
The Plant Cell, 2025, 37, koaf142 

https://doi.org/10.1093/plcell/koaf142
Advance access publication 10 June 2025 

Research Article

Pancentromere analysis of Allium species reveals diverse 
centromere positions in onion and gigantic centromeres 
in garlic
Kiyotaka Nagaki,1,*,† Koichiro Ushijima,2,† Takashi Akagi,2 Keisuke Tanaka,3,‡ Hisato Kobayashi3,§

1Institute of Plant Science and Resources, Okayama University, Kurashiki 710-0046, Japan
2Graduate School of Environmental and Life Science, Okayama University, Okayama 710-8530, Japan
3NODAI Genome Research Center, Tokyo University of Agriculture, Setagaya 156-8502, Japan
*Author for correspondence: nagaki@rib.okayama-u.ac.jp
†These two authors contributed equally to this work.
‡Present address: Department of Informatics, Tokyo University of Information Sciences, Chiba, Japan.
§Present address: Department of Medical Genome Science, Dokkyo Medical University, Mibu, Japan.
The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the Instructions for 
Authors (https://academic.oup.com/plcell/pages/General-Instructions) is Kiyotaka Nagaki (nagaki@rib.okayama-u.ac.jp).

Abstract
In eukaryotes, centromeres interact with the kinetochore for distribution of genetic information in cell division, yet their sequence and 
size are diverse among species. However, their position on chromosomes is considered to be conserved within a species. In this study, we 
analyzed the centromeres of 3 Allium species, namely, Welsh onion (Allium fistulosum), onion (Allium cepa), and garlic (Allium sativum) via 
pancentromere analysis and repetitive sequence analysis of centromeres and their neighborhoods and revealed their mobility, sequence 
organization, and size. Among the 3 species, Welsh onion and garlic had stable centromeres, but the onion centromere appeared to 
be polymorphic and frequently differed in position by up to 28.0 Mb among cultivars and between multiple individuals of the same 
cultivar. This mobility was stabilized by hybridization with Welsh onions. Furthermore, these 3 species have very different 
centromere sequence organization, including differences in the existence and maturity of centromeric satellites, and differences in 
centromere size, with Welsh onion having a centromere of 1.9 Mb, and garlic having a centromere of ∼10.6 Mb, the largest of any 
organism with monocentric chromosomes analyzed to date. Our pancentromere analysis of these Allium species reveals the variation 
in sequence organization, size, and position of this important chromosomal region.
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Introduction
The centromere is a genetic position or the DNA sequence present 
at the position to distribute the genetic information encoded in 
the genome evenly to daughter cells during somatic cell division 
and meiosis (Choo 1997). The centromeric DNA sequence is the 
DNA sequence that interacts with the nucleosome containing 
the centromere-specific histone H3 variant (CENH3 which origi
nally found as Centromere Protein A [CENP-A] in humans), which 
is the cornerstone of kinetochore formation (Richards and Dawe 
1998; Jiang et al. 2003; Furuyama and Biggins 2007; Black and 
Bassett 2008; Samel et al. 2012; Comai et al. 2017; Sundararajan 
and Straight 2022; Naish and Henderson 2024). At the beginning 
of centromere analysis, centromere DNA sequences coexisting 
with centromere-specific histone H3 variants explored in a limited 
number of model organisms were often tandem repetitive DNA 
(satellite) sequences (Choo 1997; Jiang et al. 2003; Melters et al. 
2013), leading to the belief that such repetitive sequences were 
necessary to stabilize the newly epigenetically formed centromere 
(neocentromere) (Wong and Choo 2001; Nagaki et al. 2004).

The development of next-generation sequencing technologies 
has made it easy and inexpensive to analyze the genome sequences 

of many species. For example, as of November 2024, the NCBI DNA 
database (https://www.ncbi.nlm.nih.gov/datasets/genome/) con
tains more than 18,000 eukaryotic reference genomes, of which 
more than 4,500 are assembled at the chromosome level and 270 
at the telomere-to-telomere level. The data indicate that accurate 
reference genomes are no longer the prerogative of model organ
isms and that reference genomes are now available for species 
across many broad taxonomic groups. Centromere sequence data 
from such a wide range of species revealed that the stereotypical 
satellite-bearing centromere was not the only form of centromere 
(Nasuda et al. 2005; Shang et al. 2010; Gong et al. 2012; Nergadze 
et al. 2018; Oliveira and Torres 2018). In other words, stable centro
meres do not always have satellite repeat sequences, and the rela
tionship between centromere stability and the presence of satellite 
repeat sequences is uncertain.

More recently, examples of intraspecific shifts in centromeres, 
which are thought not to have moved within the same species ex
cept in special cases such as neocentromeres, have been reported 
(Rocchi et al. 2012; Schneider et al. 2016; Gent et al. 2017; Chen 
et al. 2023; Liu et al. 2023; Logsdon et al. 2024). In humans, a com
parison of centromere positions in 2 reference genomes revealed 
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discrepancies of up to 2.4 Mb (Logsdon et al. 2024). In soybean 
(Glycine max), pancentromere analysis via chromatin immunopre
cipitation (ChIP)-seq using CENH3 revealed that centromere posi
tions were polymorphic among cultivars, suggesting that 
centromeres were epigenetically shifted by up to 8 Mb (Liu et al. 
2023). Furthermore, centromeres were also observed at different 
positions among individuals after 9 generations of hybridization, 
indicating that centromere shifts can occur at the interindividual 
level in the same genotype.

