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Centromeric repeats in Citrus sinensis 
provide new insights into centromeric evolution 
and the distribution of G-quadruplex structures
Shipeng Song1,2†, Hui Liu1,2†, Luke Miao2, Hong Lan1,2 and Chunli Chen1,2*   

Abstract 

Centromeres play a crucial role in ensuring the accurate separation of chromosomes during cell division. Despite 
the three rounds of genome sequencing technology undergone by Citrus sinensis (sweet orange), the presence 
of numerous repetitive DNA elements in its genome has led to substantial gaps in centromeric genomic mapping, 
leaving the composition of centromeric repeats unclear. To address this, we employed a combination of chromatin 
immunoprecipitation sequencing with the C. sinensis centromere-specific histone H3 variant antibody and cen-
tromere-specific bacterial artificial chromosome-3a sequencing to precisely locate the centromeres. This approach 
allowed us to identify a series of centromere-specific repeats, comprising five tandem repeats and nine long terminal 
repeat retrotransposons. Through comprehensive bioinformatics analysis, we gained valuable insights into poten-
tial centromeric evolution events and discovered the presence of DNA G-quadruplex structures of centromeric 
repeats in C. sinensis. Altogether, our study not only offers a valuable reference for centromeric genome assembly 
but also sheds light on the structural characteristics of C. sinensis centromeres.

Keywords Sweet orange, Fluorescence in situ hybridization, Genome assembly, CenH3, Bacterial artificial 
chromosome

Introduction
Centromeres play a critical role in chromatid segre-
gation during both mitosis and meiosis in eukaryotes 
(Hofstatter et al. 2022; Hou et al. 2021; Oliveira and Tor-
res 2018). Morphologically, centromeres appear as the 
primary constriction on the metaphase chromosomes 
(Zhou et al. 2022), connecting with the spindle microtu-
bules (Fernandes et al. 2019), and enabling chromosome 

segregation during cell division (Naish et  al. 2021). The 
key distinguishing feature of centromeres is the presence 
of a centromere-specific histone H3 variant (CenH3) 
within the nucleosome (Liu et al. 2017), which epigeneti-
cally determines the position of the kinetochore (Oliveira 
and Torres 2018). Moreover, CenH3 serves as a marker 
for functional centromeres, aiding in the identification of 
true centromeric regions (Feng et al. 2020). Despite these 
advancements, defining centromeres has remained chal-
lenging due to the complexity and abundance of repeti-
tive DNA sequences, particularly in important plant 
species.

Centromeric repeats demonstrate rapid evolutionary 
characteristics, contributing to the high degree of species 
specificity of centromeres (Naish et  al. 2021). In plants, 
centromeres consist of a large number of repetitive DNA 
sequences, primarily including tandem repeats (TRs), 
long terminal repeat retrotransposons (LTR-RTs), and 
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low-copy sequences (Comai et al. 2017; Plohl et al. 2014; 
Zhou et al. 2022). TRs represent the predominant com-
ponent of centromeres in most plants. For instance, the 
Arabidopsis thaliana centromeres comprise TRs with a 
repeating unit of 180 bp (Naish et al. 2021; Wlodzimierz 
et al. 2023), while certain crops like rice (Oryza sativa L.), 
maize (Zea mays L.), and sugarcane (Saccharum offici-
narum L.) have TRs with repeating units as large as 140–
156 bp (Hiatt et al. 2002; Huang et al. 2021; Zhang et al. 
2017). LTR-RTs also play a vital role in the formation of 
centromeres. In Arabidopsis, the LTR-RTs ATHILA (Ty3/
gypsy) and TR CEN180 are interspersed in centromeres, 
collectively constituting the central domain of the cen-
tromere (Naish et  al. 2021). Similarly, rice centromeres 
harbor a significant number of LTR-RTs, such as cen-
tromere-specific retrotransposons of rice (CRR ) and TR 
CentO (Song et al. 2021).

Notably, the aforementioned repetitive sequences, 
serving as primary structures of DNA, can both form 
the secondary structures of the canonical right-handed 
B-form double helix and atypical DNA structures like 
the G-quadruplex (G4) (Crespi and Ariel 2022; Liu et al. 
2023). In addition to their involvement in gene expres-
sion (Fang et al. 2019; Gonzalo et al. 2022) and telomere 
maintenance (Miglietta et  al. 2020), these non-B-form 
DNA secondary structures are associated with the dele-
tion and inversion of fragments of centromeres (Liu 
et al. 2023). However, the connection between secondary 
and primary structures in centromeres remains largely 
unknown. Therefore, understanding TRs or LTR-RTs as 
the primary structural elements of centromeres is crucial 
for analyzing the composition, structure, and evolution 
of centromeres. To advance this knowledge, it is essen-
tial to develop more sophisticated methods to explore the 
repetitive sequences in plant centromeres.

