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Abstract

Background Chloroplasts are essential organelles in the regulation of oxygen metabolism in algae and plants, and
therefore play a central role in the physiology of oxygen-dependent life. Chloroplasts typically contain a circular

DNA molecule with replication and inheritance largely independent of the nuclear genome. Putative G-quadruplex—
forming sequences (PQS) have emerged as important non-canonical DNA features in various genomes; however,
their distribution and potential roles in chloroplast DNA (cpDNA) remain poorly understood. In this study, we used the
G4Hunter algorithm to perform a comprehensive, large-scale analysis of PQS across all publicly available chloroplast
genomes in the NCBI database (n=7,187).

Results Our analysis provides a systematic characterization of cpDNA with respect to PQS localisation, frequency,
conservation, and variation across major evolutionary lineages. The average frequency of PQS in cpDNA genomes was
0.873 PQS per kilobase pair (kbp), ranging from 0.018 PQS/kbp in Sonderella linearis to 5.011 PQS/kbp in Paradoxia
multiseta. Marked lineage-specific differences were observed, with the highest PQS frequencies in lycophytes and the
lowest in red algae. PQS were unevenly distributed along cpDNA sequences, with enrichment depending on motif
length and genomic context. Specifically, PQS were preferentially located within transposable elements, replication
origins, tRNA genes, 3" untranslated regions (3'UTRs), and repeat regions, rather than being randomly dispersed.

Conclusions Our findings reveal non-random patterns of PQS distribution across chloroplast genomes and identify
genomic regions with consistent enrichment of these motifs. While these observations are consistent with the
possibility that PQS could contribute to structural or regulatory processes in cpDNA, their functional relevance
remains to be experimentally validated. This work provides a comprehensive resource and establishes a foundation
for future studies aimed at elucidating the biological roles of G-quadruplex structures in chloroplast genomes.
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Introduction versatile functions underscore the importance of chloro-

Chloroplasts are essential intracellular organelles in
plants. Beyond their well-known role in photosynthe-
sis, chloroplasts contribute to the biosynthesis of amino
acids, nucleotides, fatty acids, phytohormones, vitamins,
porphyrins, isoprenoids, and starch [1, 2]. Interestingly,
some of these biosynthetic pathways, such as fatty acid
synthesis, also occur in the cytosol of the cell. This means
that the same molecules can be synthesized in parallel at
different locations within the cell, ensuring greater flex-
ibility and efficiency in producing these important sub-
stances [3]. Most of the proteins present in chloroplasts
are encoded by nuclear DNA, which reflects the evolu-
tionary shift from their cyanobacterial ancestors [4].
Chloroplasts originated from a symbiotic relationship
between a primitive eukaryotic cell and a photosynthetic
cyanobacterium, leading to the integration of the cya-
nobacterial genome into the host cell and the eventual
formation of the modern chloroplast [1, 5]. Over time,
chloroplast DNA (cpDNA) has undergone significant
reduction and rearrangement, resulting in the highly
specialized genomes seen in contemporary plant chloro-
plasts [6]. The nuclear-encoded proteins are synthesized
as precursors on cytosolic ribosomes and then imported
into chloroplasts, where they are incorporated into the
metabolic pathways [1]. This intricate process illustrates
the ongoing collaboration between the nuclear and plas-
tid genomes to maintain chloroplast function. These

plasts in maintaining plant health and development [7].
cpDNA typically ranges in size from 100 to 247 kb in
most plants, although both smaller and larger genomes
can be found. The chloroplast genome contains 110-130
genes, including those essential for plant metabolism,
such as those involved in photosynthesis, transcription,
and ribosomal RNA production [8-10]. Of these, 80-90
are protein-coding genes, 30—31 are tRNA genes, and 4
are rRNA genes [10]. Plant cells typically harbour mul-
tiple chloroplasts, and multiple copies of cpDNA in each
chloroplast, with the number of copies varying based
on cell type and its differentiation state [11]. In higher
plants, the cpDNA is generally organized into two long
inverted repeats (IRs) with reverse polarity, which sepa-
rate a large and a small single-copy region [8, 9, 12], a fea-
ture that plays a significant role in evolutionary processes
[13]. On the other hand, short IRs have been shown to
be abundant in regulatory regions of cpDNA [14]. Addi-
tionally, the presence of IRs is closely linked to the high
occurrence of G-quadruplex structures (G4s) within the
genome [15, 16]. G4s are non-canonical DNA secondary
structures consisting of four guanine bases connected
by Hoogsteen hydrogen bonds to form stacked guanine
tetrads, stabilized by the presence of monovalent cations
[17]. These structures predominantly form in guanine-
rich regions of the genome [18] and are associated with
diverse regulatory functions, including modulation of
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gene expression [19], maintenance of genome stability
[20], and regulation of DNA replication and transcription
[21].

