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Abstract: G-Quadruplexes, a class of noncanonical but highly stable nucleic acid structures, have the potential to be part of the
regulatory mechanism of cells. They can form in the genome where the double-stranded helix is unwound to facilitate formation of a
G-quadruplex. The biological significance of these structures is yet to be understood entirely. This work presents a novel approach and
investigates common characteristics in the distribution of G-quadruplexes relative to genes in plants through analysis of genomes and
gene expressions. The results indicate that G-quadruplex distribution has gone through significant changes with the evolution of higher
plants and, for the first time, that G-quadruplexes enriched at the beginning of introns may have a regulatory role during transcription.
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1. Introduction

G-Quadruplexes (G4s) are a class of noncanonical and four-
stranded DNA structures with roles revealed especially in
chromatin maintenance and gene regulation (Burge et al.,
2006). The first observations of G4s in biological samples
were at telomeres where repeating G4s were demonstrated
to prevent telomere elongation (Fletcher et al., 1998). It
is not only telomeres where G4s were observed. Many
nontelomeric G4s were found, surprisingly and more
frequently, in genes associated with cancer and regulation
(Eddy and Maizels, 2006; Huppert and Balasubramanian,
2007). The first indication of the role of G4s in gene
regulation was observed in the c-myc promoter, where
G-quadruplex disruptive mutations in the promoter lead
to overexpression of c-myc (Grand et al., 2004). This
was followed by several other promoter G4s (Cogoi and
Xodo, 2006; Fernando et al., 2006; Sun et al., 2008), yet
the regulatory effects of the G4s are not only limited to
the promoter and associated with transcription initiation.
They are also observed in UTRs and are associated with
translation (Huppert et al., 2008; Beaudoin and Perreault,
2013; Kwok et al.,, 2015).

Facing such a large variety of modes of regulation,
systematic analysis of genomes is required to distinguish
G4s and their associated modes of regulation. Several
genomewide analyses were performed to reveal G4
enrichment in the regulatory regions in humans (Huppert,
2005; Todd et al., 2005), several animals (Zhao et al,,
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2007; Verma et al., 2008), fungi (Hershman et al., 2008),
prokaryotes (Wieland and Hartig, 2009; Kaplan et al.,
2016), and viruses (Biswas et al., 2016). In the case of
plants, genome-wide analysis was performed for only
five species, Arabidopsis thaliana (Mullen et al., 2010;
Takahashi et al., 2012), Oryza sativa (Takahashi et al., 2012;
Wang et al., 2015), Populus trichocarpa (Takahashi et al.,
2012), Vitis vinifera (Takahashi et al., 2012), and Zea mays
(Andorf et al., 2014), while many more plant species have
been sequenced and annotated and are available online for
kingdom-wide G4 analysis (Andorfetal.,2014; Proostetal.,
2014). Moreover, all genome-wide analysis studies except
one focused on only two gene features, the transcription
start site (T'SS) and transcription termination site (T'TS),
and the relative positions of G4s. Recently, a larger study
was performed among plant genomes, focusing on gene
ontology of G4-related genes (Garg et al., 2016). G4s were
studied according to their genomic region, however, and
not their relative positions in those regions.

Here, 23 plants including mosses, algae, and higher
plants have been analyzed for G-quadruplex distribution
relative to gene features: TSS, TTS, translation start codon
(AUG), translation stop codon (STOP), first exon—intron
boundary (EXINT), and first intron-exon boundary
(INTEX). These distributions are being reported for the
first time and for a large number of plant species.

A new approach is also proposed to determine G4
distribution. Instead of considering the center of a G4,
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every nucleotide that participates in the G4, including the
loops, are considered for the distribution. This approach
provides a fair representation of lengthy G4s, since longer
G4-forming sequences have greater impact on DNA
topology, especially in terms of torsion. This approach
also helps form distinguished enrichment peaks when G4s
overlap for a portion of their length, even if their central
relative position is different. It should be noted that such
an approach does not represent the guanine density and
thus G4 density; however, the aim of this approach is to
study the enriched positions of G4s, not the G4 density.