Insights into centromeric repeats in most plants can 
now be revealed through various techniques, including 
chromatin immunoprecipitation sequencing (ChIP-seq) 
(Song et  al. 2021; Su et  al. 2019; Yang et  al. 2018; Zhao 
et  al. 2023), repetitive sequence analysis (Song et  al. 
2023), and new long-read DNA sequencing technolo-
gies (Deng et al. 2022; Hou et al. 2022; Naish et al. 2021; 
Nie et  al. 2021). The utilization of anti-CenH3 antibod-
ies in ChIP-seq has facilitated the determination of 
the sequence and localization of centromeres in wheat 
(Triticum aestivum L.) (Zhao et  al. 2023), rice (Song 
et  al. 2021), and oat (Avena sativa L.) (Liu et  al. 2023). 
The advancement of longer and more accurate sequenc-
ing reads made it possible to construct complete genome 
assemblies in centromeres (Naish et al. 2021; Zhang et al. 
2023). Although complete genomes have been achieved 
in a few species through gapless telomere-to-telomere 

(T2T) sequence assemblies (Belser et  al. 2021; Giguere 
et al. 2022; Liu et al. 2020; Nurk et al. 2022; Zhang et al. 
2022), completely assembling repetitive sequences con-
taining numerous DNA elements remains challenging in 
most plants (Liu et al. 2022; Navratilova et al. 2022; Zhou 
et al. 2020).

Citrus sinensis (sweet orange) is the most widely cul-
tivated citrus species globally and ranks among the 
top-selling fresh fruits (Xu et  al. 2013). Despite three 
generations of C. sinensis sequencing efforts (Wang 
et al. 2021; Xu et al. 2013), gaps in the genome still per-
sist, particularly in regions rich in repetitive sequences 
(Song et al. 2023). To address this, our study focused on 
determining the centromeric regions of C. sinensis using 
a combination of ChIP-seq with a C. sinensis CenH3 
antibody (CsCenH3-ChIP-seq) and centromere-specific 
bacterial artificial chromosome-3a sequencing (BAC-3a-
seq). Through genome-wide BLAST analysis, we identi-
fied 23 centromeric candidate repeats, among which five 
TRs and nine LTR-RTs were found to be specific to C. sin-
ensis centromeres. Additionally, colocalization analysis of 
CsCenH3-ChIP-seq and the centromeric repeat (named 
CL) from the published reference (Song et al. 2023) pro-
vided insights into the centromeric evolution event in C. 
sinensis. Moreover, we analyzed the DNA G4 structures 
of the centromeric repeats. Our findings contribute valu-
able information regarding the centromeric composition 
and the identification of centromere-specific molecular 
markers in C. sinensis.

Materials and methods
Chromosome preparation
Root tips from C. sinensis were cultivated in the dark for 
10  days to facilitate chromosome preparation. The pro-
cess of chromosome preparation followed established 
protocols as described in the literature (Song et al. 2023).

Cytogenetic analysis
For cytogenetic analysis, the probes CsCen1  (C. sinen-
sis centromere 1) and BAC-3a were labeled using the 
BioPrime® DNA Labeling System (18094-011) kit. Fluo-
rescence in  situ hybridization (FISH) of CsCen1 and 
BAC-3a was performed according to previously reported 
procedures (Song et  al. 2023). Immunofluorescence 
(IF) staining was conducted using published protocols 
(Xia et al. 2020). Subsequently, the FISH and IF staining 
slides were examined using a fluorescence microscope 
(ZEISS,  Axio Imager M2, Germany). The appropriate 
filters for different fluorescence detections were applied, 
as specified in the published protocols (Song et al. 2023). 
Finally, the FISH and IF staining images were processed 
using Adobe Photoshop 2022.
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CsCenH3‑ChIP‑seq and BAC‑3a‑seq
Anti-CsCenH3 antibodies were prepared, and librar-
ies were constructed for CsCenH3-ChIP-seq following 
the previously published protocols (Song et al. 2023; Xia 
et  al. 2020). Similarly, BAC-3a was sequenced using the 
Miseq sequencing platform (Illumina, USA). Before the 
assembly process, we estimated the genome size using 
a K-mer statistics analysis method (https:// bioin forma 
tics. uconn. edu/ genome- size- estim ation- tutor ial/#). The 
reads were then assembled using SOAPdenovo software 
(https:// sourc eforge. net/ proje cts/ soapd enovo2/ files/ 
SOAPd enovo2/). Ultimately, we obtained a total of 12 
scaffolds from the assembly process.

