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Abstract

Background GGC and GCC short tandem repeats (STRs) are of various evolutionary, biological, and pathological
implications. However, the fundamental two-repeats (dyads) of these STRs are widely unexplored.

Results On a genome-wide scale, we mapped (GGC)2 and (GCC)2 dyads in human, and found monumental colo-
nies (distance between each dyad <500 bp) of extraordinary density, and in some instances periodicity. The largest
(GCO)2 and (GGC)2 colonies were intergenic, homogeneous, and human-specific, consisting of 219 (GCC)2 on chro-
mosome 2 (probability < 1.545E-219) and 70 (GGC)2 on chromosome 9 (probability = 1.809E-148). We also found

that several colonies were shared in other great apes, and directionally increased in density and complexity in human,
such as a colony of 99 (GCC)2 on chromosome 20, that specifically expanded in great apes, and reached maximum
complexity in human (probability 1.545E-220). Numerous other colonies of evolutionary relevance in human were
detected in other largely overlooked regions of the genome, such as chromosome Y and pseudogenes. Several

of the genes containing or nearest to those colonies were divergently expressed in human.

Conclusion In conclusion, (GCC)2 and (GGC)2 form unprecedented genomic colonies that coincide with the evolu-
tion of human and other great apes. The extent of the genomic rearrangements leading to those colonies support
overlooked recombination hotspots, shared across great apes. The identified colonies deserve to be studied in mech-
anistic, evolutionary, and functional platforms.
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as Alzheimer’s disease and cerebrovascular dementia
[1-3].

The fundamental two-repeats (dyads) of STRs are
largely overlooked in genetic and genomic studies. Based
on the biological, evolutionary, and pathological implica-
tions of GGC and GCC STRs, in a pilot study, we chose
to investigate dyads of these STRs, i.e., (GGC)2 and
(GCC)2. We mapped the (GGC)2 and (GCC)2 dyads
across the human genome, and identified genomic colo-
nies of these dyads, of exceeding significance, based on
Poisson probability. Several of the largest colonies that
were further studied in additional species, were found
to be specific to the human species, or while shared with
other great apes, were at maximum complexity in human.
Our findings unveil dyad colonies of evolutionary rele-
vance and overlooked shared recombination hotspot loci
across human and other great apes.

Methods

Genomic (GGC)2 and (GCC)2 extraction

The UCSC genome browser (https://hgdownload.soe.
ucsc.edu) was utilized to download the most recent ver-
sion of the human genome assembly, GRCh38.p14. To
investigate the abundance of the (GGC)2 and (GCC)2
dyads throughout the entire genome, a Java software
package was developed. The software package can be
found at the following GitHub repository: https://github.
com/arabfard/Java_STR_Finder. Our approach involved
searching for annotations of (GGC)2 and (GCC)2 on
both the forward and reverse strands of the genome. The
software extracted a list of (GGC)2 and (GCC)2 dyads,
along with their respective genomic locations. To vali-
date the accuracy of the tool, a random selection of these
dyads was manually inspected across the genome.

Details of extraction algorithm

A written program was used to identify (GGC)2 and
(GCC)2 in the human genome. The program followed a
specific method, starting from the first nucleotide and
moving across the genome nucleotide by nucleotide. In
the first stage, the program examined a window frame of
size 6 (2 * 3), where 2 represented the number of tandem
repetitions and 3 represented the length of the GGC or
GCC core. If the initial half of the sequence within the
window did not match the second half, the program
moved one nucleotide forward. If the nucleotides were
equal, the program continued examining them until it
located all identical continuous nucleotides matching the
core. The final chosen sequence, represented as (GGC)2
or (GCC)2 with a core length of 3 and repetition of 2,
was considered a new dyad. To find additional dyads, the
entire process was repeated starting from the end of the
preceding dyad.
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To validate the obtained data, the final list of infor-
mation was manually evaluated using Ensembl genome
browser 109 (https://asia.ensembl.org/index.html). The
identified locations of (GGC)2 and (GCC)2 dyads were
then manually determined using the Ensembl database
109. The algorithm’s output was classified in an Excel
file, and for each dyad, the start and end points on the
genome were determined (with the sequence address
provided in another column). The detailed data can be
accessed at the URL: https://figshare.com/articles/datas
et/_GGC_2_and_GCC_2/22178102. To identify the col-
onies, a method was employed where the start and end
points of the next dyad were calculated. If the difference
between these points was <500 bp, they were considered
candidate colonies. The colonies containing (GGC)2 and/
or (GCC)2 dyads were then highlighted, and the total
number of colonies was determined. The detailed infor-
mation about these colonies can be found at the URL:
https://figshare.com/articles/dataset/_GGC_2_and_
GCC_2/22178102.

