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Abstract
Cytogenetic analysis of Citrus Linnaeus, 1753 species is complicated by the small size and morphological 
similarity of their chromosomes. In this study, we applied the fluorescence in situ hybridization (FISH) 
method using rDNA probes, as well as newly developed oligonucleotide probes based on previously un-
characterized tandem repeats identified in citrus genomes. Four tandem repeats (CL1, CL14, CL262, and 
CL122) were mapped to the chromosomes of five Citrus species: Citrus medica Linnaeus, 1753, Citrus × 
aurantiifolia (Christmann, 1777) Swingle, 1913, Citrus × limon (Linnaeus, 1753) Osbeck, 1765, Citrus 
myrtifolia Rafinesque, 1838, and Citrus × latifolia Tanaka, 1951. The repeats exhibited distinct and par-
tially species-specific distribution patterns: CL1 was detected in all species, whereas CL262, CL122, and 
CL14 exhibited more restricted localization. A comparative analysis of their chromosomal distribution in 
relation to 45S- and 5S-rDNA loci revealed differences between the conserved regions of ribosomal DNA 
and the more dynamic tandem repeats. The identified repeats represent useful cytogenetic markers for 
chromosome identification, karyotyping, and comparative analysis within the genus Citrus.
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Introduction

The genus Citrus Linnaeus, 1753 (family Rutaceae) comprises evergreen trees and 
shrubs originating from a region including Assam (India), Myanmar, and southern 
China (Alexandrov and Romanov 2024). Citrus plants are widely cultivated through-
out the world, particularly in tropical and subtropical regions (Nicolosi et al. 2000; 
Palangasinghe et al. 2024). Modern genomic and biochemical studies have revealed 
that cultivated citrus species are the result of interspecific hybridization among four 
principal taxa Citrus reticulata Blanco, 1837, Citrus maxima (Burman, 1755) Merrill, 
1917, Citrus medica Linnaeus, 1753 and Citrus micrantha Wester, 1915 (Curk et al. 
2016; Wu et al. 2018; Alexandrov and Romanov 2024).

The citrus genome is characterized by a diploid chromosome set (2n = 18), with 
the exception of some polyploid hybrids. The small size of the chromosomes (typically 
2–4 μm) and the similar morphology among Citrus species make it difficult to identify 
chromosomes without specific markers (Lan et al. 2016; Deng et al. 2020; He et al. 2020).

Repetitive sequences constitute a significant portion of eukaryotic genomes 
(Mehrotra and Goyal 2014). In citrus fruits, repetitive sequences may be organized 
into tandem arrays of satellite DNA (satDNA), minisatellites (VNTRs), microsatellites 
(SSRs), or may represent mobile elements (retrotransposons, DNA transposons). For 
example, in the clementine genome (Citrus × clementina Tanaka, 1948), they account 
for just under half of the total DNA length (Mehrotra and Goyal 2014; Deng et al. 
2019). Repetitive elements may play an important role in the evolution of Citrus, in-
fluencing changes in chromosomal structure, and phenotypic variation – for example, 
the activation of the Ruby gene and the accumulation of anthocyanins leading to the 
“blood-red” color of fruits, the emergence of apomixis, and changes in fruit acidity 
(Butelli et al. 2012, 2017; Giraud et al. 2025). Transposons constitute the majority of 
repeats in citrus, highlighting the dominant role of dispersed repeats in the process of 
speciation (Giraud et al. 2025). Mapping highly variable loci, such as species-specific 
satellite repeats and polymorphic rDNA clusters, allows the identification of subtle 
genomic differences between closely related species and hybrids (Xiao et al. 2025).

Understanding the distribution of DNA repeats is of great importance for studying 
genomic relationships and plant phylogeny. Conservative 5S and 45S rDNA sequences 
are easily detected in hybridization experiments due to their high copy number, mak-
ing them classic cytogenetic markers (Barkov et al. 2007; Roa and Guerra 2012; Lan et 
al. 2016; Tourdot and Grob 2023). Identifying specific repetitive sequences for FISH 
markers typically requires a combination of bioinformatic analysis of genomic data and 
molecular biology methods. For this, in a study by Deng et al., the authors annotated 
satellite and centromeric repeats de novo using bioinformatic analysis of the clemen-
tine genome and successfully used them as chromosome-specific markers (Deng et 
al. 2019).