Bioinformatic analysis
RepeatExplorer2 (https:// www. repea texpl orer. org/), Repeat-
Masker (https:// www. repea tmask er. org/), and TRs Finder 
software (Benson 1999) (https:// tandem. bu. edu/ trf/ trf. html) 
were utilized to screen centromeric candidate repeats. The 
distribution of repetitive sequences in genome version 3 (v3) 
(Wang et al. 2021) was determined through Blastn analysis 
in BLAST (https:// blast. ncbi. nlm. nih. gov/ Blast. cgi). Multiple 
sequence alignment was performed in ClusterW (https:// 
www. genome. jp/ tools- bin/ clust alw) using Execute Multi-
ple Alignment for alignment, and the results were plotted 
using ENDscript/ESPrint (https:// espri pt. ibcp. fr/ ESPri pt/ 
cgi- bin/ ESPri pt. cgi). RIdeogram (Hao et  al. 2020) and Cir-
cos (https:// github. com/ zhang taolab/ Choru s2) were used to 
visualize CsCenH3-ChIP-seq, BAC-3a-seq, and centromeric 
candidate repeats on the genome. Lastly, DNA G4 structures 
in the centromeric candidate repeats were identified using 
pqsfinder (accessible at https:// bioco nduct or. org/ packa ges/ 
relea se/ bioc/ vigne ttes/ pqsfi nder/ inst/ doc/ pqsfi nder. html).

Results
Centromere localization and identification of ten 
centromeric candidate repeats in C. sinensis using 
CsCenH3‑ChIP‑seq
The specificity of anti-CenH3 antibodies for labeling cen-
tromeres in plants has been previously demonstrated 
(Liu et  al. 2023; Zhao et  al. 2023). To pinpoint the cen-
tromeric regions and determine the centromeric repeats 
of C. sinensis, we conducted ChIP using the CsCenH3 
antibody. Initially, we performed IF staining on the 
nucleus of C. sinensis root tips using the CsCenH3 anti-
body (Fig. 1a, b, c), revealing 18 IF signals on the nucleus, 
which corresponded to the centromeric positions on 18 
chromosomes (Fig.  1b, c). Subsequently, ChIP-seq with 
the CsCenH3 antibody was performed on nuclei iso-
lated from C. sinensis leaf tissue. Significant peaks were 
detected at the ends of chromosomes 3 and 7 (Fig.  1d), 
while significant peaks were observed in the centromeric 

regions of C. sinensis chromosomes 8 and 9 (Fig.  1d). 
These findings indicate the presence of a low-quality 
assembly of C. sinensis centromeres.

Additionally, we used the RepeatExplorer2 software to 
screen centromeric repeats from ChIP-seq, resulting in 
the identification of 10 centromeric candidate repeats 
(Table  1). Among these, the centromeric candidate 
repeat CsCen7 had previously been confirmed as a cen-
tromeric repeat in C. sinensis through FISH (Song et al. 
2023). Notably, we made the intriguing observation that 
CsCen1, CsCen3, CsCen9, and the centromeric repeat 
CL predicted through bioinformatics analysis (Melt-
ers et al. 2013), all exhibited a length of 181 bp. Multiple 
sequence alignment analysis revealed a high similarity 
among CsCen1, CsCen3, CsCen9, and CL (Fig. 2a), and 
these four repeats exhibited an identical distribution 
in the C. sinensis genome v3 (Fig. S1). Furthermore, the 
FISH results showed a consistent distribution pattern of 
CsCen1 on the chromosomes (Fig.  2b, c, d, e) with CL 
(Song et  al. 2023). Based on these findings, we propose 
that these four sequences are indeed the same repeats in 
C. sinensis.