Screening selected colonies of (GGC)2 and (GCC)2

in human and other species

The Ensembl Genome Browser 109 (https://asia.ensembl.
org/index.html) BLASTN program was utilized to exam-
ine several of the largest colonies in several species of pri-
mate and rodent orders.

Statistical analysis

Given the assumption that the number of (GGC)2 and
(GCCQ)2 elements in the entire genome is known, their
distribution can be modeled as a Poisson process. The
number of these elements within a specific interval fol-
lows a Poisson distribution with an average proportional
to the length of the interval.

In this study, considering the wide range of detected
colony locations, it was assumed that these dyads are
distributed relatively evenly across the genome. Con-
sequently, the probability of colony occurrence was
calculated using the Poisson density function with the
following parameter:

- (26 kb) * genome — wide dyads of(GGC)2 and (GCC)2
- genome size (> 3gb)

Results

(GGC)2 and (GCC)2 dyads formed colonies

across the human genome

According to the dataset available at https://figshare.
com/articles/dataset/_GGC_2_and_GCC_2/22178102,
a total of 127,770 occurrences of (GGC)2 and 124,023
occurrences of (GCC)2 were identified throughout the
human genome. Among those, 26,199 instances formed


https://hgdownload.soe.ucsc.edu
https://hgdownload.soe.ucsc.edu
https://github.com/arabfard/Java_STR_Finder
https://github.com/arabfard/Java_STR_Finder
https://asia.ensembl.org/index.html
https://figshare.com/articles/dataset/_GGC_2_and_GCC_2/22178102
https://figshare.com/articles/dataset/_GGC_2_and_GCC_2/22178102
https://figshare.com/articles/dataset/_GGC_2_and_GCC_2/22178102
https://figshare.com/articles/dataset/_GGC_2_and_GCC_2/22178102
https://asia.ensembl.org/index.html
https://asia.ensembl.org/index.html
https://figshare.com/articles/dataset/_GGC_2_and_GCC_2/22178102
https://figshare.com/articles/dataset/_GGC_2_and_GCC_2/22178102

Arabfard et al. BMC Genomic Data (2024) 25:21

colonies, i.e., the dyads were located within a distance
of <500 bp from each other (Figs. 1 and 2).

The distribution of (GGC)2 and (GCC)2 was found to
be non-proportional to the length of several chromo-
somes (p<0.000). This observation indicates that the
occurrence of these dyads is not random. Additionally,
various size colonies were associated with highly signifi-
cant occurrence of these colonies, as indicated by statisti-
cal analysis (Table 1).
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The top largest (GCC)2 and (GGC)2 colonies in human
(GCC)2 colonies
The largest (GCC)2 colony, comprising 219 (GCC)2
dyads, i.e., (C219), was identified on chromosome 2, in
an intergenic region (Table 2, Fig. 3). Notably, this colony
was found to be specific to human.

The second largest colony consisted of 99 (GCC)2
dyads, (C99), and was located 5 kb downstream of the
cadherin 4 (CDH4) gene. Interestingly, this homogeneous
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Fig. 1 Chromosome by chromosome distribution of (GGC)2 and (GCC)2 in human
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Fig. 2 Genome-wide abundance of various colony sizes of (GGC)2 and (GCC)2 in human
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Table 1 Poisson probability of various colony sizes