The citrus genome is characterized by high heterozygosity and admixture from 
ancestral species, which complicates the interpretation of repetitive sequences (Wu et 
al. 2018). In citrus, frequent instances of hybridization are accompanied by changes in 
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copy number and rDNA localization, which correlates with stress adaptation (Deng et 
al. 2019; Goffová and Fajkus 2021). The 45S rDNA sequence is more conserved than 
the 5S sequence, allowing the use of universal probes for hybridization. However, the 
chromosomal positions of these regions are subject to evolutionary changes, and even 
with the same number of loci, their size and FISH signal intensity may vary (Roa and 
Guerra 2012). For example, the citrus-related genus Poncirus Rafinesque, 1938 pos-
sesses a site with a linked 5S-45S locus, which is not observed in pure citrus species and 
reliably identifies Poncirus × citrus hybrids (Brasileiro-Vidal et al. 2007). Several studies 
have emphasized that 5S and 45S rDNA serve as valuable cytogenetic markers due to 
their conserved nature. For example, in a study by Deng et al., a set of probes includ-
ing 5S and 45S rDNA was developed to identify all chromosomes of clementine and 
related citrus species (Deng et al. 2019; Deng et al. 2020). Early studies have shown 
that most citrus species have between two and six 45S rDNA loci per karyotype, while 
the number of 5S rDNA loci is usually two, with a few exceptions (Deng et al. 2019).

The aim of this study was to map new repetitive sequences selected from the Citrus 
repeatome in the chromosomes of five Citrus species to evaluate their potential as cy-
togenetic markers. New tandem repeats and rDNA probes will allow the identification 
of both conserved and divergent features of genomic architecture for the comparison 
of closely related species.

Material and methods

Plant material

We took plants from the All-Russia Research Institute of Agricultural Biotechnology 
collection: Citrus × latifolia Tanaka, 1951, Citrus medica cv Uraltau, Citrus myrtifolia 
Rafinesque, 1838 (Citrus × aurantium Linnaeus, 1753 in the Swingle classification), 
Citrus × limon (Linnaeus, 1753) Osbeck 1765 cv Novogruzinsky, Citrus × aurantiifolia 
(Christmann, 1777) Swingle 1913 (Suppl. material 1).

Chromosome preparation

For mitotic analysis, we pretreated root meristems from adult plants C. × aurantiifo-
lia, C. medica, C. × latifolia, C. × limon and C. myrtifolia with 1-Bromonaphthalene 
for 18–20 h at 4 °C and then fixed them in ethanol:acetic acid (3:1, v/v) for 24 h at 
-20 °C. We prepared chromosomal preparation according to the protocol published in 
Romanov et al. (2020).

DNA probes

For fluorescence in situ hybridization (FISH), we used universal 45S and 5S rDNA 
probes and specific oligonucleotide tags.
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To develop the oligo-probes, we employed satellite repeat and LTR element se-
quences that we had annotated using RepeatExplorer2 (Novák et al. 2013; Monakhos 
et al. 2025). We designed specific oligonucleotide labels for hybridization based on the 
selected sequences using the Primer-BLAST tool (Ye et al. 2012). The fluorophore-
labeled oligonucleotides were synthesized by SINTOL LLC (Moscow, Russia). Table 1 
provides detailed information on the resulting labels (Table 1).

Fluorescent in situ hybridization

We performed the FISH procedure according to Kuznetsova et al. (Kuznetsova et al. 
2019). We followed the described protocol for the initial steps, up through the post-
hybridization wash on the second day. We then washed the slides three times in 0,2 × 
SSC solution at 42 °C for a total of 10 minutes (1:3:6 min). This was followed by three 
5-minute washes in TNT buffer (0,05% Tween 20). A final rinse was carried out in 2 
× SSC for 5 min. Subsequently, the slides were stained with DAPI (4',6-diamidino-2-
phenylindole) (1:100 in 2 × SSC) for 10 min after washing, then slides were mounted 
in Vectashield medium (Vector Laboratories, United States) and analyzed on Leica 
DM6 B epifluorescence microscope. Selected images were captured with DFC 9000 
GTC (Leica). We analyzed 25–30 metaphase plates in each species with DRAWID and 
visualized with Photoshop to place probes on ideograms.

Supporting tools

We used the DeepSeek AI model (DeepSeek R1) to ensure linguistic accuracy and 
compliance with the academic style of the article. The model was asked to translate the 
original Russian text using a specially designed set of instructions, paying special atten-
tion to the passive voice, technical accuracy and conciseness. The questions were as fol-
lows: 1. Criticize the revised statement as a reviewer, pointing out any shortcomings or 
areas requiring further improvement. *Initial draft* 2. Translate the following Russian 
text into formal, academic English of a scientific paper. Use active voice where appropri-
ate, maintain precise scientific terminology, and ensure the text is concise and objective.

Table 1. Sequence table of DNA probes.

