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Abstract

Background Z-DNA, a left-handed helical form of DNA, plays a significant role in genomic stability and gene regula-
tion. Its formation, associated with high GC content and repetitive sequences, is linked to genomic instability, poten-
tially leading to large-scale deletions and contributing to phenotypic diversity and evolutionary adaptation.

Results In this study, we analyzed the density of Z-DNA-prone motifs of 154 avian genomes using the non-B DNA
Motif Search Tool (nBMST). Our findings indicate a higher prevalence of Z-DNA motifs in promoter regions across all
avian species compared to other genomic regions. A negative correlation was observed between Z-DNA den-

sity and developmental time in birds, suggesting that species with shorter developmental periods tend to have
higher Z-DNA densities. This relationship implies that Z-DNA may influence the timing and regulation of develop-
ment in avian species. Furthermore, Z-DNA density showed associations with traits such as body mass, egg mass,
and genome size, highlighting the complex interactions between genome architecture and phenotypic character-
istics. Gene Ontology (GO) analysis revealed that Z-DNA motifs are enriched in genes involved in nucleic acid bind-
ing, kinase activity, and translation regulation, suggesting a role in fine-tuning gene expression essential for cellular
functions and responses to environmental changes. Additionally, the potential of Z-DNA to drive genomic instability
and facilitate adaptive evolution underscores its importance in shaping phenotypic diversity.

Conclusions This study emphasizes the role of Z-DNA as a dynamic genomic element contributing to gene regula-
tion, genomic stability, and phenotypic diversity in avian species. Future research should experimentally validate these
associations and explore the molecular mechanisms by which Z-DNA influences avian biology.
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Introduction

In Z-DNA, the sugar-phosphate backbone follows a zig-
zag pattern, hence the name “Z-DNA” [1-3]. This zigzag
conformation results in a more compact and elongated
structure than B-DNA [4, 5]. Z-DNA has attracted atten-
tion because of the frequent presence and conservation
of Z-DNA-forming sequences among various eukary-
otic species [6, 7]. Specific base-pairing sequences drive
its unique structure and are typically stabilized under
conditions such as high salt concentrations or the pres-
ence of certain cations [8, 9]. This conformation can form
transiently under physiological conditions, especially in
regions with alternating purine-pyrimidine sequences
[10, 11].

Z-DNA formation is favored by sequences rich in alter-
nating CG (cytosine-guanine) repeats [12]. This helical
configuration arises due to the physical and chemical
properties of these specific nucleotide pairings, which
induce the DNA to adopt a left-handed spiral structure
under certain conditions, such as negative supercoil-
ing and physiological ionic strength. This alteration also
readily occurs with alternating CA sequences on one
strand and TG sequences on the complementary strand
[13, 14]. The inherent instability of these sequences can
create local torsional stress, further promoting the transi-
tion from the typical right-handed B-DNA to left-handed
Z-DNA. Other sequences, including alternating purine-
pyrimidine tracts such as (GA), or (GT), repeats, can
also adopt this configuration under specific conditions.
The propensity of these sequences to form Z-DNA is
influenced by factors like sequence length, superhelical
density, and the presence of stabilizing proteins [15].

Z-DNA plays a significant role in several fundamental
biological processes, including transcription [16], epi-
genetics [17], DNA damage repair [18], genome stabil-
ity [19, 20], genome evolution [21], recombination [22],
RNA editing [23], and signal transduction [24]. Its ability
to form in response to supercoiling and interact with var-
ious proteins underscores its multifaceted role in regulat-
ing and maintaining genomic functions [5].

Z-DNA formation induces genomic instability by pro-
moting double-strand breaks (DSBs) [18, 20, 25]. These
breaks constitute a critical form of DNA damage that
can lead to severe genetic alterations if not correctly
repaired. Z-DNA’s unique left-handed helical structure
creates tension and torsional stress within the DNA mol-
ecule, making it more susceptible to breakage [18]. When
DSBs occur, the cell’s repair mechanisms attempt to fix
the damage, but these processes can be error-prone. For
instance, microhomology-mediated end-joining (MME])
is a repair mechanism that aligns short homologous
sequences flanking the breakpoints [26] but it is less
accurate than homologous recombination, often resulting
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in deletions or insertions. This error-prone repair can
lead to large-scale deletions, altering the genomic land-
scape significantly and making Z-DNA regions hotspots
for genetic variation, thereby contributing to natural
selection and adaptive evolution [21].

An example of Z-DNA-induced genomic instability
driving phenotypic evolution is observed in sticklebacks,
where the transition from marine to freshwater environ-
ments has led to the repeated loss of pelvic fins [27, 28].
This phenotypic change is primarily driven by deletions
in a specific enhancer region of the PITX1 gene, which
is crucial for pelvic fin development [29]. The enhancer
region in marine sticklebacks contains TG-dinucleotide
repeats prone to forming Z-DNA, making this region
particularly susceptible to double-strand breaks. These
deletions silence PITX1 expression in developing pelvic
fins, resulting in their loss in freshwater populations [27,
28]. This process has occurred independently in different
stickleback populations, demonstrating how Z-DNA can
facilitate rapid and repeated evolutionary adaptations.
This evolutionary convergence highlights the importance
of genomic regions prone to Z-DNA formation in driving
phenotypic diversity and adaptability in response to envi-
ronmental pressures.

Similarly, variations in PITXI expression contribute to
notable phenotypic traits like foot feathering in domes-
tic birds, such as pigeons and chickens. A 44-kb deletion
upstream of PITX1 in pigeons [30] and a 17.7-kb deletion
in chickens are associated with this phenotype [31, 32].
These deletions are selected traits in domestic breeds,
highlighting the role of PITX1 in phenotypic diversity.
The regulation of PITX1 involves complex genetic inter-
actions [33]. Deletions disrupting conserved elements
near the PITXI gene can significantly alter its expression.
One such regulatory element is the pan-limb enhancer
(Pen), which interacts differently with PITX1 in forelimbs
and hindlimbs [34]. Structural mutations repositioning
Pen near PITXI can cause ectopic expression, leading to
homeotic transformations such as the arm-to-leg trans-
formation observed in Liebenberg syndrome [35]. These
regulatory mechanisms underscore the intricate control
required for PITXI expression and its impact on limb
development. The 17-kb deletion associated with foot
feathering in chickens involved a 7-bp microhomology at
the deletion junctions [31]. We propose that the forma-
tion of Z-DNA in these regulatory regions can contrib-
ute to the observed genomic instability and subsequent
deletions.

Given its involvement in phenotypic variation and
gene expression regulation, we speculate that the den-
sity of Z-DNA-forming sequences in the genome is a
crucial factor influencing genomic stability, gene regu-
lation, adaptive evolution, and phenotypic diversity in
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birds. High-density Z-DNA regions are prone to genomic
instability, leading to increased mutation rates, double-
strand breaks (DSBs), and large-scale deletions or rear-
rangements. These mutations and structural variations
often occur in regulatory regions of the genome, such as
enhancers and promoters, where they can significantly
alter gene expression patterns. This genomic instability
is a double-edged sword; while it can lead to deleterious
mutations, it also provides a rich source of genetic varia-
tion essential for evolutionary processes.

Yeast artificial chromosomes (YAC) were widely pro-
vided as a good tool in chromosomal function and stabil-
ity study, especially for non-B DNA-induced fragility [18,
36-39]. Shuttle vectors usually contain centromeres, tel-
omeres, and specific selection markers, enabling them to
replicate in bacteria and eukaryotic cells. Another feature
of YACs is that the largest size of inserts could be approx-
imately 100 kb [40]. All above allow YACs to mimic
eukaryotic genomic DNA’s metabolic processes, includ-
ing replication, damage, repair, and chromatinization.

Critical life-history traits such as developmental time,
genome size, body mass, and egg mass are closely tied to
an organism’s growth, reproduction, and survival, mak-
ing them critical indicators of evolutionary fitness. For
instance, developmental time is closely linked to species-
specific life strategies [41, 42], where faster-developing
species may be subject to different genomic pressures
than those with more extended developmental periods.
Similarly, genome size varies among avian species and
is often associated with metabolic efficiency and adapta-
tions to distinct ecological niches [43, 44]. Body and egg
mass also reflect physiological and reproductive strate-
gies shaped by evolutionary selection. We hypothesize
that species with shorter developmental periods and
higher metabolic demands may display higher Z-DNA
densities, potentially influencing adaptive responses
through genomic instability and variation.

To better understand the impact of Z-DNA density
on avian biology, we explored its correlation with these
critical life-history traits. By investigating the relation-
ships between Z-DNA density and characteristics such
as developmental time, genome size, body mass, and egg
mass, we aim to uncover genomic regulatory patterns
that shape species development and evolutionary trajec-
tories. Understanding these correlations will shed light
on how Z-DNA contributes to the evolution of avian
species and the maintenance of phenotypic diversity.
In this study, we applied phylogenetic linear regression
models to analyze the correlation between Z-DNA den-
sity and various physiological traits, including adult body
mass, egg mass, and developmental durations, providing
a comprehensive view of Z-DNA’s role in avian biology.
Additionally, we examined the density of Z-DNA-prone
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motifs in the promoter regions of avian genomes. This
study is among the first to systematically investigate
Z-DNA density in avian species, correlating it with devel-
opmental and phenotypic traits unique to birds.