(2024) 25:21

Colony Size Probability Colony Size Probability
2 0.020541568 26 3.59193E-44
3 0.001554709 27 3.02065E-46
4 8.82523E-05 28 244951E-48
5 4.00768E-06 29 1.91787E-50
6 1.51663E-07 30 1.45156E-52
7 4.91946E-09 31 1.06319E-54
8 1.39625E-10 32 7.5439E-57
9 3.52256E-12 33 5.19062E-59
10 7.99825E-14 34 3.46639E-61
1 1.65097E-15 35 2.24877E-63
12 3.12388E-17 36 1.41834E-65
13 545617E-19 37 8.70392E-68
14 8.84906E-21 38 5.20078E-70
15 1.3395E-22 39 3.02789E-72
16 1.9009E-24 40 1.71877E-74
17 2.53891E-26 41 9.51854E-77
18 3.20266E-28 42 5.14586E-79
19 3.82732E-30 43 2.71723E-81
20 4.34512E-32 46 3.49232E-88
21 4.69807E-34 51 74769E-100
22 4.84879E-36 53 1.3987E-104
23 4.78677E-38 71 1.809E-148
24 4.52864E-40 99 1.545E-220
25 4.11305E-42 219 0
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colony was specific to great apes. Furthermore, our anal-
ysis revealed a directional incremented complexity and
density of this colony in human, compared to other great
apes (Fig. 4).

Another example of a directional trend observed in
humans compared to other species was the RAB40C
colony (C51) (Fig. 5). This colony was specific to great
apes, and exhibited a significant increase in complexity
in humans, reaching its maximum complexity in human
(Fig. 5). This finding suggests that the RAB40C colony
has undergone evolutionary changes, potentially contrib-
uting to the unique characteristics of the human species.

(GGC)2 colonies

The largest (GGC)2 colony, C71, was located 16 kb
upstream of the WDR5 gene, and was specific to human.
This colony exhibited a predominantly homogeneous
composition (Fig. 6).

Additionally, directional trends were observed for
(GGCQ)2 colonies, when comparing humans to other spe-
cies. For instance, the [(GGC)2]38 colony (Table 2) was
specific to great apes. This colony reached its maximum
complexity and density in the human genome (Fig. 7).

Chromosomes X and Y harbor numerous colonies

of (GGC)2 and (GCC)2

Several colonies of (GGC)2 and (GCC)2 dyads were
detected on chromosomes X and Y (Table 2). For exam-
ple, C36 was located in the pseudoautosomal regions of

Table 2 Several of the top largest (GCC)2 and (GGC)2 colonies across human genome

Colony Formula Chr.No Location Transcript ID Biotype

[(GCO)21219 2 Intergenic® (14 kb downstream of COPS7B) ENST00000350033.8

[(GCC)2199 20 Intergenic (5 kb downstream of CDH4) ENST00000611855.4

[(GGQ)2]70 (GCO)2 9 Intergenic (16kb upstream of WDR5) ENST00000358625.4

[(GCC)2]51 16 RAB40C (Intron 1) ENST00000248139.8 Protein coding

[(GGC)2141 4 Intergenic (21 kb downstream of TRAPPCT1) ENST00000334690.11

[(GGC)2138 (GCC)2 10 ABCC2 (Intron 25) ENST00000647814.1 Protein coding

[(GGC)2]38 19 Intergenic (14 kb downstream of CYP2B7P) ENST00000599198.5

[(GCO)2136 X, Y IL3RA (Intron 9 pseudo autosomal region) ENST00000331035.10  Protein coding

[(GGC)2]35 X KDM6A (Intron 8) ENST00000611820.5 Protein coding

[(GGC)2]33 4 Intergenic (109 kb downstream of COPS4) ENST00000264389.7

[(GCO)2132 16 Intergenic (118 kb downstream of SETD1A) ENST00000262519.14

[(GCC)2130 18 ANKRD20A5P (Intron 15) ENST00000431648.8 Transcribed unprocessed pseudogene
[(GCC)2]120 (GGC)2 17 Intergenic (160 kb upstream of COPS3) ENST00000268717.10

[(GGC)2]11 [(GCC)2]5 17 KANSLT (promoter/5' UTR) ENST00000262419.10 Protein coding

[(GGC)2116 Y TTTY10 (Intron 1) ENST00000661812.1 INncRNA

[(GCO)218 [(GGC)218 11 Intergenic (229 kb downstream of MACRODT) ENST00000255681.7

