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Abstract

Background Microsatellites are increasingly realized to have biological significance in human genome and health
in past decades, the assembled complete reference sequence of human genome T2T-CHM13 brought great help
for a comprehensive study of short tandem repeats in the human genome.

Results Microsatellites density landscapes of all 24 chromosomes were built here for the first complete reference
sequence of human genome T2T-CHM13. These landscapes showed that short tandem repeats (STRs) are prone

to aggregate characteristically to form a large number of STRs density peaks. We classified 8,823 High Microsatellites
Density Peaks (HMDPs), 35,257 Middle Microsatellites Density Peaks (MMDPs) and 199, 649 Low Microsatellites Density
Peaks (LMDPs) on the 24 chromosomes; and also classified the motif types of every microsatellites density peak. These
STRs density aggregation peaks are mainly composing of a single motif, and AT is the most dominant matif, followed
by AATGG and CCATT motifs. And 514 genomic regions were characterized by microsatellite density feature in the full
T2T-CHM13 genome.

Conclusions These landscape maps exhibited that microsatellites aggregate in many genomic positions to form
a large number of microsatellite density peaks with composing of mainly single motif type in the complete refer-
ence genome, indicating that the local microsatellites density varies enormously along the every chromosome
of T2T-CHM13.
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Background
Tandem repeat biology is causing a revolution in genetics
in the past two decades as many studies of understanding
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Repeats (STRs), also called microsatellites, happen ubiq-
uitously in human genome scattered in coding and non-
coding regions, which commonly occur with repeat units
of 1-6 base pairs and own the highest mutational rate
in genome [1, 3, 6]. Microsatellites are increasingly real-
ized to have biological significance in human genome and
health, and are reported to involve in more than 30 disor-
ders and several cancers [7-10], regulate gene expression
in healthy genomes [11, 12], and also be related to genetic
plasticity and missing heritability [13—20]. Slipped-strand
mispairing was suggested as a major mechanism for tan-
dem repeat occurrence [21, 22], and we formerly pre-
sented a folded slippage model for short tandem repeats
occurring mechanism, predicting that micro-disturbing
in the process of replication may provide a lot of chances
for the template chain folded to produce short tandem
repeats, which are possibly selected and fixated for differ-
ent biological significance in the long-history evolution
[23].

Although short tandem repeats have been studied in
human genome for several decades, many sequenced col-
umns of human genome so far contain a large number of
unsequenced gaps, and these unsequenced gaps are often
composed of short tandem repeats [3, 5]. To date, studies
about short tandem repeats on complete, gap-free human
genomes have been very lacking. The recent assembly of
T2T-CHM13 reference removes the gap filled regions
of autosomes and Chromosome X [5, 24—28], and over
50% gaps in Chromosome Y [29], therefore it represents
a truly complete human genome, this complete refer-
ence sequence of human genome T2T-CHM13 will cer-
tainly bring great helps for comprehensive study short
tandem repeats in human genome. And so far, there is
still no unified threshold for microsatellites studies, the
repeats in animal genomes are generally considered to
be longer than 12 bp [30, 31], and 3% of human genomes
was reported consist of microsatellites under that stand-
ard [32]. And microsatellites of human sequences com-
prised of GA/TC/GC/AT bases are investigated using
seq-requester microsatellite [24]. However, we applied a
threshold of 6, 3, 3, 3, 3, 3 iterations for mono- to hexa-
nucleotide repeat motifs for analyzing microsatellites in
the complete reference human genome T2T-CHM13, the
threshold was widely used to study microsatellites in the
genome sequences of viruses, mitochondrial and chloro-
plast [2, 33-35]. And we have first applied the threshold
to investigate microsatellites in the Y-DNA of the human
reference genome (GRCh38, NC_000024.10) at 1 Kbp
resolution by Differential Calculator of Microsatellite
version 2.0 (DCM 2.0) method, revealing an exact dis-
tributional feature of STRs in every local bins of 1 Kbp
sequence of the chromosome Y [36]. Herein, we built 24
Microsatellite landscape maps in all 24 chromosomes
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of the first complete human genome T2T-CHMI13
(CHM13), including the positions and motif types of all
classified High Microsatellite Density Peaks (HMDPs),
Middle Microsatellite Density Peaks (MMDPs), and Low
Microsatellite Density Peaks (LMDPs).

Materials and methods

Genome sequences

The complete 24 chromosome sequences of the human
reference genome T2T-CHM13v2.0 were collected from
GenBank, and the accession No. of the complete 24 chro-
mosome sequences were listed in Table S2. All chromo-
some sequences of human reference genome GRCh38.
pl4 were also obtained from GenBank (Table S2).

STRs identification

The Imperfect Microsatellite Extractor (IMEx 2.1) [37]
was applied to identify STRs in all the sequences of T2T-
CHM13v2.0 and GRCh38.p14 genomes. The threshold
for extracting perfect tandem repeats was set at iterations
of 6, 3, 3, 3, 3, 3 for mono-, di-, tri-, tetra-, penta- and
hexa- repeat motif respectively.

Calculate local microsatellite density at 1 kb resolution

The local microsatellite density of 24 complete chromo-
some sequences of T2T-CHM13 were counted by the
new promoting program of Differential Calculator of
Microsatellites version 3.0 (https://github.com/zhong
yangtan/DCM.git), which calculate the local STRs den-
sity by divided the every chromosome sequence into a
large number of differential-units (bins) with size of 1 kb,
so microsatellite position-related Differential-unit;;
(D;) Relative Density (pD;RD) was calculated for every
1 kb sequence of the 24 chromosome sequences of T2T-
CHM13, and also for GRCh38.p14, which was proven to
be a better resolution to calculate local STRs density of
human genomic sequence [36]. The calculation formula
for pD;RD is:

7 1000

— X

1kb

In this formula, pD;RD; is the pD;RD in the i-th 1 kb

bins of the genome, m, is the size (bp) of microsatellite in
the i-th 1 kb bins.

pD,RD; =

Identifying Microsatellite Density Peaks

After the microsatellite density in every 1 kb bins, i.e.,
pD;RD, of the genome was calculated. The adjacent
bins with similar density ranges were merged, and each
merged density bin is referred to as a peak. When the
pD;RD values of each bin in adjacent bins is greater than
or equal to 90 and less than 150 (150 > pD;RD >90), those
adjacent bins was identify as a Low Microsatellite Density
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Peak (LMDP); the pD;RD values of each bin in adjacent
bins is greater than or equal to 150 and less than 300
(300> pD;RD >150), those adjacent bins was identified as
a Middle Microsatellite Density Peak (MMDP); and the
pD;RD values of each bin in adjacent bins is greater than
or equal to 300 (pD;RD >300), those adjacent bins was
identify as a High Microsatellite Density Peak (HMDP).

Building the STRs density landscape maps

A series of pD;RD values were obtained by T2T-CHM13
chromosome sequences by the DCM v3.0. Maps dis-
played the series of pD;RD values from telomere of p-arm
to telomere of gq-arm of every chromosome by using the
UCSC Genome Browser’s bedGraph format. Then, 24
landscape maps of STRs density for T2T-CHM13 were
built in the viewer of UCSC Genome Browser window,
in which a full chromosomal view of local STRs density
is shown for every bin of 1 kb sequence of the chromo-
some from telomere of p-arm to telomere of q-arm. 24
landscape maps of STRs density for GRCh38.p14 were
also built.