Materials and methods

S1 nuclease test

Two web-based resources, “non-B DNA Motif Search
Tool” (nBMST) (version 2.0) [45] and function “zdna:
Predicting Z-DNA motif(s)” on R package “gquad” doc-
umentation (https://CRAN.R-project.org/package=
gquad), were applied to predict possible “spots” that could
form Z-DNA (Table S1) [46]. The Z-DNA search crite-
ria are that one strand must contain alternating purine/
pyrimidine sequences (such as GT and GC repeats). The
S1 nuclease was used to identify sequences recognized
as Z-DNA in the nBMST to determine Z-DNA forma-
tion in plasmids after synthesis. S1 nuclease specifically
degrades single-stranded nucleic acids and cleaves at the
junctions between right-handed and left-handed DNA
segments [47]. It has also been utilized to detect the for-
mation of supercoils [18, 48]. For the S1 nuclease assay,
a mixture containing approximately 1000 ng of plasmid
DNA, 0.1 pl of S1 nuclease, 6 pl of 5X reaction buffer, and
an appropriate amount of water to a final volume of 30 pl
was prepared. The mixture was incubated at room tem-
perature for 30 min, and the reaction was terminated by
adding 2 ul of 0.5 M EDTA, followed by heating at 70 °C
for 10 min.

YAC assay

A yeast artificial chromosome (YAC) was used to investi-
gate the impact of Z-DNA sequences detected around the
Pen region on genomic stability, following the procedures
outlined by Polleys and Freudenreich (2020) [39]. In our
experiment, the pRS415 plasmid—a YC-type shuttle vec-
tor with LEU2 selection for Saccharomyces cerevisiae—
was obtained from ATCC®, and Omics Bio synthesized
the ZP1 and ZP4 sequences. The pRS415 vector was
transformed into wild-type yeast strains (W303-1a) and
plated on LEU- media for the fragility assay. All sub-
sequent experiments were conducted at an incuba-
tion temperature of 30 °C. The yeast colonies with the
transformed pRS415 plasmid were incubated in a YPD
medium to induce the loss of LEU2 for approximately
22 h. Afterward, 100 ul of the cultures were diluted to a
specific concentration and plated on YPD plates. These
were then replica plated on LEU-media after two days.
The survival ratio of colonies between LEU- and YPD
plates was calculated for each culture, with and with-
out the Z-DNA insert. Additionally, amplification of the
LEU?2 gene was performed to determine if the failure to
grow on LEU- plates was due to the loss of the selection
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marker. We employed the maximum likelihood method
using the fluctuation analysis calculator, FALCOR [43], to
estimate the recombination rate.

Genomic Z-DNA and short tandem repeat (STR) motifs
search

The Non-B DNA Motif Search Tool (nBMST) (version
2.0) [45, 46, 49] was utilized to identify Z-DNA and short
tandem repeat (STR) motifs using the computational
resources of the National Center for High-performance
Computing (NCHC). The genomes of all available avian
species (154 species, Table S6) from the UCSC Genome
Browser [50] were included in the search. The primary
haplotype or the most recent version was used for species
with multiple assembly versions.

Z-DNA and STR motif density and ancestral state
reconstruction

The phylogeny of the 154 avian species (Table S6) was
obtained from BirdTree.org [51] using the Ericson all-
species tree source to create 1000 trees. A consensus tree
was generated using TreeAnnotator (version 1.10.4) [52]
from these 1000 trees. Z-DNA and STR motif densities
for each species were calculated by dividing the num-
ber of motifs by the genome size. The function fitCon-
tinuous from the package geiger (version 2.0.11) [53] was
used to fit Z-DNA and STR motif densities to the “BM’,
“OU’, and “EB” models on the consensus tree. The “OU”
model was the best fit for both Z-DNA and STR motifs
according to AICc values. The function fastAnc from the
package phytools (version 1.5.1) [54] was then used to
estimate the ancestral state of Z-DNA and STR densities,
and the function contMap was used to plot the phylogeny
tree with the ancestral states.

Phylogenetic linear regression model

Data on several physiological traits, including adult
body mass, egg mass, genome size, developmental dura-
tion, incubation duration, and fledging duration, were
obtained from previous studies [55, 56]. These traits and
adjusted measures, such as body mass-adjusted dura-
tions and egg mass-adjusted durations, were used to
develop phylogenetic linear regression models incor-
porating Z-DNA and STR motif densities. Each pair of
traits was analyzed across three categories: “all species’,
“non-Passeriformes species’, and “Passeriformes spe-
cies” The treedata function was used to exclude species
lacking trait data from the phylogenetic analysis. Three
evolutionary models—“BM” (Brownian Motion), “OU”
(Ornstein-Uhlenbeck), and “lambda”—were fitted using
the phylolm function from the phylolm package (ver-
sion 2.6.2) [57]. The best-fit model for each trait pair is
provided in the supplementary table. Phylogenetic linear
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regression models were then constructed using the best-
fit model for each trait pair, with 1,000 bootstraps to
assess the robustness of the correlations. Two traits were
considered correlated if the p-value was <0.05 and the
adjusted R-squared value was > 0.1.

Z-DNA location analysis and gene ontology (GO)

To evaluate the distribution of Z-DNA motifs upstream
of genes, the nBMST output TSV file was compared
with the annotation GTF file to identify instances where
the stop site of a Z-DNA motif appeared within 10-kb
upstream of a start codon. The number of Z-DNA motifs
per kbp within the 10 kbp upstream region of all start
codons in the genome was then calculated. For this anal-
ysis, Augustus annotation files from the UCSC Genome
Browser were used for each species, except for Myiop-
sitta monachus and Apteryx mantelli. Since an Augustus
annotation file was unavailable for Myiopsitta monachus,
the xenoRefGene annotation file was used instead. For
Apteryx mantelli, assembly aptManl was used for motif
searching, but no suitable annotation file was available
for this assembly version.

To determine if the number of Z-DNA motifs within
1 kb of a start codon is significantly higher than in other
regions, we first applied the Lilliefors test to assess
whether the Z-DNA counts in each region followed a
normal distribution. This was done using the lillie.test()
function from the R package nortest (version 1.0.4)
(https://cran.r-project.org/web/packages/nortest/index.
html). Since the data did not follow a normal distribu-
tion, we proceeded with the Friedman test to examine
whether the Z-DNA counts across different regions were
significantly different. This was performed using the
friedman.test() function in R (version 4.4.1). Following
the Friedman test, Nemenyi’s all-pairs comparisons test
was used to assess pairwise differences in Z-DNA counts
between regions. This was implemented using the frd-
AllPairsNemenyiTest() function from the PMCMRplus
package (version 1.9.12) (https://cran.r-project.org/web/
packages/PMCMRplus/index.html).

To determine the functions of genes with the highest
number of Z-DNA motifs in their upstream regions, the
nBMST output TSV file was again compared with the
annotation GTF file to check if the stop site of a Z-DNA
motif appeared within 10 kb upstream of a gene’s start
codon. The number of Z-DNA motifs within this 10-kb
upstream region for all genes was then calculated. NCBI
RefSeq annotation files from the UCSC Genome Browser
were used for functional gene cluster analysis. The top 5%
of genes with the highest Z-DNA motifs in each species
were selected for functional clustering using the Data-
base for Annotation, Visualization, and Integrated Dis-
covery (DAVID) [58, 59]. Genes with the same number
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of Z-DNA motifs within their 10-kb upstream region
as those in the fifth percentile were also included. Only
74 species were included in this analysis, as ncbiRefSeq
annotation files were available for 88 species, and DAVID
could not recognize the gene IDs of 14 species.

Data availability

All raw data were deposited in the figshare with DOI
nos. https://doi.org/10.6084/m9.figshare.26925115 and
https://doi.org/10.6084/m9.figshare.26924593.

Results

Z-DNA motifs prediction and structure determination

and fragility assay

Understanding the distribution and density of Z-DNA
motifs within key regulatory regions, such as the Pen
region, provides valuable insights into potential gene
regulation mechanisms and evolutionary pressures
across species. The results of Z-DNA prediction on the
Pen region are shown in Fig. 1a, with detailed informa-
tion on each motif provided in Table S1. In chickens, five
motifs were detected on chromosome 13 between 10.11
and 16.05 Mb, while in pigeons, six motifs were identified
on scaffold 79 between 6.715 and 6.775 Mb. The aver-
age Z-DNA density in the Pen region is approximately
one motif per 10 kb, about three times higher than the
Z-DNA density across the entire genome in both chick-
ens and pigeons. This suggests that the Z-DNA density in
the Pen region is higher than in other genomic regions.
Compared to pigeons, the distribution of Z-DNA motifs
on the PITXI enhancers in chickens is more clustered
and uneven, although the average Z-DNA density is simi-
lar in both species. Notably, both species’ most extended
predicted motifs are identical in length, repeat type, and
composition. In chickens and pigeons, the most extended
motifs in the Pen region, ZP1 and TG19, respectively,
consist of 19 TG repeats.

Repetitive sequences like TG repeats have been impli-
cated in genomic instability and deletions, which can
have functional consequences on gene regulation and
phenotypic traits. Stickleback fish’s upstream regions of
the Pel gene contain a TG20 repeat, which may be simi-
lar to the TG19 repeats found in chickens and pigeons
[28]. These findings suggest that the Pen region could
be considered a fragility site compared to the rest of the
genome, primarily due to the TG19 repeat. Furthermore,
the differences in the distribution and composition of
each motif between chickens and pigeons could explain
the variation in deletion scales in the Pen region.

Investigating the structural properties of Z-DNA
sequences, such as ZP1 and ZP4, and their impact on
chromosomal stability provides crucial insights into the
role of Z-DNA in genome integrity. During the structure
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determination, ZP1 and ZP4 were cleaved when reacted
with S1 nuclease (Fig. 1b), indicating Z-DNA formation
in vitro. To test the effect of the ZP1 and ZP4 sequences
on chromosome stability in vivo, we measured the rate
of DNA double-strand breaks in yeast artificial chro-
mosomes (YACs) (Fig. 1c, S1 and S2). Z-DNA-forming
sequences were positioned on the right arm of a YAC
upstream of the URA3 gene. The left arm of the YAC
contains the LEU2 gene, essential for maintaining the
YAC. If Z-DNA induces breakage, it will result in the loss
of the right arm of the YAC, including the L/RA3 gene,
leading to resistance to 5-Fluoroorotic acid (FOA) (FOA
resistance, FOAR). Thus, the rate of FOAR cell generation
was measured to monitor the breakage rate. A ZP1, ZP4,
or a control B-DNA-forming sequence was inserted into
the YAC adjacent to the LURA3 gene.

