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Abstract 
G-quadruplex DNA structures exhibit a profound influence on essential biological processes, 
including transcription, replication, telomere maintenance, and genomic stability. These 
structures have demonstrably shaped organismal evolution. However, a comprehensive, 
organism-wide G-quadruplex map encompassing the diversity of life has remained elusive. 
Here, we introduce Quadrupia, the most extensive and well-characterized G-quadruplex 
database to date, facilitating the exploration of G-quadruplex structures across the evolutionary 
spectrum. Quadrupia has identified G-quadruplex sequences in 108,449 reference genomes, 
with a total of 140,181,277 G-quadruplexes. The database also hosts a collection of 319,784 G-
quadruplex clusters of 20 or more members, annotated by taxonomic distributions, multiple 
sequence alignments, profile hidden Markov models and cross-references to G-quadruplex 3D 
structures. Examination of G-quadruplexes across functional genomic elements in different taxa 
indicates preferential orientation and positioning, with significant differences between individual 
taxonomic groups. For example, we find that G-quadruplexes in bacteria with a single 
replication origin display profound preference for the leading orientation. Finally, we 
experimentally validate the most frequently observed G-quadruplexes using CD-spectroscopy, 
UV melting, and fluorescent-based approaches.  
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Introduction 
DNA G-quadruplexes (G4s) are one of the most thoroughly studied non-B DNA structures. G4s 
are commonly found in GC-rich areas of a genome and are characterized by Hoogsteen base 
pairs, in which hydrogen bonds link four guanine bases into a square planar formation known as 
a G-quartet. Multiple G-quartets, stacked on top of each other, lead to the formation of G4 
structures (Spiegel et al. 2020) (Figure 1a). Their presence and formation in telomeric regions 
provided early evidence that G4s are a native DNA conformation (Parkinson et al. 2002). 
Furthermore, an array of studies have shown that G4s are involved in processes such as gene 
regulation (Spiegel et al. 2021; Georgakopoulos-Soares et al. 2022d, 2022a; Shen et al. 2021; 
Lago et al. 2021; Brooks et al. 2010; Hänsel-Hertsch et al. 2016; Li et al. 2023; Robinson et al. 
2021; Huppert et al. 2008; Lee et al. 2020), alternative splicing modulation (Georgakopoulos-
Soares et al. 2022c; Huang et al. 2017; Ghosh et al. 2023), 3D genome structure organization 
(Yuan et al. 2023; Li et al. 2021; Wulfridge et al. 2023), and translation (Georgakopoulos-Soares 
et al. 2022b; Murat et al. 2018; Bugaut and Balasubramanian 2012; Song et al. 2016; Kumari et 
al. 2007; Lyu et al. 2021), among other functions. Additionally, G4s are linked to genomic 
instability and have been associated with several diseases, including cancer and 
neurodegenerative disorders (Georgakopoulos-Soares et al. 2018; Wang et al. 2021; Wang and 
Vasquez 2023; Simone et al. 2015; Zhang et al. 2023; Makova and Weissensteiner 2023). 
 
There are several established methods for detecting G4s in silico, in vitro and in vivo and 
characterizing their formation kinetics and stability (Kwok and Merrick 2017). There are also 
efforts to develop in silico methods that identify and annotate quadruplexes in the atomic data of 
nucleic acid structures, such as ElTetrado and DSSR (Zok et al. 2020; Adamczyk et al. 2023; Lu 
et al. 2015). In vitro approaches include chemical and biophysical methods such as nuclear 
magnetic resonance (NMR) (Ida and Wu 2008; Harkness and Mittermaier 2017), circular 
dichroism (Chan et al. 2019; Del Villar-Guerra et al. 2018) and UV thermal melting (Mergny and 
Lacroix 2009). G-quadruplex sequencing methods (G4-seq and rG4-seq) use the property of 
stable G4 structures to impede DNA and RNA polymerase progression in vitro, enabling 
genome-wide or transcriptome-wide high-resolution detection of putative DNA and RNA G4s 
through high-throughput sequencing (Chambers et al. 2015; Marsico et al. 2019; Kwok et al. 
2016; Zhao et al. 2022). To detect G4s in vivo, immunostaining with antibodies specifically 
designed against G4s (Biffi et al. 2013) and ChIP-seq genome-wide approaches have been 
implemented (Hänsel-Hertsch et al. 2016). Imaging of G4 formation has been demonstrated in 
live cells using fluorescence imaging (Di Antonio et al. 2020; Summers et al. 2021). Such 
experimental approaches have enabled the derivation of patterns enabling the prediction of 
sequences that can adopt G4 DNA structures.  
 
Early computational studies showed that conserved sequence motifs can accurately capture a 
significant proportion of potential G4-forming regions (Huppert and Balasubramanian 2005). 

Since then, the consensus G4 motif, G≥3N1–7G≥3N1–7G≥3N1–7G≥3, has been used to 

quantify the number and distribution of G-quadruplexes and is utilized in numerous available 

methods and studies (Kikin et al. 2006; Huppert and Balasubramanian 2007; Zhang et al. 2008; 
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Wong et al. 2010; Cer et al. 2013). However, it has become evident that certain G4s do not 

conform to this consensus motif. Thus, additional computational approaches have since been 

implemented to capture a broader range of putative G4-forming sequences (Lombardi and 

Londoño-Vallejo 2020; Bedrat et al. 2016; Sahakyan et al. 2017; Miskiewicz et al. 2021; 
Dhapola and Chowdhury 2016; Eddy and Maizels 2006; Di Salvo et al. 2018; Garant et al. 2017; 
Belmonte-Reche and Morales 2020; Kikin et al. 2006). 
 
Previous work has characterized the distribution and frequency of G4s in species from multiple 
taxonomies. In eukaryotes, G4s are enriched at cis-regulatory elements (Spiegel et al. 2021; 
Georgakopoulos-Soares et al. 2022d, 2022a; Shen et al. 2021; Lago et al. 2021), including in 
promoters, enhancers, and CTCF binding sites, while in higher eukaryotes they have also 
emerged in proximity to splice sites to modulate alternative splicing (Georgakopoulos-Soares et 
al. 2022c). In bacteria, an analysis of 1,627 genomes revealed significant differences in the 
frequencies of G4s, with Deinococcota displaying the highest density in their genome (Bartas et 
al. 2019), while another study revealed enrichment of G4s in functional elements when 
examining eighteen prokaryotic genomes (Rawal et al. 2006). When investigating the genomes 
of archaea and viral species large differences in the frequencies and functions of G4s were also 
reported (Brázda et al. 2020; Saranathan and Vivekanandan 2019; Métifiot et al. 2014; Lavezzo 
et al. 2018). 
 
There are multiple databases focusing on the structure formation of different G4 sequences, the 
interactions of G4s with proteins and individual genes. G4IPDB is a database dedicated to 
proteins that interact with G-quadruplex-forming nucleic acid sequences (Mishra et al. 2016) 
and DSSR-G4DB is a database of G4s in the Protein Data Bank (PDB), where DSSR (Lu et al. 
2015) was employed to analyze the spatial structure of G4s (Lu 2020). Greglist is a database of 
G4 regulated genes (Zhang et al. 2008) and GRSDB2 and GRS_UTRdb are databases on G4s 
in their roles in regulation of gene expression in pre-mRNAs and mRNAs (Kikin et al. 2008).   
 
To date, there are different databases available incorporating the identification of potential G4 
DNA-forming sequences in different organisms; however, all available datasets cover a small 
number of species or taxa. Zhong et al. (2023) constructed G4Bank, a G4 database containing 
six million G4s across thirteen species (Zhong et al. 2023), while GAIA currently harbors G4s for 
61 different organismal genomes (Vannutelli et al. 2023). Another database named G4Atlas 
contains only 238 experimental G4s from 10 species (Yu et al. 2023), ProQuad contains 
quadruplex information of 146 prokaryotes (Yadav et al. 2007), G4-virus is a database of G4s 
locations in the human viruses’ genomes (Lavezzo et al. 2018) and Plant-GQ harbors G4s 
across 195 plants (Ge et al. 2019). Genome-wide G4-seq based detection of G4s was 
performed in 19 organisms (Chambers et al. 2015; Marsico et al. 2019) and rG4-seq maps in 
the genomes of Pseudomonas aeruginosa and Escherichia coli (Shao et al. 2020). Other 
databases are focused only on a small set of species or are providing a set of experimentally 
validated G4s (Qian et al. 2023; Ghosh et al. 2021; Wang et al. 2022; Li et al. 2013; Zok et al. 
2022), yet none of these databases contain a wide range of genomes, representing species 
across the taxonomic subdivisions in the tree of life. Thus, there is a gap in extensive 
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evolutionary research on G4s as there is a lack of genome-wide maps of predicted G4s across 
all species with a reference genome available. 
 