These distributions revealed G4-enriched hotspots
conserved in the vicinity of gene features. These hotspots are
further analyzed with a novel approach. The coexpression
of O. sativa genes that contain a G4 at a particular hotspot
is analyzed and clustered for the first time and the results
provide the first indication of the role of G-quadruplexes
in intron-mediated enhancement in plants.

2. Materials and methods

2.1. G-Quadruplex prediction
Genome sequences of 23 different plant species were
downloaded in FASTA format from the Plaza 3.0 website
(Proost et al., 2014). The list of the plant species and their
abbreviations used in this paper may be found in Table
1. The genomes were previously assembled from v.1.0
assembly for aly (Hu et al., 2011), TAIR10 assembly for ath
(The Arabidopsis Genome Initiative, 2000), RefBeet 1.1 for
bvu (Dohm et al., 2014), Melonomics v3.5 for cme (Garcia-
Mas et al., 2012), JGI v5.0 assembly and annotation v5.3.1
based on Augustus ull.6 for cre (Merchant et al., 2007),
JGI annotation v1.0 on assembly v1 for cru (Slotte et al.,
2013), JGI v1 assembly and v1.0 annotation for csi (Xu et
al., 2013), JGI annotation v1.1 on assembly v1.0 for egr
(Myburg et al,, 2014), JGI Glymal.l annotation of the
chromosome-based Glymal assembly for gma (Schmutz
et al, 2010), JGI annotation v2.1 on assembly v2.0 for
gra (Wang et al,, 2012), Cassava4 for mes (Prochnik et
al,, 2012), JCVI 4.0 for mtr (Young et al., 2011), JGI v2.0
assembly and annotation for olu (Palenik et al., 2007),
MSU RGAP 7 for osa (International Rice Genome
Sequencing Project, 2005), JGI assembly release v1.1 and
COSMOSS annotation v1.6 for ppa (International Rice
Genome Sequencing Project, 2005; Rensing et al., 2008),
JGI release v1.0 for ppe (Verde et al., 2013), JGI assembly
release v3.0 and annotation v3.0 for ptr (Tuskan et al.,
2006), JCVI 1.0 for rco (Chan et al., 2010), ITAG 2.3 for
sly (Tomato Genome Consortium, 2012), D. Gilbert public
gene set 8 Mar 2012 on assembly v1.1 for tca (Argout et
al., 2011), genescope v1 for vvi (Jaillon et al., 2007), and
assembly B73 for zma (Schnable et al., 2009).

Each whole genome sequence was initially scanned
for putative G-quadruplex-forming sequences using the
quadparser algorithm (Huppert, 2005). The G4 prediction
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results included the sequences, the chromosome numbers,
the coordinates, and the strands of the predicted G4s. The
algorithm discovers any sequence matching the G > 3
(N1 - 7G = 3) 2 3 pattern and concurrently lists 4 or more
consecutive G-tracts of a minimum length of 3 guanines
with a minimum distance of 1 and maximum distance of
7 bases as a putative G-quadruplex. These criteria count
nonoverlapping predictions as a single prediction as long
as the distance between the closest G-tracts is less than
7 bases. This is particularly useful since it is not known
which G-tracts would assemble to form G4s.

2.2. G4-Participating nucleotide distribution analysis
Structural annotations of the plant genomes were
downloaded from the Plaza 3.0 website (Proost et al.,
2014) in comma-separated value (csv) format. Positions
of four features, transcription start site (TSS), first base
of the start codon (AUG), first base of the stop codon
(STOP), and transcription termination site (TTS), were
located for each protein-coding gene if the untranslated
regions were clearly annotated. Any genes without UTR
regions were discarded for this analysis. Among selected
genes, positions of the first splicing donor site (EXINT)
and first splicing acceptor site (INTEX) features were also
listed. Genes without annotated introns were discarded
for EXINT and INTEX analysis. During the listing of the
features, the directionality and the strand of the gene were
considered.

