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ABSTRACT

G-quadruplexes are motifs found in DNA and RNA
that can fold into tertiary structures. Until now, they
have been studied experimentally mainly in humans
and a few other species. Recently, predictions have
been made with bacterial and archaeal genomes.
Nevertheless, a global comparison of predicted G4s
(pG4s) across and within the three living kingdoms
has not been addressed. In this study, we aimed to
predict G4s in genes and transcripts of all kingdoms
of living organisms and investigated the differences
in their distributions. The relation of the predictions
with GC content was studied. It appears that GC con-
tent is not the only parameter impacting G4 predic-
tions and abundance. The distribution of pG4 densi-
ties varies depending on the class of transcripts and
the group of species. Indeed, we have observed that,
in coding transcripts, there are more predicted G4s
than expected for eukaryotes but not for archaea and
bacteria, while in noncoding transcripts, there are as
many or fewer predicted G4s in all species groups.
We even noticed that some species with the same
GC content presented different pG4 profiles. For in-
stance, Leishmania major and Chlamydomonas rein-
hardtii both have 60% of GC content, but the former
has a pG4 density of 0.07 and the latter 1.16.

INTRODUCTION

G-quadruplexes (G4s) are noncanonical tertiary structures
that use Hoogsteen base pairing between four guanines to
form G-tracks that stack on top of each other (1,2). G4s
can fold into DNA and RNA. The G4 structure is highly
stable, but the presence of a cation could improve its stabil-
ity. The monocation with the highest stabilization potential
is potassium (K+), while lithium (Li+) has a very poor stabi-
lization potential (3). These two monocation conditions are

often used to experimentally detect G4s, revealing the fold-
ing state of the sequence into a G4. Some G4s can still fold
under the Li+ condition, even if they are less stable than un-
der the K+ condition. Thus, other methods can be required
to further confirm the folding of aG4 (formore information
on G4 detection, see (4)).
G4s occur in G-rich sequences, often under the

form of well-defined motifs. The first motif discov-
ered is known as canonical G4 and follows the pattern
GxN1-7GxN1-7GxN1-7Gx where x is equal or higher than
3 and N are any nucleotides. This motif has been used
to build many prediction tools like Quadparser (5) and
QGRSmapper (6). These tools yielded an initial broad
view of the predicted G4 (pG4) sequences in the human
genome (7). Over the years, G4s that did not fit into the
definition of the canonical motif have been discovered.
They are called noncanonical G4s. Four main types of
noncanonical G4s have been discovered so far: loop >7
nucleotides, bulge in G-tracks, G-track of only 2 guanines,
and a quartet with 3 guanines and another nucleotide to
compensate for the last guanine (8–11). Later, it came to
light that a low-cytosine environment is required for G4
folding (12). Indeed, there is a competition between the
Watson and Crick pairing (G–C) and Hoogsteen pairing
(G–G), which leads to unstable G4s. These discoveries
helped improve prediction tools by modulating G4 motif
parameters (13) or by using the GC content on short
windows. Recently, new approaches have been developed
using machine-learning approaches or by combining the
motif and GC content (14–16).
Not only have new types of G4s been discovered over

the years, but their diverse functions in the cellular cy-
cle and their involvement in numerous diseases have also
been reported. G4s can impact viral infections (17–20), can-
cer (by modulating oncogene expression) (21–23), and neu-
rodegenerative diseases such asAlzheimer’s and Parkinson’s
(for a recent review on the subject, see (24–27)). In coding
transcripts, they can allow the formation of internal ribo-
some entry site (IRES) structures, which produce alterna-
tive proteins (28) or interfere in the polyadenylation process
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(29–31). In noncoding transcripts, many functions still need
to be unraveled. Some are already known to impactmiRNA
processing (32–35).
As a consequence of the diverse and significant roles

played by G4 structures, knowing their distribution in
genomes and transcriptomes from all species’ kingdoms is
important. The human species is the first to have been ex-
tensively studied using prediction tools. Some other species
have been the focus of in silico genome-wide studies such
as Saccharomyces cerevisiae and related species, Escherichia
coli, Dictyostelium discoideum and many others (36–38).
The development of experimental methods such as G4-seq,
rG4-seq, and G4 ChIP-seq (39–41) allowed genome-wide
and transcriptome-wide detection of G4s, first in humans
and then in a few other species. In recent years, some stud-
ies predicted G4s in the genomes of diverse species to check
pG4 conservation, but only in one specific kingdom of life
at a time: for eukaryotes (42–44), archaea (45) and bacteria
(46–48). More recently, one study looked at pG4 coevolu-
tion with viruses and their host species (49). According to
these studies, G4 distribution differs in prokaryotes and eu-
karyotes, which raises the question of why G4 distribution
would be different in different groups of species? This ob-
servation might be due to the fact that each living kingdom
possesses different GC-content signatures, which could ac-
count for the different G4 distributions, as their presence is
highly connected to GC content. In this study, we predicted
G4s in all living kingdoms, from their genes to their tran-
scripts. Looking at the distribution in each species group
and each transcript class; we have shown that pG4 distribu-
tion depends on GC content as well as other parameters.