In the Allium genus, 1,077 species, including garlic (Allium 
sativum), onion (Allium cepa), and Welsh onion (Allium fistulosum), 
were listed in Plants of the World Online (http://www. 
plantsoftheworldonline.org/) as of November 2024. These species 
are native to the Northern Hemisphere, and some of them are 
used worldwide as spices, savory vegetables because of their dis
tinctive aroma, and ingredients for medicine because they produce 
bactericidal substances (Fenwick et al. 1985; Jones et al. 2004; 
Swangsri et al. 2024). In addition, because of their large size and 
small number of chromosomes, these plants have long been used 
as educational materials for cytogenetics. Centromeric DNA se
quences of these species are repetitive sequences present in the 
centromeric regions of all Welsh onion chromosomes and some 
onion chromosomes (Nagaki et al. 2012; Kirov et al. 2020). In addi
tion, a reference genome assembled at the chromosome level, 
which was previously thought to be impossible because of its large 
genome size, genome sequences of the 3 species were recently re
leased and available from GenBank (Hao et al. 2023). However, in 
this work, very few analyses have been performed on the centro
meric regions of these species.

In this study, detailed analyses of Welsh onion (Allium fistulo
sum), onion (Allium cepa), and garlic (Allium sativum) were per
formed via tandem repeat analysis and pancentromere analysis 
using an anti-CENH3 antibody and 8 Welsh onion, 9 onion, and 
2 garlic cultivars. In addition, frequently migrating centromeres 
in onion were analyzed at the individual level within each cultivar 
and using hybrids of Welsh onion and onion.

Results
Centromere mapping on Welsh onion 
chromosomes
To map centromeres, ChIP-seq was conducted via an 
anti-AfiCENH3 antibody, and the antibody recognizes CENH3 in 
Welsh onion, onion, and garlic and shows distinct centromeric sig
nals on the chromosomes of these Allium species by immunostain
ing (Nagaki et al. 2012). ChIP was performed with this antibody and 
chromatin from 8 Welsh onion cultivars (Af1-8, Supplementary 
Table S1), and the immunoprecipitated DNA fragments were se
quenced on the NovaSeq or MiSeq platform along with control 
DNA samples extracted from chromatin preparations prior to 
ChIP (input control). These reads were subsequently mapped 
onto a Welsh onion reference genome (ASM3073781v1) (Hao et al. 
2023), and those mapped reads were counted every 100 kb bin win
dow. The relative enrichment (RE = ChIP/Input) was calculated 
based on those numbers, and RE was plotted on the reference ge
nome (Supplementary Fig. S1). In this study, centromeres were de
fined as regions showing RE more than 5, and 1 RE peak per 
chromosome was observed on all 8 Welsh onion chromosomes of 
the 8 cultivars.

The peaks indicate the locations of the centromeres in the 
reference genome, and the compositions of the repetitive sequen
ces contained within or adjacent to the centromeres were 

investigated (Fig. 1). The CENH3 peaks were distributed on each 
chromosome, with sizes ranging from 0.9 Mb (Chr6) to 2.6 Mb 
(Chr2 and 5) and 1.86 Mb on average (Table 1 and Fig. 1), and the 
distributed regions overlapped with repetitive regions of tandem 
repeats. The tandem repeats presented variations in sequence 
and repeat unit length, and their variants were present in all cen
tromeres while they formed tracts (Fig. 1 and Supplementary Figs. 
S2 to S4). The sequence similarity within the same tract was >98%, 
and that among tracts was >80%. The size of the repeat units 
ranged from 1,074 bp (in tract C on Chr5) to 4,452 bp (in tract A 
on Chr5), and they were either duplicate or deletion variants of 
the 2 kb units (located on the centromeres of almost all the chro
mosomes except Chr6) or combinations of them as higher-order 
repeats (Supplementary Fig. S4). The 2 kb unit, e.g. the subfamily 
present in tract A on Chr1 (AfCENchr1A), had a repeat unit of 
2,088 bp (Supplementary Figs. S4 and S5) and had sequence simi
larity with previously reported Welsh onion centromeric repeats, 
Afi11, 19, and 54 (Nagaki et al. 2012) and AfCEN1 (Kirov et al. 2020). 
Since they are present in all the centromeres and encompass the 
Welsh onion centromeric repeats that have been reported as frag
ments, the Welsh onion centromeric repeats were named AfCEN.