[(GCC)2111 Y XGYT (Intron 6) ENST00000381172.3 Unprocessed pseudogene
[(GCO)2l6 [(GGO)214 3 Intergenic (197kb downstream of WDR82) ENST00000296490.8

2 For the intergenic colonies, the nearest gene to those colonies is annotated
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Fig. 3 The largest (GCC)2 colony in human (C219). This gigantic, intergenic, and homogeneous colony consists of 219 (GCC)2, and the nearest
gene to this colony is COPS7B, which is nearly 14 kb upstream of this colony. This colony is human-specific i.e,, trace of (GCC)2 was non-existent

across other species. (GCC)2 are green-highlighted

these chromosomes, was human-specific, and located in
the IL3RA gene (Fig. 8).

In several instances, not only were the colonies human-
specific, but the genes containing those colonies were
also specific to the human genome, such as C17 in the
long non-coding RNA (IncRNA) gene TTTY10, (Table 2).

Colonies of (GGC)2 and (GCC)2 dyads were detected
in pseudogenes as well. One such example is C11, in the
XGY1 pseudogene (Table 2). This particular colony was
specific to great apes, and reached its maximum size in
the human genome. This observation underscores the
importance of considering pseudogenes in the context
of CG-rich dyads, and their potential impact on genome
dynamics.

Discussion

The significance of STRs in biological, evolutionary, and
pathological contexts is an expanding area of research.
However, the fundamental and most basic repeats of
these elements, such as (GGC)2 and (GCC)2, are largely
unexplored. In this study, we aimed to address this gap,
which resulted in the identification and characterization
of unprecedented genomic colonies, formed by these
dyads. Our findings revealed numerous colonies that
were specific to humans or exhibited directional incre-
mented complexity when comparing humans to other
species. These observations, combined with the statisti-
cally significant occurrence of these colonies, lead us to
propose that these (GGC)2 and (GCC)2 colonies may
play a role in the evolution of the human species. By
shedding light on the overlooked basic repeats of STRs

and their genomic coloniza tion, our study provides
new insights into the potential importance of these ele-
ments in the evolutionary processes that have shaped the
human genome.

The genomic rearrangements in the identified colo-
nies are remarkable in terms of their frequency within
the genomic lengths that they occurred. These colonies
do not conform to the conventional description of seg-
mental duplications, as the shortest reported human seg-
mental duplications and copy number variations involve
genomic DNA lengths of at least 10 kilobases (kb) in
humans [21-24]. The likely explanation for the occur-
rence of these colonies is recombination, involving the
dyads and the flanking sequences around each dyad. In
other words, the identified colonies can be considered
recombination hotspots. Previous studies comparing
fine-scale recombination rates in humans and chimpan-
zees have reported rapid evolution of local recombina-
tion patterns, which are often not conserved between the
two species [25]. However, if we assume that the identi-
fied colonies are at least partially formed by recombina-
tion, it suggests that common recombination hotspots at
the same genomic locus between the two species are not
as rare as previously reported. For example, the colonies
C99, C51, and C38 are likely to be shared recombination
hotspots in great apes, albeit with higher complexity in
humans. These examples demonstrate prime instances,
where the directional incremented density and com-
plexity of repeats at specific loci in the genome coin-
cide with human evolution. Another example includes
a CT-repeat complex in the PAXBPI core promoter and
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Fig. 4 Directional incremented complexity and density of an intergenic homogeneous (GCC)2 colony (C99) in human versus other species.
This colony was located 5 kb downstream of CDH4, and was specific to great apes. (GCC)2 are green-highlighted. This colony signifies a novel

recombination hotspot shared between human and other great apes

5 untranslated region, which exhibits maximal com-
plexity in human compared to other species (OMIM:
617,621) [26]. These findings underscore the potential
role of recombination hotspots in shaping genomic rear-
rangements and their association with the evolutionary
changes observed in the human genome. Based on the
fact that the main elements, in common, across the colo-
nies are the dyads, it is likely that the main reason for the
rearrangement hotspots in the identified colonies is the
dyads, rather than their flanking sequences.

