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ABSTRACT

G-quadruplexes (G4) are 3D structures that are found
in both DNA and RNA. Interest in this structure has
grown over the past few years due to both its im-
plication in diverse biological mechanisms and its
potential use as a therapeutic target, to name two
examples. G4s in humans have been widely studied;
however, the level of their study in other species re-
mains relatively minimal. That said, progress in this
field has resulted in the prediction of G4s structures
in various species, ranging from bacteria to eukary-
otes. These predictions were analysed in a previous
study which revealed that G4s are present in all liv-
ing kingdoms. To date, eleven different databases
have grouped the various G4s depending on either
their structures, on the proteins that might bind them,
or on their location in the various genomes. How-
ever, none of these databases contains information
on their location in the transcriptome of many of
the implicated species. The GAIA database was de-
signed so as to make this data available online in
a user-friendly manner. Through its web interface,
users can query GAIA to filter G4s, which, we hope,
will help the research in this field. GAIA is available
at: https://gaia.cobius.usherbrooke.ca

INTRODUCTION

G-quadruplexes (G4s) are non-canonical structures that
can be formed by both DNA and RNA. They are com-
posed of Hoogsten base pairings, instead of classical Wat-
son & Crick base pairings, between four guanines. This re-
sults in the formation of a planar structure that is called a
G-quartet. The G-quartets then stack on top of each other,
forming a G4 (1,2). As this structure is primarily composed
of guanine residues, and the presence of four guanines are
required in order to form a G-track, it creates a motif in

the primary sequence, known as a canonical sequence, that
follows the pattern: G3+N1−7G3+N1−7G3+N1−7G3+.

Further research revealed the existence of G4s that did
not match the canonical pattern. More precisely, four types
of non-canonical G4s have been discovered: G4s with two
Gtracks instead of the minimum three; G4s with loops
longer than seven nucleotides; G4s with a bulge in a G-
track; and, G4s possessing a nucleotide other than guanine
that can contribute to the Hoogsten pairing (3–6). All of
these non-canonical G4s should be able to fold, but they
might be less stable than the canonical one. As a conse-
quence, all of these different patterns were thus used to pre-
dict G4s (7,8). Even so, a lot of the predicted G4s (pG4s)
were found not to fold in vitro. This highlighted the fact that
G4s need to be located in a low cytosine environment (9).
Otherwise, a competition between the Watson & Crick and
Hoogsten pairings occurs. These G4s might be less stable
or might encounter difficulties to fold. Thus, new predic-
tion tools were developed in order to overcome this prob-
lem (10–12). That said, there is more and more evidence
showing that a balance between G4s and other secondary
structures is possible (13–15).

Both genome-wide or transcriptome-wide predictions
showed that G4s are omnipresent. Indeed, G4s are present
inside telomeres, centromeres, microsatellites and promot-
ers, and have been predicted to be found in both at least
60% of all transcripts and in almost all transcript classes
(5–7,15). This wide presence in sequences shows just how
important G4s are. Due to their presence in both DNA and
RNA, G4s can regulate transcription and translation, and
thus they can impact a significant number of biological pro-
cesses. For example, the folding of G4s structures located in
the 5′UTRs of mRNAs have been shown to repress mRNA
translation by preventing ribosome scanning (9). Moreover,
G4s located in pre-miRNA can prevent their maturation
and thus have an important impact on mRNA translation.
A good example of this phenomenon is the case of the hu-
man pre-miRNA-1229. Since the resulting miRNA can in-
hibit the translation of the SORL1 mRNA, which inhibits
�-secretase, a decrease in the miRNA-1229 level results in
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a decrease in the level of �-amyloid. Therefore, the folding
of this particular G4 has potential as a target to reduce the
production of �-amyloid in Alzheimer’s disease (13).

The study of G4s is thus clearly important in order to
understand how they are used as a regulatory feature in
both the genome and in gene expression. In addition, this
knowledge might help in their development as new thera-
peutic targets. Clearly, to improve our knowledge on G4s,
all data on them should be easily accessible. To our knowl-
edge, to date, there are eleven databases available on G4s
(see Supplementary Table S1). Among them, three are no
longer accessible (Plant-GQ (17), TTS mapping (18) and
GRSDB/GRSutrDB (19)). Eight of the 11 G4s databases
involve human sequences and are DNA oriented. Thus,
only three databases contain RNA data, and even then only
a few pG4s are annotated in them (specifically between 48
and 261 G4 were annotated).

It is for this reason that the GAIA (G-quAdruplexes In
Alive creature) database was developed. GAIA is a user-
friendly database with a web interface that can be used to
query a data set containing pG4s in diverse species from all
three living kingdoms.