Distribution analysis evaluated each nucleotide of each
putative G-quadruplex, regardless of the type of the
nucleotide, and checked whether it was present within
1000 bases of a feature of focus of any gene. The hit
was then recorded on a G4-participating nucleotide
distribution profile spectrum spanning from -1000 to
+1000 in relation to the directionality of the gene with
the origin corresponding to the feature. Any hit more
than 1000 bases from a feature was dismissed. Whether
the strand of the hit was the same as the template strand
or the coding strand of the gene, the hit was recorded on
the template strand profile or the coding strand profile,
respectively. This resulted in the creation of two separate
profiles per feature.

2.3. Formation of expression similarity and P-value
matrices

The identities of the genes associated with the G4s found
at each hotspot or negative control was used to extract the
expression dataset from the next-generation sequencing
transcriptome data of the Rice Genome Annotation
Project database (Kawahara et al., 2013), in which
sequence reads from the NCBI Sequence Read Archive
were mapped and expression values were calculated as
described. All nonquantitative and categorical data were
omitted to simplify the computations, leaving expression
abundance data from 16 different experiments (He et al.,
2010; Zemach et al.,, 2010; Davidson et al,, 2012). Any
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gene listed with no recorded expression for any of the
experiments was also omitted from the expression dataset.

For each hit in a selected hotspot or negative control,
the names of the genes and the G4 sequences were listed.
The gene names were then used to extract expression
abundances from the next-generation sequencing
transcriptome data and G4-associated gene expression
data were then used to construct an expression similarity
matrix using Pearson correlation between each gene pair,
scoring between -1 and 1 using Eq. (1), where a and b are
expression vectors of genes and are the means of their
entries. Correlation was then converted to distance using
Eq. (2). The distances were used for hierarchical clustering
using UPGMA linkage and formed a dendrogram for each
hotspot (Michener and Sokal, 1958).

_ (a=a)(b-b)
r@ab) =g,

d(a,b) =1-7r(a,b) (2)

Concurrently, a P-value matrix was calculated from
the correlations, indicating the probability of random
occurrence of the associated correlation. For each
correlation, a 2-tailed P-value was calculated and placed
in the corresponding location in a P-value matrix. The
number of gene pairs with a correlation coefficient higher
than 0.7 and a P-value lower than 0.01 is reported as
correlated gene pair count.

The expression similarity matrix and P-value matrix
were then reorganized to align with the corresponding
leaves of the dendrogram for visualization purposes.

Pearson correlations and P-values were calculated in
the Python environment using the scipy module (version
0.19.1). Dendrograms were visualized using the matplotlib
package (version 2.0.2). For each hotspot the number of
gene pairs that showed expression similarity value above
0.7 and P-value below 0.01 were counted. This value is
reported as the number of correlated gene pairs.

To be able to evaluate the significance of these counts
and to eliminate doubt that any randomly selected gene
set may also have a similar level of coregulation, 100
sets of randomly picked genes were generated from the
identical expression dataset to simulate the population of
all possible expression similarity matrices with the same
size. Each random set contained an equal number of
randomly selected genes to the number of G4-associated
genes used for particular hotspot testing. For each random
set, expression similarity and P-value matrices were
constructed. As applied to the former set, the numbers of
gene pairs with a correlation coefficient of at least 0.7 and a
maximum P-value of 0.01 per random set were calculated.
This process was repeated for each hotspot or negative
control since each had a different number of genes. From
these data a z-score for each hotspot is reported, indicating
significances of the correlated gene pair count (Table 2).
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2.4. G-Quadruplex identity matrix construction

For each hotspot or negative control, the nucleotide
hit corresponded to a particular G-quadruplex. These
G-quadruplexes may share similarity in topology, which
requires biophysical experimentation. Alternatively, the
similarities of these G-quadruplexes may be captured
through pairwise comparison of the sequences that form
the G-quadruplex as we have suggested previously (Kaplan
et al, 2016). Each G-quadruplex-forming sequence in
a hotspot or a negative control was compared using
pairwise alignment using the biopython package with
local alignment function and a match score of 1 and
mismatch, gap opening, and gap extension penalties of
-2, -4, and -0.5, respectively. The highest score from each
alignment was then divided by the length of the shorter
sequence since that corresponds to the highest score if the
sequence were to be aligned with itself. The resulting value
was equal to 1 or lower, 1 indicating an exact match of the
shorter sequence with a portion of the longer sequence.
This calculation method ensured that even if the two
sequences were not equal in size, the shorter one could
have a sequence identical to a portion of the larger one
and thus both could form identical G-quadruplexes. These
scores were placed in a G-quadruplex identity matrix
corresponding to the expression similarity matrix.