MATERIALS AND METHODS

The methodological pipeline was performed using Snake-
make, a workflow management system (50). Figure 1
presents the four steps in the pipeline. The first step con-
sisted in retrieving data and generating sequences of all
genes and genetic locations considered in this study for each
species (see Figure 2). Location types are separated into two
groups: segment locations (exons, introns, coding sequences
(CDS), and untranslated regions (UTRs) and point loca-
tions (codons and junctions)), as shown in Figure 2. The
second step was to predict G4s using the G4RNA screener
predictor (14). The third step consisted in comparing the
pG4 sets to experimental data to validate G4 prediction,
when possible. In the fourth step, the pG4 densities for all
types of locations and all species were computed. Based on
these densities, descriptive statistics and statistical tests were
carried out to analyze the results.

Step 1: Data retrieval and preprocessing

Gene-structure information was retrieved from release 46
of the Ensembl Compara database (51). This version brings
together many species from all living kingdoms (eukary-
otes, archaea and bacteria). Chromosome sequences were
retrieved for all selected species (see Supplementary Table
S1). Then, GTF files containing gene-structure informa-
tion were used to generate sequences of all genes and ge-
netic locations. In GTF files, some location––such as in-
trons and junctions––are not annotated and were generated

Figure 1. Overview of the methodology.

using exon information. All point locations (codons and
junctions) were extended by adding 40 nucleotides upstream
and downstream. The set of sequences thus generated is re-
ferred to as the WT dataset.
A control dataset was also generated in parallel with the

WT sequences. For each WT sequence, a shuffled coun-
terpart was generated by shuffling the order of nucleotides
while preserving the composition in nucleotides (shown in
Figure 2). The shuffled sequences were used to compute
the expected pG4 number and densities. Ten runs of shuf-
fled datasets were generated in order to compute an average
number of shuffled pG4s and avoid biased results (see Sup-
plementary Figure S1). Note that this control process by
shuffling sequences might be less adequate for short loca-
tions such as point locations which are between 20 and 80
nucleotides long.
In our analysis, species trees are used to order species.

These trees were built using super tree methods to combine
several species trees from studies in references (52–56). The
resulting trees are used as relation indicators between the
species.
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Figure 2. Schema of locations generated and used to predict pG4s. For point locations, 40 nucleotides upstream and downstream of the junctions or codon
were also retrieved.

Some genome features were also analyzed. For these fea-
tures, data were not retrieved via Ensembl. Microsatellite
sequences were retrieved with MSDB (57). The predictions
were made only on repeats>20 nt. The TREP database (58)
was used for transposable elements. Lastly, centromere se-
quences were easily obtainable via NCBI but only forHomo
sapiens and Saccharomyces cerevisiae. Other species cen-
tromere locations were available with NCBI, but the corre-
sponding sequences contained a high number of unresolved
nucleotides (N), which made prediction impossible.
It is important to mention that most of our sequences

were retrieved from databases containing large amounts of
information that is often updated and subject to correction.
Our work aimed at looking at all three species kingdoms at
the same time. In few years, more data might be available,
mainly for noncoding transcripts. In that case, this study
should be repeated to update our knowledge.

Step 2: G4 prediction

We extended our previous pipeline for pG4 prediction used
on the human genome (59) to 61 species (see Table 1
and Supplementary Table S1 for more details). G4RNA
screener (14) was used to predict G4s. This tool computes
three scores for each candidate sequence that indicate the
propensity of the sequence to fold into a G4. The first
score––G4NN––is a score returned by an artificial neural
network, which is trained based on data from a G4RNA
database (60). The literature was manually curated to create
this database, which contains human RNA G4s tested ex-
perimentally. These G4 sequences have been proven to fold
into a G4 or not. Thereby, G4NN is a score of similarity
with sequences known to fold into a G4 and its threshold
is 0.5. The second score is G4Hunter (61), which puts pos-
itive weights on consecutive guanines and negative weights
on consecutive cytosines. The threshold used for this score
is 0.9. The last score––cGcC (62)––is a measure of compe-
tition between guanine and cytosine content, and it has a
threshold of 4.5. Several tests were performed on human
data to detect the default parameters of G4 screener, as de-
scribed in Garant et al. (14). These tests could not be re-
produced with other species because of the lack of experi-
mentally validated data. Thus, we kept the same parameters