Here, we present “Quadrupia” (https://www.pavlopoulos-lab.org/quadrupia), the largest and, to 
our knowledge, most comprehensive database of putative G4 DNA-forming sequences to date, 
covering 108,534 species and encompassing 87,160,084 putative G4 DNA-forming sequences. 
The experimental validation of highly prevalent G4s across the tree of life suggests that our 
predictions in the database are accurate. We identify clusters of G4 DNA-forming sequences 
based on sequence identity and characterize the preference of each cluster in different 
taxonomies. We also perform G4 DNA analyses across the taxonomic subdivisions and at 
individual species, observing marked differences in G4 DNA density and distribution across 
functional genomic elements. For example, we discovered that G4s are strongly enriched in the 
leading strand relative to the lagging strand orientation in bacterial genomes and are enriched in 
a subset of splice junctions in specific phyla. We expect that our work will open up opportunities 
for researchers to delve into the functional, regulatory, and evolutionary origin of G4 DNA, using 
the plethora of available complete organismal genomes. 
 
Results 
 
Identification of potential G4-forming sequences in organismal genomes across the tree 
of life 
We examined 108,459 organismal reference genomes spanning the three domains of life and 
viruses and identified putative G4 DNA-forming sequences in each of them using two methods, 
namely the regex-based algorithm and the predicted G4s from the state-of-the-art G4 detection 
method G4Hunter (Bedrat et al. 2016). First, we investigated the percentage of G4s identified 
with these two algorithms that were also detected in G4-seq data for seven species (Marsico et 
al. 2019) (Supplementary Figure 1). We report that the percentage of G4s detected with 
G4Hunter that were also identified with G4-seq ranged between 44.81% and 80.56%, whereas 
for the regex-based algorithm they ranged between 65.15% and 95.87% (Supplementary 
Figure 1). For both computational methodologies we observe high concordance between the 
experimentally validated  and computationally derived G4s across all examined model 
organisms. Next, we scanned the 108,459 organismal reference genomes for G4s using the 
regex-based algorithm and G4Hunter; we find an average of 279.43 G4s per genome with the 
regex-based G4 motif detection method and 1,013.05 per genome with the G4Hunter-based 
method, observing a high degree of concordance between the number of G4s detected with 
each method for each genome (Spearman’s correlation r = 0.89, p-value = 0, Figure 1b-c; 
Supplementary Figure 2a). G4 sequences found using the regex-based algorithm and the 
G4Hunter algorithm that have at least a 50% overlap were considered common G4 sequences 
found using both methods (Figure 1c).  
 
G4s are highly GC-rich sequences; we therefore investigated the association between each 
organismal genome’s GC content and the number of G4s detected. We observe a strong 
correlation between the density of G4s and the GC content of each species, with both G4 
detection approaches (Figure 1d, Spearman’s correlations r=0.67; p-value=0 for results from 
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G4Hunter and r=0.64; p-value=0 for the regex-based algorithm). We also find a large disparity in 
the G4 motif density between genomes, for a given GC content, indicating that GC content can 
only partially account for the G4 motif density differences between organismal genomes (Figure 
1d). 
 
Next, we investigated the number of G4s observed across the taxonomies as a function of 
genome size. As expected, larger genomes harbored a larger number of G4s, with eukaryotes 
and viruses having the highest and lowest number of G4s, respectively (Figure 1e). We also 
find that there is a large dispersion within the domains of life and viruses (Figure 1e). We report 
that the species with the highest G4 motif density in their genomes based on both approaches 
are Grapevine fleck virus and Alcea yellow mosaic virus, with densities of 104.57 and 93.27 G4s 
per kb, respectively, based on the regex-based algorithm, and densities of 438.92 and 371.51 
G4s per kb, respectively, based on G4Hunter. We also examined the association between the 
proportion of the genome covered by genes and the genomic density of G4s per genome and 
observed a weak negative correlation in the case of eukaryotes (Supplementary Figure 2b 
Spearman’s correlations r=-0.25; p-value=0 for results from G4Hunter and r=-0.34; p-value=0 
for the regex-based algorithm). 
 
Characterization of G4s across taxonomic subdivisions 
Next, we investigated differences in the distribution and density of G4s between taxonomic 
subgroups. We first examined the association between the genome size and the density of G4s 
for organisms in the three domains of life and viruses. We find that there is a moderately 
positive correlation between the density of G4s and the genome size in bacteria (Spearman’s 
correlations r=0.44; p-value=0 for results from G4Hunter and r=0.51; p-value=0 for regex-based 
method) and eukaryotes (Spearman’s correlations r=0.41; p-value=0 for results from G4Hunter 
and r=0.52; p-value=0 for regex-based method). In archaea, results from G4Hunter show no 
correlation while results from the regex-based method show a very weak positive correlation 
(r=0.25; p-value=0). In viruses, no correlation between the density of G4s and the genome size 
is observed in results from either method (Figure 2a; Supplementary Table 1). We also 
examined the G4 motif density in the three domains of life and viruses. We report that the 
highest and lowest density of G4s is observed in eukaryotes (327.03 G4s per Mb) and bacteria 
(147.81 G4s per Mb), respectively, based on the results from G4Hunter. However, based on the 
G4 motifs derived from the regex-based algorithm, the highest and lowest density of G4s is 
observed in eukaryotes (82.76 G4s per Mb) and archaea (26.40 G4s per Mb) (Figure 2b; 
Supplementary Table 1). 
 
We further subdivided this analysis at the phylum level. The average G4 motif density varied 
between phyla belonging to each domain, with about 2,285-fold variation in bacteria, 1,382-fold 
in eukaryotes, 1,336-fold in viruses, and 742-fold in archaea. We observe that the top five phyla 
with the highest G4 motif density are Deinococcota, Candidatus Bipolaricaulota, Chlorophyta, 
Peploviricota, and Euglenozoa for both the G4Hunter and the regex-based algorithms (Figure 
2d), indicating strong concordance between the two G4 detection approaches used. 
Additionally, the phyla with the highest G4 motif density belong to different domains of life and 
viruses and to different kingdoms (Figure 2d; Supplementary Figure 4; Supplementary Table 
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1), highlighting the significant variability in G4 motif density between phyla belonging to the 
same taxonomic supergroup. These findings underscore the profound differences in G4 motif 
density in organismal genomes across the tree of life. 
 
Previous studies have shown a correlation between G-quadruplex sequence composition in 
viruses and their hosts (Li et al. 2022). We therefore investigated if the viruses with the highest 
G4 motif densities also have hosts with a high G4 motif density. Out of the 63,658 viral 
genomes that we analyzed in this study, we selected the top 100 viral genomes with the highest 
G4 motif density. The majority of the viruses were found to be part of the phylum Peploviricota 
(73% in G4Hunter results and 94% in results obtained from G4 motifs detected using the regex-
based algorithm) having vertebrate hosts, followed by phylum Kitrinoviricota (11% in G4Hunter 
results and 4% in results obtained from the regex-based algorithm) having plant and fungal 
hosts. Despite Peploviricota and Kitrinoviricota accounting for only 2.2% and 2.8%, respectively, 
of all the viral genomes we studied, they collectively constituted a significant proportion of the 
top 100 viruses with the highest G4 motif density. Notably, both have eukaryotic hosts which we 
found to have the highest G4 motif density among the three domains of life (Figure 2b). Further 
investigating the G4 motif densities of all viral genomes with hosts across the three domains of 
life, we found viruses with eukaryotic hosts exhibited the highest average G4 motif density 
(Figure 2c; Supplementary Table 1-2), followed by archaeal and bacterial hosts 
(Supplementary Figure 2c). A two-sample t-test indicated a statistically significant difference 
(p-value=0.0 for G4Hunter results and p-value=0.0 for G4 motifs obtained from the regex-based 
algorithm) in the average G4 motif densities between the viruses with eukaryotic and prokaryotic 
hosts, with the viruses with eukaryotic hosts having substantially higher G4 motif densities. 
These results indicate a possible association between the G4 motif densities of viruses and their 
hosts. 
 