Several of the genes, which contained (or were nearest
to) the top largest colonies (Table 2) interacted closely
at the protein level (https://string-db.org) (Fig. 9A), and
were enriched in chromatin remodeling and histone
modification pathways (Fig. 9B).

For example, C219 and C71 were intergenic, and the
nearest genes to those colonies were COPS7B and WDRS,

respectively, which directly interact at the protein level.
Intergenic distance and genome architecture are known
to be non-random and influenced by regulatory informa-
tion present in noncoding DNA [27]. The expansion of
the non-coding genome and its regulatory potential have
been implicated in vertebrate neuronal diversity. It is not
surprising, therefore, that the largest colonies, which
are mainly human-specific or more complex in humans
compared to other species, are associated with genes that
exhibit divergent expression in the human brain [28].
This information is supported by research available at the
Assembly resource (https://www.ncbi.nlm.nih.gov/IEB/
Research/Acembly/), [29]. A subset of the (GCC)2 and
(GGC)2 colonies were found deep within large introns.
It is noteworthy that for certain genes, the regulatory
sequences of importance are not located in the promot-
ers, but rather within introns [30-32].
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Human
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CTCAGTGGGAGGAGCATCCCAGABEEEEETCTGAGTCAAGAGCAAGGTGCTCTAGAGGCCCCGGCTCTGT! TGACGTGGTCCCCAGGCTTTTCCCGGCGCCCCGGCTCCTTTTGCAGCAGCCATGGCTC
TTGGTGGCCCTGGGCCATGGCGCCATC! C CCCGGGCCATCGGCATCTGTCTTGCGGGTGTTGCTGGCGCCCGCCTGCTTGGCCACATTGGCAC TGTCAT AG
CAGCTATGGCCTTTGTGGCAATCGTGGTGTCCAACT TTGGCCTCTCAGGTCAGCCTCGTGGGGGCTTCAACAGCCAGGACCGARATGACCAAGGCCCCTCCGTCCATGTGTCCCTGCTTGACAGAACCACGGGAG
GATGGAGGTGT TGT AGAGTGTTGTTCCACTTGTGAGTGTGCACAGGACABEEGEECTCGCCTGTAGAATCAAGA GEEEEEECTGGCCTGTA

Fig. 5 Directional incremented complexity and density of an intragenic (GCC)2 colony in human (C51). This homogeneous colony
was within RAB40C, specific to great apes, and reached maximum complexity in human. This colony may unfold a novel recombination hotspot
shared by great apes. (GCC)2 are green-highlighted

GGCCTGAACACGGTTCCTCCCT

AGGC: TT TCTT T TT T
ATGA( Al

\GECEEeAT rcrea

CCCCCA CTTCC

CTCACT

'TCCCAG
'TCCC
TC
TCAC

CTTCH

CCCTCA Al

ca

c CATCCC!

GAGA T

GGCAGA T

Fig. 6 The largest homogeneous (GGC)2 colony in human (C70). This colony is human-specific and located 16 kb upstream of the WDR5 gene.
(GGQ)2 are blue-highlighted. (GCC)2 is green-highlighted

Remarkably, in C36, we detected tandem long terminal
repeats (LTRs) (https://genome.ucsc.edu/). C36 is a pseu-
doautosomal gene, located in the immune gene, IL3RA.
To our knowledge, this colony is prime example of LTR
tandemization in the human genome. Similar to the
other colonies, the mechanism of tandemization in this
colony may be linked to the dyads. It should be noted that
instances of retrotransposon tandemization (such as the
LTRs in C36) in human are rare. An exceptional instance
of short interspersed nuclear element (SINE) tandemiza-
tion has been recorded in connection with (GAA)n (for a
review see [33]).