Sorting Microsatellite Density Peaks

High Microsatellite Density Peaks (HMDPs) (pD,RD >
300), Middle Microsatellite Density Peaks (MMDPs)
(300>pD;RD >150) and Low Microsatellite Density Peaks
(LMDPs) (150>pD;RD>90) were sorted by the new
developed program Microsatellite Density Peaks Sorter
version 1.0 (MDPS.v1.0, https://github.com/zhongyangt
an/MDPS.git). And the MDPS.v1.0 also further sorted
HMDPs, MMDPs and LMDPs into different Main Motif
Type (MMT) and sub-Main Motif Type (sub-MMT).
(Table S5, S6).

Mapping Microsatellite Density Peaks

The sorted data of exact position, corresponding motif
type and peak name of HMDPs, MMDPs and LMDPs
in every chromosome were transferred by the UCSC
Genome Browser’s bed format and displayed under the
landscapes with three tracks of HMDPs, MMDPs and
LMDPs in the viewer of UCSC Genome Browser window.

Comparison of HMDPs between T2T-CHM13.v2.0

and GRCh38.p14

The similar HMDPs between T2T-CHM13.v2.0 and
GRCh38.p14, were firstly determined allelic position by
MUMmer v3.23 [38], then comparing motif type by new
developed program Genome HMDPs Comparator ver-
sion 1.0 (GHC.v1.0, https://github.com/zhongyangtan/
GHC git), finally, aligned by ClustalX v2.1 [39].
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The division of genomic regions

The full genome of T2T-CHM13 was divided into dif-
ferent Genome Regions according to local microsatel-
lites density features (Table S9). The Genomic Regions
with the extremum pD;RD value > 300 between bins
were classified as High Variable Microsatellite Density
Region (HVMD-R), those with (300 > the extremum
pD;RD value > 150) between bins were classified as Mid-
dle Variable Microsatellite Density Region (MVMD-R),
and those with (150 > the extremum pD;RD value > 90)
between bins were classified as Low Variable Microsat-
ellite Density Region (LVMD-R) subclass. The Genomic
Regions with the extremum pD;RD value < 90 between
bins were classified as relatively Even microsatellite den-
sity (E-) Region class. Genomic Regions clustering with
single dominant motif type of peaks were classified as
Peak Cluster (PC-) Region class and Telomere Repeat
(T-) Region class (located in the telomere regions).

Result

Microsatellite Density landscapes

The recently released complete assembles of T2T-
CHM13 including all 22 autosomes, chromosome X
and Y, comprise of 3,117,275,501 bp of DNA; and we
obtained 22,198,470 microsatellites with total size of
183,133,984 bp and microsatellites relative density (RD)
is 58.75 in the full genome (Table 1, Table S2 & S3).
The widely used method of relative density for analyz-
ing microsatellites was proved limited for analyzing
STRs in big sequence like human genome; therefore, to
explore the exact distributing feature, the microsatellites
landscapes at 1 Kbp resolution, were formerly compre-
hensively surveyed in the Y-DNA of reference human
GRCh38 by the differential calculator of microsatellites
[36]. Herein, STRs of the complete reference human
genome T2T-CHM13 including all chromosomes were
investigated by the differential calculate method, in
which the values of position related relative density at 1
kilo-base resolution (pD;RD) were calculated in every
bin unit of 1 kb DNA sequence, and the pD;RD value was
suggested to be possibly a better way to estimate the local
microsatellite density variation in human genome [36].
The bedgraph format tool of UCSC Genome Browser
was used to map the exact STRs distribution features
with the pD,RD data of the full T2T-CHM13 genome, a
series of panoramic landscapes of microsatellites density
were obtained to precisely exhibit the local microsatel-
lites density in every bin of 1 kb sequence for the 22 auto-
some, chromosome X and Y of T2T-CHM13 in viewers
of Genome browser window (Figs. 1 and 2, Fig. S1, Fig.
S2, Table S1). The 24 landscapes revealed that the relative
density in every 1 kb sequence (the pD,RD value) varies


https://github.com/zhongyangtan/MDPS.git
https://github.com/zhongyangtan/MDPS.git
https://github.com/zhongyangtan/GHC.git
https://github.com/zhongyangtan/GHC.git

Xia et al. BMC Genomics (2024) 25:960 Page 4 of 16

T2T-CHM13_chr18

20 Mb} | hs1
Scale  5,000,000] 10,000,000 15,000,000] 20,000,000] 25,000,000] 30,000,000| 35,000,000| 40,000,000| 45,000,000] 50,000,000| 55,000,000] 60,000,000| 65,000,000 70,000,000| 75,000,000| 80,000,000
1000 _|

Landscape of STR Density

300 -

s i il il iateaiiisitalils

CHM13-18-HMDP1m2([CCCTAA]n) |
CHM13-18-HMDP2([CCCTAA]h) | CHM13-18-HMDP19((AT]h) |
CHM13-18-HMDP3([CCCTAA]h) | CHM13-18-HMDP20([TCnt]) |
CHM13-18-HMDP4([CCCTAAJh)|| HA DF cC
CHM13-18-HMDP5((AC]h) | CHM13-18:HMDP22([CCT]h) |
CHM13-18-HMDPS(JAGAGGG]h) | CHM13-18-HMDP23((AT]h) |
CHM13-18-HMDP7([AT]m) | ] IMDP24
CHM13-18-HMDP8([GATGGT]h) |
CHM13-18-HMDP9(ATIh) |
CHM13-18-HMDP10([AT]h) |
MDP11([A( h);

CHM13-18-HMDP18((GTJh)| ~ CHM13-18-HMDP26({GTlh)| ~ CHM13-18-HMDP42((AT]h) | CHM13-18-HMDP81([AT]h) | CHM13-18-HMDP79((GTh) | CHM13-18-HMDP102([AT]h) |
CHM13-18-HMDP38([AT]h)|  CHM13-18-HMDPS55([AT]h) | CHM13-18-HMDP74((AT]h)| ~ CHM13-18-HMDP96([GT]h)|
CHM13-18-HMDP39([ATh) | CHM13-18-HMDP57([AT]h) | CHM13-18-HMDP77([ATJh)|  CHM13-18-HMDP97([AT]h) |
t C CHM13-18-HMDP58([ATIh) | CHM13-18-HMDP78m2([AT]h) | CHM13-18-HMDP99([ATIh) |
CHM13-18-HMDP&2m2((AC]h) | CHM13-18-HMDP8O((GT]h) | CHM13-18-HMDP103([AT]h) |
CHM13-18-HMDP63((AC])|  CHM13-18-HMDP82([AT]h) | I IMDF cC
CHM13-18-HMDP64([ATJh)|  CHM13-18-HMDP83([ATIh)|  CHM13-18-HVMDP107(IGGT]h)|
CCHM13-18-HMDP65(JAT]h) | SHM13-1 A CHM13-18-HMDP114([AT]h) |
CHM13-18-HMDP66([AT]h) | i MDI CT CHM13-18-HMDP115([AC]h) |
CHM13-18-HMDP67([AT]h) | CHM13-18-HMDP89((ATIh)|  CHM13-18-HMDP116((AC]h) |
CHM13-18-HMDP88([CTTIh) | i IDP! C CHM13-18-HMDP120((CTh) |
CHM13-18-HMDP49([ATJh)|  CHM13-18-HMDP6I([ATh) | CHM13:18-+ TT CHM13-18-HMDP124([GT]h) |
CHM13-18-HMDP50([ATJh)|  CHM13-18-HMDP70([AT]h)| CHM13-18-HMDP92m2([AT]h) |
CHM13-18-HMDP51([ATJh)|  CHM13-18-HMDP72([AT]h) |
CHM13-18-HMDP52m3([AT]h) | CHM13!18-HMDP73([CCT]h) |
CHM13-18-HMDP53([AT]h) | CHM13-18-HMDP75((GTh)| CHM13-18-HMDP100m2((AC]h) |
CHM13-18-HMDP54([AT]h) | CHM13-18-HMDP76(AT]h) | CHM13-18-HMDP101([GT]h) |
CHM13-18-HMDP56((GT]h) | CHM13-18-HMDP81m2([AC]h) | 3 IDR104([CCC
CHM13-18-HMDP59m2([ATh) | CHM13-18-HMDP84m2([ATIh)|  CHI
o = A