By conducting fragility assays, we aim to assess
the capacity of Z-DNA-forming sequences to induce
genomic breakage, even without exogenous stress factors,
which may highlight their inherent instability and poten-
tial to cause gene loss or rearrangements under normal
cellular conditions. In the fragility assay, both ZP1 and
ZP4 sequences contributed to the loss of LEU2 (Fig. 1c
and S2). The highest rate of LEU2 loss was observed with
both ZP1 and ZP4 (Sign test, P=0.02939) in the absence
of exogenous DNA-damaging factors, with ZP4 also
showing a marginal loss rate (Sign test, P=0.12842).

The evolution of Z-DNA density in bird

Investigating the genome-wide distribution of Z-DNA
motifs and short tandem repeats (STRs) across avian
species provides valuable insights into how these struc-
tural features contribute to genetic diversity and evolu-
tion. By comparing Z-DNA densities and STR densities,
we aim to uncover patterns of genomic organization and
evolutionary changes within and across bird lineages.
The whole genome Z-DNA densities and STRs densities
of 154 avian species (Table S6 and S7) were conducted
to ancestral state reconstruction analysis. Our phyloge-
netic tree analysis reveals substantial interspecific varia-
tion in Z-DNA density among the studied bird species,
with values ranging from 76.72 to 240.08 motifs per
megabase (Mb). Palaeognathae birds exhibit a higher
density of Z-DNA than Neognathae birds (Fig. 2). Within
Neognathae, both Anseriformes and the basal lineages
of Neoaves show a higher Z-DNA density. In general,
Z-DNA density is lower in more derived lineages within
Neognathae. Passerine birds typically have relatively
low Z-DNA density, except for species in the Passerel-
lidae family, where an expansion in Z-DNA density may
have occurred in their common ancestor. Furthermore,
Z-DNA expansion has occurred sporadically in Neog-
nathae birds, with notable increases in certain passerine
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Fig. 1 Distribution of Z-DNA motifs and structural analysis of supercoiled DNA. a Distribution of Z-DNA motifs in the Pen region of chickens

and pigeons (not to scale). The analyzed regions correspond to chromosome 13 positions 16.05-16.11 Mb in chickens and scaffold 79 positions
6.715-6.775 Mb in pigeons. b ST nuclease digestion assay of pUC57 vectors with and without Z-DNA insertions. Vectors containing the ZP1 and ZP4
motifs were susceptible to cleavage by S1 nuclease, indicating the presence of supercoiled structures associated with these motifs (original gel
image shown in Fig. S11). ¢ Fragility data of S. cerevisiae with the fragile sequence ZP1 integrated between the telomere seed sequence (G,T,);;

and URA3 markers. YAC assays demonstrate that 5-FOA resistance increases in the presence of ZP1

and non-passerine species. The ancestor of the genus
Falco may also have experienced a rise in Z-DNA density.

Short Tandem Repeats (STRs) are DNA sequences
where a short sequence of base pairs is repeated con-
secutively. The repeated units typically consist of 2-6
base pairs, and these repeats can occur a variable
number of times within a specific region. Similarly,
analysis of STR density reveals significant interspecific

variation, ranging from 479.06 to 1,353.89 motifs per
Mb (Fig. S3). The phylogenetic changes in STRs differ
markedly from those observed in Z-DNA, suggesting
that these two genomic elements have distinct evolu-
tionary trajectories. Unlike Z-DNA, STR density is
not exceptionally high in Palaeognathae birds and has
decreased in Psittaciformes, indicating that the evolu-
tionary pattern of Z-DNA density may be unique.
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Fig. 2 Ancestral state reconstruction of Z-DNA density across 154 avian species. The phylogenetic tree illustrates the evolutionary relationships
among the avian species, with branch colors representing the estimated Z-DNA density. The color gradient from green to red indicates varying
Z-DNA densities, ranging from low (red) to high (blue) values, with specific density values noted by the color scale at the bottom (76.72 to 240.08

motifs per Mb)

Developmental time predicts Z-DNA density in birds

To explore the evolutionary relationships between
Z-DNA density and critical life-history traits, we per-
formed a PGLS analysis across 154 avian species, inte-
grating data on both non-passerine and passerine birds.
Given the variable availability of trait data across spe-
cies, the sample sizes for each analysis differed accord-
ingly. The results of the PGLS model confirmed that
Z-DNA density in birds is significantly and negatively
correlated with developmental time (Table S2, Fig. 4).
A lambda or an OU model, which transforms the phy-
logeny into a covariance matrix, provided the best fit

for examining the relationships among these variables
(Table S2).

All 154 species were included in the PGLS analy-
sis of Z-DNA density and genome size. An analysis
of the relationship between genome size and Z-DNA
density across different bird groups reveals distinct
patterns (Fig. 3a). In the overall group of bird spe-
cies, there is a weak positive correlation (R* = 0.1808,
p=2.324x107%), suggesting a slight increase in
Z-DNA density with larger genome sizes. For non-
passerine birds, there is no significant correlation (R?
= —0.002996, p=0.3986), indicating no association
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Fig. 4 Phylogenetic linear regression between Z-DNA and adjusted developmental periods. a Egg mass adjusted incubation time. b Adult

body mass adjusted incubation time. ¢ Egg mass adjusted fledging time. d Adult body mass adjusted fledging time. e Egg mass adjusted
developmental time. f Adult body mass adjusted developmental time. The blue spots indicate the non-Passeriformes species and the pink spots
indicate the Passeriformes species. Each column within the rows represents different bird groups: all birds (left), non-Passeriformes (middle),

and Passeriformes (right). Blue dots indicate non-Passeriformes species, while pink dots represent Passeriformes species. The R” values and p-values
provided in each plot indicate the strength and significance of the relationships, respectively. The dashed lines represent the regression lines,

illustrating the trend of the relationships between Z-DNA density and the co
while weak correlations are red

between genome size and Z-DNA density. In contrast,
passerine birds show a moderate positive correlation
(R* = 0.3439, p=6.342x1077), indicating a more pro-
nounced increase in Z-DNA density with increasing
genome size. These findings suggest that different evo-
lutionary pressures or functional roles may influence
Z-DNA density between passerines and non-passer-
ines, with passerines showing a stronger association.
All 154 species were included in the PGLS analysis
of STR density and genome size. Conversely, the analy-
sis reveals a minimal correlation between genome size
and STR density across all groups (Fig. S5a). The pas-
serines show a weak positive correlation (R*> = 0.08513,
p=0.0142235), while overall birds and non-passer-
ines exhibit no significant relationships (R = 0.01382,
p=0.07821 and R = —0.007905, p=0.609420, respec-
tively). This indicates that STR density is not substantially

rresponding traits. Values are green for moderate correlations,

influenced by genome size, highlighting the need to con-
sider other factors in determining STR density.

There were 153 species, including 95 non-passerine
birds and 58 passerine birds, in the PGLS analysis of
Z-DNA density and body mass. Body mass shows mini-
mal influence when examining the relationship between
body mass and Z-DNA density across bird groups (Fig.
S4a). The overall birds display a weak positive correlation
(R* = 0.09769, p=4.957x107°), while non-passerines
and passerines exhibit no significant relationships (R*
= 0.04387, p=0.02339 and R* = —0.01746, p=0.8833,
respectively). These results suggest that body mass is not
a significant determinant of Z-DNA density in birds.

There were 121 species, including 79 non-passerine
birds and 42 passerine birds, in the PGLS analysis of
Z-DNA density and egg mass. The relationship between
egg mass and Z-DNA density also varies among bird
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groups (Fig. 3b). For the overall bird group, there is a
positive correlation (R* = 0.1145, p=8.716x107°), with
non-passerines showing a more pronounced correlation
(R* = 0.124, p=0.0008542) and passerines showing no
significant correlation (R* = —0.01426, p=0.5189). This
suggests that egg mass may have an influence on Z-DNA
density, particularly in non-passerines, potentially due to
specific evolutionary factors.

There were 127 species, including 81 non-passerine
birds and 46 passerine birds, in the PGLS analysis of
Z-DNA density and developmental duration (Fig. S4d).
Across all birds, the correlation is weak and negligible
(R* = 0.03286, p=0.02322), with non-passerines and
passerines (R> = 0.03159, p=0.06108 and R*> = 0.03639,
p=0.1075 respectively) showing a similar trend. These
findings suggest that developmental duration is not a reli-
able predictor of Z-DNA density in birds.

There were 127 species, including 81 non-passerine
birds and 46 passerine birds, in the PGLS analysis of
Z-DNA density and body mass-adjusted developmental
time. The analysis shows varying correlations between
body mass-adjusted developmental time and Z-DNA
density (Fig. 4f). The overall birds have a negative cor-
relation (R* = 0.1108, p=7.778x107°), non-passer-
ines show a weak negative correlation (R* = 0.09516,
p=0.00295), and passerines show no substantial correla-
tion (R* = —0.003019, p=0.3575). This suggests that body
mass-adjusted developmental time does not significantly
influence Z-DNA density in passerines. There were 121
species, including 79 non-passerine birds and 42 passer-
ine birds, in the PGLS analysis of Z-DNA density and egg
mass-adjusted developmental time. Similarly, the rela-
tionship between egg mass-adjusted developmental time
and Z-DNA density show some correlations (Fig. 4e).
Overall birds have a negative correlation (R* = 0.1378,
p=1.645%x107°), non-passerines also have a negative
correlation (R*> = 0.1384, p=0.0004336), and passerines
have no significant correlation (R* = 0.01563, p=0.2062).
These findings suggest an impact of egg mass-adjusted
developmental time on Z-DNA density.