G4 structures have been identified across a diverse
range of organisms [22], including viruses [23-25], bacte-
ria [26], archaea [27], fungi [28, 29] (including yeast [30]),
and mammals [31], such as Homo sapiens [19, 32]. They
have also been detected in mitochondrial DNA (mtDNA)
across various taxonomic groups, where they are notably
overrepresented in regions such as the 3’ untranslated
regions (3'UTRs), displacement loops (D-loops), replica-
tion origins, and stem-loop structures, suggesting regu-
latory roles for quadruplexes in mtDNA processes [33].
Yet, even if one can easily imagine that G4s may also be
present in cpDNA and participate to chloroplast biology,
this hypothesis remains to be fully explored.

This study aims to explore the presence and impact of
G4s within cpDNA. Understanding the distribution and
functional significance of G4s in cpDNA may reveal new
insights into the regulation of chloroplast genes and the
broader implications for plant physiology and adapta-
tion. Through this research, we aim to contribute to the
growing body of knowledge on the complexity of chloro-
plast genomes and the potential regulatory mechanisms
involving G4 structures.

Materials and methods

Process of analysis

The cpDNA sequences analysed in this study were
obtained from the National Center for Biotechnology
Information (NCBI). All IDs of cpDNA sequences were
downloaded (11/7/2022) from the organelle genome
database of the NCBI. After deleting duplicate organ-
isms, 7,187 sequences were analyzed using the G4Hunter
software (http://bioinformatics.ibp.cz) [34, 35] to iden
tify putative quadruplex sequences (PQS). The default
G4Hunter parameters were used (window size of 25
nucleotides and a threshold of 1.2), as these settings have
been previously validated for identifying experimen-
tally confirmed quadruplex structures [34]. Although
the number of publicly available plastome sequences has
increased since the download date, the most representa-
tive organisms across major plant lineages were already
included at the time of retrieval. Much of the subsequent
growth in available sequences reflects redundant entries
from already sampled species, and the main conclusions
of this study are therefore expected to remain robust with
respect to dataset completeness. In the NCBI organelle
genome database, cpDNAs are arranged into five groups
(Plants, Protists, Other Protists, Green Algae and Other).
We additionally divided downloaded sequences into 8
evolutionarily related groups including Angiosperms,
Gymnosperms, Monilophytes, Lycophytes, Bryophytes,
Green and Red Algae, and category labelled “Other”. The
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“Other” group encompasses the highly diverse eukaryotic
clade SAR (Stramenopiles, Alveolates, and Rhizaria), as
well as organisms belonging to Discoba, Cryptophyceae,
and Haptista. For more detailed statistics, including the
subdivisions within the “Other” category, see Supple-
mentary Material 01. This division allowed us to observe
trends in PQS frequency across the groups. To assess
conservation, a BLAST search of PQS found in the model
organism Arabidopsis thaliana was conducted. Limita-
tions were set to 5000 sequences, results only included
plant species, and other Arabidopsis species were
excluded from the analysis.

Analysis of PQSs around annotated NCBI features

To understand the potential roles of G4s in cpDNA, the
locations of PQS within the chloroplast genome were
identified. Genomic annotations were obtained from the
NCBI database and overlaid with G4Hunter results to
determine whether PQSs were located within or 100 bp
upstream/downstream of these annotated regions. The
repeat regions considered in this analysis correspond
exactly to those annotated in the original NCBI database
entries for each genome, encompassing features such
as inverted repeats, tandem repeats, and other repeat-
associated elements as deposited by the original submit-
ters. No additional repeat classification or filtering was
applied beyond what was provided in the source annota-
tions. It should be noted that annotation quality may vary
across publicly available chloroplast genomes and any
associations involving annotated genomic features such
as repeat regions, tRNA, or replication origins should be
interpreted with this caveat in mind, as heterogeneous
annotation represents an inherent limitation of database-
scale comparative studies. To assess the PQS distribution
patterns, results were visualized using GraphPad Prism
to illustrate the relationship between PQSs and anno-
tated genomic features.

Statistical analysis

Non-parametric Kruskal-Wallis tests with Dunn’s mul-
tiple comparisons were employed to assess significance.
Correlation was evaluated using the two-tailed Pear-
son’s correlation coefficient. Data normality was assessed
using the Shapiro-Wilk test. All figures and analyses were
generated using GraphPad Prism (v 8.0.1) [36].

Comparison of PQSs in cpDNA and control

For each group, the mean GC content and sequence
length were calculated. Ten control sequences per group
were then generated using the online tool DNAGenIQ -
Random DNA Sequence Generator (ProteinlQ, accessed
18/5/2026, https://proteiniq.io/app/random-dna),
matching the group-specific average length and closely
approximating the average GC content. In total, this


http://bioinformatics.ibp.cz
https://proteiniq.io/app/random-dna

Dobrovolna et al. BMC Plant Biology (2026) 26:1339

yielded 100 control sequences across 10 groups. The con-
trol sequences were analysed using G4Hunter under the
same parameters applied to the cpDNA dataset (window
size of 25 nucleotides and a threshold of 1.2). The result-
ing predictions were subsequently compared with those
obtained for cpDNA and are provided in Supplementary
Material 02 (Supplementary Table 01, Supplementary
Fig. 01).