All analyses were performed in Python 2.7.12 using
precompiled numpy+mkl (version 1.13.1) and scipy
(version 0.19.1) packages. Other dependencies listed
above were installed through pip and used up to date.

3. Results

3.1. Transcription start site-aligned (TSS-aligned)
distribution profiles

All species showed G-quadruplex enrichment at or close
to the TSS feature on the template strand (Figure 1).
Only moss and algae species, ppa, olu, and cre, seemed
to have significant G4 formation on the coding strand in
comparison to their own template strands. It is important
to note that these three species are considered lower plants
(moss and algae) and are distant on the evolutionary tree
from the others analyzed (Figure 2) (Eddy et al, 1992,
Sayers et al. 2009). However, the profiles of the coding
strands of these species showed difference between each
other.

Within Arabidopsis species, aly and ath, a single
peak upstream of the feature was observed while within
Fabaceae members, mtr and gma, increased G4 formation
centered around 250 bp downstream was detected, distinct
from the other species. Within Malpighiales, mes, ptr, and
rco, the similarity was unclear due to the low number of
G4 hits in the rco profile. This was probably due to the low
number of available genes used in its analysis instead of
the number of G4 predictions (Table 1).
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Table 2. G-Quadruplex-enriched hotspots and negative controls for O. sativa (osa) genome chosen for analysis. First four hotspots
are named according to their aligned feature. Last two negative controls are chosen due to absence of any significant G4 enrich-
ment. The positions and strands relative to the given feature are given in the second column. Numbers of correlated gene pairs are

given in bold if statistically significant.

Hotspot or negative control i—f;):rsfiot or negative control and i)tiisociated gene IS;)if‘zelated gene | ol pvaluet
HS1-TSS -52 template 262 3677 (P < 0.05) 1.70 0.04557
HS2-TSS -9 template 350 8827 (P <0.01) |4.60 <0.00001
HS3-AUG -16 coding 147 1411 (P <0.01) |2.80 0.00256
HS4-EXINT +24 template 332 10139 (P <0.01) |11.59 |<0.00001
CS5-CTRL -1000 coding 26 50 (P >0.01) 1.60 0.05480
CS6-CTRL +1000 template 31 22 (P>0.01) -1.49 |0.93189
*Based on right-tailed z-test.

On the other hand, higher plant species tended to
show a common characteristic in the template strand: an
increase in G4 formation towards the feature at the center.
Although the position and the number of local maxima
changed from plant to plant, they were accumulated in
the vicinity of the TSS feature. This peak was broad and
several hundred base pairs in width for zma, cme, osa, gra,
ptr, tca, egr, vvi, ppe, and gra consisting of several local
maxima. For Fabaceae, gma and mtr, as well as for tpa, the
broad peak was shifted further downstream. Arabidopsis
members aly and ath along with sly showed a low-angle
peak at about 65 bp upstream of the TSS feature with a
baseline width of 100 bp.

Local maxima at the three coordinates seemed to be
conserved in most template strand profiles of higher
plants: 60 bp (+7) upstream, —10 bp (+12) upstream, and a
broad 50 bp (+15) downstream. The first was seen in zma,
cme, 0sa, ptr, sly, aly, ath, and vvi. The second sharp spike
was observed in ptr, tca, mtr, gra, gma, osa, egr, ppa, ptr,
and cme. The third peak tended to be broader and clear in
zma, ptr, osa, tca, and cme.

Poaceae, zma and osa, showed remarkable similarity
on the coding strand profiles with the broad peak on the
downstream flank and the smaller upstream. A peak right
at the TSS feature was distinguished for gma, gra, and egr.