To confirm if the CENH3 chromatins contain repetitive sequen
ces other than AfCEN, the ChIP-seq reads were analyzed via the 
similarity-based de novo clustering program RepeatExplorer2 
(http://www.repeatexplorer.org) (Novák et al. 2020). In this analy
sis, 9 clusters with REs of 4 or more were formed (Supplementary 
Fig. S6, A and B). Among the 9 clusters, AfCL33 showed homology 
to the CAT36 sequence, a previously reported pericentromeric 
tandem repeat of Welsh onion (Kirov et al. 2020), and the remain
ing 8 clusters all showed sequence similarity to AfCEN 
(Supplementary Fig. S5). The RE of CAT36 is considerably smaller 
than that of the AfCEN clusters but larger than that of the noncen
tromere control, 45SrDNA. CAT36 was repeated in the vicinity of 
the AfCEN tracts on Chr5 and 6, so it is possible that a small 
amount of CENH3 was distributed adjacent to the AfCEN tracts 
in CAT36 (Fig. 1 and Supplementary Fig. S2A).

Centromere positions in onion differ among 
cultivars and individuals
Next, the ChIP-seq reads of 6 onion (Ac1–6) and 3 shallot (an onion 
variant, A. cepa L. var. aggregatum, Ac7–9) cultivars (Supplementary 
Table S1) were mapped to the onion reference genome 
(GCA_030765085.1) (Hao et al. 2023) (Fig. 2A and Supplementary 
Fig. S7). To determine the locations of ancient centromeres in 
Allium, onion chromosomes and their homologous Welsh onion 
chromosomes were aligned, and CENH3-distributed regions were 
mapped to these chromosomes (Supplementary Fig. S7). Onion 
and Welsh onion chromosome sequences were relatively conserved 
and could be aligned in almost all regions, and onion and Welsh 
onion centromeres were mapped to homologous regions on the 
alignments. However, multiple CENH3 peaks per chromosome in 
onion including shallot are often observed, even within a single cul
tivar, and their locations vary among cultivars (Fig. 2 and 
Supplementary Figs. S2 and S7). CENH3-distributed regions were 
observed in many cultivars at the position of the ancient centro
mere, but in many cultivars, the CENH3 distribution regions shifted 
from the ancient centromeres. Even when CENH3 peaks remained 
in ancient positions, other CENH3 peaks were present within the 
same individual in many cultivars. Double peaks observed on 1 
chromosome may be in an allelic relationship as observed in human 
chromosomes (Logsdon et al. 2024). For some chromosomes, 3 or 
more multiple peaks were observed. These cases may have a single 
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centromere-like structure composed of multiple CENH3 peaks re
ported in other plants (Liu et al. 2023; Dias et al. 2024). Migration 
of the CENH3 peaks to the same position was observed among the 
different cultivars, indicating that there may be preferred regions 
where the CENH3 peaks migrate (Gent et al. 2017). When the posi
tion of the ancient centromere was used as a reference point, the 
distance from the point to the migrated centromere reached 
28.0 Mb on Chr4 (Fig. 2, A and B). In addition, the distribution of 
CENH3 was investigated between 2 individuals of 7 cultivars (Ac2, 
3, 4, 5, 7, 8, and 9, Fig. 2A and Supplementary Figs. S2 and S7). No 

differences were detected between the individuals in Ac7, but poly
morphisms in CENH3-distributed regions were detected between 
individuals of the same cultivar in Ac2, 3, 4, 5, 8, and 9. These 
data suggest that onion CENH3-distributed regions are highly poly
morphic and undergo frequent shifts. The CENH3 peaks ranged 
from 0.8 to 10.4 Mb in size (Av. 5.0 Mb), and the peaks including 
the ancient positions were larger (Av. 5.8 Mb) than those in the 
new positions (Av. 4.1 Mb) (Fig. 2C). Although both epigenetic shifts 
and structural rearrangements are possible causes of these shifts in 
the CENH3 peak, the shifts frequently observed between individuals 

Figure 1. Mapping of CENH3 and identification of tandem repeats in Welsh onion centromeres. Centromeres of 8 Welsh onion (Af: A. fistulosum) and 2 
Wakegi (W: A. × proliferum) cultivars were identified via ChIP-seq (RE=ChIP/Input) mapping of CENH3 on the chromosomes (Chr). Tandem repeats in the 
5 Mb regions around those CENH3 peaks were analyzed using the moddotplot. The detected tandem repeat tracts (A to E) were labeled onto the 
moddotplot results.
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of the same cultivar suggest that these shifts are more likely to be 
epigenetic shifts than structural rearrangements in the centromere 
region where recombination is suppressed.

The repetitive sequences within or around onion centromeres 
were investigated (Supplementary Fig. S2). Unlike the Welsh 
onion centromeres, the onion centromeres did not contain highly 
(>90% similarity) conserved tandem repeats, with the exception of 
Chr5. Sprouting tandem repeats with low conservation (<90% 
similarity) were, however, observed in some centromeres. A re
peat sequence with a 1.8 kb repetitive unit was repeated on the 
centromeres of Chr1, 4, 6, and 8, and the sequences were partially 
similar to those reported for AcCEN1K (an ortholog of AfCEN1K; 
Kirov et al. 2020; Supplementary Fig. S8). Additionally, a 1.5 kb se
quence with reconstructed fragments of this sequence was re
peated on Chr2. These repeats with sequences similar to 
AcCEN1K were collectively referred to as AcCEN. The AcCEN 
tracts and CENH3-distributed regions overlapped on Chr1, 2, 4, 
and 6 but not on Chr8 (Fig. 2A). In addition to AcCEN, a repeat se
quence not similar to AcCEN with a 1,975 bp repeat unit (named 
CentAc) was repeated on Chr3, 5, and 7 and colocalized with the 
CENH3 peaks.