Genomic distribution of G4s in genomic subcompartments across organismal genomes  
G4s are unevenly distributed in the human genome, and are enriched in specific sub-
compartments in which they have functional roles associated with transcription and translation 
(Spiegel et al. 2021; Georgakopoulos-Soares et al. 2022d, 2022a; Shen et al. 2021; Lago et al. 
2021; Brooks et al. 2010; Hänsel-Hertsch et al. 2016; Li et al. 2023; Robinson et al. 2021; 
Georgakopoulos-Soares et al. 2022c; Huang et al. 2017; Chen et al. 2018; Huppert et al. 2008; 
Guiblet et al. 2021b). We therefore investigated the extent to which the G4 motif density varied 
within organismal genomes, in different genomic sub-compartments, and if such differences 
were influenced by the taxonomic group studied.  
 
To that end, we examined the G4 motif density across the genome and in genic, exonic, and 
coding regions for each organismal genome across the different taxonomic groups. For the 
three domains of life and viruses, we observed that the density of G4s is highest when 
examining the whole genome, rather than any specific genomic subcompartment (Figure 3a). 
The results were consistent across both methodologies based on G4Hunter results and the 
results obtained from the regex-based algorithm. Similarly, when examining different phyla 
based on the results from G4Hunter, genomic-wide G4 distribution has the highest average G4 
motif density per Mb. However, there are some notable exceptions. In particular, the eukaryotic 

 Cold Spring Harbor Laboratory Press on June 1, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 

 

phylum Chordata indicates a higher G4 motif density in exonic and coding sequences (CDS) 
(Figure 3b). However, this analysis did not examine the G4 positioning relative to functional 
genomic sites. Based on G4Hunter methodology, we also find that in eukaryota, the median 
24.2% of total genes per species harbor one or more G4s whereas, in archaea, 10.1% of total 
genes have at least of G4 sequence per species, followed by bacteria with a 6.6% and viruses 
2.2% (Supplementary Figure 3). Furthermore, if we partition the genes into the two mutually 
exclusive sets of protein-coding and non-coding, we find in eukaryotic organisms an even higher 
median overlap of 25%, while across all four domains, the non-coding overlap is lower than its 
corresponding protein-coding (Supplementary Figure 3). These findings indicate that G4s are 
highly prevalent in sites associated with transcriptional regulation and transcription.  
 
Enrichment of G4s relative to transcription start and end sites and splice sites 
We next investigated how G4 sequences are distributed concerning transcription start sites 
(TSSs) and transcription termination sites (TESs). By comparing the varying frequencies of G4s 
near these sites across different taxonomic groups, we sought to understand potential 
differences in the regulatory roles of G4s in gene expression among taxa. For G4Hunter-based 
G4 detection, we observe that there is an enrichment of G4s in the promoter upstream regions 
for bacteria (1.84-fold enrichment), eukaryotes (1.62-fold enrichment), archaea (1.63-fold 
enrichment) and viruses (1.54-fold enrichment), while similar results were observed from G4s 
derived using the regular expression-based algorithm (Supplementary Figure 5-6). Relative to 
the TES, we found strong enrichments using the G4Hunter algorithm for archaea (1.57-fold), 
bacteria (2.18-fold), and viruses (1.77-fold), with weaker enrichment also observed for 
eukaryotes (1.18-fold), results that were consistent when using the regular expression-based 
algorithm (Supplementary Figure 5-6). 
 
When examining G4s separately in the template and non-template strands, we found that there 
were large differences in their distribution in all domains of life, both relative to the TSSs and 
TESs (Figure 4b; Supplementary Figure 7). For instance, G4 sequences found in bacteria 
and archaea were predominantly located downstream of the TES on the template strand 
(enrichments of 2.78-fold and 2.34-fold with the G4Hunter algorithm) relative to the non-
template strand (enrichments of 1.54-fold and 1.56-fold), while G4s on the non-template strand 
were more commonly found in regions preceding the TES (Kolmogorov-Smirnov test, p-
values<0.0001, Bonferroni corrected p-values) (Figure 4b). G4s were depleted in the template 
strand in the vicinity of the TES, but not in the non-template strand (Figure 4b). We further 
separated organisms from the three domains of life and viruses into the different phyla. We 
observe that the distribution of G4s relative to TSSs and TESs are highly variable between the 
different phyla (Figure 4b-c; Supplementary Figure 8-9).  
 
We next investigated how G4 sequences are distributed concerning splice sites in eukaryotic 
organisms. By comparing the varying frequencies of G4s near splice sites across different 
taxonomic groups, we sought to understand potential differences in the regulatory roles of G4s 
in splicing among taxa. We found that G4s display a remarkable enrichment in the phyla of 
Chordata and Ascomycota in the intronic area upstream of the acceptor sites and in the intronic 
area downstream of the donor sites, indicating that G4s regulate the RNA splicing for these 
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eukaryotic phyla (Figure 5a-b). For both G4 detection methods, for Chordata we observe that 
there is a roughly 3.3-fold and 2.7-fold enrichment, whereas for Ascomycota, we observed 
roughly 2.7-fold and 2.1-fold, respectively, fold enrichment on the template strand in the intron of 
the upstream splice site (3’ss). For Chordata, in the intronic area of the downstream splice site 
(5’ss), we observe a 4.2-fold enrichment for G4 motifs on the non-template strand, derived from 
the regex algorithm and a 2.1-fold enrichment for the G4Hunter-based method. Furthermore, in 
the aforementioned phyla, significant differences were observed in the corresponding template 
and non-template distributions (Figure 5a-b). For instance, G4 sequences found in Chordata 
were predominantly located in the intron preceding the ‘3ss on the template strand, while G4s 
on the non-template strand were highly enriched in the intronic area downstream of the 3’ss. In 
contrast, in Ascomycota the template strand displayed a higher enrichment than the non-
template both upstream of the '3ss and downstream of the '5ss (Figure 5c-d). This indicates 
that G4s have potential regulatory roles in splicing in Chordata, as previously shown from work 
in humans (Georgakopoulos-Soares et al. 2022c). 
 
Differences in the intervening loop length in G4 DNA between taxonomies 
As a subsequent step to our analysis, we investigated how the G4s and their associated loop 
lengths vary across the three domains of life, including viruses. For G4 motifs derived from the 
regex algorithm, we observe that the total G4 length and loop length distributions of G4s 
originating from eukaryotic or viral organismal genomes show high variance in contrast to 
archaea or bacteria that are more centralized (Supplementary Figure 10b). Moreover, viruses 
display a preference for large G4 sequences. In G4s extracted with G4Hunter, we observe that 
these differences are less pronounced, and the distribution of individual taxonomies is more 
akin to the distribution containing all organismal genomes. (Supplementary Figure 11), 
indicating that the loop length of G4s varies significantly between taxonomies.  
 
Patterns of G4s in origins of replication and replication strand polarity 
We investigated if G4s are differentially found in the forward and reverse strands in bacteria, 
relative to the origin of replication. To achieve this we generated N=1,000 equal-sized bins per 
genome, representing the distance from the origin of replication (see Methods). We used only 
bacteria with a single replication origin, which constitute the vast majority of cases to perform 
this analysis. In these, there are two diverging replication forks proceeding from the same origin 
of replication (oriC) in opposite directions until they reach the replication termination (ter). We 
mapped G4s in the forward and reverse strands in each genomic bin and observed highly 
biased distributions when comparing the relative enrichment between the two strands across 
the genome (Figure 6a-c; Supplementary Figure 11). These biases reflect a preference for 
G4s in the leading strand and a dearth in the lagging strand. At individual phyla, we observe 
strong biases in G4 preference in Baciliota and Pseudomonadota, but not in Cyanobacteria 
(Figure 6a-c; Supplementary Figure 11).  
 

To further evaluate these differences, we calculated the average GC skew levels (GC 

skew = (G − C)/(G + C)) in the different parts of the genomes of each organism in these phyla 

(Grigoriev 1998). Guanines are more abundant in the leading strand, and therefore negative GC 
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skew scores are linked to the leading strand (Merrikh and Merrikh 2018; Grigoriev 1998). Our 
observations indicate that phyla exhibiting pronounced GC skew biases between leading and 
lagging strands tend to have differences in the levels of G4s between the leading and lagging 
orientations. Conversely, in phyla such as Cyanobacteria, where the GC skew is less 
pronounced, there is less disparity in the G4 frequency between the strands. Consequently, the 
distribution of G4s between leading and lagging strands in these phyla tends to be more 
uniform. We conclude that the distribution of G4s across bacterial genomes of specific phyla 
can be profoundly biased towards the leading strand.  
 