Probe Name 5'-3' sequence Dye
CL14 CATAGAGGGCGTTCAAGCCGTTTCTGGACGTAAAACCAG ROX
CL122 TTGGTGCATTGGAAGAGGGCCTCATCTCCAGTTGA ROX
CL262 TTGTGCACTACTTCCTCCTGTCTCCATTGCTTTTCACTTGCTTCA ROX
CL1 AAGTTCGTCCAGCGGAAAAATGCCCAAAAAACGGGTGGGCTATA FAM
5S1 GGGTGCGATCATACCAGCACTAATGCACCGGATCCCATCAG FAM
5S2 AACTCCGAAGTTAAACGTGCTTGGGCGAGAGTAGTACTAAG FAM
5S3 ATGGGTGACCTCTTGGGAAGTCCTCGTGTTGCACCCCC FAM
18S1 CTGGTTGATCCTGCCAGTAGTCATATGCTTGTCTCAAA ROX
18S2 TCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAAT ROX
18S3 GTAACAAGGTTTCCGTAGGTGAACCTGCGGAAG ROX
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Results

In this study, several previously uncharacterized tandem repeats (CL1, CL14, CL262 
and CL122) were identified and localized on the chromosomes of five Citrus species 
using fluorescence in situ hybridization. In addition, the chromosomal positions of the 
classical cytogenetic markers 45S and 5S rDNA were determined (Suppl. material 1 
fig. 6S-10S). Chromosome pairs were assigned based on chromosome morphology in 
DAPI-stained metaphases and the combined pattern of FISH signals on well-spread 
metaphase plates, and ideograms were constructed from the most representative plates 
(Suppl. material 2: figs S1–S5).

Repeat DNA Localization

The satellite repeat CL1 was localized in the subtelomeric regions of chromosomes of 
all studied species (Fig. 1). The number and intensity of the hybridization signals var-
ied between species. C. medica exhibited signals on six chromosome pairs, C. × latifolia 
on four pairs, and C. × aurantiifolia on five pairs. In C. × limon, signals were localized 
to four chromosome pairs and an additional signal was detected on chromosome 9, 
while C. myrtifolia displayed signals on five chromosome pairs.

The CL14 repeat was identified and localized in the studied species. CL14 signals 
were detected on chromosome pairs 1 and 3 in C. medica in proximal regions (Fig. 1B). 
In C. × limon, signals were found on chromosome pairs 2 and 4 in subtelomeric regions 
(Fig. 1A), in C. × latifolia on chromosome pair 4 in a subtelomeric region (Fig. 1F) and 
in C. × aurantiifolia on chromosome pair 3 (Fig. 1G). No CL14 signals were detected 
in C. myrtifolia. A close co-localization of the CL14 and CL1 repeats was observed in 
C. × limon on chromosome pairs 2 and 4.

Hybridization signals of the CL262 repeat were observed in C. × aurantiifolia and 
C. × latifolia. In C. × latifolia, the signals were located in the pericentromeric region of 
chromosome pair 1 and in the subtelomeric region of chromosome 5 (Fig. 1C). In C. 
× aurantiifolia, signals were also present in the pericentromeric region of chromosome 
pair 1 and in the subtelomeric region of chromosome 4 (Fig. 1D). No hybridization 
signals were detected in the other species examined.

The CL122 repeat was localized to the subtelomeric regions of chromosomes 2 and 
4 in C. myrtifolia (Fig. 1E). No hybridization signals were detected in the other species. 
On chromosome 2, it was found to be co-localized with the satellite repeat CL1.

5S and 45S rDNA localization

5S rDNA loci were detected on chromosomes 4 and 6 in C. × aurantiifolia, on chro-
mosomes 6 and 9 in C. medica, on chromosome pair 9 in C. × latifolia, on chromo-
some 6 in C. × limon, and finally, on chromosomes 7 and 9 in C. myrtifolia.

45S rDNA loci were located in the pericentromeric regions of chromosome pair 
1 and chromosome 4 in C. × aurantiifolia, on chromosome pair 1 and chromosome 3 
in C. medica, on chromosome pair 1 and on chromosomes 2 in C. × latifolia, on chro-
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Figure 1. Chromosomal localization of probes. A C. × limon: CL1 (green) and CL14 (red) B C. medica: 
CL1 (green) and CL14 (red) C C. × latifolia: CL1 (green) and CL262 (red) D C. × aurantiifolia: CL1 
(green) and CL262 (red) E C. myrtifolia: CL1 (green) and CL122 (red) F C. × latifolia: CL14 (red) G C. 
× aurantiifolia: CL14 (red). White arrows indicate hybridisation sites. Scale bar: 5 µm.

mosomes 1 and 3 in C. × limon, and on chromosome pair 7 in C. myrtifolia (Fig. 2, 
Suppl. material 2: figs S6–S10).