FISH mapping and sequencing of  
centromere‑specific BAC‑3a
FISH signals of a single low-copy BAC-3a were 
observed to be distributed in the centromeres and near 
centromeric regions of 18 chromosomes in C. sinen-
sis (Fig. 3a, b). This finding raised the possibility of the 
presence of centromere-specific repeats within BAC-
3a, prompting us to undertake the sequencing and 
assembly of BAC-3a. Initially, we employed the Miseq 
sequencing platform to sequence the samples (Fig. 2c, 
d, e). The analysis of the base content and mass distri-
bution of the 500-bp library indicated high sequenc-
ing quality of the repeats and a low error rate. After 
the assembly process, we ultimately obtained a total 
of 12 scaffolds. To visualize the distribution of BAC-3a 
in the centromeric region, we simultaneously located 
the reads of BAC-3a-seq and CsCenH3-ChIP-seq on 
the C. sinensis genome v3 (Fig.  4). The results clearly 
demonstrated that the regions enriched with BAC-3a 
all exhibited CsCenH3-ChIP-seq read peaks, providing 
strong evidence that BAC-3a indeed contains centro-
meric candidate repeats.

Characterization of centromere‑specific repeats 
in BAC‑3a‑seq: five TRs and eight LTR‑RTs identified
To analyze potential centromeric candidate repeats in 
BAC-3a-seq reads, we adopted a strategy that com-
bined RepeatMasker and TRs Finder to identify pat-
terns within the 12 scaffolds. Initially, 48 TRs and 84 

https://bioinformatics.uconn.edu/genome-size-estimation-tutorial/#
https://bioinformatics.uconn.edu/genome-size-estimation-tutorial/#
https://sourceforge.net/projects/soapdenovo2/files/SOAPdenovo2/
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https://www.repeatmasker.org/
https://tandem.bu.edu/trf/trf.html
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https://bioconductor.org/packages/release/bioc/vignettes/pqsfinder/inst/doc/pqsfinder.html
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LTR-RTs were identified as preliminary candidates. 
Through a subsequent genome-wide BLAST of these 
132 repeats, we selected five TRs and eight LTR-RTs 
that demonstrated higher quality and centromere-spe-
cific characteristics (Table  2). Among these, five TRs 
and eight LTR-RTs were found to be located at the cen-
tromere or in close proximity to the centromere within 
the C. sinensis genome v3 (Fig. 5). Furthermore, the dis-
tribution pattern of these eight LTR-RTs closely resem-
bled that of CsCen7 (Fig. 5b), which has been validated 
as an excellent molecular marker for C. sinensis cen-
tromeres (Song et  al. 2023). This finding suggests that 
these eight LTR-RTs may also serve as molecular mark-
ers for centromeres.

Fig. 1 IF staining and genome-wide mapping of CsCenH3-ChIP-seq reads to the C. sinensis genome v3. (a) DAPI-stained interphase nucleus (blue) of C. 
sinensis. (b) Immunostaining for CsCenH3 (green) in the interphase nucleus. (c) DAPI-stained interphase nucleus (blue) showing immunofluorescence 
signals of CsCenH3 (green). Scale bars = 5 µm. (d) Circos plot representing the distribution of CsCenH3-ChIP-seq reads on the C. sinensis genome v3. The 
outer circle shows the nine chromosomes of C. sinensis, while the inner circle indicates the CsCenH3-ChIP-seq read peaks. The numbers around the circle 
indicate the length of the nine chromosomes in megabases (Mb). IF, immunofluorescence; CsCen, C. sinensis centromere; CsCenH3-ChIP-seq, chromatin 
-immunoprecipitation sequencing using CsCenH3 antibody; DAPI, 4’,6-diamidino-2-phenylindole; v3, version 3; chr, chromosomes

Table 1 Information for ten candidate centromeric repeats

CsCen C. sinensis centromere, TR tandem repeat, LTR-RT long terminal repeat 
retrotransposon

Repeat Genome 
proportion (%)

Length (bp) Type

CsCen1 0.5636 181 TR

CsCen3 0.6083 181 TR

CsCen7 0.1067 1134 LTR-RT

CsCen9 0.4914 181 TR

CsCen33 0 171 TR

CsCen72 0 178 TR

CsCen141 0.0427 306 TR

CsCen151 0 42 TR

CsCen166 0.0018 156 TR

CsCen214 0 169 TR
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Involvement of CL in the evolution of  
C. sinensis centromeres
The FISH results revealed that the predicted cen-
tromeric repeats CL (Song et  al. 2023) and CsCen1 
(Fig. 2b, c, d, e) were indeed localized at the ends of the 
C. sinensis chromosome, with no FISH signal observed 
at the centromeres (Fig. S2). To further investigate 
this, we positioned CsCenH3-ChIP-seq reads and CL 
on the C. sinensis genome v3 (Fig. 6a) and found that 

