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identified in the broadly used human genome reference assembly 38

 The prevalence of potential non-B DNA secondary structures in the 
human genome has not been fully appreciated and we anticipate that 
similar observations will be made as the full human genome sequence is 
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potential impact of non-B DNA structures within this completed chromosome 
sequence. It has been shown that non-B secondary structures, such as G-
quadruplexes, hairpins and cruciforms, have important regulatory functions and 
potential as targeted therapeutics. Therefore, we analysed the presence of 
putative G-quadruplex forming sequences and inverted repeats in the current 
human reference genome (GRCh38) and in the new end-to-end assembly of 
chromosome 8. The comparison revealed that the new assembly contains 
significantly more inverted repeats and G-quadruplex forming sequences 
compared to the current reference sequence. This observation can be explained 
by improved accuracy of the new sequencing methods, particularly in regions 
that contain extensive repeats of bases, as is preferred by many non-B DNA 
structures. These results show a significant underestimation of the prevalence of 
non-B DNA secondary structure in previous assembly versions of the human 
genome and point to their importance being not fully appreciated. We anticipate 
that similar observations will occur as the improved sequencing technologies fill 
in gaps across the genomes of humans and other organisms.
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Abstract
Taking advantage of evolving and improving sequencing methods, human 
chromosome 8 is now available as a gapless, end-to-end assembly. Thanks to 
advances in long-read sequencing technologies, its centromere, telomeres, 
duplicated gene families and repeat-rich regions are now fully sequenced. We 
were interested to assess if the new assembly altered our understanding of the 
potential impact of non-B DNA structures within this completed chromosome 
sequence. It has been shown that non-B secondary structures, such as G-
quadruplexes, hairpins and cruciforms, have important regulatory functions and 
potential as targeted therapeutics. Therefore, we analysed the presence of 
putative G-quadruplex forming sequences and inverted repeats in the current 
human reference genome (GRCh38) and in the new end-to-end assembly of 
chromosome 8. The comparison revealed that the new assembly contains 
significantly more inverted repeats and G-quadruplex forming sequences 
compared to the current reference sequence. This observation can be explained 
by improved accuracy of the new sequencing methods, particularly in regions 
that contain extensive repeats of bases, as is preferred by many non-B DNA 
structures. These results show a significant underestimation of the prevalence of 
non-B DNA secondary structure in previous assembly versions of the human 
genome and point to their importance being not fully appreciated. We anticipate 
that similar observations will occur as the improved sequencing technologies fill 
in gaps across the genomes of humans and other organisms.
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1. Introduction

In the current and most complete reference assembly of the human genome 
(GRCh38), there are no chromosomes that are fully sequenced from telomere-to-
telomere, meaning there are many gaps and missing regions that are not 
determined at the base sequence level. Recently, using ultra-long Oxford 
Nanopore Technologies (ONT) and Pacific Biosciences (PacBio) high-fidelity 
(HiFi) data, the telomere-to-telomere sequence of human chromosome 8 was 
published: it is 146,259,670 bases in length, including 3,334,256 bases that are 
missing from GRCh38, with an estimated base accuracy in excess of 99.99% [1]. 
The use of such advanced sequencing technologies mean that completion of the 
entire human genome sequence and the associated updated knowledge about 
complex genome-directed regulatory pathways is close. 

Whereas DNA molecules mostly adopt double-stranded, right-handed B-helical 
conformations, a range of alternative (non-B) structures can also occur. It has 
been shown that such non-B DNA structures can play crucial roles in many basic 
cellular processes and can exist in vivo [2–5]. Alternative structures, such as G-
quadruplexes (G4) and cruciforms, can be favoured under specific environmental 
(and cellular) conditions due to their improved thermodynamic stability compared 
to B-form DNA [6,7]. G4 structures regularly arise in G-rich regions of DNA 
sequence, mainly because the typical building block of a G4 is a G-quartet that 
emerges via Hoogsteen base pairing of four guanines. Two or more G-quartets 
stack on top of each other and are physiologically stabilized by monovalent 
cations [8]. Sites of inverted repeats are able to form hairpin stem-loop 
secondary structures in a single-stranded section of DNA or a cruciform structure 
if they occur on opposing strands of a double-stranded DNA [9].