To confirm if the CENH3 chromatins contain repetitive sequen
ces other than AcCEN and CentAc, the ChIP-seq reads were ana
lyzed by RepeatExplrer2 as Welsh onion via Ac4 ChIP-seq reads. 
In this analysis, 7 clusters with REs of 35 or more were formed 
(Supplementary Fig. S6, C and D). Among the 7 clusters, AcCL28 
showed homology to AcCEN sequences, and the remaining 6 clus
ters all showed homology to CentAc. Those CentAc clusters pre
sented a greater RE than did AcCEN. BLAST searches using those 
CentAc sequences as queries revealed chromosome specificity 
(AcCL16 for Chr3, AcCL62, −72, and −81 for Chr5, AcCL67 for 
Chr7, and AcCL75 for Chr5), and budding tandem repeat units 
were found in those BLAST hit regions (CentAcChr3: 3,605 bp, 
CentAcChr5: 1,975 bp, and CentAcChr7: 1,780 bp). The CENH3 
peaks containing and not containing those repeats were exam
ined for size differences, and the peak containing CentAc was larg
er than the peaks containing AcCEN and not containing those 
tandem repeats (Fig. 2D).

Onion and Welsh onion chromosomes in Wakegi 
(Allium × proliferum) show a single CENH3 peak on 
each chromosome
In this study, Welsh onions presented uniform centromere posi
tions, whereas onions presented cultivar differences in centro
mere positions (Figs. 1 and 2 and Supplementary Figs. S1 and 
S7). What will be the mobility of centromeres in the hybrids of 
those species? Wakegi (Allium × proliferum) are natural diploid 

hybrids of Welsh onion and shallot (Friesen and Klaas 1998). 
These species are the results of ancient hybridizations and, be
cause of their sterility, have since been maintained by vegetative 
reproduction. Two independent lineage Wakegi (W1: Japanese 
and W2: Taiwanese) (Sugiharto Arifin et al. 2000) were used for 
ChIP-seq, and the ChIP-seq reads of 2 individuals from those cul
tivars of Wakegi (W1#1 and 2 and W2#1 and #2) were mapped to 
the Welsh onion and onion reference genomes (Figs. 1 and 2 and
Supplementary Figs. S1 and S7). Since Wakegi are hybrid diploids 
of onion and Welsh onion, it possesses 1 set of onion and Welsh 
onion chromosomes each. One CENH3 peak per chromosome 
was observed on onion chromosomes in the 2 independent culti
vars of Wakegi. However, the CENH3 peak of Wakegi on Chr2 
was anchored to a different part of its broad distribution on 
Chr2 in shallot. No polymorphisms in CENH3 distribution were 
observed among individuals of these cultivars, suggesting that 
CENH3 movement was suppressed in Wakegi after hybridization 
with Welsh onion. These results suggest that the Chr2 peaks 
were fixed during independent hybridization events of the 2 culti
vars. For the Welsh onion chromosomes in Wakegi, the distribu
tion was similar to that of all the Welsh onion cultivars for 
almost all the chromosomes except Chr3, 5, and 7 (Fig. 1 and 
Supplementary Fig. S1). On Chr3, CENH3 was distributed in all 4 
AfCEN tracts in the Welsh onion, but there was only a major 
peak in tract A and a minor peak in tract B in Wakegi. On Chr5, 
its peak disappeared from tract A, and on Chr7, its peak was 
biased toward tracts A and C. Although the hybridization timings 
of Wakegi are unknown, these data suggest that the position of 
centromeres within Wakegi has been maintained relatively sta
ble, but not completely, by vegetative reproduction.

Garlic possesses giant centromeres
Subsequently, the ChIP-seq reads of 2 garlic cultivars (As1 and 2) 
were mapped to the garlic reference genome (GCA_030737875.1; 
Hao et al. 2023; Fig. 3 and Supplementary Fig. S9). First, the cen
tromeres were mapped to the alignment of the garlic chromo
some and the homologous chromosome of the Welsh onion to 
determine whether there was migration of the garlic centromere 
from the positions of the ancient centromeres of Allium 
(Supplementary Fig. S9). Alignment was possible in many re
gions, although the homology between garlic chromosomes 
and Welsh onion chromosomes was lower than that between 
onion chromosomes and Welsh onion chromosomes. However, 
except for Chr4, the centromeric regions had gaps. The centro
mere positions of both species intersected on the alignment on 
Chr4, but on Chr1, 2, 3, and 5, the intersections were in the 
gaps, and the centromeres were mapped on different ends of 
the gap on Chr6 to 8. These results indicate that the centromeres 
of both species essentially remain at their ancient centromere 
positions but that structural changes, including insertions, that 
have occurred in the centromeres make their relative positions 
difficult to determine.