CsCenH3-ChIP-seq reads and CL co-localized at the 
ends of chromosomes 2 and 7 (Fig. 6a, black arrows). 
This co-localization suggests that CsCenH3 is highly 
enriched in regions where CL is abundantly distrib-
uted. Based on these observations, it is possible that 
during the evolution of C. sinensis, CL and CsCenH3 
might have translocated to the ends of the chromo-
somes, possibly due to the breakage of the centromeric 
region of the chromosome (Fig.  6b). Alternatively, 

Fig. 2 CsCen1, CsCen3, and CsCen9 were identified as the same TR as the predicted centromeric repeat CL (a) Multiple sequence alignment of CL, 
CsCen1, CsCen3, and CsCen9. (b) FISH signals of CL (red) on metaphase chromosomes of C. sinensis. (c) DAPI-stained chromosomes (blue) showing 
FISH signals of CL (red). (d) CMA staining (yellow) on the same chromosomes as shown in Fig. 1c. (e) DAPI-stained chromosomes (blue) with CMA 
staining (yellow). Scale bars = 5 µm. CMA, Chromoycin A3; DAPI, 4’,6-diamidino-2-phenylindole; FISH, fluorescence in situ hybridization; CsCen, C. 
sinensis centromere
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they may have directly migrated from the centromeres 
to the ends through chromosomal rearrangement 
(Fig. 6b).

Abundance of DNA G4 structures: distribution 
in centromeric LTR‑RTs and extensive enrichment 
in centromeric TRs
Previous studies have suggested that CenH3 can iden-
tify centromeres by recognizing the secondary structure 
of DNA (Liu et  al. 2023). In plants, non-B-form DNA 
tends to form in the regions where CenH3 binds (Liu 
et al. 2023), and DNA G4 structures have been observed 

in LTR-RTs (Lexa et al. 2014). In light of this, we used 
pqsfinder to detect the distribution of DNA G4 struc-
tures in the 24 centromeric candidate repeats men-
tioned earlier. Screening criteria were set with scores 
greater than 25, leading to the selection of 12 centro-
meric repeats with DNA G4 structures. Notably, the 
analysis revealed that DNA G4 structures were distrib-
uted in the centromeric LTR-RTs and showed significant 
enrichment in the centromeric TRs (Table 3). Notably, 
among the identified repeats, CsCen141 showed the 
highest percentage of G4 sequences (74.84%), the larg-
est number of G4 structures (6), the highest score (115), 
and the most G-tetrads (6).

Fig. 3 Sequencing and assembly of BAC-3a. (a), (b) FISH signals of BAC-3a (red) at the DAPI-stained chromosomal centromeres (blue) in C. sinensis. 
FISH signals of BAC-3a on different DAPI-stained metaphase chromosomes are shown. Scale bars = 5 µm. (c) Base content map of the 500-bp library. 
(d) Base quality distribution of the 500-bp library. (e) The 15-mer statistical map based on K-mer statistics. BAC, bacterial artificial chromosome; DAPI, 
4’,6-diamidino-2-phenylindole; FISH, fluorescence in situ hybridization
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Discussion
Facilitating gap‑free genome assembly in C. sinensis 
with centromeric repeats
Centromeric repeats play a crucial role in achieving a 
gap-free genome assembly for C. sinensis. However, 
due to the high genomic heterozygosity of C. sinensis 
(Song et al. 2023; Wang et al. 2021), the analysis of cen-
tromeres lags behind that of other major cash crops. 
Additionally, the sequencing of centromeric repeats is 
challenging due to the presence of numerous repeat-
ing DNA elements (Naish et  al. 2021), which hinder 
gap-free genome assembly for C. sinensis. Therefore, 
it is essential to identify more centromeric candidate 

repeats to enhance our understanding of C. sinensis 
centromeres and improve genome assembly.