We developed a schematic karyotype ideogram for the investigated species (Fig. 3, 
Suppl. material 2: figs S1–S5).
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Figure 2. Chromosomal localization of 45S and 5S rDNAs in C. × aurantiifolia, C. medica, C. × latifolia, 
C. × limon and C. myrtifolia. FISH mapping using 45S rDNA (red) and 5S rDNA (green) on metaphase 
chromosomes. The white arrows indicate the 45S and 5S rDNA sites. Scale bar: 5 µm.
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Figure 3. Ideograms with FISH signal tags in C. × aurantiifolia, C. medica, C. × latifolia, C. × limon and 
C. myrtifolia.
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Discussion

Cytogenetic markers in Citrus: tandem repeats and rDNA

In this study, several previously uncharacterized tandem repeats (CL1, CL14, CL262, 
and CL122) were identified and mapped on the chromosomes of five Citrus species 
using FISH. These repeats exhibited species-specific distribution patterns and, together 
with 45S and 5S rDNA markers, improved chromosome identification.

The identification of new tandem repeats expands the set of available chromosomal 
markers for Citrus, where cytogenetic analysis is complicated by small chromosome 
size and limited morphological differentiation. The chromosomal localization of iden-
tified tandem repeats relative to the 45S and 5S rDNA loci provides a more detailed cy-
togenetic framework. The combined use of these cytogenetic markers allows for more 
accurate identification of homologous chromosome pairs and facilitates comparative 
analysis across species.

The relative positions of tandem repeats and rDNA loci on chromosomes

Hybridization is often accompanied by “genomic shock”, manifested as polymorphism 
in the arrangement of rDNA and tandem repeats. For example, variations in rDNA 
copy number have been described in response to selective pressure or stress (Deng et al. 
2019; Wang et al. 2023). However, direct evidence of such processes in citrus remains 
limited. Our results demonstrate both the conservatism and modification of rDNA 
loci and specific repeats in closely related citrus taxa.

A comparison of the localization of tandem repeats with 45S and 5S rDNA regions re-
vealed that different classes of repetitive DNA occupy distinct chromosomal domains. 45S 
rDNA loci were predominantly located in pericentromeric regions, while tandem repeats, 
particularly CL1 and CL122, were more frequently localized in subtelomeric regions.

Colocalization was more frequently observed between different tandem repeats, 
such as CL1 with CL14 and CL122, indicating the clustering of satellite DNA. At the 
same time, the CL262 repeat was detected in regions corresponding to 45S rDNA sites 
in lime species, although no sequence homology was identified, suggesting independ-
ent accumulation in structurally similar chromosomal regions.

The distribution patterns of the identified repeats revealed both conserved and spe-
cies-specific features. The CL1 repeat was detected in all studied species and predomi-
nantly localized in subtelomeric regions, although its copy number varied between 
taxa. Such variability is characteristic of rapidly evolving satellite DNA, which can 
change in copy number and chromosomal position over relatively short evolutionary 
timescales (Lim et al. 2013; Biscotti et al. 2015).

In contrast, other repeats exhibited more restricted distributions. For example, 
CL14 showed different chromosomal localization patterns between C. medica and its 
hybrids, while CL262 was detected only in lime species, supporting their close relation-
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ship. The presence of species-specific repeats such as CL122 further reflects genomic 
divergence within the genus. In the Citrus species studied, the 5S and 45S rDNA loci 
were located on different chromosomes, although conservative linkage between them 
was observed in some members of the Aurantioideae Eaton, 1836 subfamily (Barros 
e Silva et al. 2013). This variation reflects the structural diversity within this group.

rDNA organization in Citrus species and comparison with previous studies

C. medica is one of the four ancestral species of cultivated citrus and is considered 
a distinct biological species (Carvalho et al. 2005; Curk et al. 2016; Ollitrault et al. 
2020). The rDNA distribution observed in C. medica is consistent with previous data 
indicating the absence of 5S–45S linkage (Carvalho et al. 2005; Deng et al. 2019). 
In contrast, hybrid species such as C. × limon and C. × aurantiifolia exhibit varying 
numbers and arrangements of rDNA loci, reflecting their complex genomic origins 
and structural variability (Carvalho et al. 2005; Curk et al. 2016; Ollitrault et al. 2020; 
Song et al. 2023).

Previous studies of C. myrtifolia identified two 5S rDNA regions located on dif-
ferent types of chromosomes and three 45S rDNA regions in the varieties studied 
(Moraes et al. 2007; Guerra et al. 2020). In our study of this species, two 5S and two 
45S rDNA sites were detected.