Results

Using G4Hunter, the number of PQS were quantified in
7187 cpDNAs across 8 divisions. Due to the high vari-
ability in sequence size between organisms, to nor-
malise the data, the total number of PQS in addition to
the frequency of PQS per kbp and number of PQS rela-
tive to the GC content were noted. The length of cpDNA
sequences varies between 15.5 kbp for Asarum minus
and 610 kbp for Bulboplastis apyrenoidosa with a median
length of 155,328 bp. The highest GC content was found
in Trebouxiophyceae sp. MX-AZ01 (57.66%), the lowest
in Dixoniella grisea (23.17%). The mean GC content was
37.05%. Using default values for G4Hunter (i.e., a win-
dow size of 25 nucleotides and threshold score of 1.2), we
found nearly one million PQS among all cpDNAs, giv-
ing an average PQS frequency of 0.873 PQS per kbp. In
comparison, the PQS frequency in human mitochondrial
DNA is 6.6 PQS per kbp, highlighting that the PQS den-
sity in cpDNAs is considerably lower.

Across the groups, Monilophytes had the largest aver-
age number of PQS (293 PQS per sequence) and the
highest average PQS frequency (2.136 PQS/kbp) followed
by Lycophytes with 198 PQSs per sequence and 1.296
PQS/kbp. Within Lycophytes, the observed split between
high-frequency and low-frequency clusters reflects
underlying phylogenetic subgrouping. The high-fre-
quency cluster (approximately 3 or more PQS/kbp) cor-
responds to Selaginellales, whereas Isoetales consistently
show the lowest values within the group, with an aver-
age of 0.68 PQS/kbp. A comparable phylogenetic signal

Table 1 G4Hunter analysis results for copDNA
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is evident in Gymnosperms, where the highest PQS fre-
quencies are found in Cycadales, encompassing both
Zamiaceae and Cycadaceae, followed by Pinales. The
lowest frequencies within this group, falling below 0.5
PQS/kbp, are observed in Cupressales. These distribu-
tion patterns therefore appear to reflect genuine phyloge-
netic signal rather than technical artefact. The Red Algae
scored lowest for average of PQS (15 PQSs per sequence)
and average PQS frequency (0.080 PQS/kbp). Organ-
isms within the Other group had on average 21 PQS per
cpDNA (0.175 PQS/kbp). The Green Algae with 77 PQS
per sequence had an average frequency of 0.448 PQS/kbp
closely followed by Bryophytes with 55 PQS per sequence
and 0.407 PQS/kbp. Among bryophytes, PQS frequency
varied considerably across constituent classes, highlight-
ing the limitation of treating this group as a single analyt-
ical unit. The highest PQS frequency within bryophytes
was observed in Haplomitriopsida (Marchantiophyta),
with an average of 2.284 PQS/kbp, though this value is
based on a single sequence and should be interpreted
with caution. Within Marchantiophyta, Jungermanni-
opsida showed a moderate frequency of 0.527 PQS/kbp,
while Marchantiopsida had the lowest frequency within
the phylum at 0.214 PQS/kbp. Anthocerotophyta classes
showed uniformly low frequencies, with Anthocerotop-
sida and Leiosporocerotopsida averaging 0.346 and 0.289
PQS/kbp respectively. Notably, Bryophyta itself displayed
considerable internal variation. Takakiophytina recorded
the highest frequency within this phylum at 0.933 PQS/
kbp, followed by Sphagnophytina at 0.706 PQS/kbp,
while Bryophytina showed substantially lower values
at 0.291 PQS/kbp, approaching the lowest frequencies
observed across the entire bryophyte dataset. This inter-
nal heterogeneity within Bryophyta, spanning more than
a threefold difference in PQS frequency between sub-
groups, underscores the importance of subclass-level
resolution when interpreting PQS distribution patterns
in this lineage.