Table 1. Number of species for each kingdom and total number of species
used in this study

Kingdom Number of species

Eukaryota 25
Archaea 12
Bacteria 24
Total 61

and applied them to all species. Despite the potential bias in
using the same parameters for all species, changing them ar-
bitrarily without testing would only modify the number of
false positive or false negatives, without any means to eval-
uate the bias.
G4RNA screener uses a sliding overlapping window sys-

tem, in which windows are 60 nucleotides long and sepa-
rated by a step of 10 nucleotides. Some locations can be
<60 nucleotides, so a minimum length of 20 nucleotides
was required to keep them. All positives overlapping win-
dows were merged to generate sets of predicted G4 regions
(pG4rs).

Step 3: Validation of G4 predictions by comparison with ex-
perimental data

To validate the prediction of G4s, the pG4r sets were com-
pared to experimentally detected G4s from Marsico et al.
(44). In this study, G4s from 12 species were detected
genome-wide. There were nine species shared between these
two studies. Marsico et al. (44) detected G4s in two condi-
tions: K+, which is more physiological, and K+ with PDS
(hereafter PDS condition) in which theG4s are highly stabi-
lized. Experimentally detected G4s and pG4s were filtered
to only keep G4s and pG4s in common genes, as well as
to remove G4s in intergenic regions. Even if G4s are ex-
perimentally detected, G4seq is prone to errors. Some false
positive G4s can be detected, such as some sequences which
do not contain enough G to form a G4 but still give a sig-
nal, or on the contrary some stable G4s might fold tran-
siently in Li+ condition and thus be missed due to the com-
parison Li+ / K+ . Comparing the G4s predicted by our
method with theG4s detected withG4seq allows to approx-
imate the percent of true/false positive that might be gen-
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erated. Yet, G4seq cannot be considered as a ground truth.
But, to our knowledge, it is currently the best experimental
genome-wide method for G4 detection with available pre-
dictions across multiple genomes. We used blastn (v2.6.0+)
to compare the G4 sets from the Marsico et al. study and
our pG4 sets used to map pG4s and G4s against a refer-
ence genome for each species (63). Overlapping hits from
both datasets were considered as common G4s. Note that
we could not compare G4s and pG4s simply by using their
locations on genomes because of different genome assem-
blies in the two studies.
G4RNA screener was developed to predict RNA G4s,

thus some pG4s might not be predicted in RNA, while they
could fold in DNA. The rate of these false negatives can be
partly estimated with the percent of G4s detected experi-
mentally that do not match any pG4.

Step 4: Computation and comparison of pG4 distributions

There is a direct relationship between sequence length and
the chances of predicting a pG4 in the sequence. To avoid
this bias, pG4 numbers were normalized by the total length
of the sequences in the type of location in which they were
detected:

Density of segmental location

=
∑

number of pG4
∑

length of sequences
× 1000

For point locations like junctions and codons––which
have limited length––the density was computed with the
number of locations in the type of location:

Density of point location =
∑

number of pG4
∑

number of locations

Densities were computed at different levels: for all genes,
all transcripts (introns + exons locations), and each type
of location. Densities were also computed for transcript
classes and subclasses.
WT and shuffle densities were compared in two ways. Ei-

ther by subtracting WT and shuffle densities, referred as
densities differences. This allows for the estimation of the
WT density without pG4s that would be forming by chance.
This is done either by dividing them to get the relative differ-
ences between the two types of densities, which shows how
many time pG4 are predicted more or less than by chance.
In the latter case, a logarithm transformation was applied to
the quotient. This gave a positive value when the WT den-
sity was higher than the shuffle density. Yet, for species with
no pG4s in one of the density types, either a division by
0 cannot be done, so the species were removed, or the log
returned a minus infinite value, which is not plottable, so
species were removed.
Boxplots were used to compare distributions, and statis-

tical tests were used to find significant differences between
distributions. Densities did not often follow a normal distri-
bution. Thus, the Mann–Whitney–Wilcoxon test was used
in most cases. All graphics were generated using a Jupyter
notebook script which is available on ‘github’ with all the
other scripts developed in the methodological pipeline.