There were 127 species, including 81 non-passerine
birds and 46 passerine birds, in the PGLS analysis of
Z-DNA density and incubation duration. Incubation
duration correlates poorly with Z-DNA density across
bird groups (Fig. S4b). Overall birds and non-passer-
ines exhibit weak positive correlations (R*> = 0.06223,
p=0.002711 and R* = 0.04846, p=0.02706, respectively),
while passerines show no correlation (R* = —0.01487,
p=0.56242). This indicates that incubation duration has
a negligible effect on Z-DNA density.

There were 127 species, including 81 non-passer-
ine birds and 46 passerine birds, in the PGLS anal-
ysis of Z-DNA density and body mass-adjusted
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incubation duration. Correlations between body mass-
adjusted incubation duration and Z-DNA density are
weak (Fig. 4b). The passerines show negligible correla-
tions (R* = —0.01479, p=0.5603). At the same time, over-
all birds and non-passerines exhibit a slightly stronger
negative correlation (R* = 0.09995, p=0.000173 and R*
= 0.09043, p=0.003693, respectively). The influence
of body mass-adjusted incubation duration on Z-DNA
density appears minimal (Fig. 4b). There were 121 spe-
cies, including 79 non-passerine birds and 42 passerine
birds, in the PGLS analysis of Z-DNA density and egg
mass-adjusted incubation duration. Egg mass-adjusted
incubation duration shows negative correlations with
Z-DNA density across bird groups, suggesting a minimal
impact on Z-DNA density (Fig. 4a). Stronger correlations
are observed in overall birds and non-passerines (R* =
0.1236, p=4.546x107° and R* = 0.1287, p=0.0006862,
respectively). In contrast, the passerines show negligible
correlations (R* = —0.007923, p=0.4153).

There were 127 species, including 81 non-passerine
birds and 46 passerine birds, in the PGLS analysis of
Z-DNA density and fledging duration. Fledging dura-
tion shows varying correlations with Z-DNA density
(Fig. S4c). Overall birds and non-passerines exhibit no
significant correlations (R* = 0.01379, p=0.099 and
R? = 0.02334, p=0.09187, respectively), while the pas-
serines show weak negative correlations (R*> = 0.0731,
p=0.03855). The data suggest that Z-DNA density
slightly decreases with longer fledging durations in
passerines.

There were 127 species, including 81 non-passerine
birds and 46 passerine birds, in the PGLS analysis of
Z-DNA density and body mass-adjusted fledging dura-
tion. The analysis shows varying correlations between
body mass-adjusted fledging duration and Z-DNA den-
sity (Fig. 4d). Overall birds have a negative correlation
(R* = 0.1155, p=5.478 x107°), non-passerines show a
weak negative correlation (R* = 0.08084, p=0.005821),
and the passerines show no significant correlation (R* =
0.01452, p=0.2039). There were 121 species, including 79
non-passerine birds and 42 passerine birds, in the PGLS
analysis of Z-DNA density and egg mass-adjusted fledg-
ing duration. Similar correlations are shown between
egg mass-adjusted fledging duration and Z-DNA density
(Fig. 4c). Overall birds have a negative correlation (R* =
0.1382, p=1.595x107°), non-passerines show a weak
negative correlation (R* = 0.08726, p=0.004749), and
passerines show no significant correlation (R* = 0.04633,
p=0.0914).

Our analysis found no correlation between STR density
or genome size and the phenotypes investigated. While
significant relationships were identified between Z-DNA
density and developmental time and varying correlations
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with factors like egg mass and body mass across different
bird groups, STR density showed no meaningful associa-
tion with genome size or the phenotypes studied. These
results highlight the absence of any substantial correla-
tion between STR density or genome size and the pheno-
typic traits examined (Table S3-4, Figures S5-9).

Positional frequency of Z-DNA in birds

To understand promoter-Z-DNA associations com-
prehensively, we measured the positional frequency
in 153 avian species, defined as the total number of
Z-DNA motifs at each nucleotide position within 10 kb
upstream of the start codon. This method allows us
to identify regions where Z-DNA motifs are concen-
trated, providing insights into their potential regulatory
roles. Our analysis shows that the regions immediately
upstream of the start codon, particularly within the
first 1 kb, often have a higher concentration of Z-DNA
motifs than the remaining 9 kb upstream (Fig. S10 and
supplementary files). Friedman test showed a signifi-
cant different of Z-DNA number between each region
(Friedman chi-squared =1066.1, d.f. = 10, p-value<2.2
x —107'°). Pairwise p-value between the first 1 kb and
other regions from Nemenyi’s all-pairs comparisons
tests also showed that the Z-DNA number within 1 kb

Page 11 of 17

from start codon was significantly higher than other
regions (Fig. 5 and table S8). This suggests that proxi-
mal promoter regions are particularly enriched with
Z-DNA motifs, which could have important implica-
tions for transcriptional regulation.

Our Gene Ontology (GO) analysis of 74 avian species
revealed a significant enrichment of genes associated
with DNA or RNA binding activities among the top
5% Z-DNA-rich promoter regions (see supplementary
files). This suggests that Z-DNA motifs may play criti-
cal roles in regulating genes involved in nucleic acid
interactions, such as transcription factors, RNA poly-
merases, and other proteins that bind directly to DNA
or RNA to control gene expression and RNA process-
ing. Additionally, genes involved in kinase activity were
significantly enriched in Z-DNA-rich regions (see sup-
plementary files). Kinases are essential enzymes that
regulate various cellular processes through phosphoryl-
ation, including signal transduction pathways, cell cycle
regulation, and metabolic control. Z-DNA motifs near
these genes suggest a potential regulatory mechanism
whereby Z-DNA formation could influence kinase tran-
scription, affecting numerous cellular functions and
responses to environmental stimuli.
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Another prominent category identified in the GO anal-
ysis included genes related to translation regulation (see
supplementary files). These genes are involved in pro-
tein synthesis, encoding ribosomal proteins, and trans-
lation initiation and elongation factors. The enrichment
of Z-DNA motifs in their promoter regions suggests
that Z-DNA may play a role in fine-tuning the expres-
sion of genes critical for maintaining translational fidel-
ity and efficiency, which is crucial for cellular growth and
adaptation.

Discussion

Z-DNA density in avian genomes

Birds are notable for having the smallest genomes among
amniotes, with relatively slight variation in genome size
across different species [60, 61]. This characteristic dis-
tinguishes them from other groups, such as reptiles and
mammals. The significant reduction in genome size and
transposable element density in birds began after their
evolutionary divergence from crocodilians [62]. This
reduction likely occurred before the evolution of flight,
suggesting that a smaller genome may have provided
adaptive advantages, possibly related to increased meta-
bolic efficiency and optimized cellular function during
the development of flight [63]. Since the common ances-
tor of modern birds, genome size has decreased, although
slower.

In addition to having small genomes, birds exhibit
low densities of Z-DNA compared to non-avian reptiles
and mammals. Z-DNA is a left-handed helical form of
DNA that can form under physiological conditions and
is often associated with transcriptionally active regions
of the genome [5, 64, 65]. Despite the overall low den-
sity of Z-DNA in birds, there is considerable variation in
Z-DNA density among different bird species. This vari-
ation suggests that other bird species may have evolved
distinct regulatory mechanisms and genome organiza-
tion strategies involving Z-DNA. The presence and den-
sity of Z-DNA could influence gene expression patterns
and genomic stability, contributing to the diverse pheno-
typic traits observed among bird species.

Birds’ small genome size and low Z-DNA density may
be linked to their unique physiological and ecological
adaptations. A compact genome may reduce the energy
and time required for DNA replication and transcrip-
tion, crucial for sustaining high metabolic activities,
such as those needed for flight. Additionally, the varia-
tion in Z-DNA density among bird species could reflect
adaptive responses to different environmental pressures
and lifestyle requirements. The evolutionary trajectory
of genome size reduction and Z-DNA’s low but vari-
able density in birds underscores the complex relation-
ship between genomic architecture and avian adaptive
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strategies. Understanding these dynamics provides
deeper insights into avian species’ molecular evolution
and functional genomics.

Our findings suggest that Z-DNA density in birds is
influenced by several factors, including developmental
time, genome size, and egg mass, but not significantly by
body mass. The varying correlations among bird groups
indicate that Z-DNA may play different regulatory roles
depending on specific evolutionary pressures and ecolog-
ical adaptations. Understanding the dynamics of Z-DNA
density in birds offers valuable insights into avian species’
molecular evolution and functional genomics. Future
research should experimentally validate these associa-
tions and explore the underlying mechanisms driving
these correlations. This could involve studying specific
genes and regulatory pathways influenced by Z-DNA and
examining how changes in Z-DNA density impact phe-
notypic diversity and ecological adaptation. By elucidat-
ing the roles of Z-DNA in gene regulation, we can better
understand the evolutionary pressures shaping avian
genomes and the potential impact of Z-DNA on bird
biology and evolution.