In this study, we used CsCenH3-ChIP-seq and cen-
tromere-specific BAC-3a-seq in C. sinensis, which 
allowed us to screen and identify 23 centromeric can-
didate repeats using bioinformatics methods. Among 
these repeats, CL exhibited high homology with 
CsCen1, CsCen3, and CsCen9 (Fig.  2a), and the FISH 
signals of CL and CsCen1 on the chromosomes were 
consistent (Fig.  2c), indicating that these four TRs 
belong to the same repeat. Moreover, the distribution 
pattern of the LTR-RTs CsCenL9, CsCenL27, CsCenL31, 
CsCenL49, CsCenL50, CsCenL53, CsCenL63, and 

Fig. 4 CsCenH3-ChIP-seq peaks are present in all regions enriched with BAC-3a. The distribution of BAC-3a-seq reads and CsCenH3-ChIP-seq 
peaks on the C. sinensis genome v3. The density distribution of BAC-3a-seq is shown on the nine chromosomes, while the CsCenH3-ChIP-seq peaks 
are shown as the line labels below the nine chromosomes. BAC, bacterial artificial chromosome; BAC-3a-seq, bacterial artificial chromosome-3a 
sequencing; CsCen, C. sinensis centromere; CsCenH3-ChIP-seq, chromatin immunoprecipitation sequencing using CsCenH3 antibody; v3, version 3; 
Chr, chromosomes

Table 2 Information for 5 TRs and 8 LTR-RTs

CsCen C. sinensis centromere, TR tandem repeat, LTR long terminal repeat, BAC-3a bacterial artificial chromosome-3a

Repeat Type Length (bp) In BAC‑3a (%) In genome (%)

CsCenT10 TR 53 0.0902 0.000025784

CsCenT12 TR 41 0.0603 0.000006144

CsCenT20 TR 62 0.1008 0.000009930

CsCenT23 TR 62 0.1152 0.000013494

CsCenT44 TR 73 0.1638 0.000016662

CsCenL9 LTR 3406 2.636 0.000905047

CsCenL27 LTR 615 0.476 0.000300115

CsCenL31 LTR 1347 1.043 0.000802725

CsCenL49 LTR 1328 1.028 0.000781323

CsCenL50 LTR 664 0.514 0.000331521

CsCenL53 LTR 2076 1.607 0.001773942

CsCenL63 LTR 1351 1.046 0.000813339

CsCenL68 LTR 2061 1.595 0.001677277
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CsCenL68 in the C. sinensis genome v3 resembled that 
of CsCen7 (Fig.  5b). Previous FISH mapping showed 
18 CsCen7 signals at the centromeric region of each 
chromosome in C. sinensis (Song et  al. 2023), suggest-
ing that these eight LTR-RTs would also generate FISH 
signals at the centromeres. Additionally, we identi-
fied five RTs with nine centromere-specific LTR-RTs 
through genome-wide BLAST analysis, indicating that 
these nine LTR-RTs can serve as molecular markers to 
locate C. sinensis centromeres. With the potential use 
of T2T sequence assemblies and 14 centromere-spe-
cific repeats, a complete genome of C. sinensis may be 
achieved in the future.

Centromeric evolution provides clues for constructing 
ancestral chromosome karyotypes of C. sinensis
Over the past 12,000 years, more than 2,500 plant spe-
cies have been domesticated from their wild ancestors 
to yield crops suitable for human consumption and 
economic development (Fernie and Yan 2019; Zhao 
et  al. 2021). However, the complexities and variations 
in chromosomal evolutionary events have posed chal-
lenges in inferring ancestral karyotypes. With advance-
ments in genome sequencing and analysis, studying 
the genomes of species can offer valuable insights for 
constructing ancestral karyotypes. In this study, we 
observed that the CsCenH3-ChIP-seq read peaks were 

not solely concentrated at the centromere of chro-
mosomes; there were evident peaks at the ends and 
proximal parts of some chromosomes (Fig. 1d). Addi-
tionally, we observed overlaps between the peaks and 
the centromeric repeat CL at the ends of chromosomes 
2 and 7. Since CenH3 is indicative of true centromeric 
regions, we infer that chromosomes 2 and 7 have been 
involved in the evolutionary process of C. sinensis 
(Fig. 6b). It is plausible that chromosomes 2 and 7 may 
have originated from a shared ancestor chromosome 
that underwent breakage at the centromere, and subse-
quent chromosomal rearrangement may have occurred 
between the centromeric regions of chromosomes 2 
and 7 and their respective ends. Recently, a Python-
based command-line tool named Whole-Genome 
Duplication Integrated (WGDI) analysis has demon-
strated the capability to perform polyploid inference, 
genome homology hierarchical inference, and ances-
tral chromosome karyotype construction (Sun et  al. 
2022). Combining our findings with the application of 
WGDI in citrus may offer promising avenues for con-
structing ancestral karyotypes and exploring potential 
chromosomal rearrangement events in the near future.