We decided to analyze the new telomere to telomere assembly of human 
chromosome 8 to evaluate the presence of sequences that have potential to form 
well characterised local non-B DNA structures, focusing on G4-forming and 
inverted repeat sequences. Potential G4 structures were identified by G4Hunter 
software, which calculates the G4Hunter score of sequences depending on the 
asymmetrical distribution of G and C bases on each strand [10,11]. The presence 
of inverted repeats was assessed by Palindrome analyser [12]. We reveal that 
the number of potential G4 and inverted repeats sequences is significantly 
increased in the new telomere to telomere assembly of human chromosome 8 
compared to the same analyses of GRCh38. As we go on to highlight, these 
results suggest that the number of these types of regulatory sequences is 
strongly underestimated in the previous broadly used reference assemblies of 
the human genome.
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2. Results

To compare the human chromosome 8 assemblies, we downloaded full 
chromosome sequences (NCBI ID CM000670.2 of GRCh38 human genome 
assembly and CP061028.1 of the telomere to telomere chromosome 8 assembly) 
and analyzed them. The fully assembled chromosome 8 sequence (156,259,670 
bp) is 1,121,034 bp longer than the older chromosome 8 assembly within 
GRCh38 (145,138,636 bp), with a 1.21% increase in GC content. While the 
changes in total number of bases are below 1%, analyses by G4Hunter software 
revealed a remarkable increase in the abundance of G4-forming sequences 
(Table 1). In general, the higher the G4Hunter score, the more likely it is that a 
stable G4 will be formed. Excitingly, although the new genome assembly 
contained higher G4Hunter scores at all levels, the increase is most dramatic at 
the higher scores, which are those where there is greatest confidence that they 
can adopt a stable G4. For example, for G4Hunter scores up to 2.0 there is an 
increase of up to 10% in the G4-prone sequences in the new assembly, but for 
higher G4Hunter scores of 2.5 and 3 the increase is 13% and 25%, respectively. 
For a G4Hunter score of 3.5 there are more than twice as many G4-prone 
sequences in the new gapless assembly of chromosome 8 compared to GRCh38 
(Table 1). 

Table 1. Comparison of the prevalence of G4-forming sequences in human chromosome 8. 
G4Hunter web applications with default parameters (window 25, G4Hunter score indicated in the 
first column) were used to identify G4-forming sequences in the current reference genome 
assembly (“GRCh 38”) and the new telomere to telomere assembly of chromosome 8 (“chr8 new”). 
First column: G4Hunter score; second column: number of G4-forming sequences in chromosome 
8 GRCh38 assembly; third column: number of G4-forming sequences in new chromosome 8 
assembly; forth column: change in number of G4-forming sequences (new assembly-GRCh38), 
fifth column: difference in % (the number of G4-forming sequences in CRCh 38 was taken as 100%).

G4Hunter score GRCh 38 new assembly  %
1.2 232,871 237,055 +4,184 +1.80
1.4 121,355 124,004 +2,649 +2.18
1.6 64,699 66,638 +1,939 +3.00
1.8 34,514 36,008 +1,494 +4.33
2.0 18,368 19,526 +1,158 +6.30
2.5 3,746 4,259 +513 +13.69
3.0 520 650 +130 +25
3.5 22 47 25 +113.63

An even more obvious trend was observed with inverted repeats as analyzed by 
Palindrome finder (Table 2). The number of shorter inverted repeats (6-9 bases 
as the length of each half of the repeat) is similar in both assemblies (0.73% 
increase in new assembly) and corresponds well to the change of the corrected 
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chromosome 8 length (0,77% increase). However, longer inverted repeats (with a 
size of > 9 bases in each half of the repeat) are much more prevalent in the 
newly assembled chromosome 8 sequence than expected (1.90% increase for 
inverted repeats 10-14). Importantly, the length of the inverted repeats are 
connected to their proposed biological functions, with the highest abundance of 
inverted repeats immediately before transcription start sites being for repeats of 
8 bp or longer [13]. The difference between the two assemblies increases with 
the length of the inverted repeat and there are almost twice as many inverted 
repeats with the repeat size of 30 in the previous newly assembled sequence 
compared to GRCh38 (Table 2). Such long inverted repeats are more prone to 
be a threat for genetic instability and recombination [14,15].