A
CHM13-18-HMDP41m2([AT]l) |

CHM13-18-HMDP43((ACh) |

CHM13-18-HMDP44m2([AC]h) |

A 3
CHM13-18-HMDP25((ATIm) |
CHM13-18-HMDP27([AT]h) |
CHM13-18-HMDP28([AG]h) |
| CHM13-18-HMDP29([AGG]h) |
P12m2([GGT]h) | CHM13-18-HMDP30m3(IATIh) |
CHM13-18-HMDP13([AT]h) | CHM13-18-HMDP31([ATh)|
CHM13-18-HMDP14([AT]h) | CHM13-18-HMDP32m3([AT]h) |
B CHM13-18-HMDP15([AG]m) | CHM13-18-HMDP33((AT]m) |
< CHM13-18-HMDP16([AT]h) | CHM13-18-HMDP34([AT]m)|
CH 1D T CHM13-18-HMDP35([AT]h) |
CHM13-18-HMDP36([ATh) |
CHM13-18-HMDP37(ACC]m)|

CHM13-18-HMDP46([ATh) |
CHM13-18-HMDP47([AC]m) |
CHM13-1 B-HMDPda([AT]hH

CHM13-18-HMDP95(AT]h)|
CHM13-1 8-HMDPBBm2([AT]h)|

CHM13-18-HMDP71([AT]h) | CHM13-18-HMDP106m2( V|
CHM13-18-HMDP86m2(ATIh)|  CHM13-18-HMDP110([ATIN)|
A .

CHM13-18-HMDP94m2([AT]h) |
C

18-HMDP11 Th) |
CHN MDP112m Tm)|
CHM13-18-HMDP113m2([GTJh)|
CHM13-18-HMDP117((GT]h)|
CHM13-18-HMDP118((ACIh)|
CHM13-18-HMDP119m2([AC]h)|
CHM13-18-HMDP121m2([GTh)|
“HM + Ci
CHM13-18-HMDP123m2(GGT]h) |
CHM13-18-HMDP125m4([TTAGGG]h)

C { e | (VI (OO LTS AT T VAL A T YT TAENT O (TR T
D { RV 1 T IR AT LTIV ST YTATR RN LT TS AR T AR T TR T AT T T T BT
Motif Type of Microsatellite Density Peak : mono | di | tii tetra penta | hexa | AGngn | [TCntln [MOTIF mix]n

Fig. 1 The landscape of STR Density, HMDP (High Microsatellite Density Peak), MMDP (Middle Microsatellite Density Peak) and LMDP (Low
Microsatellite Density Peak) in T2T-CHM13 chromosome 18 with smallest HMDPs. A. Landscape of STR Density is displayed on the first track,

and the microsatellite density values are shown on the ordinate. B. HMDPs are displayed in pack mode on the second track, including its Motif Type,
location (shown in colored vertical line) and name. The HMDP name consists of "Genome name", "chr No.", "HMDP No.", "HMDP size" and "sub-Main
Motif Type (sub-MMT)". C-D. MMDPs and LMDPs are displayed in dense mode on the third and last track. Chromosome 18 with the lowest number
of HMDP, is shown here, and other chromosomes of the T2T-CHM13 are shown in Figure S2

enormously in different site along the 24 chromosomes
even from 0 to 970, and the STRs is prone to accumulate
to a large numbers of different extent microsatellite den-
sity peaks; these density peaks are found genome-wide,
and were classified into 8,823 high microsatellites density
peaks (HMDPs) (pD;RD2300), 35,257 middle micro-
satellites density peaks (MMDPs) (300>pD,;RD2150)
and 199, 649 low microsatellites density peaks (LMDPs)
(150> pD;RD290) (Table 2, Table S4.01-S4.06); and the
bed format tool of UCSC Genome Browser was used
to display the exact position and motif types of these
HMDPs, MMDPs and LMDPs (Fig. 2, Fig. S2). Similarly,
the microsatellites landscapes were comprehensively sur-
veyed in the reference human genome GRCh38 as com-
parison (Table 2, Table S14 & S15, Fig. S12).

High Microsatellite Density Peaks (HMDPs)

The local relative density values (pD;RD2300) of those
HMDPs are approximately six times or more of the aver-
age relative density (RD=58.75) of the full T2T-CHM13
genome, the significant statistical bias of microsatel-
lites relative density in local genome region hints their

importance to human genome (Fig. 3A, Fig. S2.01). It
was found that all these HMDPs occur genome widely in
all the 24 chromosomes of the T2T-CHM13, especially
pervade in the two arms of all chromosomes at differ-
ent intervals, except absent at most centromeric region
and some pericentromeiric region. The largest quantity
of HMDPs was found in ChrY with 2,697 HMDDPs, sec-
ondly in Chrl3, the minimum number of HMDPs in
Chr19 with 127 HMDPs identified, and only 305 HMDPs
were found on chrl with longest sequence; therefore, the
distribution of HMDPs is not related to chromosome
size directly. Furthermore, 89.26% of the HMDPs are
identified in intergenic, 10.74% in intron region, but no
HMDPs in exon region (Fig. 3B-a, Table S10.01).

Main Motif Types (MMTs) of HMDPs

Analysis of the composition of the motifs in every HMDP
demonstrated that same type of motif is prone to accu-
mulate in the same HMDP, and therefore, we classified
these HMDPs by the main motif composition in each
HMDP; for example, when the AT motif account for
the main motif composition in a HMDP, it was named
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Fig. 2 Landscape map of STR Density of 24 chromosomes of T2T-CHM13. Landscape of each chromosome, first track displayed landscape of STR
Density, second track displayed HMDP, third track displayed MMDP, last track displayed LMDP

Table 1 Statistic of microsatellite density landscape information on the human genome T2T-CHM13. The assembly information and

microsatellite statistics of T2T-CHM13v2.0 and GRCh38.p14

Genome  Assembled size Sequenced size Gap number  Gap size Microsatellite Microsatellite Microsatellite
(bp) (bp) (bp) number size (bp) Relative Density
(bp/Kbp)
CHM13 3,117,275,501 3,117,275,501 0 0 22,198,470 183,133,984 58.75
GRCh38 3,088,269,832 2,937,639,396 783 150630436 19,672,293 151,222,113 5148

(AT), Main Motif Type (MMT) HMDP (Table S4.).
And the MMT HMDPs can also be further classified
into three sub-types: the high-percentage Main Motif
Type (hMMT) HMDPs (main motif 2 66.7%), the mid-
dle-percentage Main Motif Type (mMMT) HMDPs
(66.7% > main motif = 50%), and the low-percentage Main
Motif Type (IMMT) HMDPs (50% > main motif = 33.4%)
(Table 3, Table S4-S8). All 8,823 HMDPs be classified
into Main Motif Type (MMT) class and Mix Motif Type
class. Though the microsatellites generally comprising
tandem repeats with motifs of 1-6 bp makes that there
are possible total 964 motif types (Table S16), we actually
identified only 87 MMTs from 8819 HMDPs belong to