In the phylogeny presented in Fig. 2, a distinct cluster
of passerine birds exhibits a higher density of Z-DNA
motifs. Notably, species such as Ammospiza caudacuta
(Saltmarsh Sparrow), Ammospiza nelsoni (Nelson’s Spar-
row), Melospiza georgiana (Swamp Sparrow), Melospiza
melodia (Song Sparrow), and Passerculus sandwichensis
(Savannah Sparrow), which are part of this cluster, are
predominantly adapted to marshy or coastal habitats
[66]. These environments subject the species to unique
ecological pressures, including fluctuating tidal levels,
high predation risk, and the need for precise timing in
breeding cycles to avoid environmental hazards. Such
factors likely drive specific genomic adaptations, includ-
ing increased Z-DNA density in regulatory regions.

For instance, saltmarsh species like the Saltmarsh
Sparrow have evolved mechanisms to withstand regu-
lar flooding, which may impose selective pressures on
their genomes. These pressures could influence genomic
traits such as Z-DNA motif distribution, gene regula-
tion, and genome size, facilitating key developmental
and metabolic processes needed to thrive in these chal-
lenging environments. Conversely, Artemisiospiza belli
(Bell's Sparrow), which inhabits dry, open landscapes
[66], exhibits a lower Z-DNA density, possibly reflecting
different ecological and evolutionary demands compared
to the marsh-adapted species. Melozone crissalis (Cali-
fornia Towhee) is an exception within that cluster, which
exhibits a higher Z-DNA density despite living in drier,
shrub-dominated landscapes [66]. This suggests that the
California Towhee may have inherited a pre-existing
increase in Z-DNA density from their common ancestor,



Wang et al. BMC Genomics (2024) 25:1123

evolving unique genomic adaptations that distinguish it
from other desert species regarding Z-DNA density.

Z-DNA in gene regulation

The elevated frequency of Z-DNA motifs within the 1 kb
region upstream of the start codon underscores the sig-
nificance of these structures in transcriptional regulation
[49, 67]. Z-DNA formation in these regions can affect
chromatin accessibility and the binding affinity of tran-
scription factors [68-70]. The conformational changes
induced by Z-DNA can alter the interaction between
DNA and the transcriptional machinery, potentially
enhancing or repressing gene expression [5, 71-73].

The concentration of Z-DNA motifs in proximal pro-
moter regions suggests these areas may serve as regula-
tory hotspots. Z-DNA could facilitate the formation of
specific chromatin structures or interact with Z-DNA-
binding proteins, such as ADAR1 and ZBP1, which are
involved in transcriptional regulation [74]. These interac-
tions can act as molecular switches, turning genes on or
off in response to various signals.

The preferential localization of Z-DNA motifs in criti-
cal regulatory regions highlights their potential role
in evolutionary processes. Regions with high Z-DNA
density may be under positive selection, driving adap-
tive changes in gene regulation. Variations in Z-DNA
motif density and distribution can result in distinct gene
expression patterns, contributing to the phenotypic
diversity observed among different species [21]. Com-
paring the positional frequency of Z-DNA motifs across
species could shed light on the evolutionary conservation
of these regulatory elements. Species facing similar envi-
ronmental pressures might exhibit convergent evolution
in the density and positioning of Z-DNA motifs in pro-
moter regions, reflecting shared adaptive strategies.

Enriching Z-DNA motifs in genes involved in funda-
mental processes, such as nucleic acid binding, kinase
activity, and translation regulation, also suggests an evo-
lutionary advantage. Genes under robust regulatory con-
trol may benefit from the added regulatory complexity
provided by Z-DNA motifs [49, 67, 75, 76]. This complex-
ity could allow for rapid adaptation to changing environ-
ments, conferring a selective advantage to organisms
with such regulatory architectures.

Z-DNA structures are also implicated in various dis-
eases, including cancer, neurological disorders, and
genetic diseases [5, 20, 77, 78]. The formation of these
structures can lead to genomic instability, mutations,
and altered gene expression, contributing to disease
pathogenesis. Understanding the roles of Z-DNA struc-
tures in health and disease could provide insights into
potential therapeutic targets [5, 77, 79]. Drugs and
small molecules explicitly targeting these structures are
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being explored for their potential in treating diseases
associated with genomic instability and aberrant gene
regulation.

Z-DNA and phenotypic diversity

Z-DNA-induced deletions in regulatory regions have
been implicated in the repeated loss of pelvic fins in stick-
leback populations, illustrating how Z-DNA contributes
to phenotypic diversity and adaptation [28]. However, the
role of Z-DNA in promoting phenotypic diversity is not
limited to sticklebacks. Studies have shown that Z-DNA-
forming sequences are often associated with large-scale
deletions in mammalian cells [18]. These deletions can
lead to significant phenotypic changes by removing or
altering regulatory elements and coding regions. Z-DNA-
induced genomic instability may thus be a crucial mecha-
nism contributing to genetic diversity and the evolution
of new traits in natural populations.

The impact of Z-DNA-induced genomic instability
extends beyond mammals [21]. It has also been impli-
cated in the evolution of various traits in other verte-
brates. These large-scale deletions and the resulting
genetic variations underscore the widespread influence
of Z-DNA on evolutionary processes. Z-DNA-prone
regions often serve as hotspots for genetic variation,
driving adaptive evolution and the emergence of new
phenotypic traits.

Z-DNA’s role as a critical driver of phenotypic diver-
sity is rooted in its ability to induce genomic instabil-
ity, facilitating large-scale deletions that can profoundly
affect gene expression [80, 81]. By removing or altering
regulatory elements and coding regions, Z-DNA-induced
deletions can lead to significant changes in the genetic
landscape, promoting the development of new traits and
enhancing genetic diversity within populations [21].

The recurrent involvement of Z-DNA-prone regions
in adaptive evolution underscores their importance in
the evolutionary dynamics of animals. These regions are
often associated with critical genetic changes that ena-
ble species to adapt to new environments or conditions.
By serving as focal points for genetic variation, Z-DNA
regions contribute to the evolutionary plasticity of organ-
isms, allowing them to develop novel traits and enhance
their survival and reproductive success.

Understanding the role of Z-DNA in phenotypic diver-
sity provides valuable insights into the molecular mecha-
nisms underlying evolution. It highlights the dynamic
nature of genomes and the complex processes that drive
genetic variation and evolutionary change. By studying
Z-DNA and its effects on genomic stability, we can bet-
ter understand how genetic diversity arises and how new
traits evolve in natural populations.
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Other Non-B DNA

Non-B DNA structures, such as G-quadruplexes, cruci-
forms, and triplex DNA, play significant roles in genomic
regulation, stability, and evolutionary processes [21, 77,
82, 83]. These structures interact extensively with the
epigenetic landscape, affecting DNA methylation, his-
tone modifications, and chromatin remodeling [82]. Such
interactions are crucial for understanding the complex
regulatory networks that control gene expression and
maintain genome stability. By facilitating mutations,
recombination, and genomic rearrangements, non-B
DNA structures contribute to genetic diversity and evo-
lutionary processes [6, 77, 82], essential for organisms’
adaptation to changing environments and developing
new traits. These structures add layers of complexity and
regulation beyond the canonical B-DNA form, enhancing
phenotypic diversity and adaptability.

G-quadruplexes are four-stranded DNA structures
formed by guanine-rich sequences commonly found in
telomeres, promoter regions, and other genomic loca-
tions [84—86]. They play critical roles in regulating gene
expression by influencing the binding of transcription
factors. In telomeres, G-quadruplexes help protect chro-
mosome ends from degradation and fusion, thereby
maintaining genomic stability [87—89]. Their therapeutic
potential is currently being explored in cancer treatment,
as stabilizing G-quadruplexes can inhibit cancer cell
proliferation [90-95]. Future research aims to identify
G-quadruplex-forming sequences across different spe-
cies and develop high-throughput methods to study their
dynamics in vivo [96—98].

Cruciform DNA structures form when palindromic
sequences create hairpin loops, resulting in a cross-
shaped configuration [99-101]. These structures initiate
DNA replication and regulate DNA repair processes by
acting as signals for protein binding [99, 100, 102]. While
cruciform structures can promote genetic diversity
through genomic rearrangements, they can also poten-
tially cause genomic instability [21]. Understanding this
balance is crucial for insights into genome maintenance
and evolution. Future research directions may include
investigating the formation and resolution of cruciform
DNA under various conditions and visualizing these
structures in live cells.

Triplex DNA involves a third DNA strand binding to
the major groove of a B-DNA duplex, forming a triple-
stranded structure [103—-105]. This can interfere with
transcription factor binding, thereby regulating gene
expression [106]. Triplex DNA also affects recombination
and genomic rearrangements, contributing to genetic
diversity and evolution [21]. Its therapeutic poten-
tial in gene editing and regulation is significant [21]. Its
therapeutic potential in gene editing and regulation is
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substantial [104, 107-109], with future studies focusing
on triplex DNA’s stability and formation conditions in
different genomic contexts.

Technological advancements, such as single-molecule
imaging, high-throughput sequencing, and CRISPR-
based tools [110-115], enhance our ability to study
non-B DNA structures. High-throughput sequencing
technologies, such as ChIP-seq and ATAC-seq, can map
the distribution of Z-DNA motifs and associated chro-
matin features across the genome [116—118]. These tech-
nologies allow for precise manipulation and observation
of these structures in live cells, providing deeper insights
into their functions. Targeting non-B DNA structures
offers promising therapeutic avenues for treating various
diseases, including cancer, genetic disorders, and neuro-
degenerative diseases. Drugs and molecules that specifi-
cally interact with these structures could modulate gene
expression and genomic stability in a controlled manner.

Understanding the roles of various non-B DNA struc-
tures, including Z-DNA, provides a comprehensive
view of the molecular mechanisms underlying genomic
regulation, stability, and evolution. These structures
play critical roles in gene expression, genome stability,
and the generation of phenotypic diversity, highlighting
their importance in the dynamic nature of genomes and
organisms’ evolutionary processes. Continued research
and technological advancements will uncover the diverse
functions of non-B DNA structures and their potential
applications in medicine and biotechnology.