RESULTS AND DISCUSSIONS

Overall, our study provides in-depth insights on pG4 den-
sities in genes, transcripts, and annotated coding locations.
The prediction of G4s in WT datasets and shuffled datasets
in diverse species points out that there are more or fewer
pG4s depending on the GC content, but also on species’
kingdoms, transcript classes and locations. pG4s were first
analyzed at the gene level, then at the level of whole tran-
scriptomes and transcript classes: coding, long noncoding
(longNC), short noncoding (shortNC) and pseudogene (see
Figure 3A–F and Supplementary Figure S2). For each of
these levels, the analysis started by looking at density dif-
ferences (WT minus shuffled) to get an overview of density
distribution. Next, the correlation between GC content and
density differences was analyzed. Afterward, statistical dif-
ferences were computed between all WT densities versus all
shuffled densities of a species’ kingdom. Globally, densities
were similar between genes, overall transcripts and coding
transcripts, but different distribution profiles were found for
longNC, shortNC and pseudogene transcripts (see Figure
3).

Comparison of G4 prediction with G4seq data

For 9 species in our study, K+ G4s had already been exper-
imentally detected in genes by Marsico et al. (44). In (44),
the authors used G4seq, a high-throughput method which
uses DNA polymerase stalling to find folded G4. G4seq im-
proved a lot our knowledge on G4 existence and propensity
in genomes. This method is of great value without being
considered as a ground truth since errors in the G4 detec-
tion has been demonstrated (see (64)).
The number of pG4s detected in our study is similar to

the numbers of K+ G4s detected experimentally (Figure 4),
except for some species such as S. cerevisiae andDanio rerio,
which yielded lower pG4 numbers. It would appear that all
G4s of most species should be predictable.
As a result of the detailed comparison between our

datasets and the experimentally detected K+ G4s, our pre-
dictions were consistent with experimental data. All G4s
were mapped against the human genome to retrieve over-
lapping hits, that is, G4s common to both studies. Sur-
prisingly, there were few common G4s with the K+ con-
dition. Since PDS is a ligand that stabilizes strongly G4s,
we did not expect the overlap to be higher in K+ condi-
tion compared to K+ and PDS, but we expected to find a
higher correspondence than ∼20% in most species. Yet, in
almost all species, 67% of pG4s corresponded to experimen-
tal data with the K+ condition and the presence of PDS
(which is a ligand that stabilizes G4 structures) (see Figure
4C). Thus only 37% of pG4s were false negatives. The re-
sults are satisfying given the fact that G4s are hard to pre-
dict and that G4NN is based on human data. On the other
hand, only 20% of experimentally detected G4s were found
in pG4s, which means that our method failed to predict
manyG4s detected experimentally. It highlights a limitation
in our study’s predictive capacity, which potentially under-
estimates the number of pG4s. Many reasons can account
for this. First, G4RNA screener is built to predict RNA
G4s, and G4 structures are more constrained in RNA than
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Figure 3. pG4 densities differences in genes and all transcripts. (A–F) are pG4 densities in genes, all transcripts, coding, longNC, shortNC and pseudogene
transcripts, respectively. All species kingdoms are shown in the figure with eukaryotes in triangles, bacteria in circles and archaea in squares. The densities
shown in these dot plots are the WT densities minus the shuffle densities. If the density is over 0, the WT density is higher than the shuffled density.

DNA (65). Thus, some detected G4s might fold in genomes
but not in transcripts. Second, the three scores are used in
G4Screener to predict G4s in order to avoid false positives
and thus increase the number of false negatives. Moreover,
even if the high-throughput sequencing of DNA G4s is an
important step forward and has been improved, it may still
miss some G4s when compared to the Li+ condition and
K+ condition in the absence or presence of PDS. Lastly, as
discussed in (64), the G4-seq method produces false pos-
itive predictions in AT-rich sequences. For instance, in E.
coli, which is AT rich (i.e. only 39% GC), G4seq detected a
high rate of G4s, while G4RNA screener predicted low rates
of pG4, which results in the lowest pG4matching among all
species.
In addition to past results, no bias was detected towards

humans. A bias toward the human species was expected, as
G4NN is built on human data. Indeed, E. coli, which is the
most distant species from H. sapiens, got the lowest corre-
spondence with detectedG4s. Yet, this is the only bacterium
present in the two studies. This result cannot be generalized
to other species. In addition, more pG4s matched the ex-
perimental data in Drosophila melanogaster than in Homo
sapiens (i.e. 73% for D. melanogaster and 67% for H. sapi-
ens). Moreover, many other species had similar results in

this section as H. sapiens. Thus, a bias might exist but can-
not be confirmed.
Overall, the predictions were validated by comparison to

experimental data, despite the highlighted drawbacks, such
as the fact that the prediction might underestimate the real
distribution of G4s in genes.