Group Seq Median Short Long PQS Mean f Min f Max f GC%
All 7187 155,328 33,539 610,063 959,635 0.873 0.018 501 37.05
Green Algae 174 142,563 48,188 521,168 13,351 0.448 0.038 5011 3281
Red Algae 102 178,965 126,100 610,063 1556 0.080 0.018 0.385 29.07
Bryophytes 73 123,907 108,007 161,162 3757 0.407 0171 2.284 31.23
Lycophytes 25 144,680 110,411 150,349 7328 2136 0.672 4553 4435
Monilophytes 134 151,615 131,150 172,311 26,528 1.296 0.329 2133 41.29
Gymnosperms 182 127,313 85,318 166,341 13,794 0.588 0333 1.094 36.96
Angiosperms 6351 155,586 15,553 242,575 890,301 0913 0.170 2.001 3737
SAR 117 125,283 33,539 201,816 2539 0.178 0.057 1.356 31.66
Other 26 94,733 33,539 143,171 407 0.146 0.075 0.277 3022

Seq (number of sequences), median, short and long correspond to the median, min. and max. lengths in the dataset, PQS (number of PQS), Mean f (mean of PQS per

kb), Min f (lowest frequency), Max f (highest frequency), GC% (GC content)
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Total PQS counts, sequence lengths, percentage of
GC and PQS frequencies characteristics for each group
are summarized in Table 1. The distribution of PQS/kbp
within individual species in each of the groups can be
seen in Fig. 1.

Higher G4Hunter scores (G4HS) correspond to
motifs capable of forming very stable quadruplexes.
As expected, the number of PQS tended to decrease
with the G4Hunter threshold, and candidate sequences
may be grouped into different categories depending on
G4Hunter score. Across all groups, the majority of PQS
identified in cpDNA sequences were classified within the
moderate G4HS range of 1.2-1.4, representing 66.39%
of all PQS. Following this, sequences falling within the
1.4-1.6 range comprised 20.54% of all PQS. Despite
being less frequent, we still found a significant number of
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Fig. 1 The frequency of PQS per 1,000 nucleotides in the cpDNA of in-
dividual species within groups; Angiosperms (n=6,351), Gymnosperms
(n=182), Monilophytes (= 134), Lycophytes (=25), Bryophytes (= 73), Green
Algae (=174), Red Algae (=102), SAR (= 117), Other (=26); Horizontal solid
lines represent median values; Frequencies across the groups were found
to be significantly different to one another (P<0.0001) as determined via
a non-parametric Kruskal-Wallis test PQS were identified using G4Hunter
with a threshold of 1.2
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sequences with high G4HS (1.6-1.8 interval: 78,491 PQS;
1.8-2.0 interval: 31,244 PQS; 2.0-more: 16,922 PQS
accounting for 8.1%, 3.2% and 1.8% of all PQS). A lower
frequency of high scoring PQS has already been observed
for all genomes analyzed so far, including helminths [37],
bacteria [38], archaea [39], and viruses [40]. The distribu-
tion of G4HS scores was compared between evolutionally
related groups (Fig. 2). All groups showed a significant
drop in PQS frequencies when higher thresholds were
selected, but to different extents. Groups including
Gymnosperms, Monilophytes, Lycophytes, Bryophytes
and Green Algae were less enriched with PQS in the
G4HS interval 1.8-2.0 than 2.0-more.A summary of all
PQS found in intervals of G4HS and PQS frequencies
per kbp for all cpDNAs is shown in Table 2, and for all
groups separately in Supplementary Material 02 (Sup-
plementary Table 1). It should be noted that phyloge-
netic non-independence among sequences, particularly
within the deeply structured Angiosperm group, and the
highly uneven group sizes may limit the interpretation of
among-group comparisons. Results from smaller groups
should therefore be treated with caution and are pre-
sented primarily for completeness. It is also worth noting
that treating Bryophytes as a single category may obscure
biologically meaningful differences between mosses, liv-
erworts, and hornworts, which differ substantially in
cpDNA architecture, GC content, and IR organisation.
Readers interested in bryophyte subdivisions or any other
taxonomic subgroup can filter sequences by class, order,
and family using the classification provided in Supple-
mentary Material 01.

A steep decrease in highly stable PQS within the groups
of Red Algae and Other was observed, likely due to the
lower number of sequences in these groups (Fig. 2). A
consistent decline in PQS was observed in the Lyco-
phytes and Angiosperms and was particularly evident in
the last two intervals. In contrast, Bryophytes and Gym-
nosperms showed relatively stable scores in the last two
intervals. Notably, Monilophytes and Green Algae exhib-
ited a remarkable number of highly stable PQS, which
was not correlated with the length of the sequences nor
with their GC content. PQS counts for each G4Hunter
score threshold across the different groups are provided
in Supplementary Material 02 (Supplementary Table 1).