Examination of G4s in human cis-regulatory elements and replication origin sites.  
Previous studies have found roles for G4s at origins of replication (Qiu et al. 2025; Besnard et 
al. 2012). We therefore investigated the distribution of G4s relative to sites of human origins of 
replication using maps of stochastic and core origins of replication (Akerman et al. 2020). Core 
origins of replication are independent of cell type while stochastic origins of replication are cell 
type specific (Akerman et al. 2020). We report that 74% out of the total core origins of 
replication have at least one G4 present in the vicinity, whereas only 24% of stochastic origins 
of replication had at least one G4 present, when examining G4Hunter and regex-based motifs 
together (Supplementary Figure 12). By constructing a 4kb window around the origin of 
replication, we mapped G4s on both the forward and reverse strands, revealing similar 
distributional biases as previously observed across various bacterial phyla. Consistently, G4s 
exhibited preferential positioning on the leading strand of the replication fork, a pattern detected 
using both G4Hunter and regex-based G4 identification methods (Supplementary Figure 12). 
Unlike core origins of replication, stochastic origins exhibited a more pronounced signal near the 
replication origin, with maximum enrichment reaching 1.8-fold approximately 100bp upstream 
and downstream of the origin. In contrast, core origins demonstrated a higher enrichment of 2.3-
fold on both forward and reverse strands, peaking at around 330bp from the origin of replication 
(Supplementary Figure 12). These results indicate that G4s are highly enriched at both core 
and stochastic origins of replication. We also investigated the G4 density across various cis-
regulatory elements provided by SCREEN (ENCODE Project Consortium et al. 2020) for the 
mouse and human genomes. Our findings suggest that loci with CTCF-bound, promoter-like 
signatures and promoter-like signatures display the highest G4 densities, for both human and 
the mouse (Supplementary Figure 13),  consistent with previous work (Georgakopoulos-
Soares et al. 2022a). 
 
Experimental validation of predicted G4s 
Among the twenty most frequent G4 motifs detected from the two algorithms, we selected a 
subset of potential G4 DNA-forming sequences to experimentally validate their ability to adopt 
G4 DNA in vitro using circular dichroism spectroscopy, UV-melting, and fluorescence 
measurements. These included G4 DNA-forming sequences that were highly prevalent across 
species (found in at least 2,000 species), and which were only detected either by G4Hunter or 
the consensus regex-based G4 algorithm, but not both (Supplementary Table 3). Additionally, 
the selected sequences were chosen to reflect G4 motifs found in the different domains of life 
and viruses. We conducted several spectroscopic analyses on each of the seven candidates to 
validate the formation of G4 structures. Initially, we utilized circular dichroism spectroscopy and 
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UV-melting assays on DNA oligonucleotides that contained the potential G4 DNA-forming 
sequences. These tests were done in the presence of either lithium ions (Li+), which do not 
stabilize G4s, or potassium ions (K+), which do, to assess the potential and stability of G4 
formation. Overall, a higher signal was found under K+ conditions in all CD spectra, suggesting 
the presence of G4 structures in all sequences tested (Figure 7a). The CD spectra also reveal 
different G4 topologies formed in the different sequences, including parallel, antiparallel, and 
hybrid topologies (Figure 7a). In support of the presence of G4s, our findings suggest that all 
candidates formed thermostable G4 structures under K+ conditions, which was confirmed by the 
hypochromic shift observed in all UV spectra, with the melting temperatures determined to be 
within a range of 40 to 80 °C (Figure 7b). Additionally, we employed fluorescence-based 
techniques, including the use of N-methyl mesoporphyrin IX (NMM) ligand-enhanced 
fluorescence and ISCH-oa1-enhanced fluorescence experiments (Figure 7c–d). In all cases, a 
higher fluorescent intensity was observed under K+ conditions compared to Li+ conditions, which 
indicates the formation of G4 structures in all selected sequences. 
 
Derivation of G4 clusters 
We next performed a clustering analysis across all the identified G4s in all genomes and 
grouped G4 sequences based on sequence similarity. After accounting for overlapping G4 loci, 
the final set used for clustering comprised 118,445,719 G4s, of which 88,139,047 came from 
the G4Hunter-based algorithm, 8,571,114 were derived from the regex-based algorithm, and 
21,735,558 were unique representatives of sequences reported by both methods. A total of 
6,819,259 G4 sequence groups of one or more members were produced; 319,784 of which had 
20 or more G4 sequences and were selected as the final cluster dataset. 
 
We observe that the majority of G4 clusters are of eukaryotic origin, followed by bacterial origin 
(Figure 8a). When we further separate the G4 clusters by eukaryotic taxonomic subdivisions, 
we find that non-mammalian vertebrates and plants have the largest number of G4 clusters 
(Figure 8b). The distribution of sequences based on their detection method shows that the 
majority of the clusters (263,885) contain exclusively sequences from G4Hunter (G4Hunter-
based), followed by 65,868 clusters with sequences from both methods (mixed clusters) and, 
finally, 250 clusters exclusively containing regex-derived results (regex-based). The number of 
cluster members varies substantially, with most frequent having 20-50 G4 sequence members 
for the G4Hunter-based, regex-based, and mixed clusters (Figure 8c). Out of a total of 319,784 
G4 clusters, only 135 clusters (0.04%) are mixed, meaning they are found across all four 
domains (bacteria, archaea, viruses, and eukaryota). The majority of the clusters are domain-
specific: 122,975 clusters (38.46%) are found exclusively in bacteria, 148 clusters (0.05%) are 
restricted to archaea, and 4,339 clusters (1.36%) are unique to viruses. The largest portion, 
174,435 clusters (54.56%), is found only in eukarya. Additionally, 17,880 clusters (5.59%) are 
composed of combinations across two or more domains but not all (Figure 8d).  
 
The Quadrupia website and web-interface  
The Quadrupia website contains interactive tables and drop-down menus that enable the 
selection of potential G-quadruplex DNA-forming sequences based on species names or 
accession IDs (Figure 9a). The data contained in Quadrupia can be accessed through the 
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Browse menu located on the Quadrupia navigation bar. A user can navigate the database for 
different genomes as well as taxonomic groups of bacteria, eukaryotes, archaea, and viruses. In 
the database, each genome is represented using its NCBI genome accession as its primary 
identifier (e.g. GCF_009914755.1) The user can also specify between genomes or use a 
combination of both criteria. The Quadrupia browse page displays a list of genomes that can be 
parsed to match the selected filters (Figure 9b). The user can further refine the search by 
opting to select specific species using the NCBI accession, or the species name, which takes 
the user to the specific genome entry page (Figure 9c). On this page, the user can view the 
G4s, from each of the two detection methods, associated with the selected genome. The 
information on this page includes the species name, the taxonomic ID, the taxonomic group, the 
assembly accession with an embedded link to the NCBI website, the assembly name, the 
sequencing level, and the source database. 
 
Quadrupia offers experimental validation for the G4 sequences of selected genomes in three 
forms: 1) genomic coordinate matches to experimentally validated G4 sequences, as described 
in the study by Marsico et al, 2019 (Marsico et al. 2019), 2) mapping of G4 sequences to the 
“endogenous” G4 sequences (eG4s) of the EndoQuad database (Qian et al. 2023), a repository 
of manually curated, experimentally verified G4 sequences, and, 3) sequence-based discovery 
of perfect hits to experimentally determined (X-ray crystallography and NMR) and annotated G4 
structures from ONQUADRO (Zok et al. 2022). In cases of genomes with experimentally 
determined G4 sequences, additional information is presented, namely, the number of 
experimentally determined sequences and cross-references to ONQUADRO (Figure 9c). 
 
Finally, on the genome page, the total number of G4s identified with each of the two methods is 
provided as well as the top 50 longest G4s for each of the two methods. Through the genome 
page, users can then select and see the full list of G4 sequences with additional annotation. 
Annotation features for each G4 sequence include the presence of genes (CDS or non-protein 
coding) near the its coordinates, the distance of the G4 position from the translation start (TSS) 
and end sites (TSS), the existence of structural hits to ONQUADRO (Zok et al. 2022) or 
matching eG4 entries from EndoQuad (Qian et al. 2023) and, finally, the coordinate ranges that 
overlap with experimentally verified sequences. All G4 data are available for download in 
FASTA format for the sequences and as tab-delimited tables for the annotations, through the 
download menu at the top of the Genome page. 
 