MMT class, and these 87 MMTs were further classified
into 8 subclasses: mono-, di-, tri-, tetra-, penta-, hexa-,
AG- and TC-MMT subclass. The di-MMT subclass
includes 6944 HMDPs is the most abundant HMDPs
subclass, secondly is the penta-MMT subclass. Notably,
86.1% of the total 8823 HMDPs are the h(MMT HMDPs
(Fig. 3B-b,Table S10.01), suggesting that high percentage
of same repeat motif is prone to accumulated into same
high microsatellites density peak (HMDP) in the com-
plete reference human genome T2T-CHM13. Moreover,
many MMT HMDPs usually appears in pairs with motif
reverse complementary in the complete genome like
the example of 386 (AATGG), MMT HMDPs reversely
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Table 2 Statistic of microsatellite density landscape information on the human genome T2T-CHM13. The list of microsatellites density

peaks in T2T-CHM13v2.0 and GRCh38.p14

ChrNo HMDPs MMDPs LMDPs ChrNo HMDPs MMDPs LMDPs
CHM13 GRCh38 CHM13 GRCh38 CHM13 GRCh38 CHM13 GRCh38 CHM13 GRCh38 CHM13 GRCh38
01 305 199 2,703 1,968 16,891 14,086 13 587 100 1,682 825 7,098 5976
02 357 294 2,015 1972 14,802 14395 14 342 83 1,205 728 6,005 5405
03 231 180 1,475 1404 11,798 11624 15 507 67 2,638 637 7,772 4968
04 234 230 1,955 1,579 11,889 11421 16 130 105 1,000 989 7,688 5509
05 258 198 1,455 1,372 10,580 10,572 17 135 89 880 786 5,771 5,681
06 200 158 1,379 1365 10,172 10,128 18 125 91 643 645 4,429 4420
07 249 197 1,581 1,506 10,002 9978 19 127 105 1,046 956 5102 4869
08 188 156 1,291 1,313 8,481 8,352 20 184 75 806 650 3,691 3,753
09 237 121 1,058 997 7,239 7199 21 449 87 1,088 505 3,009 2392
10 208 167 1,328 1,203 8,226 8,143 22 378 99 1,039 462 3,074 2403
n 191 143 1,125 1,060 7,581 7,706 X 313 276 1,673 1,648 9,465 9470
12 191 155 1,215 1,203 8470 8433 Y 2,697 105 3,977 537 10,414 1,965
Total 8,823 3480 36,257 26310 199,649 178848
complementary pairing with 311 (CCATT), MMT The [AATGG]," and [CCATT]," penta-hMMT HMDPs account

HMDPs (Table 3).

[AT]," motifs type are the most abundant HMDPs

Among the all AMMT HMDPs, 4828 HMDDPs are [AT]nh
motif type, representing 63.5% of the di-MMT subclass
HMDPs and also 54.7% of all 8823 HMDPs, therefore, it
is the most abundant hAMMT HMDPs (Table 3, Fig. 3C,
Table S10.02). These [AT]nh HMDPs were classified into
two distributional patterns by average distance (AD):
sparse-distributional (AD: 1,434,206 bp) and dense-dis-
tributional (AD: 4,476 bp) patterns, there are 1886 [AT] "
HMDPs scatter sparsely and 2942 [AT],* HMDPs array
densely in the full T2T-CHM13 genome (Fig. 3D-a,b,c,
Table S10.03, Fig. S3.01). As a whole, the distributional
features can be summed up to 3 [AT]nh HMDPs chromo-
somal distribution models, one model is that only [AT]nh
HMDPs sparse-distribution appear in the two arms of the
19 chromosomes, another is that [AT]nh HMDPs dense-
distribution occur in the short p-arm and sparse-distri-
bution in the long q-arm as found in the five acrocentric
chromosomes, the other is the [AT]nh HMDPs distribu-
tion in the Chr Y which 35 [AT],® HMDPs with sparse-
distribution are found in Chr Y euchromatin region and
2575 [AT]nh HMDPs with dense-distributions in Chr Y
heterochromatin region. However, the [AT]nh HMDPs is
abundantly representing 54.7% of all HMDPs, but 21.3%
of all MMDPs and only 2.7% of all LMDPs (Fig. 3D-d),
suggesting that AT motif tandem repeats is easy to accu-
mulate at high density in the complete reference genome.
And (AT), repeats aggregation are reported to related to
chromosomal structure and rearrangements [40—42].

for about half sequence size of all A(MMT HMDPs

There are 773 penta-motif HMDPs identified in the full
T2T-CHM13 genome, and ranks secondly in all 8 sub-
classes of the MMT HMDP class; however, the reverse
complementary [AATGG] nh and [CCATT] nh hMMT
HMDPs are found 331 and 252 in numbers accounting for
75.4% of all penta-hMMT HMDPs (Table 3, Table S4 &
S5). Though the large majority of the two types are small
in size that is lower than 5 bins (5 kbp); the HMDPs with
size that is larger than 5 bin, are mainly [AATGG], " and
[CCATT]nh hMMT HMDPs (Fig. 3C-b & c, Table S10.02);
therefore, total size of [AATGG]nh and [CCATT]nh
hMMT HMDPs are 3789 and 3362 bins respectively,
and combination of two hMMT HMDPs accounting for
about 43.55% of the size of all AMMT HMDPs, implied
their importance to human genome structure. Analysis
of occurred locations of the [AATGG]nh and [CCATT]nh
hMMT HMDPs reveals 4 distributional models about
the two hMMT HMDPs in the T2T-CHM13 genome: (a)
no [AATGG]," and [CCATT],® hMMT HMDPs distri-
bution occur in Chr 6, 8, 11, 12, 18, 19 and X, (b) both
the two hMMT HMDPs appear in short arm of the five
acrocentric chromosomes, (c) pericentric distribution
of the two hMMT HMDPs in Chr 1, 2, 3, 4, 5, 7, 9, 10,
17 and Y, (d) the [AATGG]," and [CCATT],® hMMT
HMDPs are found on the main arms of the chromosomes
( on arm distribution) that are majorly in Chr 1, 2, 16,
20 and 22) (Fig. 3E-a, Table S10.04, Fig. S3.02). Remark-
ably, Chr 9 is clustered a large segment of [AATGG],"
and [CCATT]nh hMMT HMDPs at the pericentromeric
region of g-arm (Fig. 3E-b), this region well corresponds
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to the heterochromatic regions consisting of Classical
Human Satellite III [43, 44].

Comparison of HMDPs between T2T-CHM13 and GRCh38
The microsatellite density landscapes of 24 chromo-
somes of the reference human genome GRCh38.pl4
were also built here, As the reference genome GRCh38
contained gaps and collapsed tandem repeats (Table 1,
Table S14), the total sequence assembly of GRCh38.
pl4 is 2,937,639,396 bp, with unsequenced gap size of
150,630,436 bp. And only 3,480 HMDDPs, 26,310 MMDPs
and 178,848 LMDPs were identified in the microsatel-
lite density landscapes of GRCh38.p14 genome (Table 2,
Table S14); so HMDPs in GRCh38 genome are shown
to be greatly different from that of T2T-CHM13, but
MMDPs and LMDPs in GRCh38 genome are relatively
close to those in T2T-CHM13 (Table 2). A detailed com-
parison of HMDPs in microsatellite density landscapes
between full T2T-CHM13 and GRCh38 full genome,
revealed that 1233 and 1290 are high and low-middle
similar corresponding to those HMDPs of GRCh38
respectively (Fig. 3F-b,c,d, Table S15, Fig. S12), above
2,000 HMDPs correspond to middle/low microsatel-
lite density peaks (M/LMDPs) and no peaks region of
GRCh38, more than half of HMDPs of T2T-CHM13 are
corresponding to un-sequenced gaps region of GRCh38
(Fig. 3F-d, Table S15); suggesting that HMDPs alleles
variety possibly contribute a lot to the individual diversity
of human genome in spite of that the no-sequenced gap
region may influence the comparing result.