To assess whether the observed PQS frequencies
exceeded what would be expected from nucleotide com-
position alone, control sequences matching the group-
specific average length and GC content were generated
and analysed under identical G4Hunter parameters.
Across all groups, cpDNA sequences showed substan-
tially higher PQS frequencies compared to their respec-
tive GC-matched controls, demonstrating that the
abundance of putative G4 motifs in chloroplast genomes
cannot be attributed to nucleotide composition alone. In
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Table 2 Total number and frequencies of PQS found in cpDNA
grouped by G4hunter score
G4Hunter threshold Number of PQS  PQS frequency (PQS/kbp)

12-14 643,142 0.586
14-16 198,983 0.181
1.6-1.8 78,491 0.072
1.8-2.0 31,244 0.028
2.0 - more 16,922 0.015
Total 968,782 0.873

the 1.2—-1.4 score interval, control sequences showed sub-
stantially lower PQS frequencies compared to cpDNA,
with an overall decrease of 72% when considering the
average across all sequences, and reductions as high as
84.5% and 83.6% observed for Green Algae and Bryo-
phytes respectively. This difference became increas-
ingly evident at higher score thresholds, where control
sequences yielded negligible PQS counts while cpDNA
retained a detectable number of high-scoring motifs. At
score intervals above 1.8, control sequences of equivalent
GC content yielded virtually no PQS predictions. The
fact that cpDNA retained detectable high-scoring motifs
at these thresholds suggests that their occurrence is not
a random consequence of nucleotide composition but
reflects genuine sequence-level organisation. A notable
exception was observed in the Other category, where
control sequences maintained comparable PQS frequen-
cies to cpDNA across several score intervals and margin-
ally exceeded them at some thresholds, likely reflecting
the compositional and taxonomic heterogeneity of this
group rather than genuine G4 enrichment in cpDNA.

This pattern was otherwise consistent across the remain-
ing nine groups examined, supporting the conclusion
that PQS enrichment in cpDNA represents a non-ran-
dom feature of plastid genome architecture. A full com-
parison of cpDNA and control PQS frequencies across all
groups and score intervals can be found in Supplemen-
tary Material 02 (Supplementary Table 01, Supplemen-
tary Fig. 01).

Next, we assessed the frequency of PQS within these
genomes relative to the GC content of the genomes. As
expected, there was a positive correlation (R=0.6879)
between genome GC content and the frequency of PQS
(Fig. 3). This correlation is relatively weak though, with
a number of outliers. For example, we observed a greater
frequency of PQS than expected in the genomes of sev-
eral species. For instance, Paradoxia multiseta displayed
the highest observed PQS frequency at 5.01 PQS/kbp,
with a GC content of 50.6%, corresponding to 9.91 PQS
per 1000 GC base pairs. Similarly elevated frequencies
were detected in Selaginella sanguinolenta (4.55 PQS/
kbp), Coccomyxa sp. Obi (4.28 PQS/kbp), Oltmannsiel-
lopsis viridis (2.78 PQS/kbp), Udotea flabellum (2.70
PQS/kbp), and Cephaleuros virescens (2.33 PQS/kbp).
These values indicate a substantial enrichment of PQS
motifs in the chloroplast genomes of these organisms,
independent of their overall GC content.

Conversely, several species exhibited notably low
PQS frequencies relative to their GC content. Among
the lowest was Choricystis parasitica (0.722 PQS/kbp)
with a GC content of 45.5%, corresponding to only 1.59
PQS per 1000 GC base pairs. Similarly, Mesotaenium
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endlicherianum displayed a frequency of 0.422 PQS/kbp,
equating to 1 PQS per 1000 GC base pairs. The chloro-
plast genome with the lowest overall PQS frequency was
found in Sonderella linearis (0.018 PQS/kbp), with only
three PQSs identified in the entire sequence. This was
followed by Acrosorium ciliolatum and Bryothammnion
seaforthii, both showing a frequency of 0.023 PQS/kbp
and containing just four PQSs each across their cpDNA.
Sonderella linearis (26.0% GC), Acrosorium ciliolatum
(25.5% GC), and Bryothamnion seaforthii (29.5% GC) are
all red algae with chloroplast genomes approximately 170
kbp in length. Despite having genome sizes comparable
to other algae with higher PQS densities, their extremely
low PQS counts suggest that genome length alone does
not account for the reduced G4 potential. Rather, the
combination of low GC content and possible lineage-spe-
cific constraints in red algae may contribute to this strik-
ing deficiency.

Interestingly, species such as Dixoniella grisea SAG
72.90, Bulboplastis apyrenoidosa NIES-2742, and Apha-
nochaete elegans, all members of the Chlorophyta (green
algae), exhibit chloroplast GC contents under 24%.
Despite this, their PQS frequencies were at least double
those of the red algae mentioned above, with total PQS
counts of 20, 23, and 16, respectively. This contrast high-
lights the influence of phylogenetic background on PQS
distribution and suggests that factors other than GC con-
tent, including genome architecture, selective pressures,
and other evolutionary processes, may contribute to

the retention or elimination of G-rich motifs in cpDNA
across different algal groups.