Similar to the genomes, the database allows navigating the collection of G4 clusters (Figure 
10). Each cluster in the database is represented by a unique identifier in the form of G4-
XXXXXXX (e.g. G4C-0084453) (Figure 10a). The clusters are accessible through a separate 
browser, available from the top navigation menu. Each cluster can be viewed by its distinct 
Cluster Entry page, and is accompanied by a number of annotation data, including taxonomic 
distribution, a multiple sequence alignment (MSA) and its derived hidden Markov model (HMM), 
and a centroid, representative sequence (Figure 10b-c). The MSA and HMM are available for 
visualization in the Cluster Entry page through an interactive alignment browser and a sequence 
logo viewer, respectively. In addition, the MSA and HMM raw files are available for download 
through buttons at the top of the page. Finally, in cases of clusters that have sequence 
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homology to experimentally determined G4 structures, external links to the latter are given for 
the PDB  (Berman et al. 2000)  and ONQUADRO (Zok et al. 2022) databases, and the top 
homolog structure is available for visualization through an interactive 3D structure viewer 
(Figure 10d). 
 
The database is also searchable through a dedicated Advanced Search page, as well as a 
number of Sequence Search options. The Advanced Search page allows performing complex 
queries against the database by combining multiple fields, such as the taxonomy, number of G4 
sequences and sequence detection method. The Sequence Search Option, in turn, allows users 
to perform queries against G4 sequences, G4 clusters, or utilize sequence motifs. The G4 
Sequences Search allows searching user-submitted DNA/RNA sequences against G4 
sequences through pairwise alignments performed with BLAST (blastn) (Figure 11a), while the 
G4 Clusters Search performs equivalent queries against Quadrupia’s collection of G4-clusters, 
using HMM profiles and HMMER (nhmmer) (Figure 11b). For both options, an overview of the 
results is given in table format (Figure 11c), while individual alignments can also be accessed 
on demand (Figure 11d). Complementary to the above, the Motif Search option allows users to 
submit sequence motifs as queries, either in the form of regular expressions or as IUPAC-
formatted sequences (Figure 11e). The presented results include all G4 sequences containing 
the submitted motif, with matching subsequences highlighted (Figure 11f). Any regular 
expression motif can be used for searching in Quadrupia. Finally, Quadrupia provides a 
Downloads page, which enables users to download the complete datasets and incorporate them 
in their analyses. 
 
Database statistics 
Quadrupia offers two dedicated pages displaying statistics of its contents, accessible through 
the “Statistics” option in the navigation bar. The “Database Statistics” page presents a 
breakdown of Quadrupia’s content per organism domain, including the number of available 
genome assemblies, the number of G-quadruplexes for each domain, and a distribution of G4 
clusters with respect to their most common taxonomic group. The results are offered in the form 
of interactive plots. The “G4 Density” page offers an interactive method to display the 
distribution of G4 motif density relative to the transcription start (TSS) and end sites (TES). 
Users can select and display TSS/TES plots for a specific domain (Bacteria, Archaea, 
Eukaryota or Viruses), taxonomic family (e.g. Chordata) and gene type (protein-coding or non-
protein coding). 
 
Documentation and Help pages 
The Quadrupia website has a “Documentation” page which provides background information on 
G4s and a “Help” page about how to navigate through the G4 data, the different species as well 
as how to download the reference maps. 
 
 
Discussion 
We have performed a systematic characterization of potential G4 DNA-forming sequences 
across organismal genomes spanning the tree of life, including the three domains of life and 
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viruses, diverse kingdoms, and phyla. We introduce Quadrupia, a comprehensive database 
dedicated to the study and analysis of G4 DNA. Our database encompasses genome-wide 
maps of G4 sites for 108,534 organisms, far exceeding the number of species covered in 
comparison to any other G4-associated database. Computationally predicted G4 sequences 
can be a powerful tool in discovering new G4 sites. Sequences reported in Quadrupia have high 
concordance with experimentally validated sequences using G4-seq data and we integrate 
experimentally validated G4 structures with previous databases, such as EndoQuad (Qian et al. 
2023) and ONQUADRO (Zok et al. 2022), and we also validate a subset of G4 sequences in our 
own experiments. The database incorporates searchable options using motif-based or BLAST-
based searchers. We also perform large-scale analyses on the distribution and topology of G4s 
across these organismal genomes. We find that eukaryotes are the domain with the highest G4 
motif density; nevertheless, there are large differences at the phylum level, with the phyla with 
the highest G4 motif density belonging to different domains of life and kingdoms, suggesting 
that G4s are genomic elements with high turnover between taxonomic subgroups.  
 
In our analysis of G4 data across multiple species, we have incorporated species from all three 
domains of life (bacteria, archaea, and eukarya) and viruses, as provided by NCBI. This broad 
taxonomic coverage allows for a comparative perspective on G4 distribution and conservation 
across evolutionary lineages. The presence of G4 motifs in such diverse organisms highlights 
their potential fundamental roles in genomic regulation and stability. While the evolutionary 
distances among these species vary significantly, the recurrence of G4 structures in functionally 
important genomic sites suggests that they may have emerged due to functional importance. 
This evolutionary context underscores the versatility and potential universality of G4 motifs 
across the tree of life. However, in our analysis, G4s were unevenly distributed across the three 
domains of life and viruses. Their positioning in genomic loci associated with regulatory roles, 
such as in the broader promoter regions, near transcription end sites, and in intronic regions 
close to splice sites, highlights their involvement in mediating a spectrum of important biological 
functions and mechanisms, multiple of which may have emerged independently in different 
clades. We also observe that these enrichments in regulatory regions can be taxonomy-specific. 
It is possible that G4s have dynamically evolved due to distinct environmental influences and 
different organism needs. 
 
The diversity in which G4s are distributed across different organisms, kingdoms, and phyla is 
suggestive of their intrinsic regulatory roles for various molecular functions and biological 
mechanisms. Notably, the phylum of Deinococcota displayed the highest G4 motif density using 
the two G4 detection algorithms. Moreover, significant enrichment of G4s was detected 
upstream of the TSS and downstream of the TES in the Deinococcota phylum. This is in 
accordance with a previous work (Kota et al. 2015), in which the bacteria belonging to the 
Deinococcota phylum are highly resistant to environmental hazards, with high survival rates 
when exposed to gamma or UV radiation, and in which G4s have regulatory and radioresistant 
functions (Kota et al. 2015). The phylum of Peploviricota displayed a high density of G4s, 
appearing second in G4 motifs derived from the regex algorithm and fourth using the G4Hunter 
algorithm. Viruses belonging to this phyla also constituted the majority of the top 100 viruses 
with the highest G4 motif densities. This viral phylum consists solely of a single order, 
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Herpesvirales, an order of double-stranded DNA viruses, which encompasses a variety of viral 
species that affect animal hosts.  Previous work shows that the viral cycle of the herpes simplex 
virus-1 (HSV-1) is regulated by G4s. Due to the central role of G4s in the viral cycle, G4s have 
been used as drug targets for antiviral activity (Frasson et al. 2022). Additionally, we observe 
that viruses with eukaryotic hosts have significantly higher G4 motif densities compared to 
viruses with prokaryotic hosts. This might suggest that eukaryotic viruses evolved to acquire 
higher G4 motif densities to adapt to the G4-rich environment in their eukaryotic hosts. 
However, due to the large variation in G4 motif densities at the phyla level, within the same 
domains, further studies need to be done between viruses and their hosts at lower taxonomic 
levels. 
 
Other significant G4 motif densities are found in various plant phyla such as Chlorophyta, which 
display a high overall G4 motif density and a significant enrichment in regulatory regions such 
as TSSs, TESs and splice sites. These positional tendencies of G4s in central regulatory 
regions are not limited to bacteria, viruses, or plants. We highlight a significant density of G4s in 
various eukaryotic kingdoms such as fungi and protozoa (Figure 2). Several Fungi phyla such 
as Microsporidia, Basidiomycota, and Ascomycota display a high density of G4s in their genome 
and an enrichment of G4s within the broader promoter regions,(Figure 4). For Aspergillus 
fumigatus, of the phylum Ascomycota, G4s have been associated with genes, involved with 
virulence, and implicated in drug resistance, and could be used for the identification of novel 
antifungal targets (Warner et al. 2021). Similar results have been identified amongst Protozoa, 
with the phylum of Euglonozoa displaying similar G4 enrichment in regulatory areas.  
 