3.2. Distribution profiles for first codon (AUG)

The majority of AUG-aligned distribution profiles showed
a common feature on the template strand: a broad peak
split into two with a sharp dip at the AUG feature. This
split broad peak characteristic is an indication that the
start codon cannot tolerate G4 formation. This finding was
supported by a previous study on maize (zma) (Andorf et
al.,2014). Among lower plants, cre and ppa also showed the
dip at the feature, supporting intolerance of G4 formation
at the AUG feature in the template strand. In the case of
cre, the dip was also evident with gradual decrease from
the flanks rather than a sharp dip (Figure 3).

It should be mentioned that, as in TSS-aligned
distribution profiles, the coding strand showed lower G4
formation in AUG-aligned profiles. On the coding strand,
a similar dip at the feature exists; however, it is more
obscure. This is expected as G4 formation would block
the recognition of the AUG feature. While some species
showed increase in G4 formation before the feature within
the vicinity of the start codon on the coding strand (vvi, sly,
0sa, ppa, egr, ath, cru, cme), others showed accumulated
G4 formation after the dip (aly, cre, mtr, ptr, ppe, rco).
Some species showed local maxima on both sides of the
feature (gma, gra, olu, tpa, tca, zma). The upstream peak
was especially intriguing in osa since this peak was the
only maximum lying upstream of a plateau that started
from the AUG.

3.3. Distribution profiles for first splicing donor site
(EXINT)

In the EXINT-aligned G4-participating nucleotide
distribution profiles for both template and coding strands,
there were increased numbers of G4s upstream of the
feature forming a broad peak, except in Chlorophyta,
olu and cre. At the same time, prominently, most of the
template profiles showed a sharp peak between 5 and
80 bases downstream with a maximum at around 23
(+3) bases downstream. This peak clearly points out the
boundary of the first exon and the first intron as the slope
was sharp and the distance between the beginning of the
peak and the feature was consistent. It should also be noted
that cre showed a distinct downstream peak on the coding
strand profile at 28 bases downstream (Figure 4).

3.4. Distribution profiles for first splicing acceptor site
(INTEX)

In general, the transition from the first intron to the second
exon showed a decrease in G4 formation, with minima at
the INTEX feature both on coding and template strands
for most profiles. Poaceae, osa and zma, showed a distinct
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Figure 1. G4-Participating nucleotide distribution profiles in the £1000 (left) or +100 (right) nucleotides vicinity of TSS separately for
coding (light gray) and template (dark gray) strands.

peak at around -69 preceding a sharp drop in the template 3.5. Distribution profiles for stop codon (STOP)

strand. Different from the rest of the profiles, the template G4 enrichment was not very pronounced for stop codon-
strand profile of cre had a distinct peak right before the aligned distribution profiles; however, all profiles showed a
feature with a maximum at -25 (Figure 5). common dip at the STOP feature. It should be noted that the
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Figure 2. Evolutionary tree of plants according to NCBI taxonomy database.

number of genes with G4s in the proximity of this feature
was much less than in other profiles, with the exception of
cre, as was often the case in its profiles. For coding strands
and inherently for the transcripts, a sharp increase in G4
formation starting from STOP clearly separated the open
reading frame from the 3'UTR for most plants. Since this
characteristic results in G4 formation at the mRNA level,
it could also be related to the regulation of the translational
termination. This is even more noticeable in cre (Figure 6).

3.6. Distribution profiles for transcription termination
site (TTS)

Transcription termination site-aligned distribution profiles
showed a common gradual decrease towards the center
in the template strand of Poaceae, zma and osa. On the
other hand, most profiles showed a sharp increase at the
feature (gra, gma, egr, ptr, sly, cre). On the coding strand,
similar profiles were observed with increased G4s either
at the center or downstream. These characteristics were
pronounced for egr, gra, gma ptr, and cre only (Figure 7).

3.7. Investigation of regulatory roles of enriched G4s
Two properties of regulatory elements were expected to be
conserved: their topology (in duplex or quadruplex form)
and location. In terms of topology, although the types of
G-quadruplexes formed are not clear to us at this point, it
was already predicted that these elements are forming some
type of four-stranded kink, or G-quadruplex. In terms
of location, specific positions among the profiles across
species were already observed to be abundant in G4s and
are listed in Table 1. Since G4s at close coordinates showed
similarity in both topology and location, analysis of G4s
located at hotspots for coexpression of their associated
genes would enlighten us about the strength of influence
of G4s on coregulation as well as the mechanism by which
the coregulation occurs.