G4s are often found in higher frequencies within pro-
moter regions and untranslated regions (UTRs) of higher
eukaryotes where they have key regulatory roles within
processes such as transcription [41]. Therefore, we
were interested in identifying the genomic locations of
PQS within the cpDNA genomes. Here, we determined
whether PQS fell within an annotated feature (inside)
or within 100 bp before or after the annotated feature
(before and after, respectively). To ensure robustness of
interpretation, we focused only on features that occurred
at least 30 times across the dataset, with the exception
of the replication origin, which was included due to its
functional relevance despite having fewer occurrences.
We identified that PQS were most likely to be found
before, within, and after the mobile elements, replication
origins, repeat regions, and tRNA regions (Fig. 4).

In addition to the genome analyses above, we explored
the chloroplast genomes for any conserved PQSs. We
focused specifically on the genome of the model organ-
ism A. thaliana in this instance and highlighted the
sequences within its chloroplast genome capable of
potentially forming three-tetrad G4s. These sequences
are more likely to form stable G4s. We found 15 of these
sequences falling inside or within 100 bp of specific
genes in the chloroplast genome (Table 3). For each of
these PQSs, we performed a BLAST search to identify if
they were conserved amongst other plants. Arabidopsis
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Fig. 4 The genomic locations of PQS found 100 bp before, within, and
100 bp after annotated features in cpDNA; Frequencies are normalized
according to the PQS frequency; Annotations were taken from the NCBI
database

species were not included in this search to obtain a
wider perspective of their conservation amongst differ-
ent genera and species, given that the BLAST search is
limited to 5000 results. Three of the PQSs found within
100 base pairs upstream or downstream of psa/, near
trnR, and inside atpB in A. thaliana were found not to
be conserved in any plant species (Table 3). In contrast,
6 of these G4-forming sequences (or slight variations of)
were found to be highly conserved throughout hundreds
of genera and thousands of species. PQSs with the great-
est conservation amongst species were found within the
psbC, psaB, ycf2 and truR genes (trnR contained 3 PQSs;
see Table 3). The most conserved of these sequences,
CCCCACCCCGTCTCCACTGGATCTGTTCCCAG
GAGTACCC (a C-rich motif with a negative G4Hunter
score of -1.35: its reverse complement would be prone to
G4 formation), was located within 100 base pairs of truR,
which encodes the tRNA for arginine, and was found
conserved in 977 different genera encompassing 3155
different species. The PQS in the genes psbC and psaB,
which encode components of photosystems II and I, were
also highly conserved in higher plants, but not in algae.
Complete sequence conservation alone does not dis-
tinguish selection of the G4 motif from broader sequence
constraint. We therefore examined whether observed
substitutions were compatible with retention of G4-form-
ing potential. For tnrR, the motif was invariant across
most sampled species, precluding substitution-bias anal-
ysis. However, a single mutation was found in the loop
sequence of many species which likely has no impact on
PQS formation. In psaB, substitutions were observed
mainly in loop regions, such as those observed in Canar-
ium album and Vatica guangxiensis. Indeed, mutations
in the loop before the final C-tract were observed that
may enhance formation of the structure (CCTCCC in A.
thaliana but CCCCCC in other species such as Hirtella
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racemosa, Acorus calamus, Capsicum annuum, and Sola-
num americanum). The only genus that appeared to lose
this PQS sequence was Tragosporon spp. where one of
the cytosines in the C-tract was mutated to a thymine
that would completely disrupt PQS formation. Similarly,
for psbC, most mutations were in the flanking region
prior to the first G-tract (TCTATTTT in A. thaliana ver-
sus TTTATTTT in H. racemosa, A. calamus, C. annuum,
and S. americanum) or in the loop sequences preceding
the final G-tract (CTCC in A. thaliana versus CTCCT
in the other species). In some species, the G-tracts were
mutated, but these mutations again appeared to conserve
the PQS (GGGAGGGGGGG in A. thaliana versus GG
GGGGGGGQG in H. racemosa and A. calamus). These
examples supported the idea that substitutions in these
regions were compatible with G4 maintenance. However,
G4 conservation seemed to be less consistent in ycf2,
with mutations of the first guanine to an adenine in the
second G-tract occurring frequently, potentially decreas-
ing the stability of any G4 that may form. Taken together,
there is strong evidence that evolution attempts to retain
the PQS in most instances, but some caution must be
taken when interpreting this conservation globally.