Genomic regions divided by local microsatellites density
features

Because the landscapes graphed by the differential cal-
culating microsatellites density method, the STRs den-
sity distribution feature can be visualized in every 1 kb
sequence local genomic region; we discovered from the
landscapes that the full genome of T2T-CHM13 may be
divided into 514 different microsatellites density related
Genomic Regions (Table 4, Fig. 4A, Fig. S4, Table S9).
These Genomic Regions comprise of 4 Genomic Region
class: Variable microsatellite density (V-) Region class,

(See figure on next page.)
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Even microsatellite density (E-) Region class, Peaks Clus-
ter (PC-) Region class and Telomere repeat (T-) Region
class. The V- Region class was further divided into High
Variable Microsatellite Density Region (HVMD-R), Mid-
dle Variable Microsatellite Density Region (MVMD-R)
and Low Variable Microsatellite Density Region (LVMD-
R) subclass, the 154 Regions of this class principally cor-
respond to gene coding regions and also some satellite
distribution region (Table 4). The E- Region class includes
relatively Even and Average Microsatellite Density Region
(EAMD-R) subclass and relatively Even and extreme Low
Microsatellite Density Region (EeLMD-R) subclass, 67
Regions of this class mainly match « satellites and other
satellites. The PC- Region class are subdivided into di-,
tri-, tetra-, and penta- subclasses, Regions of this class
showed that special motif type of Microsatellite Density
Peaks (MDPs) usually gather in proximity to form peaks
cluster. And the hexa-nucleotide motif microsatellite
cluster Region class was discovered only locating in the
telomeric region of T2T-CHM13, the 24 (TTAGGG),-Rs
were found in the telomere of q-arm of all chromosomes,
as well as the reverse complementary 23 (CCCTAA), -Rs
were found in the telomere of p-arm of all chromosomes
except the H(AATGG),-R in the p-arm of Chrl3 (For
simplicity, the Region name abbreviation are only shown
here and below, Region name nomenclature please refer
to Table S9).

The broad high variable microsatellite density region

The microsatellite density landscape maps display that
the density of microsatellites on the main arms of most
chromosomes has a huge rhythmic change, showing that
HMDPs, MMDPs and LMDPs appear alternately, such
regions are summarized as broad High Variable Microsat-
ellite Density Regions (b-HVMD-Rs) with every genomic
region size more than 10,000,000 bp (Fig. 4A, Table S9).
Total 42 b-HVMD-Rs were classified in the HVMD-R
subclass, all chromosomes contain two b-HVMD-Rs in
main central part of two arms except that the five acro-
centric chromosomes include only one b-HVMD-R
in each of their q-arm and ChrY include one in p-arm
(Fig. 4B-a, Table S9). Comparing all b-HVMD-Rs with

Fig. 3 Summary of HMDPs in T2T-CHM13. A. An [AT]," HMDP in the T2T-CHM13. B. (a) Ratio of HMDP corresponding to intron and intergenic
regions. (b) Ratio of A(MMT, mMMT and IMMT HMDPs and other HMDPs. C. Statistic of HMDP number and bin, (a) The percentage of peak number
of mono-, di-, tri-, tetra-, penta- and hexa- h(MMT HMDPs in all A(MMT HMDPs; (b, ¢) The number and total bin number of AMMT HMDP in each

Peak sequence size (bins) group. D. [AT]Hh HMDP distribution, (a) The 3 [/-\T]nh HMDP distribution models; (b) The distribution map of interval
distance of [AT]." Sparse distribution (S-distribution) and Dense distribution (D-distribution) HMDPs, the ordinate indicated the logarithm base 10
of the interval distance (bp), and the values of the interval distance are listed in Table $10.03; (c) The number of [AT]Hh Sparse distribution and Dense
distribution HMDPs; (d) The percentage of [ATJH'“ HMDPs, MMDPs and LMDPs to all HMDPs, MMDPs and LMDPs. E. [AATGG]H" and [CCATT]nh HMDP
distribution, (a) The 4 distributional models of [CCATT]," and [AATGG]," HMDPs; (b) A big cluster of [AATGG], ! and [CCATT]," motif type HMDPs

at the p-arm of Chr9. F. Comparison of landscapes T2T-CHM13.v2.0 and GRCh38.p14, (a) Comparison in Chr 1; (b) identity of a pair low similar
HMDPs; () identity of a pair high similar HMDPs; (d) corresponding HMDPs of the T2T-CHM13 corresponding to MDPs of GRCh38.p14
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CAT/Liftoff Genes, RefSeq mRNAs and CenSat Anno-
tation tracks, demonstrated that the b-HVMD-Rs well
corresponding to broad gene coding regions in every
chromosome (Table 4, Table S9). The sum size of the 42
b-HVMD-Rs is 2,850,947,000 bp, representing 91.46% of
the full sequence size of T2T-CHM13 genome; but only
4118 of the 8823 HMDPs located in the intergenic and
intron region of all b-HVMD-Rs (Fig. 4B-c, Table S10 &
S11).

Microsatellite density Peaks Clustering (PC-) regions

In the 246 Genomic Regions of PC- Region class (Table 4,
Fig. 4C, Fig. S6-S9); we clarified 70 Regions in the di-
subclass, these Regions were classified into 4 Region
types as HML(CT?),-cR, HML(AT), -cR, M(AT), -cR and
ML(AT),-cR; the 5 HML(CT?) -cR are found in the near
central part of short arm of every the five acrocentric
chromosomes and correspond to the five rRNA genes
coding regions; the 53 HML(AT), -cR occur in the five
short arm of the five acrocentric chromosomes and the
heterochromatin region of ChrY; and the 3 M(AT),-cR
and 9 ML(AT),-cR appear mainly in the five short arm
of the five acrocentric chromosomes and centromeric
regions of Chr 3 and 4. Secondly, 13 Regions in the tri-
subclass were clarified into 4 Region types as ML(ATC), -
cR, L(ATC),-cR, ML(GAT),-cR and L(GAT),-cR, which
are mainly presenting at the pericentromeric regions
of chrl, 2, 7, 10, 16, and 17. Then, only 5 Regions were
identified in the tetra-subclass as 4 Region types as
ML(AAGG),-cR, L(AAGG),-cR, HML(AGCC),-cR
and HML(GGCT),-cR, occurring at Chr2, 3 and 22. At
last, we sorted out 158 Regions in the penta-subclass as
10 Region types; therein 8 Region types included 156
Regions containing the reverse complementary motif
of (AATGG), or (CCATT),, were found at almost all
chromosomes except chr6, 8, 11, 12, 16, 19, and X, and
this is consistent with the observation of aforesaid no
[AATGG]nh and [CCATT]nh motif type HMDPs dis-
tribution; the other two Region types include only two
Regions also containing another two reverse complemen-
tary motif of (ACTCC), and (GGAGT),, are only found

(See figure on next page.)
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at the short arm of the acrocentric chromosome 14 and
15. The comparing with CenSat Annotation tracks in
UCSC genome browser reveals that di-, tri-, tetra-, and
penta- subclasses mainly correspond to diverse classical
human satellite sequences region (Table 4, Table S9).