The CENH3-distributed regions in garlic were essentially 1 peak 
on each chromosome, but 3 peaks of 1.0, 3.4, and 7.8 Mb were 
found on Chr7 (Table 2 and Fig. 3 and Supplementary Fig. S9). 
The distances between these 3 peaks were 1.4 and 1.0 Mb, making 
it difficult to determine whether the centromere should be consid
ered 14.6 Mb, including the distance between the peaks, 12.2 Mb 
simply by adding the 3 peaks, or 7.8 Mb, the largest peak. 
Considering that Chr7 was excluded, the size of the garlic 
CENH3-distributed regions ranged from 8.8 (Chr6) to 13.2 (Chr2) 
Mb, with an average size of 10.5 Mb (Table 2 and Fig. 3). Their sizes 

Table 1. Positions and sizes of CENH3-distributed regions and 
AfCEN arrays in the Welsh onion (A. fistulosum) genome

Chromosome  
number

Chromosome 
size (Mb)

Centromere  
location (Mb)

Centromere 
size (Mb)

AfCEN 
arrays 
(Mb)

1 1,690 793.7 to 795.8 2.1 2.0
2 1,625 713.5 to 716.1 2.6 2.4
3 1,607 1,054.2 to 

1,056.1
1.9 1.8

4 1,405 586.1 to 588.2 2.1 2.0
5 1,386 703.9 to 706.5 2.6 2.3
6 1,173 175.0 to 175.9 0.9 0.8
7 1,157 449.8 to 451.1 1.3 1.3
8 1,127 519.5 to 521.0 1.5 1.5

4 | The Plant Cell, 2025, Vol. 37, No. 7

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/37/7/koaf142/8159937 by O

kayam
a U

niversity user on 31 July 2025

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf142#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf142#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf142#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf142#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf142#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf142#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf142#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf142#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf142#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf142#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf142#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf142#supplementary-data


Figure 2. Distribution of CENH3 and centromere-specific repetitive sequences in onion centromeres. A) Centromeres of 9 onion and 2 Wakegi cultivars 
were identified via ChIP-seq (RE=ChIP/Input) mapping of CENH3 on the chromosomes (Chr). Two centromere-specific repetitive sequences detected by 
the moddotplot analysis (see Supplementary Fig. S2) were mapped via BLAST to the same region. The upward arrows indicate ancient centromeres 
identified via Harplot analysis (see Supplementary Fig. S7). B) Distance of the detected CENH3 peaks from the ancient centromere on the same 
chromosome (n = 196). Sizes of centromeres at ancient or new locations C) that were colocalized with or without repetitive sequences D). Center lines 
show the medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th 
percentiles; data points are plotted as dots. n = 104 (Ancient in C), 92 (New in C), 137 (Repeat less in D), 18 (AcCEN in D), and 41 (CentAc in D) sample 
points. Significance according to the t-test (2-sided) is indicated in the plots (**P < 0.01).
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are more than 5.5 times larger than those of Welsh onion and 
twice as large as the sizes of the centromeres of bread wheat 
(1.9–8.1 Mb, Av. 5.0 Mb), the largest centromeres on monocentric 
chromosomes measured by ChIP-Seq to date (Su et al. 2019). 
Onion CENH3 peak sizes (0.8–10.4 Mb and Av. 5.0 Mb) range be
tween Welsh onion and garlic, but it is notable that there is an 
approximately 5.5-fold difference in centromere size between 
closely related species, Welsh onion and garlic. To test the ac
ceptability of garlic giant centromeres, the compatibility of these 
centromere sizes with a proposed relationship concerning cen
tromere size was confirmed. Bennett et al. (1981) found a propor
tional relationship between centromere volume and genome size 
as measured by electron microscopy in plant species. Later, 
this relationship was revalidated using immunostaining with 
anti-CENH3 antibodies and ChIP-seq data, and was shown to 
be applicable to eukaryotes other than plants (Zhang and Dawe 
2012; Plačková et al. 2021). Based on the relationship between 
centromere size and genome size, regression analysis was per
formed on recently published solid reference genome sequences 
and CENH3 distribution data for Arabidopsis (Naish et al. 2021), 
rice (Shang et al. 2023), maize (Chen et al. 2023), soybean (Liu 
et al. 2023), and bread wheat (Su et al. 2019), confirming the com
patibility of garlic and Welsh onion data (Supplementary Fig. 
S10). The analysis revealed that the centromere size of garlic re
vealed in this study conforms to the relationship; rather, the cen
tromere size of Welsh onion is an outlier.

Furthermore, the repetitive sequence organizations within the 
garlic centromeres and their surrounding regions were investigated 
(Supplementary Fig. S2). In a repeat sequence survey, garlic se
quences presented higher overall sequence similarity than Welsh 
onion and onion sequences did, but no clear tandem repeats 
were found in the garlic centromeres or their surrounding regions. 
Spots of >95% sequence similarity were observed on Chr1, which 
partially overlapped with the CENH3-distributed region, although 
not in a tandem repetitive fashion. RepeatExplorer analysis was 
then performed to look for repeat sequences involved in CENH3 
chromatin (Supplementary Fig. S6, E and F). Compared with the 
noncentromeric control, 45SrDNA (AsCL53, RE = 0.6) was present 
in 1 cluster (AsCL96), which presented an RE = 24.9, and it accumu
lated in the ChIP. RepeatExplorer classified this cluster as Tekay, 
and BLAST with this sequence revealed a preference for the centro
mere and matched the spots on Chr1 (Fig. 3 and Supplementary 
Fig. S9). These results may indicate the initial stages of AsCL96 ma
turation as a centromeric sequence.