Some of the identified colonies were found in close
proximity to long non-coding RNAs (IncRNAs).
Although the exact targets of many IncRNAs are not fully
understood, they have gained significant attention due to
their versatile roles in fine-tuning various signaling path-
ways [34]. Another category of colonies was found within
pseudogenes. Some of those colonies were specific to
great apes, and exhibited directional trend of increased
complexity and size in human. Pseudogenes, once con-
sidered nonfunctional gene remnants, are abundant in
the human genome. However, recent observations sug-
gest that pseudogenes play a role in regulating gene


https://genome.ucsc.edu/

Arabfard et al. BMC Genomic Data

(2024) 25:21

Page 8 of 11

Human
CTCACTTCCC GGGC: CCTCACCTCC CCCCACCACCCTCCCGG
A T TCCTCACT CACCTCC' ccTeceT
cc CTCACTTCCC CCCTCACCTCCCGGAC GGCC TGACCCCCCCACCTC
C; ccT
cea GGCTGGC TGATCCCCCCACCTCCCTCC TGACCCCCCACCTCCCTCCCGGAC GGGCAG
AGGGGTCCTCACTTCCC AGAGGCGCCCCTCACCTCC CTCCCACC! CGGG
c; TCACT GAGGCACCC CACC
CCTCC TCCC TCACTTCCCA
GGGCi CCTCACCTCCTGGAC CGGGC CTCCCACCTCCCTCCCGGAC TCCTCACTT
ccc
cccea GA GAGGCA
CCCCCCCACCTCCCTCC % CC GGGC CCTCACCTCCCGGAC GGGGG
GA GA GA
Ac TC TCT! AGGC. CCTCACT" CGCTCCTCACCT CCAGCAGAG
CATCCCAGACA CCAC GA GAGACGCTCCTCACT ACTCC
TCGCTTCC GGGCAGAGACGCTCCTCACTTTCCAGA GCCAGGC] GGCAGAGA! TCACTTC
CCAGAC; AATCTCGGCACTT! CAAGGC: CGAGATCACGCCACTGCACTCCAGCC
Chimpanzee
ACAACCTCCC C TCACTTCCC GCCGGC CCCTCACCTCCGCGAC C CCCCCCACC
TCcce GGAI T TCC;
CCCCACTCCCTCCGCGGAC GGGCGGGGCTGACCCCCCCACCCTCCCTCC TGACCCCCCCACCTCCCTCCCAAG
ACAI GA
TCAC GA ccT
cc CACCTCC T ACCTCCC T
GCTGACCCCCCCCACCTCCCTC GGGGGC TCCCTC GGGC TCACTTCCC
AGAGGCACCCCCTCGCCT T TCCCT T TCCTCACTTCCC AG
GCAGAGGCGCCCCTCACCTCC CGGC TACGCCCCCACCCTCCCTCCC GCTCCTCACTCTCAACGGGC GG
AGGGGCTCCTCACTTCTCAGAGC! TGC C TCAGAC GGG TCACATCCGGAC TC
cea GAGA
TTCC AAGCCAGGC] TCCTCACATCC TCCTCACTTCCCAGAC TTA
AAGGCA A CTCA c GAGA c
GAGGGCTGCGGATCACTCGC AGCCCAGCT GAA. CTCCACC: AAACCA GTGCCTGCAATCGCA
Gorilla
GGGTACA GA CGGGC TCACTTCC GA CCCTCACC ccee
CCCCCCACCTCCCTCCTX iC T GGGC 'TCCTCACTTCC CTCACCTCCC
TGAACCCCCACCTCCCTCCC CTCC GGC: CCCCCACCTCCCTCCCCGACGG
GGTGGC! CGCCCCeA TCCCGG
A TCCTCACTTCC CCTCACCTCTCGGAC GGCCAGGC TAAACCCCCCACCTCCCTC
CCGGA CA AAGCC

Fig. 7 Example of a (GGC)2 colony with directional incremented complexity in human (C38). The colony is 14 kb downstream of CYP2B7P, specific
to great apes, and maximally complex in human. This colony may unfold a common recombination hotspot in great apes

TTGTTTCTAAGCEGEC!