In bacteria, we find that G4s are preferentially found in the leading strand during replication. 
However, we also observe that this strand asymmetry of G4s is phylum-specific and is 
associated with the GC skew levels. There is evidence that there are more guanines than 
cytosines in the leading strand in bacteria (Grigoriev 1998), which could result in a higher 
likelihood of formation of G4s. We also observe that certain phyla, such as Cyanobacteria and 
Deinococcota lack these biases, and do not have strong GC skew biases. Previous research 
has shown that the GC skew is less pronounced in Cyanobacteria (Watanabe 2020; Ohbayashi 
et al. 2020), which is consistent with our findings and which could therefore account for the 
absence of strand asymmetry between leading and lagging strands in the distribution of G4s. 
G4s can be barriers to replication fork progression (Estep et al. 2019), and the observed 
preference of G4s for the leading orientation could influence genome stability. Future work is 
required to decipher the extent to which the observed differences in the frequency of G4s on the 
leading and lagging strands impact the mutation rate in bacterial genomes. 
 
G4s are elements with increased mutagenicity and high turnover rate (Puig Lombardi et al. 
2019; Georgakopoulos-Soares et al. 2018, 2022d; Guiblet et al. 2021a). We observe that across 
taxonomic groups, the G4 motif density has extreme variation, suggesting that they are plastic 
genomic elements driving evolution (Guiblet et al. 2021b, 2021a). We also find that functional 
genomic sub-compartments show large deviations in G4 motif density between taxonomic sub-
groups, which likely reflects the emergence of different functionalities when comparing 
taxonomic clades. These findings are further supported by previous results indicating that the 
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roles of G4s in splicing have emerged during eukaryotic evolution (Georgakopoulos-Soares et 
al. 2022c) and previous findings from 37 species showing that the density of G4s has increased 
in higher eukaryotes (Wu et al. 2021). We also note that even though this trend exists in 
bacteria and eukaryotes, for archaea this trend was observed only for G4 motifs derived from 
the regex algorithm, whereas viruses did not display this property. 
 
To conclude, Quadrupia stands out as a multifaceted and user-friendly database, offering G4 
sequences and their annotations across species and taxonomic classifications as well as 
several search options. Further work is required to follow individual G4s in evolutionary lineages 
and to understand the functional roles of conserved and recently evolved G4s. Such work can 
include comparative genomics and phylogenetic analyses, enabling additional insights into 
adaptive strategies and evolutionary constraints. Finally, previous work has indicated 
differences in the stability of G4s between species (Wu et al. 2021). Future studies are required 
to examine differences in the formation likelihood, kinetics, and stability of G4s between 
disparate taxonomic groups and their implications. 
 
Methods 
Data retrieval and parsing 
Complete genomes were downloaded from the GenBank and RefSeq databases (O’Leary et al. 
2016; Benson et al. 2013). A total of 108,449 complete genomes were analyzed and integrated 
in the database. For each genome, the associated files for RNA and coding regions as well as 
the GFF gene annotation file were downloaded. Replication origins for bacteria were derived 
from DoriC Database for complete assemblies, for circular topology and for single origin of 
replication types (Dong et al. 2023). 
 
Identification of potential G4 DNA-forming sequences 
Regular expressions (referred to as the regex algorithm) were employed to generate genome-

wide G4 maps, as well as for RNA and coding regions. For each species’s genome, RNA, and 

coding regions, we generated the genome-wide DNA G4 maps using a regular expression of 

the consensus G4 motif (G ≥ 3N1-7G ≥ 3N1-7G ≥ 3N1-7G ≥ 3) (Huppert and Balasubramanian 

2007). G4s were also detected using G4Hunter with parameters of a window -w =25 and -s 1.5 
(Brázda et al. 2019; Bedrat et al. 2016), with the minimum score of 1.5 being used because it 
has a FDR < 10% as previously estimated and recommended (Bedrat et al. 2016). Since G4s 
were extracted from both GenBank and RefSeq assemblies resulting in some duplicates, unique 
G4s were obtained by prioritizing RefSeq assemblies over GenBank due to a more 
comprehensive annotation of the RefSeq assemblies. G4s with overlapping coordinates were 
merged into a single sequence before performing further analysis. Shared G4s between the 
G4Hunter and the regular expression methods were estimated using a minimum overlap of 50% 
between motifs detected from the two methods. The requirement for a minimum of 50% overlap 
needs to be satisfied by any one of the two sequences for them to be considered common 
between the two methods. 
 
Estimation of G4 motif density across genomes and genomic subcompartments 
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G4 motif density was calculated as the number of G4 base pairs over the number of base pairs 
examined. The average G4 motif density was calculated between organismal genomes within 
taxonomic groups. The G4 motif density was also examined across genomic subcompartments 
and was calculated as the length of overlap of G4s with each of the subcompartments divided 
by the total length of the subcompartments. The subcompartment coordinates were obtained 
from the corresponding GFF files and overlapping annotations within a subcompartment were 
merged. The mean G4 motif density was calculated across species belonging to the same 
taxonomy either across the genome or in genomic subcompartments. Assembly accessions 
associated with a GFF file were included in this analysis. In all organismal genomes  we used 
AGAT command line tool to annotate missing genomic subcompartments, such as missing 
exons in prokaryotic genomes (https://github.com/NBISweden/AGAT).  
 
Species that did not have  any relevant genomic compartment annotated in their GFF files were 
excluded from the analysis. The mean G4 motif density was log-transformed for the categorical 
plots and the heatmaps in Fig 3. To reduce noise, phyla with less than five species were 
excluded from the heatmap (Fig 3B). 
 
Estimation of G4 motif density relative to TSSs, TESs, replication origins and splice sites 
To investigate the relationship between G4 sites and TSSs or TESs, we generated local 
windows of 500bps long around TSSs/TESs and measured the distribution of G4 bps across the 
window. To that end we use the gene coordinates, extracted from the corresponding GFF files. 
The enrichment was calculated as the sum of G4 occurrences at each relative position across 
organismal genomes over the mean  of the resulting number of occurrences across the 
generated window. Confidence intervals were calculated as the 2.5% lowest and 97.5% highest 
percentile from Monte-Carlo simulations with replacement (N=1,000), in which we randomly 
picked an equal number of species from the domain, kingdom or phylum that was studied.  
 
Origin of Replication 
We investigated the distribution of G4s across bacterial genomes with circular chromosomes. 
To that end, we downloaded the origin of replication from the single-partite datasets from the 
DoriC database. Each organismal genome in Doric was annotated with the start and end of 
origin of replication. For each available chromosome, we derived the halfway distance from the 
oriC as (start+end)/2. Afterwards, we binned the chromosomal sequence in 1,001 bins, with bin 
500 corresponding to oriC. Due to the circular nature of the chromosome, we used the distance 
metric d(P,Q)=min(|P-Q|, ChromosomeSize-|P-Q|), in which P, and Q are any two genomic 
positions. Consequently, the bin 1,001 coincides with - is identical to bin 0, whereas 500 bin is 
identical to the replication terminus. We associated each G4 sequence to a specific bin (in rare 
cases a sufficiently large G4 was assigned to more than 1 bin), by calculating the circular 
distance on the binned chromosome for that particular G4 from oriC. The resulting binned 
distribution, consisted of bins containing the total number of G4s that have a distance of d units 
from oriC. Note that looking at the generated figure, a positive distance d>0 would translate to 
G4 sequence being located on the left rather than on the right  half-circle; since oriC is always 
placed at pi/2, assuming counterclockwise orientation. Finally, we divide each position by the 
total mean to estimate the local enrichment of G4s. This process was repeated separately for 
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G4s located on forward and on reverse strand, respectively, as well as for both G4Hunter and 
regex methodologies. These distributions were used to generate the G4 polar scatterplots in 
relation to the origin of replication, using the Matplotlib polar coordinate system. Furthermore, 
we extracted the GC-Skew for each organismal genome. To achieve this, we split the 
chromosome into windows of 25bp and calculated the GC-Skew using the formula G-C/G+C. 
Then, following the process above, we assigned to each bin of the circular chromosome the 
average GC-Skew of all the windows belonging to a particular bin. 
 
We examined the positional distribution of G4s across stochastic and core origins of replication 
in the human genome. We downloaded the stochastic and core origins of replication from 
GSE128477 (Akerman et al. 2020) for the GRCh38 reference human genome, and 
subsequently we performed a liftOver to the hs1 Telomere-to-Telomere human genome. We 
defined the replication origin as the midpoint between the start and end coordinates and 
extended a 4 kb window around it. We partitioned the G4s into two groups: forward and reverse, 
depending on the strand orientation, and subsequently we used BEDTools intersect command 
to locate the overlaps (Quinlan and Hall 2010). We counted the occurrences of G4s at a 
distance relative to the replication origin. Finally, in order to estimate the enrichment, we divided 
the previously estimated G4 occurrences by the window average. 
 