Discussion
Centromere stability
Because centromere positions have long been used as landmarks 
for karyotypic analysis, these positions have been considered im
movable within the species, except in special cases, such as neo
centromeres (Rocchi et al. 2012). However, recent advances in 
NGS technology have made it possible to obtain reference ge
nomes and perform pancentromere analysis, and examples of 
shifted centromeres have been reported in several species 
(Schneider et al. 2016; Gent et al. 2017; Liu et al. 2023; Logsdon 
et al. 2024). In humans, centromere shifts of up to 2.4 Mb were de
tected in some chromosomes between the 2 reference genomes 
(Logsdon et al. 2024). In soybean, up to 8 Mb centromere shifts 
have been observed between cultivars and during hybrid hind
growth, and these data suggest frequent centromere shifts (Liu 
et al. 2023). The present study revealed differences in centromere 
mobility among 3 closely related species of Allium (Figs. 1 to 3 and 
Supplementary Figs. S1, S2, S7, and S9). Welsh onion and garlic 
centromeres remained stable, with 1 CENH3 peak/chromosome 
(Figs. 1 and 3 and Supplementary Figs. S1, S2, and S9). In contrast, 
multiple CENH3 peaks in onion were found on the same chromo
some, and their positions differed among cultivars and among 

Figure 3. Distribution of CENH3 and a repetitive sequence in the garlic centromeres. Centromeres of 2 garlic cultivars were identified via ChIP-seq 
(RE=ChIP/Input) mapping of CENH3 on the chromosomes (Chr). The dotted squares and numbers indicate centromere locations and sizes, respectively. 
Repetitive sequence (AsCL96) that was preferentially present in the centromere identified via RepeatExplorer2 analysis (see Supplementary Fig. S6E and F) 
was mapped via BLAST to the same region.

Table 2. Positions and sizes of CENH3-distributed regions in the 
garlic (A. sativum) genome

Chromosome 
number

Chromosome 
size (Mb)

Centromere 
location (Mb)

Centromere 
size (Mb)

1 2,424 1,213.5 to 1,223.8 10.3
2 2,273 1,237.5 to 1,250.7 13.2
3 2,194 1,136.1 to 1,145.7 9.6
4 1,944 902.0 to 913.1 11.1
5 1,913 891.0 to 900.9 9.9
6 1,813 1,292.3 to 1,301.1 8.8
7 1,583 919.4 to 920.4 1.0

921.8 to 925.2 3.4
926.2 to 934.0 7.8

8 1,379 903.4 to 914.3 10.9
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multiple individuals of the same cultivar up to 28.0 Mb (Fig. 2 and 
Supplementary Figs. S2 and S7). Additionally, in Wakegi, hybrids 
of Welsh onion and onion, these multiple peaks disappeared, re
sulting in 1 peak/chromosome. The change in centromere mobi
lity among closely related species and their hybrids is 
reminiscent of the loss of centromere stabilizing factors in onions 
and their resupply in the hybrid (Fig. 4). What factors are involved 
in these shifts in centromeres? In chickens, centromere drift oc
curs due to the loss of CENP-U and CENP-S, but this range remains 
below 500 kb (Hori et al. 2017). However, this shift is small com
pared with the shifts observed in Allium species and soybean 
(Liu et al. 2023) and only fluctuates within the same peak. 
Furthermore, since the kinetochore complexes in plants do not in
volve CENP-U or CENP-S (Naish and Henderson 2024), other fac
tors may be associated with large centromere shifts in those 
plants. One possible candidate is the loading factor of CENH3. 
Recently, a CENH3 loading factor was identified in Arabidopsis, 
suggesting that it may be related to de novo deposition 
(Takeuchi et al. 2024). Another factor associated with centromere 
migration may be reproductive mode. The onion (Ac7) and Wakegi 
(W1 and W2) for which no polymorphism was observed between 2 
individuals of the same cultivar (Fig. 2 and Supplementary Figs. S2
and S7) are all varieties maintained by vegetative propagation 
(Supplementary Table S1), and centromere migration may occur 
only during sexual reproduction. Further research, including ge
netic analysis, is needed to clarify these issues.