Gene densities: the correlation between densities differences
and GC content is not the same for all species’ kingdoms

G4s were predicted in 61 species (see Supplementary Table
S1), in WT, and shuffled sequences. To compare both den-
sity types, WT and shuffled densities of all species were sub-
tracted and plotted (Figure 3A). Densities of species from
the same kingdom were clustered together. Indeed, eukary-
ote densities were above 0 (WT density superior to the shuf-
fled one), while the bacterial and archaeal densities were 0 or
under 0 (shuffled densities slightly superior of theWT one).
This would mean thatWT pG4s were more present than ex-
pected in eukaryotes, but less than expected in bacteria and
archaea. In Supplementary Figure S2 A, pG4s appear to be
between one and fourfold higher than expected in eukary-
otes, compared to 0 or fewer pG4s than expected in archaea
and bacteria (i.e. between 0 and -2).
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Figure 4. Results of the comparison between pG4s and G4s detected experimentally in the K+ or PDS condition. (A) Number of G4s for each dataset on
a log scale. (B) and (C) Percent of G4s that mapped at the same location of the genome.

GC content also appears to impact pG4 density, although
this impact varies depending on the species’ kingdom. For
bacteria, unless the GC is over 45%, there is almost no pG4.
Only the shuffled density seems to increase with GC con-
tent. For eukaryotes, most of the species seem to have in-
creasing WT densities as the GC content increases. While
for archaea, it seems to depend on species (Supplementary
Figure S3A–C). In order to confirm the impact of the GC
content on densities, a linear regression was performed to
check the correlation between densities differences after re-
moving the outliers using the interquartile range method
(IQR method, Supplementary Figure S3D–F). The linear
regressions were all significant, except for archaea. For ar-
chaea and bacteria, the correlations were negative, mean-
ing that, as the GC content rose, fewer WT pG4s than the
expected pG4s were found. As archaea correlation is not
significant, this can mean that either there is no correlation
with the GC content or that there is a tendency for an in-
significant negative correlation.
Aside from these results, densities seem to be homoge-

neous within each kingdom, but there are some exceptions.
In the case of eukaryotes, Chlamydomonas reinhardtii and
Leishmania major have comparable GC contents, but dif-
ferent densities. In the case of bacteria, the same observa-
tion can be made with Mycobacterium tuberculosis, Ther-
mus thermophilus andMyxococcus xanthus. For these three
bacteria, shuffling the sequences led to similar densities, but
the shuffled densities ofC. reinhardtii andL.major remained

different. The nucleotide content of those species was in-
spected (see Figure 5).C. reinhardtii had a higher percent of
guanine than cytosine, while the guanine and cytosine con-
tents were similar inL.major. It highlights that, given equiv-
alent GC content, pG4 densities are expected to be simi-
lar in shuffled sequences. To confirm this, we also applied a
shuffling preserving tri-nucleotides usage with ushuffle (66).
The tri-nucleotide shuffling randomizes a sequence while
minimizing the distance between the original and the shuf-
fled sequences (67). In particular, the content in G-rich sub-
sequences is more preserved in tri-nucleotide shuffling than
in mono-nucleotide shuffling. By applying a tri-nucleotide
shuffling, we hypothesized that the pG4 density would come
back close to theWT density. The results in Supplementary
Figure S1D confirm this hypothesis. For all tested species,
theWT density was close to the tri-nucleotide shuffling den-
sity, probably because the use of guanosine trimers (GGG)
ismore conserved than in themono-nucleotide content. The
only exception was once again C. reinhardtii. For the lat-
ter, the G and C contents of positive and negative windows
for G4RNAscreener were investigated (Supplementary Ta-
ble S2). In WT positive windows, the C content was rela-
tively low at ∼15%, while the G content was relatively high
at ∼55%. None of the shuffled sequences succeeded in re-
taining these properties, which could explain the lowmono-
and tri-nucleotide shuffling densities. In other species, the G
and C contents of positive windows were close to the WT
sequences and the tri-nucleotide sequences.
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Figure 5. Special case nucleotide content, correlation with either the temperature or the pathogenicity of the species and pG4 density in genomic features.
(A) and (B) are data for archaea; (C–E) are for bacteria. (A) and (C) represent the correlation between the G4 densities and the environment temperature
of the species. (B) and (C) show the correlation between the GC content and the temperature. (E) is a dot plot with the pathogenicity of each bacterium,
featuring the density differences (WT and shuffle) and the GC content. (G–I) correspond, respectively, to dot plots of the difference between theWT density
and the shuffle density for microsatellites, transposable elements and centromeres.

