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Results: Here we generate the complete map of centromeric satellite repeats reveal-

ing the organizational patterns of different types of centromeric satellite repeats

within centromeres. These maps are constructed using three recently available
telomere-to-telomere soybean genomes. We find that certain centromeric satellite
repeats exhibit chromosome-specific evolutionary trajectories and may serve distinct
functional roles in centromere activity. We further analyze the potential relationship
between centromere-specific histones H3 (CENH3) and centromeric satellite repeats,
identifying consensus motifs associated with CENH3-binding sites. We also analyze

the higher-order tandem repeats of the centromere and propose a hypothetical model
of centromeric DNA replication.

Conclusions: We conclude that CentGm-1 and CentGm-4 evolve independently.

The observation that completely identical CentGm-4 sequences consistently appear
on the same chromosome across different soybean varieties indicates a stronger chro-
mosome-specific preference for CentGm-4. We propose a model in which replication
templates within the centromere region originate from multiple CENH3-nucleosome
complexes bound to CentGm sequences. Both CentGm-1 and CentGm-4 contain similar
motifs with the potential to bind CENH3 protein. The findings provide a new insight
into the mechanisms behind centromere diversity and dynamics.
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Background

The centromere serves as the foundation for kinetochore formation, which mediates
accurate chromosome segregation by binding to spindle microtubules. However, a
complete understanding of centromeres remains elusive due to their high repetitive-
ness, sequence similarity, and structural complexity. The absence of complete cen-
tromeric sequences in previous genome assemblies based on short-read sequencing
technology resulted in the clustering and assembly of individual repeats into a single
sequence, relegating centromere in the “grey side” of the genomes [1, 2]. Advances
in third-generation sequencing technologies have significantly improved both read
length and accuracy, greatly enhancing the ability to observe and assemble repeti-
tive sequences, particularly those in the centromeric region [3—5]. Despite significant
advances in genome assembly, the structural and functional organization of cen-
tromeres remains poorly understood.

Soybean is not only one of the fastest-growing global crops in recent decades, but it
is emerging as a unique model for centromere research. Unlike most other known plant
species, mainly monocots, which have a single centromeric repeat [6, 7], soybean has
two major distinct types of centromeric satellite repeats (CentGm-1 and CentGm-4) in
its functional centromeres [8]. Recently, telomere-to-telomere (T2T) genomes of dif-
ferent soybean cultivars (WM82, ZH13 and Jack) have been released to the community
[9-14]. The growing availability of complete genomes, including centromeres located
within highly repetitive heterochromatin regions, presents new opportunities to investi-
gate centromere structure and function.

The centromere formation is notably diverse and exhibits rapidly evolving DNA com-
partments, yet it maintains a highly conserved mechanism for chromosome segregation,
known as the centromere paradox [15]. Most eukaryotic centromeres contain numer-
ous satellite repeat sequences organized into large tandem repeat arrays [15], forming
chromosome-specific higher order repeat (HOR) structures [16—21]. The role of these
satellite repeats in binding the centromere-specific histone H3 (CENH3) in nucleosomes
(analogous to CENP-A in animals) remains unclear, despite their essential function in
separating sister chromatids during meiosis [22]. Consensus sequences in centromeric
regions from some species have been identified that are sufficient in binding to CENH3
proteins [23, 24]. In humans, there exists a 17 bp motif in a-satellite repeats known as
the CEN-B box, which binds to the CENP-A protein in centromeres [25]. However,
some centromeres lacking a-satellite DNA have also been identified in human patients,
suggesting that these satellite repeats are neither necessary nor sufficient for centromere
function [26—28]. Moreover, in some animals, such as horses [29, 30] and chickens [31],
functional centromeres with or without tandem repeat sequences have been identified
on different chromosomes.

Although satellite repeat sequences are not directly implicated in centromere func-
tions, the widespread presence of tandem repeats in the centromeres of many plant and
animal species remains poorly understood. This raises an intriguing question: do dif-
ferent combinations of tandem repeat sequences serve distinct functional roles, and do
they contribute to maintaining centromere integrity amid rapid evolutionary changes?
With the increasing availability of gap-free reference genomes and the unique presence
of two significantly divergent types of satellite repeat sequences, soybean emerges as an
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ideal model for investigating centromere structure and function. In this study, we pro-
vide the complete centromeric satellite maps for three currently available complete soy-
bean genomes, revealing centromere-specific chromosomal structures by exploring the
organizational patterns of different satellite repeats within centromeres. We analyzed
these higher-order tandem repeats and proposed a model outlining how centromeric
repetitive regions might replicate, hypothesizing the mechanisms responsible for the
accumulation of centromeric tandem repeat sequences.