IMPLEMENTATION

GAIA stores pG4s in a relational database using Post-
greSQL 14.0 (20). GAIA datasets were obtained through
G4RNA screener, a tool developed to predict the pres-
ence of G4s in RNA. The pG4s are available with both
their sequence and chromosomal coordinates (i.e. start,
end, strand and chromosome name). G4s were predicted on
each transcript available in release 46 of the Ensembl Com-
para database (21). From this release, 61 species were se-
lected. For more details on the prediction method, see (16).

All annotated transcripts in the Ensembl Compara
database were kept for the prediction run. All annotated
transcripts in Ensembl possess a Transcript Support Level
(TSL) which provides information as to their quality. The
TSL can be selected by the user, as can the transcript class
and the transcript location. A pG4 can be present in two lo-
cations depending on the transcript’s maturation. On a pre-
mature RNA, the pG4 will be located inside either an exon
or an intron, while in a mature RNA, the pG4 will be lo-
cated either in the coding sequences (CDS) or in an untrans-
lated region (UTR). If several transcripts overlap because
of constitutive splicing, the pG4 will be annotated many
times.

G4s are predicted using G4RNA screener (11), a tool
that produces three different scores: G4NN, cGcG and G4
Hunter. G4NN is an artificial neural network that learns
from the G4RNA database (22) whether or not a given se-
quence looks like it will fold into a G4 or not. Both cGcC
and G4 Hunter (10,12) were primarily developed to reflect
G4 stability by measuring G and C skewness. Altogether,
the higher the scores, the higher the probability that the se-
quence in question will fold and be able to generate a stable
G4.

It is expected that the release of a user-friendly website
platform is going to help the scientific community build
projects focused around G4s.

WEBSITE

The Gaia database can be accessed using the follow-
ing URL: https://gaia.cobius.usherbrooke.ca. When the
database is accessed, a default query is automatically made
and outputted. This default query is made in order to re-
trieve all G4s predicted in Escherichia coli (Ecol) (16). The
default query can always be made again by accessing the
‘Home’ page. These pG4s can be filtered through the query
field (see Supplementary Figure S1), which contains two
parts: a ‘search by’ part; and, a ‘display field’ part. For all
options, a help button is available which provides additional
information on possible criteria. In the search by area, pG4s
can be selected by genes, transcripts, sequences, transcript
classes and transcript locations. The results can also be fil-
tered depending on the species. The user can select either
multiple species or only one. If the user is interested in a
specific region, its coordinates may be entered so as to re-
strict the queries to this particular area. In this case, only
one species must be selected. Finally, it is possible to re-
strict the research to a higher score than those used dur-
ing the prediction. All of the previous options help to filter
the database. In the display field, the user is also given the
option to choose which information to display. This is ac-
complished by selecting the column name in the display field
section.

Once the user makes a query, the output is displayed
in an HTML table in which 100 rows are displayed at a
time through multiple tabs. This table can be downloaded in
three different formats. The first is a csv file that corresponds
to the table displayed on the web page. The second is a fasta
file in which all of the selected columns are concatenated
into an identifier, followed by the sequence of the pG4. Fi-
nally, a bed file format is created with the chromosome name
and the start/end coordinates for the first three columns. If
more columns are selected, they are also included in the out-
put file, after the mandatory columns.

The website was developed using Django 3.2.8 as both
a back-end and front-end tool, and Apache 2.4 as a web
server on a Ubuntu 18.04.4 LTS system.

STATISTICS

GAIA regroups a total of 3 854 805 pG4s spread through-
out all living kingdoms, among which there are 12 archaeal
species with 6 155 pG4s, 24 bacterial species with 11 002
pG4s and 25 eukaryotic species with 3 837 648 pG4s. The
number of pG4s in all species and their location/transcript
classes are presented in Table 1. The number of pG4s is
higher in eukaryotes because G4s are more predicted than
expected by chance (for more details on the method, see
(16)), but also because there are more annotated eukaryotic
transcripts. Indeed, over all eukaryotes, there is an average
of 2 transcripts per gene (for humans, the average go up to
4), while only 1 transcript per gene is annotated for both
archaea and bacteria.