For that purpose, four specific locations were selected
due to enriched G4 formation and referred to as hotspots.
Further analysis was performed to comprehend the level
of regulatory impact of the G4s at these hotspots. For
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Figure 3. G4-Participating nucleotide distribution profiles in the £1000 (left) or £100 (right) nucleotides vicinity of AUG separately for

coding (light gray) and template (dark gray) strands.

this analysis the coexpression data were best presented in
the literature by the Rice Genome Annotation Project in
the form of an assembled coexpression table for a large
number of gene loci derived from the NCBI Sequence
Read Archive (Kawahara et al, 2013). Fortunately, rice
(osa) has shown several conserved G4 enrichment spots in
the distribution profiles.

The four G4 hotspots on osa chosen for the analysis
were —52 of the TSS at the template strand (HS1-TSS), -9
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of the TSS at the template strand (HS2-TSS), -16 of the
AUG at the coding strand (HS3-AUG), and 24 of EXINT
at the template strand (HS4-EXINT) (Figure 8; Table 2).
All of these hotspots were chosen for their unmistakable
presence and conservation across species.

HSI1-TSS, a G4 hotspot located at -52 of osa T'SS, had
higher than average number of correlated gene pairs for
any random gene set with the same number of genes.
However, it showed lower statistical significance (P < 0.05)
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Figure 4. G4-Participating nucleotide distribution profiles in the +1000 (left) or £100 (right) nucleotides vicinity of EXINT separately

for coding (light gray) and template (dark gray) strands.

than other G4-enriched hotspots. It is important to note
that this peak was not as pronounced as others since it
was part of a broader peak with a maximum at -9 where
another hotspot was chosen. HS2-TSS at -9 of the template
strand had a very high number of correlated gene pairs,
indicating that the genes with G4s present at this point
result in significantly increased likelihood of coexpression
(P <0.00001).

HS3-AUG was located at —16 of the AUG feature and
on the coding strand, which was expected to be represented
on mRNA and to correspond to 5'UTR. Any G4 found on
this spot would be more likely to influence the expression
at transcription stage. G4s showed a significant peak

at this point along the AUG-aligned profile of osa and
the correlated gene pairs correlated to this hotspot were
statistically significant (P < 0.01), although not as strongly
as HS2-TSS and HS4-EXINT.

HS4-EXINT, a significant hotspot located at 24 bases
downstream of the first exon-intron boundary, showed
a very statistically significant number of correlated gene
pairs (P < 0.00001), indicating a regulatory role.

Two additional positions were also chosen as negative
controls that show neither peaks nor conservation: —1000
of TSS at the coding strand (CS5-CTRL) and +1000 of
TTS of the template strand (CS6-CTRL) were chosen due
to maximum distance to any feature of the gene and lack of
any pronounced peak (Table 2).
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Figure 5. G4-Participating nucleotide distribution profiles in the £1000 (left) or £100 (right) nucleotides vicinity of INTEX separately

for coding (light gray) and template (dark gray) strands.

Figure 6. G4-Participating nucleotide distribution profiles in the +1000 (left) or £100 (right) nucleotides vicinity of STOP feature sepa-

rately for coding (light gray) and template (dark gray) strands.

The statistical analysis clearly showed that the
negative controls, CS5-CTRL and CS6-CTRL, did not
show any significant z-score, indicating that there was no
accumulation of correlated genes among genes with G4s
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at these points as expected, since G4s were not specifically
enriched at these points. On the other hand, hotspots that
showed specific G4-richness had statistically significant
numbers of correlated gene pairs.
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Figure 7. G4-Participating nucleotide distribution profiles in the £1000 (left) or £100 (right) nucleotides vicinity of TTS separately for

coding (light gray) and template (dark gray) strands.

Figure 8. Hotspots and negative controls for O. sativa (osa) TSS-, AUG-, and EXINT-aligned profiles selected for analysis.