Centromeric DNA sequences
In the early days of centromere analysis, tandem repetitive DNA se
quences and retrotransposons that localize specifically to centro
meres were reported in mammals and plants (Maluszynsak and 
Heslop-Harrison 1991; Choo 1997; Nagaki et al. 1998, 2003; Cheng 
et al. 2002; Jiang et al. 2003; Iwata et al. 2013; Melters et al. 2013; 
Comai et al. 2017; Zhang et al. 2017; Wlodzimierz et al. 2023; 
Naish and Henderson 2024). Often, the repeat units of those 

tandem repetitive DNA sequences are a few hundred base pairs, 
and their length is similar to the length of the DNA orbiting the nu
cleosome, which often favors such repeat units in the periodic ar
rangement of centromeric nucleosomes (Henikoff et al. 2001; 
Hasson et al. 2013; Melters et al. 2013; Naish et al. 2021; Liu et al. 
2023; Tek et al. 2024). In this study, Welsh onions were shown to 
have AfCEN tandem repeats that roughly match the distribution 
of CENH3 (Fig. 1 and Supplementary Fig. S1). However, its basic 
unit size was ∼2 kb, and furthermore, its size varied within chromo
somes and between inter-repeating tracts (Supplementary Figs. S3
and S4).

In addition, 2 more immature tandem-like repeats were 
detected at and near the centromere in onion (Fig. 2 and 
Supplementary Fig. S8). Some repetitive regions of these sequen
ces were distributed in a head-to-tail orientation, but in many 
cases, there were other sequences between adjacent units, or 
the sequence similarity to adjacent units was lower than that in 
the AfCEN case. One of those 2 tandem-like sequences, AcCEN, 
showed sequence similarity to AfCEN. With respect to colocaliza
tion with CENH3, the position of CENH3 varied among cultivars, so 
these tandem-like sequences and CENH3 peaks sometimes coin
cided and sometimes did not (Fig. 2). Furthermore, no tandem re
peat sequences localized to centromeres were found in garlic 
(Fig. 3). These results suggest that, in Allium species, the ancestral 
repetitive sequence (A_CEN) of AfCEN and AcCEN appeared in the 
centromeres after the divergence of garlic from the other 2 species 
and may still be involved in the process of forming repetitive se
quences in onion, whereas in Welsh onion, they become complete 
tandem repetitive sequences (Fig. 4). Considering this situation of 
tandem repeat sequence maturation together with the difference 
in centromere stability between the 2 species, 2 possibilities exist: 
one is the conventional idea that mature tandem repetitive se
quences suppress centromere migration, and the other is that fre
quent centromere migration suppresses tandem repetitive 
sequence maturation. Furthermore, the fact that garlic has no 
satellite-type repeat sequences at all (Fig. 3) but has stable 

Figure 4. Summary diagram of the evolution of centromeric repetitive sequences and changes in the mobility of CENH3 in Allium species based on the 
results of this study. Events based on the centromere sequence composition and mobility revealed in this study are presented on the phylogenetic tree 
proposed in a previous paper (Hao et al. 2023). The 3 events that occurred on the onion branches were in no particular order.
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centromeres (Fig. 3 and Supplementary Figs. S2 and S9) calls into 
question the need for tandem-type repeat sequences for centro
mere stability.

Centromere-specific retrotransposons have been reported in 
many plant species (Jiang et al. 2003; Nagaki and Murata 2005; 
Nagaki et al. 2011, 2015; Fawcett et al. 2023; Naish and 
Henderson 2024). Among them, gypsy-type LTR retrotransposons, 
called CRs, are present specifically in the centromeric regions of 
several plant species (Jiang et al. 2003; Nagaki and Murata 2005; 
Fawcett et al. 2023; Naish and Henderson 2024; Tsukahara et al. 
2025). Among Allium species, CR orthologs have also been reported 
in onion and Welsh onion (Kiseleva et al. 2014). In this study, de 
novo clustering analysis revealed that the sequences colocalized 
with CENH3 in Welsh onion and onion were mainly tandem repeat 
sequences and did not show large-scale colocalization of retro
transposons (Supplementary Fig. S6). Additionally, clusters con
taining retrotransposon-like sequences that coexist with CENH3 
in garlic did not show homology with the CR. The signals in the 
in situ hybridization images in the original paper also appeared 
to be localized to pericentromeric regions rather than centromeric 
locations (Kiseleva et al. 2014). Based on these results, it is likely 
that the CRs reported in these Allium species are not true CRs 
and may need to be revisited, including checking their distribution 
within these reference genomes.

Centromere size
The centromere size was considered to be in the range of several 
hundred kilo base pairs to 1 Mb because model organisms with 
small genome sizes and artificial chromosomes were used as re
search materials (Choo 1997; Nagaki et al. 2003, 2004). In contrast, 
Bennett et al. (1981) proposed the relationship that the sum of cen
tromere sizes is proportional to genome size. In this study, the rela
tionship was reexamined using recently obtained fine mapping data 
of CENH3 onto accurate reference genomes and Welsh onion and 
garlic data (Supplementary Fig. S10). The results showed that the 
garlic centromere, which appeared to be gigantic, fit the relation
ship; rather, the Welsh onion centromere was found to be smaller 
than predicted. The garlic centromere size (Av. 10.6 Mb) mapped 
in this study is the largest reported to date. If the centromere size 
is based on the relationship, it is possible that species with larger ge
nomes and fewer chromosomes may have larger centromeres than 
garlic. The relationship may be based on the following factors: (i) 
larger centromeres are needed to move larger chromosomes, and 
(ii) within a species, centromere drives proposed by Henikoff 
(Henikoff et al. 2000; Wang et al. 2014) or defects in mitosis, such 
as those observed in Indian muntjac (Muntiacus muntjak) (Drpic 
et al. 2018), occur if centromere sizes are not equalized.