HML(AT),,-cR and ML(AATGG),-cR alternatively connecting
to form the Y heterochromatin

Previously we have constructed the landscapes of the
incomplete Y-DNA sequence of human genome GRCh38,
which includes many unsequenced gaps especially a big
gap of more than 30,000,000 bp in the heterochromatin
[36]. Herein, we made the landscape of Y-DNA again but
for the first complete sequence of human genome T2T-
CHM13 [29], illustrating the local microsatellite rela-
tive density feature of the Y heterochromatin (Fig. 4D),
in which Genomic Region HML(AT),-cR clustering
of (AT), HMDPs, MMDPs and LMDPs alternatively
link to Region ML(AATGG),-cR clustering (AATGG),
MMDPs and LMDPs; therefore, the Y heterochromatin
contains 43 HML(AT), -cRs and 36 ML(AATGG),-cRs
alternatively connected at intervals (Fig. 4D), and only
2 ML(CCATT),-cRs and 5 L(AATGG),-cRs replace
ML(AATGG),-cRs to separate HML(AT), -cRs. The
above-mentioned densely distributing 2575 [AT]"
HMDPs scatter among the 43 HML(AT) -cRs and jag-
gedly separated by (AATGG), MMDPs and LMDPs.
Comparing the landscape track with CenSat Annotation
track in UCSC genome browser showed that HML(AT), -
cRs and ML(AATGG),-cRs well correspond to alternat-
ing pattern of classical human satellite 1B (hsat1B) and
classical human satellite 3 (hsat3) in the heterochromatin
Yq12 region [29] (Fig. 4D, Fig. S10).

Similar local microsatellites density features in short arms
of the five acrocentric chromosomes

The landscapes showed that local microsatellites den-
sity features in the five short arm of the five acrocentric
chromosomes is more complicate than other autosomes.
A palisade arranging HML(CT?), cluster Region situates
in central or near central part of the short arm of these

Fig. 4 Summary of Genomic Regions characterized by microsatellite density in T2T-CHM13. A. Chromosome 1 of the T2T-CHM13 characterized
into 14 Genomic Regions. B. broad High Variable Microsatellite Density Region (b-HVMD-R), (a) example of a b-HVMD-R (chromosome 11,
including RefSeq mRNAs and CAT / Liftoff Genes Track). (b) HMDPs corresponding to gene intron and intergenic region; (c) the number of HMDPs
in b-HVMD-Rs and other regions. C. Feature maps of Peaks Cluster (PC-) Regions (a: di-, b: tri-, c: tetra- and d: penta-subclass). D. HML(AT),-cRs
and ML(AATGG),-cRs alternatively connecting in the Chr Y heterochromatin. E. Similar local microsatellites density features in the short arms

of acrocentric chromosomes (HML(CT#)H—CR in center). F. Microsatellite density feature of centromeres. The ordinate shown average pD;RD value,
the large font number: the average value of pD;RD of each centromere (colors showing different value ranges), 58.75: the average pD,RD of full
genome. G. The (CT#),, HMDPs groups separate rRNA genes in the five HML(CT®),-cR, (a) Partial enlarged view of HML(CT"),-cR in Chr15; (b)
Sequence size of Duplication Segment Units (DSUs), rRNA-Groups (rRNA-Gs) and HMDP-Groups (HMDP-Gs) in HML(CT#)H-CRS; (c) Comparison

of identity of DSUs, rRNA-Gs and HMDP-Gs



Xia et al. BMC Genomics ~ (2024) 25:960 Page 11 of 16

RTTTTRRRR RS eRERrISsiTiiiiiseiTriieoiiiiiicoiciiiiioos e PO S EEEEREE S R A AR E S S RS S EEREE
A i 50,000,000] 100,000,000| 1§150,000,000] 200,000,000 bp)
1000 isatellite}(6,3,3,3,3,3) i

LT A T T T
L1

| wam " e
W —— TR n T T

R R o= R o R o°%
N X 15 ) ) YA
W \N“ﬂ GG B . “\‘\gch"‘ B \,\\h“\me o\ W

|XGge\;“

15,548,000 bp|

chr13

RSP 1 TG PO YT APV ) VT

Voan
LR TR P T ]

'
Pl

Ty T ———
CATLL :

AOHIDE DRENEHUE ¢

b -~ 71,174,501-1,264,500 bp', +14,208,501-14,298,500 bp- ~

CHM13-11-HMDP5([GT]})

GHM1311-HMDPZ6(ATE)
10,963,000 bp|

i i H ! 1
H g ! | 1000
3 : 3 " : chr21 300
} RRRIN SV WY ; i
! HH 0 " ' 10004
1 ' : " L |
: i i " i chr15 300
: - | —— ! = b-HVMD-Rs | R W =
H iy == other region : Y by Y e E—
e AT —————— eg | | cccaTT) -cr—=! T[T HMLET?), oR || - HML(AT) -cR
i intergenic region intron region i Total = 8823 | | | HAATGG),cR " SM{.((SSQR,,-CRR
”””””””””””””””””””””””””””””””””” M(AT), -cR HML(AATGG) -cR )~
— 1]
1 ! F 1000 chr18 10004 chr11 10004 chr2 1000 chr15
i ! 300, 300, 300,
i i 58.7: 58.7" 58.7" 58.7:
i f 27.7, 17.4 12.3\ 21.9
| i b ! %z 48 %3 T 5 3 % 1
i | A b I ob) (Mb) ) i)
- 0 [ ome L || Hm M H HL Mo 10004 chr17 1000 chrX 1000 chr8 10004 chr13
W[ HML ML(AT), | | /[MLaT) [ | LaTe), | [ (AAGe), | [(AAGG), [ 1| (ccATT), | |(GGAGT),| |(aTGG), | |AATGG), | [acTce), |
lemer] [ er 1] R <R | | <R <R || <R <R <R <R <R 300,
D D ' U L 58.7 58.7! 58.7¢ 58.7!
| | [ L ||| 285 20 18.1 34.2
| | . o ! %72 a7s % 2 42 % 1 2 3 ¢ T3
i b [l o (M) (M) ) (M)
—1 . [ = i 1000 chr19 10001 chr22 10004 chr20 1000 chr21
|  IRIHAE i L e i 0
i | | A HA! ML HM HML ML |l 58.7: 58.7 58.7¢
|| MaT), | [HMLAT), [ IMLGAT), | | LGAT), [ || GGeT), [ |(acee), | | ccATT), | [ (ccaTT), | | aaTGE), | |AATGE), | | (AATGG), || 37: 224 35.2
LR <R | |_-<R <R | | A R R R <R | 0 ) 0
,,,,,,,,,,,,,,,, S T T A T = o2 g . 2 R T
—— 10004 chri 1000{ chr® 1000 chrY
300, 300,
58.7! 58.7! 58.7 5%7
> 45 27 227 45.1
_— 0T34 o T 2 9% 1 2 L
ACEe < (Mb) (Mb) (Mb) (Mb)
e 1000 chrd 1000{ chré 10004 chri2 1000 chr16
2000 |, o
R Wh | 6.9 || MHANCR g 58.7 56.7
R IRE || o7 ] 34.9) 37.9 45.
Vi il % 34 % 1 2 g 7
K ) i - ) (Mb) (Mib)
X I 1000 chr3 atce), 1000{ chr? 10004 chrs 10004 chr10
<R
- A ) ) Y ]| 300 [ MAT), 300, 300,
- gﬂ-!h‘gﬁ - o w4111 ||| 138.4(]  <R" 645\ 58.7 587
-a Y= " 5a7stiv_7567 5 47.7)
0 07 s [
Py g o pmpmgn i mpe ¥~ pugn mpey /g g pos i g oo 1 4 ot o 2 Jrr ju g o2 jLn # ugn u g g x ey 2 4 ] 0 2 4 0o 1 2 i |
Annotation (Mb) (Mb) (Mb) (Mb)
-
L TTTDSU DSU DSU_ T T S s (e ;
G 1 a 2552001 2,803,000 bp| | ‘b 16‘%\.}:%9 05\)5\4 09‘}34 09\% e — z:::z '
] ISIERGEREGH o S & ) — !
! 10001 £ Qym‘. @pl 4 &0 i & \@:‘2,9""’ "?@“‘,5?'65"?@“%?-@1\3»@’% ~— chr15 |
v z|F &S EIF i » o W R — chr21 !
+ chr15 SRR N RN NE e — chr22 !
i INEEREEAR i1 40 H
1 Landscape of | [ il i L i
| STR Density | il I | e E
' e ol 11230 identity |
i M My R L
: 3004 L1 20 ;
1 i 09 1
i , 10 H
: %m;;ﬁf;mymm 'HCHM'%‘S-NMPP'?(ICHME LG b i Comparison of dentity of 219 rRNA-Gs |1 ©8 :
; HMDP U ESURE] AN IRt o7 |
. RNA1BS3 17 -RNAS-8$3-1) il I ' H chri3  chri4  chri5  chr21  chr22 I iii Comparison of identity of 219 HMDP-Gs | " 1
i ) rNadss3-LLcRNAZeS3) | | L) L | i 0651
|CATILftoff Genes f - o m i == DSU == RNA-G = HMDP-G 1

Fig. 4 (Seelegend on previous page.)