Cis-regulatory Elements 
We downloaded all the cis-regulatory element annotations from the SCREEN website 
https://screen.encodeproject.org/ by the ENCODE Project, for both human (hg38) and mouse 
(mm10) genomes (The ENCODE Project Consortium et al. 2020). For the human genome, we 
performed a liftOver to map the coordinates to hs1. Subsequently, we used BEDTools coverage 
command, to estimate the G4 densities of cis-regulatory elements found in human and mouse 
genomes.  
 
Biophysical Properties 
We investigated the biophysical properties of G4 motifs derived from the regex algorithm and 
G4Hunter, by decomposing each G4 into consecutive G-runs. A G-run is defined as any 
subsequence of G4 containing at least more than 3 consecutive guanines. Any G4 is composed 
of consecutive G-runs interrupted by a sequence that violates the pattern. We defined the loop 
as the union of all the nucleotide sequences between the G-runs. We used regular expressions 
to extract the G-runs and intervening loops for each G4 motif and thereafter we calculated the 
total frequency of each G-run length as well as the frequencies of the various loop lengths 
associated with each G4. Analyses were performed to compare the overall distribution across 
taxonomies, and at individual taxonomies.  
 
Circular dichroism (CD) spectroscopy 
Reaction samples of 2 ml containing 5 μM oligos were prepared in 10 mM LiCac (pH 7.0) and 
150 mM KCl or LiCl. The samples were mixed well and denatured by heating them at 95°C for 5 
minutes, and then cooled down to room temperature for renaturation. Data measurements were 
obtained using a Jasco CD J1500 spectrometer and a quartz cuvette with a path-length of 1 cm. 
The samples were scanned at 2 nm intervals starting from 220 nm and ending at 310 nm. The 
resulting data were blanked and normalized to obtain the mean residue ellipticity. The samples 
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were scanned 3 times and data were averaged. Analysis of all data was done in Spectra 
Manager™ Suite and Microsoft Excel. 
 
UV melting spectroscopy 
Reaction samples were prepared and renatured in accordance with the CD experiment above 
for the KCl condition, and the UV melting assay was carried out in a Cary 3500 UV-Vis Multicell 
Peltier spectrometer and a 1 cm path-length quartz cuvette sealed with thread seal tape. Data 
measurements were acquired every 0.5°C increments from 20 °C to 95 °C at 295 nm. All 
recorded data were blanked and smoothed by averaging every 10 °C. Data analysis was 
performed in Microsoft Excel. 
  
G4 ligand-enhanced fluorescence spectroscopy 
Reaction samples of 1 μM oligos were set up in 10 mM LiCac (pH 7.0) and 150 mM KCl or LiCl 
to a total volume of 100 μl and mixed well. Renaturation was conducted by heating the samples 
at 95°C for 5 minutes and cooling down at room temperature for 15 minutes. After the addition 
of 1 μM of NMM or ISCH-OA1 ligand, the fluorescence spectra of the samples were collected 
using a HORIBA FluoroMax-4 fluorescence spectrophotometer and a 1 cm path-length quartz 
cuvette. The excitation wavelengths for NMM and ISCH-OA1 were set to 394 and 570 nm 
respectively, and the spectra were collected at 550-750 nm for NMM and 590-750 nm for ISCH-
OA1. Entrance slit was set to 5 nm and exit slit was set to 2 nm, and the spectra were collected 
every 2 nm and smoothed every 3 data points. All recorded data were analyzed using Microsoft 
Excel. 
 
Sequence clustering 
Sequence clustering was performed for the combined datasets of regex- and G4Hunter-derived 
G4 sequences. Any coordinate overlaps between the two datasets were detected as described 
above, and for each set of overlapping sequences, the longest was chosen as the 
representative candidate. Clustering was performed using the Linclust algorithm (Steinegger 
and Söding 2018) implemented in MMseqs2 (Steinegger and Söding 2017). Linclust was 
chosen as it is a k-mer - based method capable of clustering hundreds of millions of sequences 
in linear time regardless of k-mer length, thus being the most efficient solution for G4s. 
Clustering was carried out with an 80% sequence identity cutoff and a 90% bidirectional 
alignment coverage threshold, ensuring that sequences are sufficiently similar to be grouped 
together. A minimum cluster size of 20 members was set, meaning that only groups with at least 
20 sequences were considered as clusters. These specific cutoff values were chosen to 
maintain the conservative characteristics of G4 motifs, which tend to be structurally and 
functionally conserved. At the same time, they aim to strike a balance by optimizing the number 
of sequences grouped into meaningful clusters, while reducing the number of sequences left 
ungrouped (singletons). This approach improves the representation of biologically relevant 
clusters without sacrificing the sensitivity required to detect subtle variations between motifs. 
Each G4 cluster was used to produce a multiple sequence alignment (MSA) with MAFFT (Katoh 
et al. 2002), applying the directional adjustment parameter to consider reverse complementarity 
and ensure proper bidirectional alignment. The centroid sequences of each cluster, as 
generated by MMseqs2, were used to guide MSA generation and were defined as the 
representative sequences of the clusters. The MSAs were used to generate profile hidden 
Markov models (pHMMs) with HMMER v. 3.3.2 (Eddy 2011). 
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Identification of G4 cluster structural representatives 
A dataset of experimentally determined G-quadruplex 3D structures was constructed by parsing 
the records of the ONQUADRO database (Zok et al. 2022) (retrieved in May 06, 2024) and 
matching them to their corresponding PDB (Berman et al. 2000) entries. The DNA sequences of 
this dataset were searched against the representative sequences of the G4 clusters using 
BLAST+ (Camacho et al. 2009). Sequence hits were identified using a sequence identity cutoff 
of 80% and an alignment coverage threshold of 90% with respect to the shortest sequence. The 
structure with the top sequence hit to a cluster (largest sequence identity, followed by largest 
alignment coverage), was chosen as the cluster’s structural representative. 
 
Mapping to experimental datasets 
For the purposes of the Quadrupia database, mapping to experimentally determined G4s was 
performed using three data sources: i) the experimentally determined G4 sequences, 
determined in the study by (Marsico et al. 2019), ii) the endogenous G4 sequences provided by 
the EndoQuad database  (Qian et al. 2023), and iii) the experimentally determined G4 3D 
structures hosted by ONQUADRO . Mapping of the Marciso et al and EndoQuad G4 sequences 
to Quadrupia was performed using the intersect function of BEDTools (Quinlan and Hall 2010), 
with a minimum coordinate overlap of 10%, as defined previously. G4-seq data derived using 
PDS and K+ conditions were concatenated and compared against computationally predicted 
G4s. For the ONQUADRO structures, matches were identified by performing BLAST searches, 
with a 100% sequence identity threshold and a 100% percent alignment coverage with respect 
to the sequence of the ONQUADRO structures, to identify G4 sequences that contain all 
features required to form a stable G4 3D structure. 
 
Database Implementation 
The front end of Quadrupia was implemented in HTML, CSS, and JavaScript. The back end is 
supported by the Apache web server and the Slim Framework v. 4.0, with server-side 
operations handled by PHP and, when required, Python. The genome metadata is stored in a 
MySQL relational database. The Quadrupia website layout is designed using the Bootstrap v. 5 
framework, jQuery, and the DataTables library. Data visualization is performed using 
MSAviewer (Yachdav et al. 2016) for MSAs, SkyLign (Wheeler et al. 2014) for sequence logos 
and Molstar (Sehnal et al. 2021) for 3D structures. Sequence queries are performed using 
BLAST+ (Camacho et al. 2009) for sequences and nhmmscan (Wheeler and Eddy 2013) for 
pHMMs. An additional option to perform motif-based queries is also offered, implemented using 
Python. 
 