Table 2. Comparison of the inverted repeats presence in human chromosome 8. Palindrome finder 
with default parameters (Length of one repeat unit is indicated in the first column) were used to 
identify inverted repeats in the current reference genome assembly (“GRCh 38”) and the new 
telomere to telomere assembly of chromosome 8 (“chr8 new”). First column: Length of repeat unit; 
second column: number of inverted repeats in chromosome 8 GRCh38 assembly; third column: 
number of inverted repeats in new chromosome 8 assembly; fourth column: change in number of 
inverted repeats (new assembly-GRCh38); fifth column: difference in % (with the number of 
inverted repeats in GRCh 38 taken as 100%).

Inverted repeat 
size range GRCh 38 new assembly  %

6-9 5,023,663 5,060,277 +36,614 +0.73
10-14 114,281 116,455 +2,174 +1.90
15-19 5,914 6,501 +587 +9.93

20-24 1,670 2,081 +411 +24.61
25-29 526 668 +142 +27.00
30-44 364 528 +164 +45.05

Over 45 33 78 +45 +136.36

Then we visualize the localization of G4-prone sequences and inverted repeats 
according to Giemsa banding [16] of chromosome 8 (Figure 1). This highlights 
the non-random enrichment of these non-B DNA structures in the fully 
assembled human chromosome 8 and points to the previous underestimation of 
non-B DNA structures in the human genome. It is important to appreciate that the 
sequences that are highly prone to adopt G4 structures have always been 
present within the human genome but they were not identified in genome 
databases due to incomplete sequence information. 

We further investigated the localization of the highest-scoring G4-prone 
sequences (with a G4Hunter score above 3.5) and the longest inverted repeats 
(over 45 bp in the repeat unit) in their genomic context (Supplementary Material 
01). The nearest gene and repeat that were identified in the complete sequence 
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of chromosome 8 [1] were assigned to each G4-prone and inverted repeat 
sequence identified in this study. Interestingly, the majority (62%) of the G4-
prone sequences are present upstream of gene regions compared to 
downstream of the transcription start site. By contrast, the inverted repeat 
sequences (longer than 45 bp in the repeat unit) are approximately equal in 
regions before and after the transcription start site. Moreover, all highest-scoring 
G4-prone sequences and the longest inverted repeats that are present within 
genes are located in introns. 

Figure 1. Comparison of the localization of G4-forming sequences with a G4Hunter score threshold 
of 3.5 (A) and inverted repeats with an individual size for each half of the repeat to be 45 bases 
and higher (B) in human chromosome 8. The length of green dashes denotes the actual G4Hunter 
score, the blue dashes denotes the overall length of inverted repeat. For both parts, “n” reports the 
number of respective sequences found in each corresponding assembly.
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3. Discussion

Although the current reference human genome (GRCh38) is the latest example 
as part of the process that continually improves it compared to the initial 
sequencing [17], several problems still persist [18]. The new completed human 
chromosome 8 assembly sequence (published in April 2021) is 1.1 Mbp longer 
than GRCh38, but this comprehensive dataset is also more accurate about its 
number of open reading frames and regulatory regions [1]. Whilst it is not 
surprising that completion of a genome sequence will alter its overall size (either 
longer or shorter), the effects on its gene number and their expression are less 
predictable. For example, the completed genomes can have more or less genes 
(open reading frames), and even shorter genomic sequences may be able to 
express more genes due to reorganisation of the bases. Altered arrangement of 
the sequence can also lead to altered propensity to form local non-B DNA 
structures, which can have effects on the numbers of regulatory regions, such as 
promoters and terminators [9]. Contemporary sequencing methods with long-
reads and combinations of several sequencing methods allow previously 
unimaginable progress in accuracy of genome assemblies. This has dramatic 
impacts on some types of sequences, particularly those that are repetitive in 
nature. Previously, many repetitive sequences were missed entirely because the 
sequencing methods did not allow their detection, which led to “gaps” in the 
genome assembly. Furthermore, even when repetitive sequences were detected 
by sequencing methods they were often deleted from assemblies due to the 
impossibility of determining their exact location in the DNA molecule. 