CTGCCCA TTTGTTTCTAAGEEEEECA! AGCAGC ACAC
GAGGGCAC Gec GCCTCCA \GEEEEECA
AGACACACAC cc AGCA TCCA
\GCCaCC AGCC GGA
GGAACCA TTTGTTTCTAAGEEEEECA ACACAGAGGG
ATGA AGC: CA TTGTTTCTAAGEEEECE! GCAG
ACTGC! GACCTCC:
'TGTTTCTAAGECEEE o} A AGCH T
c TAAGEEEEEC TGTGACAGCA AGA
GA AGCC TAAGEEGEEE
GCAGCC i AC: CA GA GGG
CTGTGGGAGAATCAATGTGTTTTGTTTCTAABEEEEECAGCC T GCAGCC A ACAGACACACAC] GCCCAGGA
GA CA \GCCGCCCA CAGCA ACAGACA
CACAC cA TTTGTTTCTAAGEEEEECAGCC TC
c
TTTGTTTCTAAGECEEE!
TTTGTTTCTAAGEEEEE
TGGTAT
'TGTTTCTAAGECEEE
TCTCCARGEC CA T \GCCGCCCA CAGC] TAA
ACAGACACACAC! GA CA TTTGTTTCTAAGEEEEE
cA AGCC AC Geee CA
ATCTCAGA TTTGTTTCTARGEEEEECA ACAGACAC
AGA Geee CA TTTGTTTCTAAGEEEEECA
GCC TTGTTTCTAA
cecacc: T6CCCA
cacc GTTTTGTTTCTAAGEEEEE T ACAGACACA A
¢ CCTCCA TTGTTTCTAABEEEEECA T GCAGCC TAAGA
ACAGA AGC GGATC
TTGTTTCTAAGCCEEE C: Ci GCA
CTGCCCA TTTGTTTCTAAGEEEEECA: AGCA AGA CACAC!
GAGGGCA AGcC \Geeaee
ACTA CAC CA GA A
ATGTGTT AAGECEEE
CTAAGECECC: G
TTTGTTTCTAAGEEEEE TGGTAT
TARGECGEE r
TAABECECC AGA
AGccce: TTTGTTTCTAAGECEEEC
GCAGEC ACAC
TTTGTTTCCAAGEEEEE AGACACACAC GA GA
GAGGCCTC CA GACC! CA TTTGTTTCTAAGEEEEECA AGCC ACAGAC
ACAC AR Ci CA i CTCCAGCCTC! TTTGTTTCTAAGEEEEECA T
GA CA TCCAGE
cTeca TTTGTTTCTAAGEEEEEC AGACACAC AGCC

Fig. 8 Example of a human-specific pseudoautosomal colony (C36). This homogeneous colony is located in /L3RA. (GCC)2 are green-highlighted.
This colony contains prime instance of LTR tandemization in the human genome
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Fig. 9 Interactions and biological role of the genes containing (or nearest to) the largest colonies. A Protein—protein interaction network, B

Biological pathway enrichment analysis

expression both transcriptionally and post-transcription-
ally in human cells. Pseudogenes are transcribed on both
strands and are significant drivers of gene regulation,
with implications for health and diseases [35-37].

It should be noted that this is a pilot study, which
unveils the potential significance of trinucleotide dyads
in shaping part of the recombination landscape in the
human genome, and challenges the long-lasting hypoth-
esis that human and closely related species do not share
recombination hotspots. Numerous other trinucleotide
dyads and additional species are yet to be studied in this
context, to obtain a more resolved perspective of the role
of trinucleotide dyads in recombination, speciation, and
evolution.

Conclusion

In conclusion, our findings unveil a genomic phenome-
non, characterized by the formation of large colonies of
(GGQC)2 and (GCC)2 dyads of exceeding statistical sig-
nificance throughout the human genome. These colonies

exhibit unprecedented frequency and, in some instances,
periodicity of genomic rearrangements, signifying
recombination hotspots. Some of the identified colo-
nies that were further studied in additional species, were
specific to human, or were shared with other great apes,
albeit of directional increased complexity in human.
Future studies are warranted to unveil the mechanisms
leading to the emergence of those colonies and their bio-
logical implications.

Abbreviations

C Colony
kb Kilobase
Gb  Gigabase

LTR  Long terminal repeat
STR  Short tandem repeat

Glossary

Colony Consecutive (GGC)2 and/or (GCC)2 that were <500 bp apart on
the genomic DNA

Dyad (GCQ)2 or (GCC)2

Homogeneous Applied to colonies that primarily consisted of a single
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