All species possess pG4s, except for Francisella tularensis
and Staphylococcus aureus (Ftu and Sau, respectively), in
which no pG4 were retrieved. In Table 1, pG4 absence can
be due to either the lack of annotation (‘-’) or to the real lack
of pG4s (0). This shows that pG4s are present in all loca-
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Table 1. Number of pG4 contained in GAIA. Numbers of pG4s per species and locations/transcript class are shown in this table

Specie Exon Intron 5′UTR CDS 3′UTR
Start

codon
Stop

codon Donor Acceptor Junction Coding
Long non

coding
Short non

coding

Aaeo 80 - - 78 - 3 8 - - - 165 4 0
Acar 2338 32758 961 629 490 154 22 981 40 136 33828 4669 3
Aful 426 - - 423 - 20 24 - - - 890 3 0
Amel 1475 8990 92 1165 207 75 12 70 48 70 12203 0 1
Anid 1583 57 5 1540 27 8 171 86 9 59 3539 0 0
Apha 42 - - 39 - 5 7 - - - 91 1 1
Atha 1769 93 57 1600 89 58 25 54 169 147 4022 38 1
Babo 53 - - 52 - 5 6 - - - 116 0 0
Bbur 8 - - 8 - 0 1 - - - 17 0 0
Bsub 19 0 - 20 - 0 6 0 0 0 45 0 0
Caur 229 - - 219 - 8 47 - - - 495 8 0
Cele 610 1858 5 395 13 13 14 184 17 118 2963 128 94
Cjej 8 0 - 4 - 0 1 0 0 0 9 3 0
Ckor 699 - - 696 - 28 44 - - - 1462 5 0
Crei 48466 66405 1103 30516 16689 214 949 41303 532 1573 207750 0 0
Csym 386 - - 389 - 27 21 - - - 823 0 0
Ctra 8 - - 8 - 0 2 - - - 18 0 0
Ddic 112 1 0 106 - 4 1 2 1 1 228 0 0
Dmel 3317 29758 245 2181 556 25 67 327 5 69 35435 1109 1
Drer 4455 57477 308 2985 911 121 54 392 323 576 62275 5249 1
Ecol 78 0 - 73 - 0 15 0 0 0 159 1 0
Efae 5 - - 5 - 2 1 - - - 13 0 0
Ftul 0 0 - 0 - 0 0 0 0 0 0 0 0
Gacu 4345 26921 228 3834 247 104 82 2483 856 942 40034 0 1
Ggal 15010 162695 3193 6909 3097 1314 500 16567 691 1232 191402 17754 34
Gsul 594 0 - 585 - 15 66 0 0 0 1255 4 1
Hbut 135 0 - 133 - 9 21 0 0 0 296 2 0
Hinf 18 - - 8 - 0 1 - - - 17 10 0
Hsal 209 - - 206 - 14 15 - - - 441 1 0
Hsap 54679 1253928 9202 8747 13754 1594 811 58017 774 2920 939945 456877 64
Lmaj 1201 4 - 1142 - 36 41 1 1 1 2362 45 0
Lpne 20 - - 19 - 0 4 - - - 42 0 0
Mace 126 - - 126 - 5 12 - - - 269 0 0
Mdom 10991 186214 3330 2594 3729 381 118 7052 402 527 193604 21685 7
Mmus 29261 672515 5166 4425 8461 796 359 28190 408 1255 559933 186666 36
Mpne 26 - - 27 - 0 2 - - - 55 0 0
Msmi 1 - - 1 - 0 0 - - - 2 0 0
Mtub 564 - - 550 - 15 22 - - - 1138 4 1
Mxan 1638 - - 1630 - 104 45 - - - 3416 0 1
Ncra 6299 238 145 4592 1511 19 307 72 26 90 13265 0 0
Nequ 4 - - 3 - 0 0 - - - 6 1 0
Nmen 43 0 - 42 - 0 9 0 1 0 95 0 0
Oana 1088 34991 203 346 434 29 18 853 131 119 35490 2717 1
Osat 14847 5271 2346 10572 1308 1903 260 263 1190 448 38402 5 1
Pabe 8461 148582 2100 2626 3490 408 154 8756 255 485 175173 2 22
Paer 631 - - 621 - 30 26 - - - 1299 9 0
Phor 158 0 - 153 - 16 17 0 0 0 339 5 0
Ppat 31600 11014 15057 13654 2296 2326 512 1769 2625 1437 82289 1 0
Ptro 17863 407584 5894 6170 5090 1078 395 22497 724 1328 458626 9889 55
Sau 0 0 - 0 - 0 0 - - - 0 0 0
Scer 26 0 0 20 - 3 1 0 0 0 44 6 0
Slyc 1710 3526 115 1345 223 123 71 116 130 151 7494 16 0
Spne 4 - - 5 - 0 0 - - - 9 0 0
Spom 64 2 6 10 11 0 1 0 0 0 58 36 0
Ssol 124 - - 116 - 5 8 - - - 248 5 0
Taci 21 - - 21 - 0 5 - - - 47 0 0
Tthe 1594 - - 1588 - 55 95 - - - 3326 4 2
Vcho 25 - - 24 - 1 4 - - - 53 1 0
Vvin 3205 8638 233 2758 184 290 82 84 212 206 15880 10 2
Wend 6 - - 6 - 0 1 - - - 13 0 0
Ypes 193 - - 186 - 6 8 - - - 386 7 0