Discussion

G4 sequences in chloroplast genomes were first exam-
ined in 2012, when only a few plant species and a lim-
ited number of complete cpDNA sequences or tools for
G4 analysis were available [42]. Since then, the rapid
expansion of publicly accessible plastid genome data has
enabled a much more comprehensive analysis across
diverse plant lineages. Our findings reveal significant
differences in the frequency of PQSs in cpDNA across
various plant groups. The highest frequency of PQSs
was observed in Monilophytes and Lycophytes followed
by the Angiosperms, with the Selaginella genus showing
particularly high frequencies. Interestingly, Selaginella
species have notably small genomes with reduced gene
numbers, which suggests that the remaining genomic
regions, such as intergenic and noncoding areas, may
harbour G4-prone sequences. Additionally, Selaginella
plastids have shorter cpDNA sequences (average of
133,590 bp) compared to other plants (average 155,328
bp) and feature a significantly higher GC content of 53%,
compared to the typical 37% found in other Lycophytes.
Selaginella species represent a critical evolutionary stage
in vascular plant development, showing a transition from
simpler to more complex photosynthetic systems. The
high frequency of PQSs in their cpDNA likely plays a
role in regulating the expression of photosynthetic genes,
helping these plants adapt to varying environmental
conditions [43]. As an early-diverging lineage of vascu-
lar plants, Selaginella retains ancestral features, and the
abundance of PQSs could reflect an ancient regulatory
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strategy for cpDNA that has since diminished in other
plant groups. Furthermore, many Selaginella species are
known for their desiccation tolerance and ability to sur-
vive in extreme habitats [44]. G4 structures may regulate
stress-responsive genes in the chloroplasts, contribut-
ing to their remarkable adaptability [45]. The high fre-
quency of G4s could help maintain cpDNA integrity
under oxidative stress, a common condition in chloro-
plasts due to elevated levels of reactive oxygen species
(ROS). Moreover, Selaginella produces unique second-
ary metabolites, such as biflavonoids, which are synthe-
sized with contributions from chloroplast-encoded genes
and are researched for their anti-tumor activity [46]. G4s
may regulate the expression of genes involved in these
biosynthetic pathways, further supporting the plant’s
adaptability.

In contrast, Red Algae, which use chlorophyll-a and
phycobiliproteins for photosynthesis [47], exhibited
very low PQS frequencies. The streamlined genome of
Red Algae, adapted to low-light aquatic environments
[48], likely reduces the need for G4 structures to regu-
late pigment-related gene expression. Red Algae have
evolved unique light-harvesting mechanisms that may
not require the complexity provided by G4s. Their sim-
pler chloroplast genomes, which lack extensive regula-
tory regions seen in other plants, may rely on alternative
secondary structures, such as hairpins, to perform roles
typically fulfilled by G4s.

The phylogenetic patterns observed in PQS frequency
raise the question of what biological machinery might
interact with these structures in the chloroplast context.
Unlike the nuclear genome, the chloroplast transcrip-
tional and replication apparatus is largely of prokaryotic
origin, yet the organelle imports hundreds of nucleus-
encoded proteins that have co-evolved with the plastid
genome [49]. G4 structures in cpDNA could therefore
interact with both plastid-encoded and nuclear-encoded
components. In bacteria, G4 motifs have been shown to
stall DNA polymerase progression and influence tran-
scription elongation, and analogous effects may occur
in plastids given the conserved prokaryotic-type RNA
polymerase present in chloroplasts [26, 49]. The plastid-
encoded RNA polymerase and the nucleus-encoded RNA
polymerase differ substantially in their promoter recog-
nition and transcriptional dynamics [50], and it is plau-
sible that G4 structures located upstream of plastid genes
differentially influence their activity, potentially con-
tributing to lineage-specific differences in gene expres-
sion regulation. Supporting this, G4 structures have
been shown to modulate transcription factor binding in
nuclear contexts [51], and several nucleus-encoded, plas-
tid-targeted proteins involved in transcription and RNA
processing, including members of the pentatricopep-
tide repeat (PPR) protein family, are known to recognise
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specific nucleic acid secondary structures [52-54].
Whether PPR proteins or other imported RNA-binding
factors interact with G4 motifs in cpDNA remains to
be directly demonstrated, but the structural specificity
of these proteins makes such interaction mechanisti-
cally plausible. Furthermore, the observed enrichment
of PQSs in mobile genetic elements and repeat regions
suggests a possible role in modulating recombination
and genome stability, processes in which G4-resolving
helicases such as RecQ-family proteins are implicated in
both prokaryotes and eukaryotes [55-57]. The lineage-
specific variation in PQS frequency documented here,
particularly the elevated frequencies in Selaginellales
[58] and Cycadales [59] relative to phylogenetically adja-
cent groups, is consistent with the hypothesis that PQS-
mediated regulation has been differentially retained or
elaborated across plant evolution, possibly in connection
with lineage-specific adaptations in plastid gene expres-
sion, genome architecture, or stress response strategies
[60, 61]. Feature analysis revealed an especially high fre-
quency of PQSs in mobile genetic elements, which can
move within or between genomes [62]. Mobile elements
are crucial for gene evolution, including gene duplication,
horizontal gene transfer, and mutations that can alter
protein functions [62—64]. These genetic rearrangements
enhance genomic diversity and can provide a selective
advantage by facilitating the acquisition of beneficial
traits, such as antibiotic resistance [65] or stress-resil-
ience genes [66]. The high PQS density in mobile ele-
ments may help regulate these elements by modulating
gene expression related to their mobility and interactions
with host organisms, further supporting their evolution-
ary importance. It should be noted, however, that only 42
entries spanning 55,332 bp were annotated as mobile ele-
ments across all analysed cpDNA sequences, using exclu-
sively the exact NCBI term “mobile_element” without
aggregation of related terms. Given the heterogeneity of
mobile element annotation across database entries, this
limited count likely reflects annotation inconsistencies
rather than a comprehensive survey, and the observed
PQS enrichment in this feature class should therefore be
interpreted with caution.