DNA G4 structures in the CsCenH3 binding  
regions prefer to form in TRs
Plant DNA G4 structures have been implicated in vari-
ous physiological processes, including the regulation 

Fig. 5 Specific distribution of five TRs and eight LTR-RTs at the centromere in the C. sinensis genome v3. (a) The distribution of five TRs in the C. 
sinensis genome v3. (b) The distribution of CsCen7 and eight LTR-RTs in the C. sinensis genome v3. The numbers around the circle indicate 
the length of the nine chromosomes in megabases (Mb). TR, tandem repeat; LTR-RT, long terminal repeat retrotransposon; CsCen, C. sinensis 
centromere; v3, version 3; chr, chromosomes
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of gene expression and translation, as well as plant 
growth, development, and stress responses (Cagirici 
and Sen 2020; Cho et  al. 2018; Feng et  al. 2022; Garg 
et  al. 2016; Griffin and Bass 2018; Kwok et  al. 2015; 
Yadav et al. 2017). Given that centromeric regions are 
known to be enriched with non-B-form DNA struc-
tures in oat (Liu et  al. 2023), it is reasonable to infer 
that DNA G4 structures are also present in C. sinensis 
centromeres. Using pqsfinder, we identified 24 centro-
meric candidate repeats of C. sinensis, including CL. 
As anticipated, DNA G4 structures were detected in 
both TRs and LTR-RTs. Notably, the DNA G4 propor-
tion in TRs was found to be significantly higher than 

that in LTR-RTs, with CsCen141 exhibiting the highest 
DNA G4 proportion. These results suggest that DNA 
G4 structures are not only distributed in the CsCenH3 
binding regions in C. sinensis but also tend to form 
more frequently in TRs compared to LTR-RTs. Cur-
rently, blood group 4 (BG4) is utilized as an in  vitro 
G4 binding protein for visualizing DNA G4 structures 
in human and plant cells (Biffi et  al. 2013; Fang et  al. 
2019; Feng et al. 2022; Zhang et al. 2018). The applica-
tion of BG4-based ChIP-seq or IP-seq, in combination 
with TR analysis, holds promise for further explora-
tion of the relationship between DNA G4 structures 
and centromeres.

Fig. 6 The distribution of CL at the end of chromosomes was related to the evolution of C. sinensis centromeres. (a) The distribution of CL 
and CsCenH3-ChIP-seq reads on the C. sinensis genome v3. The density distribution of CL (green) is shown on the nine chromosomes, 
while the CsCenH3-ChIP-seq read peaks (red) are shown as the line labels below the nine chromosomes. The black arrows indicate two overlaps 
in the distribution of CL and CsCenH3-ChIP-seq reads. (b) A model diagram illustrating the involvement of CL in the evolution of the C. sinensis 
centromere. CsCen, C. sinensis centromere; CsCenH3-ChIP-seq, chromatin immunoprecipitation sequencing using CsCenH3 antibody. CL, 
the centromeric repeat from the published reference (Song et al. 2023); v3, version 3; Chr, chromosomes; H3, Histone H3
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Conclusions
In summary, our study successfully identified the centro-
meric regions of C. sinensis through CsCenH3-ChIP-seq 
and BAC-3a-seq, resulting in the selection of 23 centro-
meric candidate repeats. Subsequently, we screened and 
identified five centromere-specific TRs and nine LTR-RTs 
from these centromeric candidate repeats by conduct-
ing genome-wide BLAST analysis against the C. sinensis 
genome v3. Furthermore, we analyzed the evolution of 
C. sinensis centromeres and the distribution of DNA G4 
structures. These findings offer novel insights into the 
composition and evolution of C. sinensis centromeres, 

laying a solid theoretical foundation for further explor-
ing the relationship between the primary and secondary 
structures of centromeres.

Supplementary Information
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Additional file 1: Fig. S1. Circos plot of ten centromeric candidate 
repeats on sweet orange genome v3. Fig. S2. The distribution of FISH 
signals of CL and CsCen1 on nine pseudo chromosomes of C. sinensis.