3.8. G4 identity matrices

As mentioned above, a regulatory element was expected
to show distinct topology and be present at a specific
location. The hotspots were already predicted to form
G4s; however, it is often forgotten that G4 topologies

differ from one another and an expanding variety of G4
structures are known. These topologies are dependent on
environmental factors, but even more so on the sequence.
The positioning of the G-tracts, length of the loops, and
even the loop composition add to the final structure. Thus,

161



DOLUCA / Turk ] Bot

it is not completely accurate to regard all these G4s as a
single type of molecular element. One type might have
stronger interaction with a particular transcription factor
and thus result in a stronger coregulation. We previously
suggested that G4 topology would have different effects
at the molecular level and suggested clustering based on
topological similarities (Kaplan et al., 2016). Topologies of
the G4s, of course, cannot be identified accurately without
extensive analysis of every single G4 computationally
predictedina genome and even that is prone to deformation
in vivo. However, we suggested that a practical approach
would be the pairwise alignment of the G-quadruplex-
forming sequences. Although the loops do not have as
strong an influence on the stability of G4 as the G-tracts,
they are still influential on its potential interactions as the
bases of the loops often look outwards in solution and
are presented to the intracellular environment. Thus, an
identity matrix was calculated for G4s at each hotspot in
order to investigate if gene coregulation is also related to
sequences of G4s and, evidently, their topology.

The pairwise alignment scores were calculated for
each G4 pair with arbitrarily chosen alignment scores
as described in Section 2 and then divided by the length
of the shorter G-quadruplex-forming sequence, which
equals the maximum score that could have achieved by the
pair. The latter step is undertaken to normalize the results
between different alignments and provide comparability.

When converted into heat maps, G-quadruplex
identity matrices surprisingly did not show any significant
similarity in any of the hotspots (Figure 9). In HS3-AUG,
an increase in G4 identity within the large cluster suggested
that the G4 topology has a marginal connection to the
correlation. The high identity G4s shared a common motif:
a polyguanine tract of 16 bases. A similar accumulation
of G4s with high identity was observed in the smaller
cluster of HS2-TSS sharing long polyguanine tracts as
their common motif. Interestingly, in HS4-EXINT, the
highest G4 identities corresponded to the highest gene
expression correlations. These G4s also showed a common
polyguanine tract with a minimum length of 15 bases.

4. Discussion

The G4 analysis showed that the most significant shifts
or peaks in G4 intensities were observed in the vicinity
of the first half of the features, TSS, AUG, and EXINT,
where most of the regulatory elements are located.
Profiles showed an overall frequency of G4 formation on
the template strand in the vicinity of these three features
while no significant difference was recorded between
template and coding strands for the latter features. Such
a difference between template and coding strands, the
significant shifts throughout the profiles, and the overall
increased density of G4s for TSS, AUG, and EXINT are all
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indications of the presence of a G4-associated regulatory
role in transcription.

One of the most pronounced characteristics in the
TSS-aligned profiles is the enriched G4 formation in a
broad region in the vicinity of the TSS template, which
may be related to transcriptional initiation (Figure 1).
Indeed, G4 formation was previously shown to take
part in the promoter. Significant formation around the
transcription start site may be required for the release of
the double-stranded form. This is further supported by the
increased coexpression for the genes corresponding to the
hotspots upstream of the TSS. Since HSI-TSS and HS2-
TSS both are present upstream of the TSS features (Figure
8), the G4s are not represented at mRNA level and their
regulatory role is only limited to transcription. Since these
hotspots are present on the template strand it is expected
that a direct interaction with transcription factors is
probable.

For AUG, on the other hand, G4 formation was
exclusively on the template strand or the upstream of
the coding strand (Figure 3). This was expected since the
downstream of AUG corresponds to the first exon and
its sequence is mostly determined by the open reading
frame of the coding amino acid sequence. A sharp dip
in the template strand at the first codon was prominent
in most profiles. This strange behavior may be related to
avoiding stalling of RNA polymerase at the first codon,
which is essential for functional protein production where
mutation could not be tolerated. It would be intriguing
to see if replacing the first codon within a G4 loop region
would influence the expression and could answer why
such a particular characteristic was conserved.