Page 12 of 16

:960

(2024) 25

Xia et al. BMC Genomics

Xoq pa3op ul 2dAy uoibai yiow Aieuswia|dwod 3s1aA3Y “(4Y1-b) wie-b swosowoiyd ur uolbay 1eaday 1awoldl, (44 1-d) wie-d swosowoiyd ul uolbay jeaday RICUETI

‘suoljelouue £1epuodas aI9M sasatualed ay1 SpIsuUl ‘SUOIIEIOUUE JUBUILIOP SI9M
sasayjuaied 3y} dpISINQ ‘(YD) uoiBay Bulpo) suan, ‘ssejd uolbal (-1) 1eadas 21aWo[aL, ‘sse> uolfai (-Dd) 431SN|D $edd,, ‘ssejd uolbal (-3) AUsuap a11|[91es0IIW UBAT,, ‘sse|d uolfai (-A) A)SUBP 211[33LSOIDIW B|CRUBA 5,

715 suolbal [e10].
07'91'SL'0L'6'8 yyLb 9 Y '(O9OVLINH 9L zesy ¢ Pvon
AXTCLT6L-LU L1121 (1esu23) 5 Yy 1-b 8l ¥-“(999VLIH LT ziesy v Y-y W
TTLUSIYL8SY (1esua2) ‘yy-d £ g(vWIDDDINH ) ) oLt ziesy s own €
AX'1Z-8L91'T1-6'L'9'e-L (1esuad) Yy -d 9l 4-(¥WLDDD)H -exay pL 4! »aesy W0 -
7l g1esy L Wd-(1oVOD)N LTSIyLELY'E 1esq 'y L1esy 6 -1V N
St glesy ! Y- (ODLOVIN SIpLE viesy € wunw
ATTSL glesy v ¥ (LvDD)NIN ANTTLTSLpLEL 185G 10 ‘€185Y 'y 118SY ‘g L1esy €5 ¥V IWH
SRl (02) (9v2)
ANTTLUSUPLELL'ST c1esy oL - (LIYDD)WH LTSI LEL (35U2 '19) 4DD YN S GD)WH -p 5, d
ATTLTSLI=EL0Le' L YTL 219 ‘(Joyp ‘uow) 1esp ‘glesy L4 42-“(1LYDD)IWH ATTITSI-€101'6'S—€ 12 1eSUD ‘(UOW Ioy) 1eSD 1esq e 4-dNTe3-s (©¢)
L g1esy L Y- (OD1vV)TH X'TT0T8l'LLSIYL'LL6'8' YT 12 '(uow Joyp I0y) 18D L Y-awie3d-w Y-dwre3
[<dtagnal (,41-d) ‘1esuad ‘gresy 4 4-"(991YWH ANTTLT6LSUPL'L'9'E 1 ‘(loyp 1oy ‘uow) 1eso gaavIs (19 )
czLesiylol’s’L 1 glesy oL - (9D1vV)WH 6l9l'cl'zi'ol’s-s'tL 15 1esq ‘(Uow Joyp Ioy) 1eso 6 d-dNv3-W 4-dNWv3 a3
ATT-0TLUSLI-gl0l'e-L 12 "7aesy ‘(Uow) 1eso ‘glesy 6t -9 1yV) TWH (8s1) wigelLrs-zi'ol'.=Se'L (932 1esURD 1) YD sseds 8¢ Y-dWAT-S (69)
ANLUSLYL glesy L4 -0y V)TN -eyuad [44 lesq L Y-dWAT-W d-AWAT
4 lesusd L 42-“(1D99)TWH ATTLTLUSI-EL0LL 7L (212 1esud> 12) ‘YO asleds LE d-AWAIN-S Y-AWAN
4 lesuad 4 ¥2-"(0DOV) TWH ATT1TSL-Cl'6'C (919 1e5U93 1) YD HoYS 6C Y-AWAH-S
€ lesusd L - (99vW)1 ©) 917) ALZ0Z9LvLEL (93212 1esUAD) 'YDO Winipsy L Y-AWAH-W ch)
44 10 7esu=d L W-1(OOVY)IN -ensy 5,0d o e 5,(212 1eSULD 13) YOO peolg [4%4 4-AWAH-9 d-AWAH
wnu ssepgns ssep wnu ssepqns ssep
Y1 pajedo uonejouue buipuodsaiiod uolbay adA) uoibay uolbay  uoibay ayd pajedoq uonejouue buipuodsaiio)  uoibay adAy uoibay uoibay uolbay

0 TAE LINHD-LZL Ul ANISUSP 911||91eS0IDIW AQ Paziia1deleyd suoibal djuous

"€ LIWHD-Lz L SWouab uewiny ay1 Uo UolewIojul adedspue| AlISUSP 9}1||918S0IDIU JO DIISHEIS  djqel



Xia et al. BMC Genomics (2024) 25:960

chromosomes, a set of HML(CCATT),-cR, H(AATGG),,-
cR, M(AT),-cR, HML(AATGG),-cR array in left side,
2HML(CCATT),-cR, one HML(AT) -cR and several
other Regions lie orderly at the right side of the cen-
tral HML(CT?) -cR; though these Regions are differ-
ent in length, they arrange in similar order (Fig. 4E, Fig.
S4 & S5). Comparing with CAT/Liftoff Genes, RefSeq
mRNAs and CenSat Annotation tracks, revealed that the
HML(CT?),-cR well correspond to the rRNA gene clus-
ter Regions. Moreover, there are also other PC- Regions
arraying in either side of the HML(CT?) -cR. In a ward,
the local microsatellites density features arraying in the
landscapes are very similar in the five short arms of the
acrocentric chromosomes.

Even and Low microsatellites density mainly distribute

in the centromere

Although the centromeres are known as comprised of
large arrays of tandem repeated alpha satellite [27] and
most Genomic Regions of the T2T-CHM13 genome
exhibit large variations local STRs density (ie. the pD;RD
value) in the microsatellite density landscape maps, the
centromeric regions showed that the feature of local
relative microsatellite density is relatively even and low
(Fig. 4F, Fig. S10); the average pD;RD of microsatellite
in all centromeric regions is 42 and far lower than aver-
age relative microsatellite density with value of 58.75 in
the full genome, the lowest average pD,RD is only 12.3
in centromere of Chr2, the average pD;RD value of cen-
tromeres in 11 chromosomes (chrl8, 11, 2, 15, 17, X, 8,
22, 20, 9, 14) are lower than 30, the average pD;RD value
of centromeres in 6 chromosomes (chrl9, 1, 6, 12, 13,
21) are between 30 to 42 (the average pD;RD of all cen-
tromeres), and 7 centromeres in chromosomes (chr 4, 3,
7,5, 10, 16, Y) with the average pD;RD value higher than
42. Two M(AT),-cRs are embedded in the landscapes of
centromere in Chr 3 and 4, and cause the average pD;RD
of centromeres rise to 138.4 and 60.9 respectively.