Additional file 2: Dataset S1. Sequences of centromeric candidate 
repeats.

Table 3 The distribution of G4 structure in C. sinensis centromeric repeats

CsCen C. sinensis centromere, TR tandem repeat, LTR-RT long terminal repeat retrotransposon, BAC-3a bacterial artificial chromosome-3a, G4 G-quadruplex

Repeat Type Start location Width Score Strand G‑tetrads 
number

G4 
proportion 
(%)

G4 sequence

CL TR 55 31 51 - 3 40.88 CCC AAA AAT AAG CGC CCG AAG GTC CCG TCC C

138 43 65 + 4 GGG GAG GGG CTG GCC AAG T…GCC GGA CTC GGA ATG GGG 

CsCen1 TR 12 28 42 - 3 51.93 CCC GAA GGT CGT GGT GCC AAA ACC CCCC 

62 26 57 + 3 GGG TGG GCT ATA GCC TTG GTG GGG GG

109 40 69 + 4 GGA CTC GGA ATG GGG CGA GAC TTT GCG AGG GGC CTC GGGG 

CsCen3 TR 81 23 61 + 3 12.71 GGG TGG GCT ATA GCC TTG GGGGG 

CsCen7 LTR-RT 774 42 37 + 4 3.70 GGA AAA TGG ATG GGG CAG T…GAC CAA AGG GTA GGA CGG 

CsCen9 TR 80 50 67 - 5 42.00 CCG CGC CCA AAA ATC AGC C…GTC CCA AGA CCC CCC AGC 

149 26 57 + 3 GGG TGG GCT ATA GCC TTG GTG GGG GG

CsCen141 TR 19 46 115 + 6 74.84 GGT GGG GTT CGG GCG GGT G…GCG GGG GCG CCC GGG GGG 

76 44 36 + 4 GGC CTC GGG GGC CGC AAA G…CGT AAC TCA TGA TCC GGG 

149 35 106 + 5 GGG ACC AGC GGT CCG GGG GCA TCG GGA TGG GGGGG 

215 27 28 + 3 GGG CAA GAT CGG GGG CCG CTT AGT AGG 

247 34 33 - 3 CCG GTT TCG GCC CCC CGG GGG GCG GTT CAT GCCC 

264 43 95 + 5 GGG GGC GGT TCA TGC CCC G…ACC GCG GGG CGG GAT CGG 

CsCenL9 LTR-RT 1016 16 26 + 2 2.73 GGA TGG AAC ATG GAGG 

2325 15 27 + 2 GGG GTG GTT TAA TGG 

2469 39 29 - 3 CCC ATG GAT TGT ATA ACC CTC TGC CCA TAC CTA GTG AAC 

3158 23 26 + 3 GGA GAT TGG GTT TGG GTG CATGG 

CsCenL31 LTR-RT 19 15 27 - 2 4.08 CCA CCA TCC TTC ACC 

315 30 27 - 3 CCC TTC CTA AAA TCC AAA CCC TCT TTG TCC 

954 10 35 - 2 CCC CTC CTCC 

CsCenL49 LTR-RT 383 15 27 + 2 6.03 GGA GGA GGT GAT TGG 

1016 16 26 + 2 GGA TTT TTG GAA GGGG 

314 49 29 + 4 GTT GGG ATC TTC AAG AGA G…GGG TAA AAG GTT AAG AGG 

CsCenL53 LTR-RT 263 28 27 - 3 5.01 CCC ATC CAT CAA ACT CCA GAT CTT GCCC 

1149 33 36 - 3 CCC AAT GCC CAT TTC CAA TGG ACC GTC CTA CCC 

1199 43 38 - 4 CCC CTC CAT TTT CCA AAA A…GTC CAA ATC TTC CAG CCC 

CsCenL63 LTR-RT 540 13 30 - 2 0.96 CCT ATC CTC CAC C

CsCenL68 LTR-RT 857 46 35 + 4 4.90 GGG GCA GTT TTG AGG CCG A…CTG TCC ATT GAT AAT GGG 

1389 13 30 + 2 GGT AGG ACT GGG G

1685 15 27 + 2 GGA AGG ATA TTG GGG 

1768 27 28 + 3 GGG CAA GAT ATG GAG TTT GAT GGA GGG 

https://doi.org/10.1007/s44281-023-00010-7
https://doi.org/10.1007/s44281-023-00010-7
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