C. × latifolia is a hybrid species derived from four ancestral taxa: C. reticulata, C. 
maxima, C. medica, and C. micrantha, comprising cultivars with both diploid and trip-
loid genotypes (Ollitrault et al. 2020). Our FISH analysis revealed three 45S rDNA 
loci and one 5S rDNA locus in this species, with no observed co-localization.

The hybrid forms C. × limon, C. × aurantiifolia, and C. × latifolia have the number 
of 5S and 45S loci in the studied forms falls within the range previously documented 
for other Citrus taxa (Deng et al. 2019; Xiao et al. 2025). The relatively stable pattern 
of 45S rDNA compared to the more variable 5S loci represent a potentially useful 
characteristic for cytogenetic analysis.

Conclusion

We identified and mapped new cytogenetic markers for the genus Citrus, including 
CL1, CL14, CL262, and CL122. In addition, we mapped the classical 5S and 45S 
rDNA markers in five species: C. medica, C. × aurantiifolia, C. × limon, C. myrtifolia, 
and C. × latifolia. Analysis of the distribution of rDNA and tandem repeats revealed 
conserved chromosomal localization of 45S and 5S rDNA loci, in contrast to the 
greater variability observed in the chromosomal distribution of tandem repeats. The 
observed differences in repeat distribution among species, particularly in hybrid taxa, 
are consistent with genome restructuring processes associated with hybridization and 
the dynamic evolution of repetitive DNA.

The obtained FISH profiles demonstrate that the identified repeats represent useful 
cytogenetic markers for karyotype characterization and comparative analysis in Citrus.



Cytogenetic analysis in Citrus species 167

References

Alexandrov OS, Romanov DV (2024) Study of structural features of 5S rDNA non-transcribed 
spacers of Citrus sinensis and C. reticulata. Vestnik Moskovskogo Universiteta. Seria 16. 
Biologia 79: 298–305. https://doi.org/10.55959/MSU0137-0952-16-79-4-3

Barkov AN, Trubnikova EV, Stabrovskaya NV (2007) Molecular features of the organization 
and transcription of ribosomal genes. Uchenye Zapiski 1: 54–73.

Barros e Silva A, dos Santos Soares Filho W, Guerra M (2013) Linked 5S and 45S rDNA sites 
are highly conserved through the subfamily Aurantioideae (Rutaceae). Cytogenetic and 
Genome Research 140: 62–69. https://doi.org/10.1159/000350695

Biscotti MA, Olmo E, Heslop-Harrison JS (2015) Repetitive DNA in eukaryotic genomes. 
Chromosome Research 23: 415–420. https://doi.org/10.1007/s10577-015-9499-z

Brasileiro-Vidal AC, Dos Santos-Serejo JA, Soares Filho WDS, Guerra M (2007) A simple 
chromosomal marker can reliably distinguishes Poncirus from Citrus species. Genetica 
129: 273–279. https://doi.org/10.1007/s10709-006-0007-4

Butelli E, Licciardello C, Zhang Y, Liu J, Mackay S, Bailey P, Reforgiato-Recupero G, Mar-
tin C (2012) Retrotransposons control fruit-specific, cold-dependent accumulation of 
anthocyanins in blood oranges. The Plant Cell 24: 1242–1255. https://doi.org/10.1105/
tpc.111.095232

Butelli E, Garcia-Lor A, Licciardello C, Las Casas G, Hill L, Recupero GR, Keremane ML, 
Ramadugu C, Krueger R, Xu Q, Deng X, Fanciullino A-L, Froelicher Y, Navarro L, Mar-
tin C (2017) Changes in anthocyanin production during domestication of Citrus. Plant 
Physiology 173: 2225–2242. https://doi.org/10.1104/pp.16.01701

Carvalho R, Soares Filho WS, Brasileiro-Vidal AC, Guerra M (2005) The relationships among 
lemons, limes and citron: A chromosomal comparison. Cytogenetic and Genome Research 
109: 276–282. https://doi.org/10.1159/000082410

Curk F, Ollitrault F, Garcia-Lor A, Luro F, Navarro L, Ollitrault P (2016) Phylogenetic origin 
of limes and lemons revealed by cytoplasmic and nuclear markers. Annals of Botany 117: 
565–583. https://doi.org/10.1093/aob/mcw005

Deng H, Xiang S, Guo Q, Jin W, Cai Z, Liang G (2019) Molecular cytogenetic analysis of 
genome-specific repetitive elements in Citrus clementina Hort. Ex Tan. and its taxonomic 
implications. BMC Plant Biology 19: e77. https://doi.org/10.1186/s12870-019-1676-3