Moreover, Marsico et al. (48) recently reported that bac-
teria living in hot environments returnmore pG4s than bac-
teria living under normal conditions with the sameGC con-
tent. We observed this with Thermus thermophilus living at
around 65◦C with a density of 0.8, compared toMyxococ-
cus xanthus andMycobacterium tuberculosis, which live, re-
spectively, at around 20 and 37◦C and have a density of
about 0.17. The hypothesis behind this difference is that
bacteria lack the machinery to unfold G4s, so a negative
pressure of selection would be globally applied in bacte-
ria. In contrast, in species living at high temperature, G4s
would naturally fold and unfold, and so lead to a lower
pressure of selection. The correlation between pG4 den-
sity and temperature was further investigated (Figure 5B–
E). It is known that normally, the higher the environmen-
tal temperature, the higher the GC content. Thus, this cor-
relation was also explored. In Archaea, densities tended

to be higher with temperature, yet a small negative cor-
relation was found between GC content and temperature,
which means that our species selection was not the best
suited to look at temperature correlation. In the case of
Bacteria, there was a tendency for a positive correlation
between densities, GC content and temperature. Most of
the selected bacteria are human pathogens and therefore
live in environments of around 37◦C, as shown in Figure
5F. There is increasing evidence of the involvement of G4s
in pathogenicity and virulence (64,68,69), but the distribu-
tions of pathogenic and nonpathogenic bacteria are similar.
Thus, as for temperature correlation, the selected bacteria
were mainly pathogenic, which does not allow us to draw
conclusions.
Genomic structures such as microsatellites, transposable

elements and centromeres were also investigated (see Fig-
ure 5, panels G–I). Microsatellites are unstable structures
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with high mutation rates. While we anticipated finding as
many pG4s as expected but pG4 densities differences were
all under zero in all tested species (Supplementary Table
S3), which means, that regardless of the GC content of mi-
crosatellites, there is an unknown mechanism that prevents
G4 sequences from folding. TheGC content in transposable
elements (TEs) varied only between∼40% and∼50%, while
a wide range of pG4 densities were observed. Some species
had more pG4s than expected; others had fewer pG4s. This
result is not surprising since our data on transposable el-
ements is not extensive, and pG4 distribution varies de-
pending on the type of transposable elements (see (70–72)).
Globally, in TEs, the pG4 densities do not seem to be cor-
related to GC content and show a wide range of densi-
ties. Lastly, we checked the pG4 densities in centromeres for
which easily accessible data were only available forH. sapi-
ens andS. cerevisiae.We observe that either there were fewer
pG4s than expected or no pG4s in the other species. Cur-
rently, a large number of high-quality genomes are being se-
quenced and assembled thanks to the progress in long-read
sequencing technologies. Therefore, more resolved data on
centromeres and telomeres might be available soon, which
will allow for in-depth studies of the G4 structures they
contain. Note that we did not perform study of telomeres
because it is already known that several G4s are folding
in these regions and even have known biological functions
such as telomerase binding (73–76).
Overall, GC content impacted pG4 density, as was ex-

pected. Yet the densities within species’ kingdoms were ho-
mogeneous but did not have the same distributions. This
would mean that GC content is not the only factor affecting
the presence or absence of pG4s. Thus, in genes with high
GC content, the G and C nucleotides were non-randomly
distributed in sequences so as to avoid G4 formation.

Global transcript densities: densities at the transcriptome
level were similar to gene densities

The distribution of different pG4 densities differences and
quotients among species and domains was relatively similar
in transcriptomes compared to genes (Figure 3A and B, and
Supplementary Figure S2A andB). This result was expected
as from genes to transcripts, redundancywas added for each
transcript, which was corrected by normalization with se-
quence length. The correlation between density differences
and GC content were also similar (Supplementary Figure
S4D–F). Yet, the level of density difference changed for C.
reinhardtii. The WT density of C. reinhardtii was similar to
the gene WT density (1.16 in genes and 1.10 in transcripts),
but the shuffled one ranged from 0.57 in genes to 0.83 in
transcripts. Supplementary Figure S1 shows that the stan-
dard deviation between shuffled runs is low. This difference
can be due to the fact that, to predict gene densities, the en-
tire sequence was passed through G4Screener, but, for tran-
scripts, only specific locations (presented in Figure 2) were
used and the transcript densities were computed from exon
and intron densities. Therefore, more shuffling possibilities
are available in genes that are longer than exon/intron loca-
tions.
Along with the previous observation, eukaryotes densi-