Another conserved characteristic peak, referred to as
HS3-AUG, was found upstream of AUG on the coding
strand, which corresponds to 5'UTR (Figure 8). It is
important to note that the gene expression data analyzed
here were obtained through whole-exome sequencing
(WES) and thus do not represent expression as protein
product concentration but rather as mRNA concentration.
For that reason, influence of G4s on translation would
not be observed. However, our results suggest that
5'UTR G4s may regulate at the mRNA level. The mode
of this regulation does not have to be during translation;
instead, it may be through regulation of mRNA half-life, a
consequence that would be represented in WES. Here we
might be observing protection of the 5'-end of mRNAs by
G4s through steric hindrance. This effect, in fact, may be
put to the test by comparison of the 5’ extension of mRNA
sequence reads in raw WES data.

The exon-intron boundary, EXINT, showed a peculiar
G4 enrichment on the template strand right after the
feature for most species, clearly marking the beginning
of the intron (Figure 4). The sharp peak at this location
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Figure 9. G4 identity matrices (left) of the putative G4-forming sequences and expression similarity matrices (right) of the genes as-
sociated to each hotspot. Hierarchical clustering was performed using UPGMA linkage method. Expression similarities were calculated
using Pearson correlation and G4 identities were calculated using local pairwise alignment method.

forming HS4-EXINT also indicated coexpression with
a high statistical significance that can be explained by a
regulatory role (Table 2). However, it should be noted
that HS4-EXINT is found on the template strand, which
means G4s are formed only at DNA level (Figure 8). Such
G4 formation was also recorded for zma in this study and
in a previous one (Andorf et al,, 2014). It was suggested
that this may have a role in stalling RNA polymerase
during transcription. This was a rather unexpected result,
as it would be simpler to explain a hotspot if it was located
on mRNA and possibly taking part in mRNA splicing or
premature termination as suggested before (Majewski,
2002). However, DNA-level intronic regulatory elements
are not new and were previously shown in plants
(Mascarenhas et al. 1990; Hernandez-Garcia and Finer,
2014). Such regulation was only found in the leading
intron and is known as intron-mediated enhancement
(IME) (Gallegos and Rose, 2015), and, in light of the
literature, G4s present in HS4-EXINT are very likely to

be IME elements. Such a role of G4s in IME is indeed
possible since IME is thought to enhance transcription by
making the upstream region of the intron more accessible
(Gallegos and Rose, 2015), which coincides with the
relation between G-quadruplex formation and the torsion
in the flanking duplex DNA (Wang and Lynch, 1996) and
the influence of G-quadruplexes on transcription over
long distances (Zhang et al., 2013).

It should also be noted that the distribution profiles
showed overall resemblance within members of
evolutionary branches according to NCBI taxonomy
(Figure 2) (Sayers et al., 2009). For members of Poaceae,
osa and zma, the distribution profiles showed particularly
significant resemblance, which was expected due to
evolutionary similarity. Some other species, such as egr,
gma, cme, gra, and ptr, also showed similarity to this
couple. Evolutionary similarity was also observed among
Arabidopsis, which, oddly, also showed features similar to

sly.
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On the other hand, moss and algae species, ppa, olu,
and cre, had very different profiles than the rest, especially
in the coding strand (Figures 1 and 4). Moving through
higher plants, a dramatic increase was observed in the gap
between G4 abundance on the template strand and the
coding strand, which may be explained as the intracellular
mechanisms developing an alternative use for the G4s.
These findings indicated that G4 enrichment may be a trait
developed through evolution of plants.

When hierarchically clustered similarity matrices were
visualized as heat maps, it could clearly be seen that G4-
associated genes were not equally correlated among each
other within hotspots (Table 2). For instance, in HS1-
TSS a large cluster of genes was highly associated among
each other and several smaller clusters were present,
indicating that not all G4s at this hotspot may have similar
coregulatory roles. In fact, the larger cluster indicated that
only about half of the genes were associated at this hotspot.
Similarly, HS2-TSS and HS2-AUG also showed formation
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