Deng H, Tang G, Xu N, Gao Z, Lin L, Liang D, Xia H, Deng Q, Wang J, Cai Z, Liang G, Lv 
X (2020) Integrated karyotypes of diploid and tetraploid carrizo citrange (Citrus sinensis L. 
Osbeck × Poncirus trifoliata L. Raf.) as determined by sequential multicolor fluorescence in 
situ hybridization with tandemly repeated DNA Sequences. Frontiers in Plant Science 11: 
e569. https://doi.org/10.3389/fpls.2020.00569

Giraud D, Choisne N, Summo M, Sidibe-Bocs S, Vassilieff H, Costantino G, Droc G, Tey-
cheney P-Y, Maumus F, Ollitrault P, Luro F (2025) Construction of a comprehensive li-
brary of repeated sequences for the annotation of Citrus genomes. BMC Genomic Data 
26. https://doi.org/10.1186/s12863-025-01321-6

Goffová I, Fajkus J (2021) The rDNA loci–intersections of replication, transcription, and repair 
pathways. International Journal of Molecular Sciences 22: e1302. https://doi.org/10.3390/
ijms22031302

https://doi.org/10.55959/MSU0137-0952-16-79-4-3
https://doi.org/10.1159/000350695
https://doi.org/10.1007/s10577-015-9499-z
https://doi.org/10.1007/s10709-006-0007-4
https://doi.org/10.1105/tpc.111.095232
https://doi.org/10.1105/tpc.111.095232
https://doi.org/10.1104/pp.16.01701
https://doi.org/10.1159/000082410
https://doi.org/10.1093/aob/mcw005
https://doi.org/10.1186/s12870-019-1676-3
https://doi.org/10.3389/fpls.2020.00569
https://doi.org/10.1186/s12863-025-01321-6
https://doi.org/10.3390/ijms22031302
https://doi.org/10.3390/ijms22031302


Yuliya N. Smotrova et al.  /  Comparative Cytogenetics 20: 157–170 (2026)168

Guerra S, Guerra M, Mendes S, Soares Filho WDS, Pedrosa-Harand A (2020) Karyotype vari-
ability of sour orange (Citrus aurantium L.) and the origin of its heteromorphic karyotypes. 
Tree Genetics & Genomes 16: e78. https://doi.org/10.1007/s11295-020-01471-x

He L, Zhao H, He J, Yang Z, Guan B, Chen K, Hong Q, Wang J, Liu J, Jiang J (2020) Ex-
traordinarily conserved chromosomal synteny of Citrus species revealed by chromosome‐
specific painting. The Plant Journal 103: 2225–2235. https://doi.org/10.1111/tpj.14894

Kuznetsova VM, Razumova OV, Karlov GI, Dang TX, Kroupin PYu, Divashuk MG (2019) 
Some peculiarities in application of denaturating and non-denaturating in situ hybridi-
zation on chromosomes of cereals. Moscow University Biological Sciences Bulletin 74: 
75–80. https://doi.org/10.3103/S0096392519020056

Lan H, Chen C-L, Miao Y, Yu C-X, Guo W-W, Xu Q, Deng X-X (2016) Fragile sites of 
‘Valencia’sweet orange (Citrus sinensis) chromosomes are related with active 45S rDNA. 
PLoS ONE 11: e0151512. https://doi.org/10.1371/journal.pone.0151512

Lim KG, Kwoh CK, Hsu LY, Wirawan A (2013) Review of tandem repeat search tools: a sys-
tematic approach to evaluating algorithmic performance. Briefings in Bioinformatics 14: 
67–81. https://doi.org/10.1093/bib/bbs023

Mehrotra S, Goyal V (2014) Repetitive sequences in plant nuclear DNA: Types, distribution, 
evolution and function. Genomics, Proteomics & Bioinformatics 12: 164–171. https://
doi.org/10.1016/j.gpb.2014.07.003

Monakhos M, Ulyanov D, Korobkova V, Smotrova Y, Romanov D (2025) Diversity of repeti-
tive elements in Rutaceae: Implications for genome structure and potential phylogenetic 
signal. All Life 18: e2575203. https://doi.org/10.1080/26895293.2025.2575203

Moraes AP, Lemos RR, Brasileiro-Vidal AC, Dos Santos Soares Filho W, Guerra M (2007) 
Chromosomal markers distinguish hybrids and non-hybrid accessions of mandarin. Cy-
togenetic and Genome Research 119: 275–281. https://doi.org/10.1159/000112074