For some locations or classes, no pG4 are available in GAIA, for two reasons: the annotation was not available (represented by a ‘-’) or no pG4 were
predicted (represented by a 0).
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Figure 1. Example of overlapping pG4. (A) shows a schematic representation of ULK3 gene structure in Mdom, where pG4 are represented in purple for
the 3′UTR or orange for the 5′UTR. CDS are blue and UTRs are grey; (B) example of perfect overlapping between a 5′UTR and an exon; (C) example of
the same pG4 with different coordinates because of exon and 3′UTR coordinates differences.

tions, and in almost all species, when the annotation allows
its investigation. The locations most altered by the annota-
tion are the introns in bacteria and archaea because they are
less common in both of these kingdoms, and the UTRs be-
cause only CDS are annotated. For a more detailed analysis
of the pG4s distribution, see (16).

USE CASE

By default, a query is made on the server in order to retrieve
pG4s predicted in Ecol, without any restrictions. The user
can customise the query to make it fit his needs. If the user
desires to retrieve all pG4s from GAIA, either all species or
the 3 domains of life need to be selected.

If only human pG4s are required, they can all be down-
loaded by selecting ‘Human’ in the species selection. Other
filters can be applied at the same time, like choosing only
pG4s located in exons, or by choosing only pG4s located in
a particular gene. When looking at a specific gene, selecting
the desired species, or using the gene’s ID, might be useful
since a gene name can be found in many species. For ex-
ample, the gene ‘ULK3′ is annotated in many species and
would return pG4s in Gacu, Ggal, Hsap, Mmus, Mdom,
Pabe and Ptro. In that case, if the user had unchecked the
species name from the column, the results could be misin-
terpreted.

Column selection might also impact the number of rows
returned. Indeed, the same pG4 can be annotated in an
exon and in its CDS/UTR, and thus would appear twice
in the results (see Figure 1). If the location name column
was not selected, the pG4 would have been unique. Sim-
ilarly, in Ensembl annotation, many transcripts are anno-
tated for a gene, and pG4s will appear for each transcript
if the transcript’s ID is shown. Taken altogether, this means
that to get a unique pG4, and to avoid the redundancy of
transcript/location, the user needs to select a minimal num-

ber of columns: coordinates; strand; chromosomes; and,
sequences. In some cases, overlapping pG4s can have dif-
ferent coordinates if there is a shift between the exon and
UTR/CDS coordinates (see Figure 1C).

In order to help users, keep track of their queries, a query
file can be downloaded. This file contains options and the
criteria that were selected for the last query run.

DISCUSSION

Currently, no accessible databases provide a user-friendly
interface which permits to query pG4s data sets in the tran-
scripts from a wide variety of species. GAIA was developed
to complete the ensemble of existing G4 databases (see Sup-
plementary Table S1). In addition, it is important to note
that more than half of the currently available databases do
not grant access to experimental data but to predicted data.
GAIA could be improved in that way by providing pre-
dicted G4 as well as experimental data, but also by pro-
viding a form for the submission of user data. The devel-
opment, improvement and usage of high-throughput meth-
ods for the detection of G4s in either the whole transcrip-
tome or the genome could help for the development of more
databases that include experimental data. This would help
not only the global knowledge on G4s, but it would also im-
prove G4s prediction, a subject that is becoming more com-
plex. Indeed, as our knowledge on G4s has progressed they
have gone from a simple canonical pattern usage, to more
relaxed patterns and then finally to a score that takes into
account the nucleotide landscape. Few years ago, a study
tried to show that G4 folding in vivo is controlled by mul-
tiple DNA and RNA binding proteins as they are globally
unfolded in cells (23). A global view of G4-binding protein
landscape would be primordial in order to understand G4
folding and cell usage. A recent database, G4IPDB (24) con-
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tains 130 DNA binding proteins and 75 RNA binding pro-
teins and is a good start in this regard.

Finally, research on diverse species showed quantified G4
conservation in genomes (25–31). That said, no informa-
tion is available on G4 evolution, since their sequences are
not well conserved. Similarly, little research has been per-
formed on G4 sequence evolution. If families of G4 are
found, GAIA could be updated with it.

CONCLUSION

To date, no online database presents RNA pG4s of many
species (32–39). GAIA is a new database that contains the
predicted RNA G4s in all living kingdoms. The data set in
GAIA has been analysed in depth, and its annotation is
now fully available. The GAIA data set is accessible via a
user-friendly web interface which allows the user to easily
query the database. It is hoped that GAIA will help stim-
ulate the scientific community to work on G4s and expand
our knowledge of them outside of the human perspective.
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