Conclusion
This study offers significant insights into the role of
Z-DNA in avian genomes, particularly regarding its
impact on genomic stability, gene regulation, and pheno-
typic diversity. Our analysis reveals that Z-DNA motifs
are predominantly located in promoter regions, suggest-
ing a potential role in regulating gene expression. The
variation in Z-DNA density across different bird species
indicates that these structures may contribute to species-
specific regulatory mechanisms and evolutionary adap-
tations. We identified a negative correlation between
Z-DNA density and developmental time in birds, sug-
gesting that species with shorter developmental periods
tend to have higher Z-DNA densities. This finding high-
lights the potential role of Z-DNA in influencing the tim-
ing and regulation of development in avian species.
Additionally, the association between Z-DNA density
and traits such as body mass, egg mass, and genome
size underscores the complex interactions between
genome architecture and phenotypic characteristics.
The enrichment of Z-DNA motifs in genes involved
in nucleic acid binding, kinase activity, and transla-
tion regulation suggests that Z-DNA may play a crucial
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role in fine-tuning the expression of genes essential for
maintaining cellular functions and responding to envi-
ronmental changes. The potential for Z-DNA to induce
genomic instability, leading to large-scale deletions or
rearrangements, further underscores its role in facili-
tating phenotypic diversity and adaptive evolution.

Overall, this study highlights the importance of
Z-DNA as a dynamic element in the avian genome,
contributing to gene expression regulation, genomic
stability maintenance, and the generation of pheno-
typic diversity. Future research should experimentally
validate these associations and explore the specific
molecular mechanisms through which Z-DNA influ-
ences avian biology. Understanding these dynamics will
provide deeper insights into the evolutionary processes
that shape bird genomes and their adaptation to diverse
ecological niches.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-024-11039-x.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements

The authors would like to express their sincere gratitude to Profs. Isheng
Jason Tsai, Wen-Hsiung Li, Cheng-Ming Chuong, and Chia-Wei Li for their
long-standing collaboration and invaluable support. Special thanks are

also extended to Prof. Li-Yaung Kuo for providing essential computational
resources and to the reviewers for their constructive feedback. We are grateful
to Taiwan’s National Center for High-performance Computing (NCHC) for sup-
plying the computational and storage resources that made this work possible.

Authors’ contributions

H.C.C. conceived the study. YRW. and CS.N. designed the study. SM.C, SD.L,
and LTL. performed the yeast experiments. YRW,, JJ.L, and CS.N. analyzed
the data. YRW. and CSN. interpreted the results. CR.C. and C.Y.L. provided
essential equipment and agents. C.FC. contributed to sample collection. C.S.N.
obtained the funding. YRW, LT.L, and C.S.N. wrote the manuscript. All authors
contributed to the editing of and approved the final manuscript.

Funding

This research was funded by the National Science and Technology Council,
Taiwan (formerly Ministry of Science and Technology, Taiwan) (Grant nos.
MOST 107-2311-B-007-008-MY3 and NSTC 112-2628-B-007-003-); and the
Bioresource Conservation Research Center of National Tsing Hua University
and the iEGG and Animal Biotechnology Center of National Chung Hsing Uni-
versity from the Feature Areas Research Center Program within the framework
of the Higher Education Sprout Project by the Ministry of Education, Taiwan.
The funders had no role in the study’s design, data collection and analysis,
publication decision, or manuscript preparation.

Data availability

All raw data were deposited in the figshare with DOI nos. 10.6084/
m9.figshare.26925115 and 10.6084/m9.figshare.26924593.

Declarations

Ethics approval and consent to participate
Not applicable.

Page 150f 17

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 11 September 2024 Accepted: 13 November 2024
Published online: 21 November 2024

References

1. Eun HM. Enzymes and Nucleic Acids. In: Enzymology primer for recom-
binant DNA technology. Edited by Eun HM. Cambridge, MA: Academic
Press; 1996.

2. Wang AJ, Quigley GJ, Kolpak FJ, van der Marel G, van Boom JH, Rich A.
Left-handed double helical DNA: variations in the backbone conforma-
tion. Science. 1981;211(4478):171-6.

3. Wang AH, Quigley GJ, Kolpak FJ, Crawford JL, van Boom JH, van der
Marel G, Rich A. Molecular structure of a left-handed double helical
DNA fragment at atomic resolution. Nature. 1979,282(5740):680-6.

4. Rich A, Zhang S. Timeline: Z-DNA: the long road to biological function.
Nat Rev Genet. 2003;4(7):566-72.

5. Ravichandran S, Subramani VK, Kim KK. Z-DNA in the genome: from
structure to disease. Biophys Rev. 2019;11(3):383-7.

6. Zhao J, Bacolla A, Wang G, Vasquez KM. Non-B DNA structure-induced
genetic instability and evolution. Cell Mol Life Sci. 2010;67(1):43-62.

7. Hamada H, Kakunaga T. Potential Z-DNA forming sequences are highly
dispersed in the human genome. Nature. 1982;298(5872):396-8.

8. ThamannTJ, Lord RC, Wang AH, Rich A. The high salt form of poly(dG-
dC).Poly(dG-dC) is left-handed Z-DNA: Raman spectra of crystals and
solutions. Nucleic Acids Res. 1981;9(20):5443-57.

9. Behe M, Felsenfeld G. Effects of methylation on a synthetic polynucleo-
tide: the B-Z transition in poly(dG-m5dC).Poly(dG-m5dC). Proc Natl
Acad Sci U S A.1981;78(3):1619-23.

10.  Singleton CK, Klysik J, Stirdivant SM, Wells RD. Left-handed Z-DNA is
induced by supercoiling in physiological ionic conditions. Nature.
1982;299(5881):312-6.

11, Klysik J, Stirdivant SM, Larson JE, Hart PA, Wells RD. Left-handed
DNA in restriction fragments and a recombinant plasmid. Nature.
1981;290(5808):672-7.

12. Rich A, Nordheim A, Wang AH. The chemistry and biology of left-
handed Z-DNA. Annu Rev Biochem. 1984:53:791-846.

13. Nordheim A, Rich A.The sequence (dC-dA)n X (dG-dT)n forms left-
handed Z-DNA in negatively supercoiled plasmids. Proc Natl Acad Sci U
S A.1983;80(7):1821-5.

14.  Haniford DB, Pulleyblank DE. Facile transition of poly[d(TG) x
d(CA)] into a left-handed helix in physiological conditions. Nature.
1983;302(5909):632-4.

15. Feigon J,Wang AH, van der Marel GA, van Boom JH, Rich A. Z-DNA
forms without an alternating purine-pyrimidine sequence in solution.
Science. 1985;230(4721):82-4.

16.  Wittig B, Dorbic T, Rich A. Transcription is associated with Z-DNA forma-
tion in metabolically active permeabilized mammalian cell nuclei. Proc
Natl Acad Sci U S A. 1991,88(6):2259-63.

17. Ray BK, Dhar S, Shakya A, Ray A. Z-DNA-forming silencer in the first exon
regulates human ADAM-12 gene expression. Proc Natl Acad Sci U S A.
2011;108(1):103-8.

18. Wang G, Christensen LA, Vasquez KM. Z-DNA-forming sequences gen-
erate large-scale deletions in mammalian cells. Proc Natl Acad Sci U S A.
2006;103(8):2677-82.

19. Wang G, Carbajal S, Vijg J, DiGiovanni J, Vasquez KM. DNA
structure-induced genomic instability in vivo. J Natl Cancer Inst.
2008;100(24):1815-7.

20. McKinney JA, Wang G, Mukherjee A, Christensen L, Subramanian SHS,
Zhao J, Vasquez KM. Distinct DNA repair pathways cause genomic
instability at alternative DNA structures. Nat Commun. 2020;11(1):236.

21. Makova KD, Weissensteiner MH. Noncanonical DNA structures are driv-
ers of genome evolution. Trends Genet. 2023;39(2):109-24.


https://doi.org/10.1186/s12864-024-11039-x
https://doi.org/10.1186/s12864-024-11039-x

Wang et al. BMC Genomics

22.
23.
24,
25.

26.

27.

28.

29.

30.

31

32

33.

34

35.

36.

37.

38.

39.

40.

41,
42,
43,
44,

45.

46.

(2024) 25:1123

Blaho JA, Wells RD. Left-handed Z-DNA and genetic recombination.
Prog Nucleic Acid Res Mol Biol. 1989,37:107-26.

Zhang D, Zhu L, Gao Y, Wang Y, Li P. RNA editing enzymes: structure,
biological functions and applications. Cell Biosci. 2024;14(1):34.

Kim C. How Z-DNA/RNA binding proteins shape homeostasis, inflam-
mation, and immunity. BMB Rep. 2020;53(9):453-7.

Wang G, Christensen L, Vasquez KM. Methods to Study Z-DNA-Induced
genetic instability. Methods Mol Biol. 2023;2651:227-40.

Sfeir A, Symington LS. Microhomology-mediated end joining: a back-
up survival mechanism or dedicated pathway? Trends Biochem Sci.
2015;40(11):701-14.

Kratochwil CF, Meyer A. Fragile DNA contributes to repeated evolution.
Genome Biol. 2019;20(1):39.

Xie KT, Wang G, Thompson AC, Wucherpfennig JI, Reimchen TE, Mac-
Coll ADC, Schluter D, Bell MA, Vasquez KM, Kingsley DM. DNA fragility
in the parallel evolution of pelvic reduction in stickleback fish. Science.
2019;363(6422):81-4.