Previous studies have suggested that RNA G4s may act
as molecular signatures involved in plant environmen-
tal adaptation [45]. Additionally, it has been shown that
G4 structures can influence DNA replication in plants
by inhibiting DNA polymerase movement in vitro [67].
In our earlier work on Pisum sativum, we extended the
analysis beyond cpDNA to include the nuclear and mito-
chondrial genomes. That study revealed non-random
PQS distribution in all three compartments, with experi-
mental confirmation of G4 formation in organellar DNA
and evidence linking PQSs to regulatory regions and
transposable elements. These results demonstrated that
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G4 structures are functionally relevant across the entire
plant genome, not only in cpDNA [68].

Our current findings align with these earlier discov-
eries, as the presence of G4 structures in chloroplast
genomes may represent an evolutionary strategy for gene
regulation. G4s provide flexibility in gene expression,
particularly in response to environmental stress. Further-
more, G4s may play a role in genome repair and mainte-
nance, helping to stabilize cpDNA in the face of oxidative
damage. Supporting this, recent work in Nicotiana taba-
cum revealed a higher G4 density in organellar genomes
compared to nuclear DNA, enrichment of G4s in regula-
tory regions, and a potential role in enhancing drought
tolerance through structures formed in transcription
factor promoter regions [69]. Plant cpDNA has a stable,
repeat-rich structure with large IRs, supporting com-
pactness and gene retention, unlike the variable fungal
mitochondrial genomes [15]. Although much has been
learned about chloroplast genome evolution in green
plants, several questions still need to be addressed. One
of them concerns the loss of the rRNA operon-encoding
IR, a structural feature conserved in many algae [70, 71]
and almost all land plants [61, 72]. The large IR regions
may also contribute disproportionately to PQS density in
certain plant lineages. Because IRs are duplicated regions
enriched in highly conserved genes, including ribosomal
RNA operons [61, 73], PQSs located within these regions
are effectively represented twice within the plastome,
potentially increasing the observed number of predicted
PQSs. Moreover, lineage-specific expansion or contrac-
tion of IR boundaries may influence both the distribu-
tion and frequency of PQSs among chloroplast genomes.
Given the established role of IRs in plastome stability and
homologous recombination, G4 structures within these
regions may additionally contribute to the repair mecha-
nisms, and genome maintenance through the formation
of stable secondary DNA structure [74-76].

The relationship between GC content and PQS fre-
quency is inherently bidirectional and therefore dif-
ficult to interpret unidirectionally. Higher GC content
increases the probability of G-runs forming PQS-compe-
tent sequences, while PQS-rich regions simultaneously
contribute to elevated GC content [34, 77]. Notably, GC
content accounts for approximately 70% of the variance in
PQS frequency across the dataset, meaning that roughly
30% of the variance remains unexplained by nucleotide
composition alone. We argue that this residual frac-
tion, while smaller, is biologically meaningful and likely
reflects lineage-specific evolutionary pressures rather
than compositional bias. This interpretation is consistent
with the phylogenetically structured distribution patterns
observed across the eight evolutionary groups examined
in this study, where order- and family-level differences in
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PQS frequency persist even among lineages with compa-
rable GC content.

In conclusion, our results emphasize the possible roles
of G4 structures across different plant groups, suggest-
ing that their presence in genomes is not merely a con-
sequence of GC content. Rather, G4s may play a key role
in the adaptive potential and evolutionary trajectory of
plants. Further research is necessary to unravel the spe-
cific molecular mechanisms by which G4 structures
influence gene expression and contribute to plant evo-
lution, particularly in response to environmental stress-
ors. It should be noted that the G4Hunter threshold of
1.2 applied here represents a permissive setting, and a
proportion of predicted PQSs may not fold into stable
structures under physiological conditions. In this con-
text, however, the potassium-rich environment of the
chloroplast stroma [78] may be favourable for G4 folding
in cpDNA, lending biological plausibility to the motifs
identified. As direct experimental validation lies beyond
the scope of the present comparative bioinformatic study,
the functional roles proposed here should be regarded
as informed hypotheses rather than established mecha-
nisms. PQS motifs conserved across broad taxonomic
sampling and associated with functionally significant
regions represent priority targets for future biophysical
characterisation. Elucidating their specific roles in plastid
gene expression and plant adaptation remains an impor-
tant direction for experimental work.
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