ties differences are higher than those of archaea and bacte-

ria. According to figure 3B, it seems there is more pG4 than
expected in Eukaryotes, and less pG4 inArchaea andBacte-
ria. To confirm this observation, WT densities and shuffled
densities were compared for each species kingdom. All sta-
tistical tests for SupplementaryFigure S4G–Iwere obtained
with the nonparametricMann–Whitney–Wilcoxon test, be-
cause the densities did not follow a normal distribution.
Supplementary Figure S4G–I confirm that there were more
pG4s than expected in eukaryotes (WT densities were sig-
nificantly higher than shuffled ones), while there was no sig-
nificant difference between the WT dataset and the shuffled
one for archaea and bacteria. Lastly, the density differences
between species’ kingdoms were investigated. Supplemen-
tary Figure S5 shows that the eukaryote densities were sig-
nificantly higher than those of archaea and bacteria, while
archaea and bacteria presented no significant differences.
Hence, there were significantly more pG4s than expected in
eukaryotes than in prokaryotes. It seems that there was a
shift between eukaryotes and prokaryotes with respect to
pG4 densities.

Densities of coding transcripts and noncoding transcripts: dis-
tribution of density changes depending on the transcript class

Coding transcripts: As for transcriptomes, coding densities
differences and quotients were similar to gene densities (see
Figure 3A–C and Supplementary Figure S2A and C). An-
notated transcripts were mainly protein-coding transcripts,
which could explain why the results for genes and transcrip-
tomes were so similar. Indeed, >90% (see Supplementary
Figure S6) of archaeal and bacterial transcripts were anno-
tated as coding in our dataset, which might account for the
high similarity between densities at the transcriptome and
coding levels. In the Eukaryote kingdom, coding transcripts
varied between 75% and 90% depending on the species.
Densities in this kingdom changed the most even if the den-
sities were still highly similar between the whole transcrip-
tome and coding transcripts. To further confirm the similar-
ity of results, correlations and differences between datasets
of coding transcripts were investigated and are also iden-
tical to those of all transcripts (see Supplementary Figure
S7). The comparisons between species kingdoms are still
similar: eukaryotes densities differences were significantly
higher than those of archaea and bacteria (see Supplemen-
tary Figure S8).
Long noncoding transcripts: Among long noncoding

transcripts (longNC), the distribution of pG4 densities dif-
fered from those of coding transcripts (see Figure 3C and
D). In this class of transcripts, it seems that densities of all
species groups are not clearly separated as for coding tran-
scripts. For each species kingdom, densities differences and
quotients were distributed above, around and <0. It means
that the predicted G4s were more or less than expected, in-
dependently of the species kingdom. This is confirmed by
Supplementary Figure S9, which shows no significative dif-
ferences between the WT and shuffled datasets for eukary-
otes and archaea. Nevertheless, bacteria had significantly
fewer pG4s than expected. There is a null or a small neg-
ative correlation between pG4 density differences and GC
content for eukaryotes and archaea, but this correlation is
not significant. In other words, there was a trend of fewer
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pG4s at high GC contents. As for the relationship between
species kingdoms, Supplementary Figure S9A–C indicates
that eukaryote densities were significantly higher than those
of archaea and bacteria, although there were no significant
differences between them.
Short noncoding transcripts: ShortNC transcripts exhib-

ited almost no densities over 0 (see Figure 3E). The den-
sities were distributed under 0, which suggests fewer pG4s
than expected. Supplementary Figure S10 shows that the
shuffled densities were significantly higher than the WT
ones in all species’ kingdoms. Thus, the first observation
is confirmed. This result is in accordance with the global
observation that there are fewer G4s in shortNC due to
their highly structured sequences, and thus in all species’
kingdoms. Supplementary Figure S11 also shows that the
GC content did not influence densities. This means that
for shortNC transcripts, pG4s were negatively selected in
almost all species and all GC content. As for the relation
between species’ kingdoms, often eukaryote densities were
higher than those of archaea (see Supplementary Figure
S10D). Bacteria pG4 densities were almost all removed be-
cause of the IQR method to remove outliers, preventing us
from checking the correlation and comparing bacteria to
archaea and eukaryotes.
Pseudogene transcripts: Some pseudogene transcripts

were annotated too but in fewer species than other tran-
script classes. All densities were close to 0 or a bit above,
which could mean that there were fewer pG4s than ex-
pected. This observation is confirmed by the lack of sig-
nificant differences between the shuffled densities and the
WT density (see Supplementary Figure S12). In addition,
there was a strong negative correlation (the higher the GC,
the fewer predicted G4s than expected) for bacteria, while
eukaryote exhibited no significant negative correlations. No
correlations could be computed for archaea because of lack-
ing annotation.
To summarize, the distribution of pG4 densities in cod-