Chan YF, Marks ME, Jones FC, Villarreal G Jr, Shapiro MD, Brady SD,
Southwick AM, Absher DM, Grimwood J, Schmutz J, et al. Adaptive
evolution of pelvic reduction in sticklebacks by recurrent deletion of a
Pitx1 enhancer. Science. 2010;327(5963):302-5.

Domyan ET, Kronenberg Z, Infante CR, Vickrey Al, Stringham SA, Bruders
R, Guernsey MW, Park S, Payne J, Beckstead RB, et al. Molecular shifts in
limb identity underlie development of feathered feet in two domestic
avian species. Elife. 2016;5: €12115.

Bortoluzzi C, Megens HJ, Bosse M, Derks MFL, Dibbits B, Laport K,
Weigend S, Groenen MAM, Crooijmans R. Parallel genetic origin of Foot
Feathering in Birds. Mol Biol Evol. 2020;37(9):2465-76.

Li J, Lee M, Davis BW, Lamichhaney S, Dorshorst BJ, Siegel PB, Anders-
son L. Mutations upstream of the TBX5 and PITX1 transcription factor
genes are associated with feathered legs in the domestic chicken. Mol
Biol Evol. 2020;37(9):2477-86.

Rouco R, Bompadre O, Rauseo A, Fazio O, Peraldi R, Thorel F, Andrey G.
Cell-specific alterations in Pitx1 regulatory landscape activation caused
by the loss of a single enhancer. Nat Commun. 2021;12(1):7235.
Kragesteen BK, Spielmann M, Paliou C, Heinrich V, Schopflin R, Esposito
A, Annunziatella C, Bianco S, Chiariello AM, Jerkovic |, et al. Dynamic 3D
chromatin architecture contributes to enhancer specificity and limb
morphogenesis. Nat Genet. 2018;50(10):1463-73.

Spielmann M, Brancati F, Krawitz PM, Robinson PN, Ibrahim DM, Franke
M, Hecht J, Lohan S, Dathe K, Nardone AM, et al. Homeotic arm-to-leg
transformation associated with genomic rearrangements at the PITX1
locus. Am J Hum Genet. 2012;,91(4):629-35.

lkeno M, Grimes B, Okazaki T, Nakano M, Saitoh K, Hoshino H, McGill

NI, Cooke H, Masumoto H. Construction of YAC-based mammalian
artificial chromosomes. Nat Biotechnol. 1998;16(5):431-9.

Wang G, Zhao J, Vasquez KM. Methods to determine DNA structural
alterations and genetic instability. Methods. 2009;48(1):54-62.
Callahan JL, Andrews KJ, Zakian VA, Freudenreich CH. Mutations in yeast
replication proteins that increase CAG/CTG expansions also increase
repeat fragility. Mol Cell Biol. 2003;23(21):7849-60.

Polleys EJ, Freudenreich CH. Genetic assays to study repeat fragility in
Saccharomyces cerevisiae. Methods Mol Biol. 2020;2056:83-101.
Wade-Martins R, James MR, Frampton J. Long-term stability of large
insert genomic DNA episomal shuttle vectors in human cells. Nucleic
Acids Res. 1999;27(7):1674-82.

Garcia-Ojalvo J, Bulut-Karslioglu A. On time: developmental timing
within and across species. Development. 2023;150(14):dev201045.
Holt WV, Comizzoli P. Conservation biology and reproduction in a time
of developmental plasticity. Biomolecules. 2022;12(9):1297.

Grzywacz B, Skorka P. Genome size versus geographic range size in
birds. PeerJ. 2021,9: €10868.

Wright NA, Gregory TR, Witt CC. Metabolic ‘engines’ of flight drive
genome size reduction in birds. Proc Biol Sci. 2014;281(1779):20132780.
Cer RZ, Donohue DE, Mudunuri US, Temiz NA, Loss MA, Starner NJ,
Halusa GN, Volfovsky N, Yi M, Luke BT, et al. Non-B DB v2.0: a database of
predicted non-B DNA-forming motifs and its associated tools. Nucleic
Acids Res. 2013:41(Database issue):D94-100.

Cer R, Bruce K, Donohue D, Temiz N, Mudunuri U, Yi M, Volfovsky N,
Bacolla A, Luke B, Collins J. Searching for non-B DNA-forming motifs

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 16 of 17

using nBMST (non-B DNA moitif search tool). Curr Protocols Hum Genet.
2012;73(1):18 11-18.17. 22.

Asakura Y, Kikuchi Y, Yanagida M. A cruciform in the direct repeats of the
yeast 2 micron DNA: selective S1 nuclease cleavage at one of the three
homologous palindromes. J Biochem. 1985;98(1):41-7.

Pestov DG, Dayn A, Siyanova EY, George DL, Mirkin SM. H-DNA

and Z-DNA in the mouse c-Ki-ras promoter. Nucleic Acids Res.
1991;19(23):6527-32.

Yella VR, Vanaja A. Computational analysis on the dissemination of
non-B DNA structural motifs in promoter regions of 1180 cellular
genomes. Biochimie. 2023;214(Pt A):101-11.

Raney BJ, Barber GP, Benet-Pages A, Casper J, Clawson H, Cline

MS, Diekhans M, Fischer C, Navarro Gonzalez J, Hickey G, et al. The
UCSC Genome Browser database: 2024 update. Nucleic Acids Res.
2024;52(D1):D1082-8.

Jetz W, Thomas GH, Joy JB, Hartmann K, Mooers AO. The global diversity
of birds in space and time. Nature. 2012;491(7424):444-8.

Drummond AJ, Rambaut A. BEAST: bayesian evolutionary analysis by
sampling trees. BMC Evol Biol. 2007;7: 214.

Pennell MW, Eastman JM, Slater GJ, Brown JW, Uyeda JC, FitzJohn RG,
Alfaro ME, Harmon LJ. Geiger v2.0: an expanded suite of methods for
fitting macroevolutionary models to phylogenetic trees. Bioinformatics.
2014;30(15):2216-8.

Revell LJ. Phytools: an R package for phylogenetic comparative biology
(and other things). Methods Ecol Evol. 2012;3(2):217-23.

Cooney CR, Sheard C, Clark AD, Healy SD, Liker A, Street SE, Troisi CA,
Thomas GH, Szekely T, Hemmings N, et al. Ecology and allometry
predict the evolution of avian developmental durations. Nat Commun.
2020;11(1):2383.

Sheard C, Neate-Clegg MHC, Alioravainen N, Jones SEI, Vincent C,
MacGregor HEA, Bregman TP, Claramunt S, Tobias JA. Ecological drivers
of global gradients in avian dispersal inferred from wing morphology.
Nat Commun. 2020;11(1):2463.

Ho L, Ane C. A linear-time algorithm for Gaussian and non-gaussian
trait evolution models. Syst Biol. 2014;63(3):397-408.

Huang da W, Sherman BT, Lempicki RA. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat
Protoc. 2009;4(1):44-57.

Sherman BT, Hao M, Qiu J, Jiao X, Baseler MW, Lane HC, Imamichi T,
Chang W. DAVID: a web server for functional enrichment analysis and
functional annotation of gene lists (2021 update). Nucleic Acids Res.
2022;50(W1):W216-21.

Kapusta A, Suh A, Feschotte C. Dynamics of genome size evolution in
birds and mammals. Proc Natl Acad Sci U S A. 2017;114(8):E1460-9.
Burt DW. Origin and evolution of avian microchromosomes. Cytogenet
Genome Res. 2002;96(1-4):97-112.

Kapusta A, Suh A. Evolution of bird genomes-a transposon’s-eye view.
Ann N'Y Acad Sci. 2017;1389(1):164-85.

Organ CL, Shedlock AM, Meade A, Pagel M, Edwards SV. Origin of

avian genome size and structure in non-avian dinosaurs. Nature.
2007;446(7132):180-4.

Wang G, Vasquez KM. Z-DNA, an active element in the genome. Front
Biosci. 2007;12:4424-38.

Herbert A, Rich A. The biology of left-handed Z-DNA. J Biol Chem.
1996;271(20):11595-8.

Billerman SM, Keeney BK, Rodewald PG, Schulenberg TS, editors. Birds
of the World. Ithaca, NY, USA: Cornell Laboratory of Ornithology; 2022.
Georgakopoulos-Soares |, Victorino J, Parada GE, Agarwal V, Zhao J,
Wong HY, Umar MI, Elor O, Muhwezi A, An JY et al. High-throughput
characterization of the role of non-B DNA motifs on promoter function.
Cell Genom. 2022,2(4):100111.

Shin SI, Ham'S, Park J, Seo SH, Lim CH, Jeon H, Huh J, Roh TY. Z-DNA-
forming sites identified by ChIP-Seq are associated with actively tran-
scribed regions in the human genome. DNA Res. 2016;23(5):477-86.
Oh DB, Kim YG, Rich A. Z-DNA-binding proteins can act as potent
effectors of gene expression in vivo. Proc Natl Acad Sci U S A.
2002;99(26):16666-71.

Wong B, Chen S, Kwon JA, Rich A. Characterization of Z-DNA as a
nucleosome-boundary element in yeast Saccharomyces cerevisiae.
Proc Natl Acad Sci U S A. 2007;104(7):2229-34.



Wang et al. BMC Genomics

71

72.

73.

74.
75.

76.
77.

78.

79.

80.

81.
82.

83.

84.

85.

86.
87.
88.
89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

(2024) 25:1123

Del Mundo IMA, Vasquez KM, Wang G. Modulation of DNA structure
formation using small molecules. Biochim Biophys Acta Mol Cell Res.
2019;1866(12): 118539.

Kang HJ, Le TV, Kim K, Hur J, Kim KK, Park HJ. Novel interaction of the
Z-DNA binding domain of human ADART with the oncogenic c-Myc
promoter G-quadruplex. J Mol Biol. 2014;426(14):2594-604.