(CT#),, HMDPs groups separate rRNA genes in the five
acrocentric short arms

As aforesaid, the five short arm of the acrocentric chro-
mosomes contain five HML(CT?) -cRs in their central
part, series HMDPs group with (CT), as main motif
were found clustering palisadingly and followed by sev-
eral MMDPs and LMDPs, forming a tandem Duplication
Segment Unit (DSU), these DSUs connects tandemly
composing these HML(CT?) -cRs. The size of these
DSUs are between 43,000—47000 bp considered as rDNA
array [24], and there are 76 DSUs found in the short arm
of Chr13, 16 DSUs in Chr14, 50 DSUs in Chr15, 56 DSUs
in Chr21, 21 DSUs in Chr22, and total 219 DSUs. Further
comparison show that every HML(CT?)_-cR comprise of
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the rRNA genes Groups region and the [CT*], HMDPs
Groups region, remarkably, the [CT*] HMDPs Groups
region well one-by-one separate every the rRNA genes
Group in every DSU of the five HML(CT) -cR Regions
(Fig. 4G-a, Fig. S5). Alignment results showed that the
identities among the 219 DSUs, 219 rRNA genes Groups
and 219 HMDPs Groups are higher than 0.82, 0.99 and
0.68 respectively (Fig. 4G-b & c, Fig. S5), suggesting the
[CT?*], HMDPs Groups region may functionally separate
the rRNA genes region but be more variable than rRNA
genes region.

Discussion

This work built the first comprehensive genome wide
microsatellite density landscape maps of the first com-
plete human reference genome T2T-CHM13 [24, 29].
These landscape maps exhibited that microsatellites
aggregate in many genomic positions to form a large
number of microsatellite density peaks, and these peaks
array along the every human chromosomes arranged
like notes of a beautiful piece of music; therefore, the 24
microsatellite density landscapes together look like to
form a symphony of human life (Fig. 2). Though tran-
scriptional and epigenetic state of human repeat elements
were comprehensive analyzed [5], we mainly focus on the
short tandem repeats of human genome, and our works
revealed that the microsatellite density landscapes are
compatible with human chromosome structure at a high
extent, suggesting these landscapes possibly contribute
to the further exploration the relationship between STRs
aggregation and human genome structure, variation, evo-
lution and so on.

The high microsatellites density peak (HMDP) aggre-
gated predominantly by a single motif, is the most
statistically significant short tandem repeats aggrega-
tion phenomenon. We identified 8823 HMDPs in T2T-
CHM13, much more than the number of 3480 HMDPs in
GRCh38; the HMDP number was substantially increased
in T2T-CHM13, mainly corresponding to unassembled
regions in GRCh38, especially the heterochromatin of
Chr Y and the five short arms of the acrocentric Chromo-
somes. Almost all the HMDPs are single motif dominated,
particularly, 86.1% of the 8823 HMDPs are high percent-
age dominated by a single motif. And there should be total
964 Main Motif Type of HMDPs ranging from mono- to
hexa- main motif types, actually, we only identified 87 sin-
gle motif dominated Main Motif Types (MMTs); these sta-
tistical significances are strongly implied the importance
of aggregation of short tandem repeats on gene expres-
sion, regulation, epigenetics, genetic architecture and evo-
lution of human genome. What is more, the (AT), single
motif dominated Main Motif Types (MMTs) account for
more than half of the total number of HMDPs, and the
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reverse complementary motif (AATGG), and (CCATT),
dominated two Main Motif Types (MMTs) account for
approximately half of the total bins of HMDDPs; suggest-
ing that the three MMT HMDPs are worthy to be further
explored for their roles in gene function and chromosome
structure of human genome.

In addition, we classified 514 characterized by micro-
satellite density in the complete reference genome, the
Variable microsatellite density (V-) region class almost
overlap the gene coding region, the Even microsatellite
density (E-) region class mainly cover centromere, peri-
centromere and p-arm of acrocentric chromosomes,
especially, the m-EAMD-R and m-EeLMD-R well corre-
spond to centromeres (Table S9.01); the 246 PC-regions
generally locate in pericentromere, p-arm of acrocentric
chromosomes and heterochromatin of Chr Y; and the
reverse complementary repeat motif (CCCTAA), and
(TTAGGQG),, telomere repeat regions almost dominate
in p-arms and q-arms respectively. Meanwhile, similar
genomic regions structural characters were observed in
the five acrocentric short arms by the view of microsat-
ellite density features, and alternative microsatellite den-
sity regions structure observed in heterochromatin Chr
Y [29]. all these indicate that local regional microsatel-
lite density variation may be related to human genome
structure. Furthermore, most (microsatellite density)
peaks cluster (PC-) regions correspond to different Clas-
sical human satellites (hsat); but most the even micros-
atellite density regions especially in centromere, where
microsatellite density are limited to very low and even,
correspond to different a satellite higher-order repeats
(aSat hor) (Table 4); suggesting that although microsatel-
lites (STRs) are highly related to satellites (long tandem
repeats), the mechanism of their occurrence are likely
completely different.

The 219 near identical Duplication Segment Units
(DSUs) of approximately 45-kbp that contain segments
of encoding 45S rRNAs, are embedded in the short arms
of the 5 acrocentric chromosomes [5]; we identified that
the HMDPs also well separate every 45S rRNA gene
of about 13,300 bp. All the HMDPs were classified here
in the intergenic and intron regions, implying that the
HMDPs possibly own the basic role of separating genes
and exons in the genome and may be very worthwhile to
further explore. The first complete reference T2T-CHM13
provided us the opportunity to study short tandem repeat
sequences in human genome comprehensively, our results
of microsatellite density landscape maps revealed that
short tandem repeats are tend to aggregate characteristi-
cally throughout the full genome of T2T-CHM13, it may
be very helpful to deepen the exploring of the mysterious
roles of tandem repeats to human genome’s structure,
evolution, regulation, variation and also human diseases.
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Conclusions

These landscape maps exhibited that microsatellites
aggregate in many genomic positions to form a large
number of microsatellite density peaks with compos-
ing of mainly single motif type in the complete reference
genome, indicating that the local microsatellites den-
sity varies enormously along the every chromosome of
T2T-CHM13.

Abbreviations
STRs Short Tandem Repeats

HMDPs High Microsatellites Density Peaks

MMDPs Middle Microsatellites Density Peaks

LMDPs Low Microsatellites Density Peaks

MDPs Microsatellite Density Peaks

DCM 2.0 Differential Calculator of Microsatellites version 2.0
IMEx 2.1 Imperfect Microsatellite Extractor version 2.1
pD,RD Position-related D;-Relative Density
MDPS.v1.0 Microsatellite Density Peaks Sorter version 1.0
MMT Main Motif Type

sub-MMT Sub-Main Motif Type

GHCwv1.0 Genome HMDPs Comparator version 1.0

RD Relative Density

hMMT High-percentage Main Motif Type
mMMT Middle-percentage Main Motif Type
IMMT Low-percentage Main Motif Type

AD Average Distance

V-region class Variable microsatellite density region class
region class Even microsatellite density region class
PC-region class ~ Peaks Cluster region class

T-region class Telomere repeat region class

HVMD-R High Variable Microsatellite Density Region

MVMD-R Middle Variable Microsatellite Density Region
LVMD-R Low Variable Microsatellite Density Region

EAMD-R Even and Average Microsatellite Density Region
EeLMD-R Even and extreme Low Microsatellite Density Region
DSUs Duplication Segment Units

b-HVMD-Rs Broad High Variable Microsatellite Density Regions

hsat Human satellites
aSat hor a Satellite higher-order repeats
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