Software availability 
The code for Quadrupia can be found at https://github.com/Georgakopoulos-Soares-
lab/Quadrupia and source code is also available as Supplemental Code. 
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Figure 1: Characterization of G4s across 108,534 genomes. A) Schematic illustration of a 
G4. B) Scatter plot displaying the association between the number of G4s detected per species 
using G4Hunter (x-axis) and the regex-based (y-axis) algorithms. Values on both axes are 
represented in log10 scale.  C) Venn diagram showing the number of shared G4s found by the 
two methods. The blue circle represents the total number of G4s detected across all species 
using the G4Hunter method, the red circle represents the total number of G4 motifs detected 
using the regex-based algorithm across all species, and the overlapping purple region 
represents the G4s found using both methods. D) Association between GC percentage and the 
number of G4s observed per million base pairs in each genome, based on G4s from G4Hunter 
(left) and G4 motifs detected from the regex-based algorithm (right). E)  Association between 
the length of the genome and the number of G4s detected, based on G4s from G4Hunter (left) 
and G4 motifs obtained from the regex-based algorithm (right). Values on both axes are 
represented in log10 scale. Each dot represents an organismal genome and the color represents 
the taxonomic subdivision among the three domains of life and viruses that the organism 
belongs to. The lines in B, D and E represent regression lines for the respective associations. 
 
Figure 2: Taxonomic characterization of G-quadruplexes across the tree of life. A) 
Association between genome size and average G4 motif density (per million bases), 
categorised by the taxonomic subdivision among the three domains of life and viruses that the 
organism belongs to. Each dot represents an organismal genome, and the lines in each subplot 
represent the regression line for the respective associations. Values on both axes are 
represented in log10 scale. The subplots are based on G4s from G4Hunter (top row) and from 
the regex-based algorithm (bottom row). B) Average density of G4s (per million bases) for 
organisms belonging to each domain of life and viruses. The error bars represent 95% 
confidence intervals. C) Average density of G4s (per million bases) for viral genomes, 
categorized by their host domain (Eukaryotic or Prokaryotic). The error bars represent 95% 
confidence intervals. D) Average density of G4s (per million bases) of organisms belonging to 
each phylum, based on G4s from G4Hunter (left) and G4 motifs detected using the regex-based 
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algorithm (right). The plots include the top 25 phyla having the highest average G4 motif 
densities. The error bars represent SEM (standard error of mean). 
 
Figure 3: G4 motif density in different genomic sub-compartments for organisms across 
the tree of life. A) Average G4 motif density (per million bases) in genome-wide, genic, exonic 
and coding regions, categorized by the taxonomic subdivision among the three domains of life 
and viruses that the organism belongs to. B) Average G4 motif density (per million bases) in 
genome-wide, genic, exonic and coding regions, for organisms belonging to different phyla. The 
colorbar is represented in the log10 scale. The subplots in A and B represent results based on 
G4s from G4Hunter (left) and the regex-based (right) algorithms. 
 
Figure 4: The topography of G4s relative to transcription start and transcription end sites 
across the tree of life. A) G4 distribution across the three domains of life and viruses. Results 
are shown for the template and non-template strands separately. B) Distribution of G4s relative 
to transcription start and transcription end sites across eukaryotic phyla. C) G4 distribution 
relative to transcription start sites and transcription end sites for two eukaryotic phyla, 
Basidiomycota and Euglenozoa, and two bacterial phyla, Thermomicrobiota and Deinococcota. 
Results are shown for the template and non-template strands separately. Error bars represent 
the 2.5% lowest and 97.5% highest percentile from Monte-Carlo simulations with replacement 
(N=1,000). 
 
Figure 5: The topography of G4s relative to splice sites in eukaryotic phyla. A) Distribution 
of G4s relative to 3’ss and 5’ss using G4 motifs derived from the regex algorithm and the 
G4Hunter-based algorithm for two eukaryotic phyla, Chordata and Ascomycota. B) Heatmap 
showing the enrichment of G4s relative to splice sites across different phyla for both the 
template and the non-template strand combined. Results are shown for the template and non-
template strands separately. Error bars represent the 2.5% lowest and 97.5% highest percentile 
from Monte-Carlo simulations with replacement (N=1,000). 
 
Figure 6: G4 distribution patterns relative to replication origin in bacterial phyla. Results 
shown for A) Bacillota, B) Pseudomonadota, C) Cyanobacteria. Enrichment of G4s in forward 
and reverse strand orientation are shown in yellow and pink, respectively. Results are shown for 
G4 Hunter-based and regex-based algorithms. We discretized the circular bacterial 
chromosomes in 1,001 bins, relative to oriC, for each calculating the total number of G4 
sequences divided by the total number of G4s that span the whole chromosome, to estimate the 
local enrichment of G4s. The average GC skew is also calculated and shown in purple.  
 
Figure 7: Experimentally validated G-quadruplex candidates. G4 ligand-induced G4 
spectroscopic analysis reveals the G4 DNA structure formation in selected sequences from the 
dG4 database. A) CD spectra in the presence of K+ and Li+. The overall higher signals under K+ 
conditions verify the presence of dG4 in all sequences. The positive and negative peaks at 
different wavelengths suggest different topologies were formed in different sequences, including 
parallel (negative peak at 240 nm, positive peak at 260 nm), anti-parallel (negative peak at 240 
nm, positive peaks at 240 nm and 295 nm), and hybrid (negative peak at 240 nm, positive 
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peaks at 260 nm and 295 nm) topologies. B) UV melting spectra in the presence of K+. The 
hypochromic shift observed at a wavelength of 295 nm is consistent with the presence of dG4 
structures, with the melting temperature determined as the maximum negative value of the 
hypochromic shift. C) NMM, and D) ISCH-oa1 enhanced fluorescence spectroscopy in the 
presence of K+ and Li+. The fluorescence intensity is reported in units of hundreds. The higher 
fluorescent signals under K+ conditions illustrate the dG4 structure formation in all sequences.  
 
Figure 8: Clustering analysis of G4 sequences. A) Proportion of total G4 clusters identified in 
each of the three domains of life and viruses, as well as those clusters that were found in at 
least two of these (mixed). B) Proportion of clusters observed in each of the kingdoms of life. C) 
Number of clusters based on the number of G4 sequences being members. Results are shown 
for the regex algorithm and the G4 Hunter algorithm.  D) Origin of G4 clusters as a proportion of 
total sequences. E) Number of cluster members. Sequence reads were defined as the total 
number of G4s detected within the indicated cluster.  F) Example of G4 cluster showing the loci 
of the G4 sequences, and the associated sequence alignment. 
 
Figure 9: Quadrupia browse pages for reference genomes. A) A table of species entries. By 
default 20 entries/page are shown with the following columns: Accession, Organism, Taxonomic 
Group, and number of G4s. B) The Quadrupia Genome Entry page. An example is shown for 
the genome of Homo sapiens (GCF_009914755.1). The page includes the name of the 
organism, the taxonomy ID, the taxonomic group, the assembly accession, the assembly name, 
the sequencing level, and the source database. In addition, for genomes with matches to 
experimentally validated G4 data, a section is displayed with the relevant information. C) G4s 
identified using regular expressions and G4Hunter. The output is sorted by the length of the G4 
and the table displays the source, chromosome/contig name, the start and end coordinates of 
the G4, its length, and for G4Hunter, the G4Hunter score. The table is sortable and the results 
can be downloaded. The genome page shows the top 50 largest sequences for each category, 
and the user has the option to explore the full set of G4s for each genome with additional 
annotations. 
 
Figure 10. G4 cluster search and visualization. A) The G4 cluster browser. Each cluster is 
identified by a unique identifier and is annotated by the number of associated genomes, the 
number of G4 sequences (total, by regular expression or G4Hunter), and, finally, the presence 
or absence of a 3D representative. B-D) An example G4 cluster entry page (ID: G4C-0084453). 
The entry contains the basic cluster metadata, as well as the taxonomic distribution of its 
contents (B). In addition, interactive viewers are given for the cluster’s MSA, HMM (in the form 
of a sequence logo), representative sequence (C), and, if available, 3D structure representative 
conformation (D). 
 
Figure 11: The Sequence Search Options A) G4 Sequence Search input page. Search 
options include defining the search algorithm (BLASTN), setting the word size and defining the 
match/mismatch scores and gap penalties. B) G4 Cluster Search. Users can choose which 
DNA strand to include in the search and define cutoffs for the E-value and Bit-score metrics. C-
D) Example BLAST results. An overview (C) of the results presents the basic search statistics 

 Cold Spring Harbor Laboratory Press on June 1, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 

 

(alignment length, Bit-score, E-value and % sequence identity), while the detailed results (D) 
give the full BLAST output, including a visualization of the aligned sequences. E-F). Input form 
(E) and example results (F) of the Motif Search functionality. Sequence motifs can be given as 
regular expression patterns or IUPAC sequence stretches. The results include all G4 sequences 
that match the submitted motif. 
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