Nicolosi E, Deng Z, Gentile A, La Malfa S, Continella G, Tribulato E (2000) Citrus phylogeny 
and genetic origin of important species as investigated by molecular markers. Theoretical 
and Applied Genetics 100: 1155–1166. https://doi.org/10.1007/s001220051419

Novák P, Neumann P, Pech J, Steinhaisl J, Macas J (2013) RepeatExplorer: A Galaxy-based 
web server for genome-wide characterization of eukaryotic repetitive elements from next-
generation sequence reads. Bioinformatics 29: 792–793. https://doi.org/10.1093/bioin-
formatics/btt054

Ollitrault P, Curk F, Krueger R (2020) Citrus taxonomy. The genus Citrus. Elsevier, 57–81. 
https://doi.org/10.1016/B978-0-12-812163-4.00004-8

Palangasinghe PC, Liyanage WK, Wickramasinghe MP, Palangasinghe HR, Shih H-C, Shiao 
M-S, Chiang Y-C (2024) Reviews on Asian citrus species: Exploring traditional uses, bi-
ochemistry, conservation, and disease resistance. Ecological Genetics and Genomics 32: 
e100269. https://doi.org/10.1016/j.egg.2024.100269

Roa F, Guerra M (2012) Distribution of 45S rDNA sites in chromosomes of plants: Struc-
tural and evolutionary implications. BMC Evolutionary Biology 12: e225. https://doi.
org/10.1186/1471-2148-12-225

Romanov DV, Shirnin SYu, Karlov GI, Divashuk MG (2020) Cytogenetic study of Aegopodi-
um podagraria (Umbelliferae) for its use in breeding. 75: 81–86. https://doi.org/10.3103/
s0096392520020066

https://doi.org/10.1007/s11295-020-01471-x
https://doi.org/10.1111/tpj.14894
https://doi.org/10.3103/S0096392519020056
https://doi.org/10.1371/journal.pone.0151512
https://doi.org/10.1093/bib/bbs023
https://doi.org/10.1016/j.gpb.2014.07.003
https://doi.org/10.1016/j.gpb.2014.07.003
https://doi.org/10.1080/26895293.2025.2575203
https://doi.org/10.1159/000112074
https://doi.org/10.1007/s001220051419
https://doi.org/10.1093/bioinformatics/btt054
https://doi.org/10.1093/bioinformatics/btt054
https://doi.org/10.1016/B978-0-12-812163-4.00004-8
https://doi.org/10.1016/j.egg.2024.100269
https://doi.org/10.1186/1471-2148-12-225
https://doi.org/10.1186/1471-2148-12-225
https://doi.org/10.3103/s0096392520020066
https://doi.org/10.3103/s0096392520020066


Cytogenetic analysis in Citrus species 169

Song S, He L, You X, Zheng D, Tang Y, Chen C (2023) Molecular cytogenetic maps provide 
new insights into the differences between hybrid Citrus microcarpa and lemons. Scientia 
Horticulturae 321: e112307. https://doi.org/10.1016/j.scienta.2023.112307

Tourdot E, Grob S (2023) Three-dimensional chromatin architecture in plants – general features 
and novelties. European Journal of Cell Biology 102: e151344. https://doi.org/10.1016/j.
ejcb.2023.151344

Wang W, Zhang X, Garcia S, Leitch AR, Kovařík A (2023) Intragenomic rDNA variation – 
the product of concerted evolution, mutation, or something in between? Heredity 131: 
179–188. https://doi.org/10.1038/s41437-023-00634-5

Wu GA, Terol J, Ibanez V, López-García A, Pérez-Román E, Borredá C, Domingo C, Tadeo 
FR, Carbonell-Caballero J, Alonso R, Curk F, Du D, Ollitrault P, Roose ML, Dopazo J, 
Gmitter FG, Rokhsar DS, Talon M (2018) Genomics of the origin and evolution of Citrus. 
Nature 554: 311–316. https://doi.org/10.1038/nature25447

Xiao G-A, Xia Q-M, Ren J-Q, Duan Y-Y, Wu X-M, Guo W-W, Xie K-D (2025) Chromo-
some painting reveals conserved centromere oligonucleotide sequences and compara-
ble karyotypes across diverse Citrus species. Horticulture Advances 3: 1–22. https://doi.
org/10.1007/s44281-025-00076-5

Ye J, Coulouris G, Zaretskaya I, Cutcutache I, Rozen S, Madden TL (2012) Primer-BLAST: A 
tool to design target-specific primers for polymerase chain reaction. BMC Bioinformatics 
13: e134. https://doi.org/10.1186/1471-2105-13-134

Additional information

Conflict of interest

The authors have declared that no competing interests exist.

Ethical statement

No ethical statement was reported.