ing transcripts were similar to those of all transcriptomes,
while, in longNC, there were asmany pG4s as expected and,
in shortNC, fewer pG4s than expected. Those results still
show that pG4 densities and expectations do not always de-
pend on GC content; other parameters might influence the
presence or absence of G4s. For shortNC, the parameter
might be the competition between Hoogsteen and Watson
and Crick base pairing, due the tight relation between the
function and the secondary structure. This observation not
only was known in humans but also seems to exist through-
out all living domains. For coding and longNC, more possi-
bilities can be considered. Through RNA-binding proteins
(RBPs), G4s can fold (with chaperon) to play some roles
or remain unfolded as a result of helicase activity. G4s can
also recruit RBPs for translation in coding or for sponging
in longNC. All together, these possibilities seem highly de-
pendent on RBP systems.

Eukaryote species had more pG4s than expected in 3’UTR
and introns of coding transcript

In coding transcripts, the annotation allowed for investigat-
ing transcript locations but not for UTR in archaea and
bacteria. In addition, the splicing mechanism was more de-
veloped and annotated in eukaryotes than in prokaryotes

because splicing is rare in the latter. To see the densities of
these regions, we provide heatmaps tomake the resultsmore
readable (see Figure 6 and Supplementary Figure S13).
Eukaryotes hadmore pG4s than expected in introns than

in exons (see Figure 6A and B). Moreover, G4s were pre-
dicted more than expected in UTRs compared to CDSs,
although only introns and 3’UTR in eukaryotes exhibited
a significant difference between WT and shuffled densities
(see Figure 6C–E). In 5’UTR, the tetrapod subgroup had
higher densities than in other species. This can be explained
by a lack of annotation in theUTRs in some species or a real
change in the pressure of selection depending on species’
subgroup, which can be due a molecular mechanism unique
to tetrapods. In CDSs, fewer G4s were predicted than ex-
pected in almost all selected species, which agrees with past
studies (77). In all point locations, there were as many pG4s
as expected (data not shown) or fewer pG4s than expected
(see Figure 6G and H). For most segment locations, how-
ever, there was no significant difference between WT and
shuffled datasets, except for junctions where there were sig-
nificantly fewer pG4s than expected.
Based on these results, pG4s present diverse density pro-

files depending on their locations, and thus independently
of GC content. As for transcript classes, the different pro-
files might be due to pG4 functions and RBP interactions.
In the 5’UTR, G4s are known to stabilize other secondary
structures or to interact with RBPs or to produce some
steric hindrance. In the CDS, it seems that G4s were found
less than expected because of codon usage. In the 3’UTR,
they can impact the polyadenylation of mRNA (29–31).
Lastly, for splicing junctions,G4s are known to play a role in
alternative splicing. All those functions, which often depend
onG4 locations, might partly account for their different dis-
tributions. For each type of transcript location, there was a
different pressure of selection to maintain its function.
For noncoding transcripts and pseudogenes, just few in-

trons were annotated in some species, which limits their
analysis. Exon densities were similar to the entire transcript
class, while, for introns and their related locations, there
were no G4s predicted (data not shown).
pG4 densities are not only driven by the GC content.

There is also variable pressure of selection depending not
only on species kingdom and transcripts class. Currently,
parameters that influence the pressure of selection on pG4s
are unknown. Further leads need be explored such as co-
evolution with RBPs, with transposable elements, or with
viruses. Nevertheless, the evolution of G4s themselves still
eludes us, since they cannot be easily aligned using conven-
tional sequence alignment tools, given that the sequences in
loops are often not conserved.

CONCLUDING REMARKS

Overall, our study provides more in-depth insights on pG4
densities in genes, transcripts and annotated coding loca-
tions. The prediction of G4s in a real dataset and a shuf-
fled dataset in diverse species point out that GC content in-
fluenced pG4s, but that species’ kingdom, transcript class
and locations also played a role. Most of the pG4 enrich-
ment known in humans seems conserved in most eukary-
otes. It could underlie a common mechanism in eukaryotes
that might not exist in prokaryotes.
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Figure 6. pG4 densities in all location types. Each dot plot represents density differences between the WT and Shuffle dataset. (A–E) correspond to
segmental locations with respectively: (A) and (B) show exon and intron location; (C–E) correspond to 5’UTR, CDS and 3’UTR. Point locations from
(F) to (J) are, respectively, donor, acceptor and junction in (F–H), while (I) and (J) represent the start and stop codons. (K) is a heat map with P-value
indicating if there is a significant difference between WT densities and shuffled densities. The numbers are rounded P-values. Blank boxes correspond to
non-annotated locations.
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