coding and
template G4s were compared in a paired Wilcoxon test, adjusted for multiple testing with FDR.

We used three sets of repeat annotations for zebra finch described in®'—which contain
transposable elements, tandem repeats, and satellites, respectively. All annotations were
downloaded from GenomeArk, converted into BED format, and labelled based on their
classification using custom bash scripts. Tandem repeats were grouped into the following length
categories: 1-4 mers, 5-10 mers, 11-50 mers, 51-100 mers, and >100mers based on the length
of a single repeat unit. Note that the three different repeat annotation sets overlap significantly,
as the same sequence can belong to more than one annotated repeat type. Coverage and
enrichment were calculated for each repeat category in the same manner as for genes, using
the genome-wide coverage as the denominator. No repeat annotations were publicly available
for the chicken T2T genome.

Centromeric annotations for zebra finch (defined in®' using previously published primer
sequences®) was downloaded from GenomeArk and converted to BED format. Centromeres
locations for most chicken chromosomes were provided by the authors.*® Enrichment in
centromeres was calculated both in relation to the genome-wide coverage as well as to
chromosome-wide coverage, the latter to account for inter-chromosomal differences and to test
if each centromere was enriched or depleted for non-B DNA motifs as compared to the rest of
the chromosome. To test for significance, we divided the non-centromeric parts of each
chromosome into 100 windows of the same size as the corresponding centromere. If there were
more than 100 non-overlapping windows, 100 were selected randomly from the total set; if there
were fewer, the windows were allowed to overlap. For each window, the coverage and genome-
and chromosome-wide enrichment were calculated, and these were used as a background
distribution per chromosome to which the centromere enrichment could be compared in a
two-sided test.

Methylation analysis

Methylation data for zebra finch downloaded from GenomeArk was converted from bigwig to
bedgraph with the UCSC software bigWigToWig. This file contains the percentage of
5-methyl-cytosine (5mC) methylated PacBio HiFi reads for each CpG site in the zebra finch
genome. We extracted relevant sites in genes from each chromosome category using
bedtools intersect and separated them based on whether they overlapped with G4 motifs
or not. For each gene region, we calculated the median methylation level within or outside of
G4s. Distributions of all medians were compared with a Mann-Whitney U test. We also
investigated what fraction of genes had CpG sites (that could be methylated), for each
chromosome category and gene class (within and outside of G4 motifs), and compared fractions
from micro- and dot chromosomes to those of macro chromosomes using a z-test, correcting for
multiple testing with FDR.
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Detailed analysis of dot chromosomes

Euchromatic and heterochromatic regions (defined in®') in both zebra finch haplotypes of the 11
dot chromosomes were downloaded as BED format for 10-kb windows from GenomeArk, and
intersected with the non-B DNA motif annotations. Fold enrichment for A and B compartments
compared to genome-wide coverage was calculated separately for each chromosome and
haplotype, and the compartments were compared to each other using a Wilcoxon test,
corrected for multiple testing with FDR.

Coverage analysis in relation to non-B DNA motifs

PacBio HiFi and ONT coverage for zebra finch (in wig format, averaged for 1024bp windows)
were downloaded from GenomeArk and converted to BED format using wig2bed. For each
window, the non-B DNA motif content was calculated for each motif type, and the correlation
between sequence coverage and non-B content was assessed for each chromosome category
using a linear model in R®°. Pearson’s R? and Spearman’s p were calculated in R using the
package ggpubr. All figures were prepared in R unless otherwise indicated, using the
tidyverse library®.

Data availability

The zebra finch genome from our companion paper®' is available on NCBI (accessions
GCA_048771995.1 and GCA_048772025.1). The non-B DNA motifs in bed format are available
for download through GenomeArk, and the code for this manuscript is available on GitHub:
https://github.com/makovalab-psu/T2T_bird_nonB.
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