Artificial Intelligence (AI) use

The authors accept full responsibility for the content of the man-
uscript, including the disclosure of any use of AI.
Regarding the use of AI in the preparation of this manuscript, the 
authors declare the following:
We used the DeepSeek AI model (DeepSeek R1) to ensure lin-
guistic accuracy and compliance with the academic style of the 
article. The model was asked to translate the original Russian text 
using a specially designed set of instructions, paying special at-
tention to the passive voice, technical accuracy and conciseness. 
The questions were as follows: 1. Criticize the revised statement 
as a reviewer, pointing out any shortcomings or areas requiring 
further improvement. *Initial draft* 2. Translate the following 
Russian text into formal, academic English of a scientific paper. 
Use active voice where appropriate, maintain precise scientific 
terminology, and ensure the text is concise and objective.

Funding

This research was funded by Russian Scientific Foundation, grant 
number 23-16-00234.

Author contributions

YNS: Conceptualization, methodology, investigation, writing – 
original draft preparation, editing, visualization. MGrM: Meth-
odology, data curation. OVR: writing – review and editing. VAK: 
Formal analysis. DVR: Conceptualization, project administra-
tion. All authors have read and agreed to the published version 
of the manuscript.

Author ORCIDs

Y.N. Smotrova  https://orcid.org/0009-0005-9179-2203
M.Gr. Monakhos  https://orcid.org/0009-0003-6604-0822
O.V. Razumova  https://orcid.org/0000-0001-5157-0087
D.V. Romanov  https://orcid.org/0000-0002-7495-7572

Data availability

All of the data that support the findings of this study are available 
in the main text or Supplementary Information.

https://doi.org/10.1016/j.scienta.2023.112307
https://doi.org/10.1016/j.ejcb.2023.151344
https://doi.org/10.1016/j.ejcb.2023.151344
https://doi.org/10.1038/s41437-023-00634-5
https://doi.org/10.1038/nature25447
https://doi.org/10.1007/s44281-025-00076-5
https://doi.org/10.1007/s44281-025-00076-5
https://doi.org/10.1186/1471-2105-13-134
https://orcid.org/0009-0005-9179-2203
https://orcid.org/0009-0003-6604-0822
https://orcid.org/0000-0001-5157-0087
https://orcid.org/0000-0002-7495-7572


Yuliya N. Smotrova et al.  /  Comparative Cytogenetics 20: 157–170 (2026)170

Supplementary material 1

Rutaceae plant collection located in All-Russia Research Institute of Agricultural 
Biotechnology.
Authors: Yuliya N. Smotrova, Mikhail Gr. Monakhos, Olga V. Razumova, Dmytry V. 
Romanov
Data type: xlsx
Copyright notice: This dataset is made available under the Open Database License 

(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/compcytogen.20.190408.suppl1

Supplementary material 2

Supplementary figures
Authors: Yuliya N. Smotrova, Mikhail Gr. Monakhos, Olga V. Razumova, Dmytry V. 
Romanov
Data type: pdf
Explanation note: fig. S1. Karyotype of C. medica. Scale bar = 5 μm. fig. S2. Karyo-

type of C. × limon. Scale bar = 5 μm. fig. S3. Karyotype of C. × aurantiifolia. Scale 
bar = 5 μm. fig. S4. Karyotype of C. × latifolia. Scale bar = 5 μm. fig. S5. Karyotype 
of C. myrtifolia. Scale bar = 5 μm. fig. S6. An example of C. medica metaphase 
plates. Scale bar = 5 μm. fig. S7. An example of C. × limon metaphase plates. Scale 
bar = 5 μm. fig. S8. An example of C. × aurantiifolia metaphase plates. Scale bar = 
5 μm. fig. S9. An example of C. × latifolia metaphase plates. Scale bar = 5 μm. fig. 
S10. An example of C. myrtifolia metaphase plates. Scale bar = 5 μm.

Copyright notice: This dataset is made available under the Open Database License 
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/compcytogen.20.190408.suppl2

http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/compcytogen.20.190408.suppl1
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/compcytogen.20.190408.suppl2

	Fish mapping of rdna and novel tandem repeats in Citrus species
	Abstract
	Introduction
	Material and methods
	Plant material
	Chromosome preparation
	DNA probes
	Fluorescent in situ hybridization
	Supporting tools

	Results
	Repeat DNA Localization
	5S and 45S rDNA localization

	Discussion
	Cytogenetic markers in Citrus: tandem repeats and rDNA
	The relative positions of tandem repeats and rDNA loci on chromosomes
	rDNA organization in Citrus species and comparison with previous studies

	Conclusion
	References
	Additional information