Materials and methods
Plant materials
The cultivars of Allium species, Welsh onion (A. fistulosum), onion 
(A. cepa), shallot (A. cepa L. var. aggregatum), Wakegi (A. × prolifer
um), and garlic (A. sativum) used in this study are listed in 
Supplementary Table S1. For the Welsh onion, plants that were 
germinated from seeds and grown in a greenhouse or purchased 
at markets were used in the study. In the case of onion and shallot, 
plants were germinated from seeds and grown in a greenhouse, 
seedlings were purchased from seed companies, and leaves grown 
from bulbs were used in the study. In the case of garlic, leaves 
grown from the bulb were used in this study. All the greenhouse 
growth was conducted under natural light.

Chromatin immunoprecipitation-Seq
ChIP using the anti-AfiCENH3 antibody (Nagaki et al. 2012) was per
formed as previously described (Nagaki et al. 2015) with minor mod
ifications. Nuclei were isolated individually from 1–3 g of plant leaves 
and then digested with micrococcal nuclease (Sigma‒Aldrich, 
St. Louis, MO, USA) to produce monomeric chromatin or were soni
cated by a Nanoruptor (Diagenode, Denville, NJ, USA) to produce 
2–4 mer chromatin. Following incubation of the chromatin with 
the antibody, the antibody was captured using Dynabeads Protein 
A (Invitrogen, Carlsbad, CA, USA). DNA was purified from the chro
matin with the captured antibodies via phenol/chloroform extrac
tion followed by ethanol precipitation. ChIP-Seq was conducted 
using precipitated DNA from the input and ChIP fractions. Libraries 
were constructed using the NEBNext Ultra II DNA Library Prep Kit 
for Illumina (New England Biolabs, Ipswich, MA, USA), and the 
libraries were read via MiSeq (Illumina), NovaSeq 6000 (Illumina), 
or NovaSeq X plus (Illumina) with the paired-end 2 × 150 bp protocol. 
Chip-seq reads were mapped to the reference genome sequence of 
the Allium genus (Hao et al. 2023) using Chromap (Zhang et al. 
2021). The coverage and ratio to the input were estimated every 
100 kb using Deeptools (Ramírez et al. 2016). The map was plotted 
with pyGenometracks (Lopez-Delisle et al. 2021).

Detection of tandem repeats
The detection of tandem repeats around the centromere was car
ried out using the moddotplot (Sweeten et al. 2024). The sequen
ces around the peaks of the ChIP-seq data were obtained using 
seqkit (Shen et al. 2024) and subjected to moddoplot with the de
fault settings (85% sequence identity) in the static mode in the 
case of Welsh onion. Since onion and garlic centromeres have 
no obvious tandem repeats, the -id option was used to set the low
er limit of 80% sequence identity. The static mode sets a minimum 
window size based on the sequence length as n/1000. The matrix 
with 1,000 × 1,000 sequence pairs was plotted.

RepeatExplorer analysis
The sequence data were analyzed via the similarity-based de novo 
clustering program RepeatExplorer2 (http://www.repeatexplorer. 
org) (Novák et al. 2020). Clusters of repetitive sequences were gen
erated via comparative analysis, an advanced option in 
RepeatExplorer2 clustering.

Statistical analysis
Regression analysis on centromere size and genome size was per
formed by Microsoft Excel using recently published accurate refer
ence genome sequences and CENH3 distribution data for 
Arabidopsis (Naish et al. 2021), rice (Shang et al. 2023), maize (Chen 
et al. 2023), soybean (Liu et al. 2023), and bread wheat (Su et al. 2019).
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The following materials are available in the online version of this 
article.
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Supplementary Table S1. Information on the plants used in 
this study.

Supplementary Figure S1. Genome-wide mapping of CENH3 
and a centromere-specific repetitive sequence in the Welsh onion.

Supplementary Figure S2. Analysis of centromeric repetitive 
sequences of the 3 Allium species.

Supplementary Figure S3. Intercomparison of repetitive se
quences on each centromere in the Welsh onion.

Supplementary Figure S4. Comparison of the similarity of 
AfCEN sequences among each tract.

Supplementary Figure S5. Relationships of full-length AfCEN 
sequences with sequences in previous reports and clusters gener
ated via RepeatExplorer2 analysis.

Supplementary Figure S6. RepeatExplorer2 analysis of 
ChIP-seq data from Allium species.

Supplementary Figure S7. Comparative analysis of onion chro
mosomes and Welsh onion chromosomes with sequence similar
ity and identification of centromere positions.

Supplementary Figure S8. Relationship of AcCEN sequences to 
sequences in a previous report and a cluster generated via 
RepeatExplorer2 analysis.

Supplementary Figure S9. Comparative analysis of garlic chro
mosomes and Welsh onion chromosomes with sequence similar
ity and identification of centromere positions.

Supplementary Figure S10. Correlation analysis of the genome 
size and the sum of centromere sizes based on accurate genome 
and centromere analysis.
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