Herbert A. The ancient Z-DNA and Z-RNA specific zalpha fold has
evolved modern roles in immunity and transcription through the
natural selection of flipons. R Soc Open Sci. 2024;11(6):240080.

Herbert A. Z-DNA and Z-RNA in human disease. Commun Biol. 2019,2:7.
Marshall PR, Zhao Q, Li X, Wei W, Periyakaruppiah A, Zajaczkowski EL,
Leighton LJ, Madugalle SU, Basic D, Wang Z, et al. Dynamic regulation
of Z-DNA in the mouse prefrontal cortex by the RNA-editing enzyme
Adar1 is required for fear extinction. Nat Neurosci. 2020;23(6):718-29.
SunY, Miao N, Sun T. Detect accessible chromatin using ATAC-sequenc-
ing, from principle to applications. Hereditas. 2019;156:29.

Bansal A, Kaushik S, Kukreti S. Non-canonical DNA structures: diversity
and disease association. Front Genet. 2022;13: 959258.

Satange R, Jin P, Hou MH, Rode AB. Editorial: non-canonical nucleic acid
structures, functions and their applications for understanding human
genetic diseases. Front Genet. 2023;14: 1188978.

Maelfait J, Rehwinkel J. The Z-nucleic acid sensor ZBP1 in health and
disease. J Exp Med. 2023;220(8):e20221156.

Zhang K, SuiY, LiWL, Chen G, Wu XC, Kokoska RJ, Petes TD, Zheng

DQ. Global genomic instability caused by reduced expression

of DNA polymerase epsilon in yeast. Proc Natl Acad Sci U S A.
2022;119(12):€2119588119.

Pikor L, Thu K, Vucic E, Lam W. The detection and implication of genome
instability in cancer. Cancer Metastasis Rev. 2013;32(3-4):341-52.
Duardo RC, Guerra F, Pepe S, Capranico G. Non-B DNA structures as a
booster of genome instability. Biochimie. 2023;214(Pt A):176-92.
Mellor C, Perez C, Sale JE. Creation and resolution of non-B-DNA
structural impediments during replication. Crit Rev Biochem Mol Biol.
2022;57(4):412-42.

Spiegel J, Adhikari S, Balasubramanian S. The structure and function of
DNA G-Quadruplexes. Trends Chem. 2020;2(2):123-36.

ChenY, Yang D. Sequence, stability, and structure of G-quadruplexes
and their interactions with drugs. Curr Protoc Nucleic Acid Chem 2012,
Chap. 17:Unit17 15.

Sato K, Knipscheer P. G-quadruplex resolution: from molecular mecha-
nisms to physiological relevance. DNA Repair (Amst). 2023;130: 103552.
O'Sullivan RJ, Karlseder J. Telomeres: protecting chromosomes against
genome instability. Nat Rev Mol Cell Biol. 2010;11(3):171-81.

Bryan TM. G-Quadruplexes at Telomeres: Friend or foe? Molecules.
2020;25(16):3686.

Paeschke K, McDonald KR, Zakian VA. Telomeres: structures in need of
unwinding. FEBS Lett. 2010;584(17):3760-72.

Han ZQ, Wen LN. Application of G-quadruplex targets in gastroin-
testinal cancers: advancements, challenges and prospects. World J
Gastrointest Oncol. 2023;15(7):1149-73.

Shalaby T, Fiaschetti G, Nagasawa K, Shin-ya K, Baumgartner M, Grotzer
M. G-quadruplexes as potential therapeutic targets for embryonal
tumors. Molecules. 2013;18(10):12500-37.

Roxo C, Zielinska K, Pasternak A. Bispecific G-quadruplexes as inhibitors
of cancer cells growth. Biochimie. 2023,;214(Pt A):91-100.

Kosiol N, Juranek S, Brossart P, Heine A, Paeschke K. G-quadruplexes: a
promising target for cancer therapy. Mol Cancer. 2021;20(1):40.
Alessandrini |, Recagni M, Zaffaroni N, Folini M. On the road to fight can-
cer: the potential of G-quadruplex ligands as Novel Therapeutic agents.
Int J Mol Sci. 2021;22(11):5947.

Lopes-Nunes J, Oliveira PA, Cruz C. G-Quadruplex-based drug delivery
systems for cancer therapy. Pharmaceuticals (Basel). 2021;14(7):671.
Galli S, Flint G, Ruzickova L, Di Antonio M. Genome-wide mapping of
G-quadruplex DNA: a step-by-step guide to select the most effective
method. RSC Chem Biol. 2024;5(5):426-38.

Dai Y, Teng X, Zhang Q, Hou H, Li J. Advances and challenges in iden-
tifying and characterizing G-quadruplex-protein interactions. Trends
Biochem Sci. 2023;48(10):894-909.

Dell'Oca MC, Quadri R, Bernini GM, Menin L, Grasso L, Rondelli D, Yazici
O, Sertic S, Marini F, Pellicioli A, et al. Spotlight on G-Quadruplexes: from

99.

100.

101.

106.

108.

12,

13,

114.

Page 17 of 17

structure and modulation to physiological and pathological roles. Int J
Mol Sci. 2024;25(6):3162.

Bowater RP, Bohalova N, Brazda V. Interaction of proteins with inverted
repeats and cruciform structures in nucleic acids. Int J Mol Sci.
2022;23(11):6171.

Brazda V, Laister RC, Jagelska EB, Arrowsmith C. Cruciform structures are
a common DNA feature important for regulating biological processes.
BMC Mol Biol. 2011;12: 33.

Poggi L, Richard GF. Alternative DNA structures in vivo: molecu-

lar evidence and remaining questions. Microbiol Mol Biol Rev
2021;85(1):e00110-20.

Novac O, Alvarez D, Pearson CE, Price GB, Zannis-Hadjopoulos M. The
human cruciform-binding protein, CBP, is involved in DNA replication
and associates in vivo with mammalian replication origins. J Biol Chem.
2002;277(13):11174-83.

Esguerra M, Nilsson L, Villa A. Triple helical DNA in a duplex context and
base pair opening. Nucleic Acids Res. 2014;42(18):11329-38.

Jain A, Wang G, Vasquez KM. DNA triple helices: biological conse-
quences and therapeutic potential. Biochimie. 2008,90(8):1117-30.
Chandrasekaran AR, Rusling DA. Triplex-forming oligonucleo-

tides: a third strand for DNA nanotechnology. Nucleic Acids Res.
2018;46(3):1021-37.

Leisegang MS, Warwick T, Stotzel J, Brandes RP. RNA-DNA triplexes:
molecular mechanisms and functional relevance. Trends Biochem Sci.
2024,49(6):532-44.

Li C, Zhou Z, Ren C, Deng Y, Peng F,Wang Q, Zhang H, Jiang Y. Triplex-
forming oligonucleotides as an anti-gene technique for cancer therapy.
Front Pharmacol. 2022;13: 1007723.

Mikame Y, Yamayoshi A. Recent advancements in development and
therapeutic applications of genome-targeting triplex-forming oligonu-
cleotides and peptide nucleic acids. Pharmaceutics. 2023;15(10):2515.
Knauert MP, Glazer PM. Triplex forming oligonucleotides: sequence-
specific tools for gene targeting. Hum Mol Genet. 2001;10(20):2243-51.
Nidhi S, Anand U, Oleksak P, Tripathi P, Lal JA, Thomas G, Kuca K, Tripathi
V. Novel CRISPR-Cas systems: an updated review of the current achieve-
ments, applications, and Future Research Perspectives. Int J Mol Sci.
2021,22(7):3327.

LiT,Yang Y, Qi H, Cui W, Zhang L, Fu X, He X, Liu M, Li PF, Yu T. CRISPR/
Cas9 therapeutics: progress and prospects. Signal Transduct Target Ther.
2023;8(1):36.

Lee M. Deep learning in CRISPR-Cas systems: a review of recent studies.
Front Bioeng Biotechnol. 2023;11: 1226182.

Hillary VE, Ceasar SA. A review on the mechanism and applications of
CRISPR/Cas9/Cas12/Cas13/Cas14 proteins utilized for Genome Engi-
neering. Mol Biotechnol. 2023;65(3):311-25.

Chavez M, Chen X, Finn PB, Qi LS. Advances in CRISPR therapeutics. Nat
Rev Nephrol. 2023;19(1):9-22.

Jiang F, Doudna JA. CRISPR-Cas9 structures and mechanisms. Annu Rev
Biophys. 2017,46:505-29.

Mansisidor AR, Risca VI. Chromatin accessibility: methods, mechanisms,
and biological insights. Nucleus. 2022;13(1):236-76.

Ma S, Zhang Y. Profiling chromatin regulatory landscape: insights into
the development of ChiP-seq and ATAC-seq. Mol Biomed. 2020;1(1):9.
Yan F, Powell DR, Curtis DJ, Wong NC. From reads to insight: a hitch-
hiker’s guide to ATAC-seq data analysis. Genome Biol. 2020;21(1):22.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	A comprehensive study of Z-DNA density and its evolutionary implications in birds
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	S1 nuclease test
	YAC assay
	Genomic Z-DNA and short tandem repeat (STR) motifs search
	Z-DNA and STR motif density and ancestral state reconstruction
	Phylogenetic linear regression model
	Z-DNA location analysis and gene ontology (GO)
	Data availability

	Results
	Z-DNA motifs prediction and structure determination and fragility assay
	The evolution of Z-DNA density in bird
	Developmental time predicts Z-DNA density in birds
	Positional frequency of Z-DNA in birds

	Discussion
	Z-DNA density in avian genomes
	Z-DNA in gene regulation
	Z-DNA and phenotypic diversity
	Other Non-B DNA

	Conclusion
	Acknowledgements
	References