Recent advances in DNA sequencing technologies allow determination of the 
complete information without any gaps and ambiguities [19]. GRCh38 is the most 
widely used reference assembly of the human genome, but it has 370,500 
unknown (N) bases in the sequence of chromosome 8, which point to many 
uncertainties with its usage and it should be replaced by the fully assembled 
sequence in the near future. As we demonstrate, the new human chromosome 8 
telomere-to-telomere assembly fixes obvious problems with the reference 
genome and it also brings many unexpected findings like the strong 
underestimation of non-B DNA structures in the human genome, as 
demonstrated here for chromosome 8. Local non-B DNA structures are involved 
in the regulation of basic molecular processes [20,21]. Bioinformatics studies 
have demonstrated that G4-forming sequences are enriched in promoters [20] 
and other regulatory regions of the human genome, such as untranslated regions 
(UTRs) and telomeres [22–24]. Inverted repeats have been detected in human 
promoters and represent targets for regulatory proteins [13,25,26] and the impact 
of G4 structural variations on gene activity was also shown [27]. As highlighted in 
Figure 2, it has been demonstrated that these non-B DNA structures play a role 
in replication, transcription, translation, genomic stability, and telomere 
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maintenance [14,28–30]. Data included in Supplementary Material 01 
demonstrates that the most stable of the observed G4-prone sequences (with a 
G4Hunter score above 3.5) are located before genes or in introns. An important 
potential conclusion from this is that if such sequences form stable non-B DNA 
structures then they could impair transcription machinery or have a role in 
alternative splicing [31,32]. Moreover, the majority of these observed G4-prone 
and inverted repeat sequences are located within “repeat” regions, such as 
“simple repeats", which are known to be regulatory elements of gene expression 
[9]. Together, these observations warrant further investigation to the potential 
effects of non-B DNA structures on gene expression. An increasing number of 
studies have reported on the cellular significance of these non-B DNA structures, 
especially for G4 due to their possible utilization in antiviral and antiproliferative 
therapeutic targeting and because of their great stability under physiological 
conditions [33–35]. Diverse roles of G4 could be the result of a synergic effect 
with other structurally compatible non-B DNA structures, such as an R loop, 
which is formed by one DNA strand annealed to an RNA, thus forming a 
DNA:RNA hybrid [30].

Figure 2. Non-B DNA structures in the regulation of basic molecular processes. Both G4 and 
cruciforms play a role in replication initiation, but could also impair replication machinery and thus 
be a source of genomic instability [36–39]. Stable G4s form in human telomere sequences and are 
involved in the protection of telomere ends [28,40]. G4 or cruciform formation in promoter regions 
could modulate the initiation of transcription [20]. G4 or hairpin formation in mRNA could affect 
mRNA stability and prematurely terminate translation [14,41].

In summary, the exciting findings from the recently published telomere to 
telomere assembly of chromosome 8 uncovered an increased abundance of G4-
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forming sequences and inverted repeats compared to the current reference 
genome sequence (GRCh38). We found significantly more putative G4-forming 
sequences and inverted repeats in the newly assembled sequence, which 
strongly highlights the previous underestimation of the prevalence of potential 
non-B secondary structures in the human genome. Similar findings appear to be 
valid also for a new telomere to telomere assembly of chromosome X [42], as 
demonstrated for G4-prone sequences [43]. These potential regulatory 
sequences within newly-assembled genomes should be evaluated using 
methods that allow targeted detection of the non-B DNA structures, particularly 
within cells [44,45]. This new complete assembly of human chromosome 8 
highlights the exciting findings that await as we approach the accurate reading 
and interpretation of the full human genome with its broad variety of regulatory 
sequences, including local non-B DNA structures, such as G4-forming 
sequences and inverted repeats.

4. Materials and Methods
To compare the human chromosome 8 assemblies, we downloaded full 
chromosome sequences (NCBI ID CM000670.2 of GRCh38 human genome 
assembly and CP061028.1 of the telomere to telomere chromosome 8 assembly) 
and analyzed them by Palindrome finder and G4Hunter web applications with 
default parameters [10,12]. Gene and repeat annotations were provided by the 
authors of the original paper that described the telomere to telomere assembly of 
chromosome 8 [1]. 
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