Results

Two major types of centromeric satellite sequences in soybean

Soybean centromeres are composed of megabase-scale arrays of tandemly arranged sat-
ellite DNA (CentGm-1 and CentGm-4), which were previously identified by ChIP-seq
[8] and are presumed to have an affinity for binding centromere-specific histone H3
(CENH3) proteins. Multiple genome assemblies are available for different soybean vari-
eties; for consistency, we used the assemblies from Wang et al. for WM82 [9], Zhang
et al. for ZH13 [12], and Huang et al. for Jack [14]. We developed a pipeline to de novo
identify CentGm sequences in the WMS82, ZH13 and Jack genomes, thereby enabling
the detection of potential centromeric regions (Additional file 1: Fig. S1, Additional
file 2: Table S1), which were found to be consistent with the ChIP-seq coverage regions
(Additional file 1: Fig. S2). We subsequently identified two predominant types of tandem
repeats sequences (TRSs) (~91 bp and~410 bp) based on sequence similarity, which
occur in the centromeric regions of all chromosomes and are classified as CentGm-1 and
CentGm-4 sequences (Additional file 2: Table S2). A total of 684,595 CentGmi-1 mono-
mers (62,685,276 bp) and 8,417 CentGm-4 monomers (3,460,061 bp) were identified in
Jack, 626,713 CentGm-1 monomers (57,197,800 bp) and 9,307 CentGm-4 monomers
(3,839,892 bp) in ZH13, and 656,688 CentGm-1 monomers (60,147,825 bp) and 11,101
CentGm-4 monomers (4,582,198 bp) in WMS82 (Additional file 1: Fig. S3, Additional
file 2: Table S2).

By aligning similar CentGm monomers from all chromosomes, we determined the
most prevalent base for each locus within these two predominant CentGm types and
generated two representative CentGm sequences (Fig. 1a, Additional file 1: Figs. S4 and
S5). As a result, a 93-bp representative CentGm-1 sequence and a 451-bp representa-
tive CentGm-4 sequence were identified in soybean cv Jack, a 93-bp CentGm-1 sequence
and a 457-bp CentGm-4 sequence in ZH13, a 93-bp CentGm-1 sequence and a 454-bp
CentGm-4 sequence in WM82 (Additional file 1: Figs. S6 and S7). We validated the cen-
tromeric repeat regions using fluorescence in situ hybridization (FISH), as these regions
are prone to misassembly due to their high density of repetitive elements (Additional
file 1: Fig. S8, Additional file 2: Table S3).

Through analyzing the distribution of the CentGm-1 and CentGm-4 monomers in
the centromeric regions, we found that similar monomers tend to aggregate in adjacent
positions (Fig. 1b) and can be obviously clustered into two groups (Fig. 1b, Additional
file 1: Figs. S11-S30) based on their similarity. We thereby re-identified all CentGm-1
and CentGm-4 monomers in each chromosome of the WM82, ZH13 and Jack genome
assemblies, aligning them to a common start point based on the representative CentGm
sequences. The detailed results show that CentGm-1 and CentGm-4 satellite repeats
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Fig. 1 Two major types of centromeric satellite sequences in soybean. a Distribution of CentGm-1 (blue)
and CentGm-4 (orange) in Chr01/Chr02/Chr03/Chr04 of Jack, ZH13 and WM82. Color intensity indicates
identity to representative CentGm sequences. Centromeric regions from different chromosomes were
divided into 1-kbp segments and arranged left-to-right in a rectangle layout (Additional file 1: Fig. S9). Yellow
indicates non-CentGm sequences, while orange and blue denote CentGm-4 and CentGm-1, respectively. b
The distribution of repetitive sequence lengths and numbers in soybean Jack Chr01 centromere region, with
orange boxes highlighting the consecutive identical repetitive sequences. The y-axis denotes the length
of the repetitive sequences, and the x-axis indicates their positions on the centromere. Different colors
correspond to the repeat counts of different repetitive sequences, and the orange boxes outline the entire
regions occupied by the same type of satellite repeats. ¢ The CentGm clustering results for potential Chr01
centromeric regions in soybean Jack reveal sequence repetitiveness, with identical monomers highlighted
in the same color to indicate sequence similarity. d Diagram of the typical centromere structure of soybean.
Similar CentGm satellite repeat sequences are arranged to form higher ordered repeats (HORs). e Distribution
features of CentGm monomers and transposon elements (TEs) in ChrO1 centromeric region in Jack. (Top)
The location of complete TEs (orange line) and incomplete TEs (blue line), and the number of CentGm types
per 50 CentGm monomers (black line); (Middle) Distances between the nearest identical CentGm monomers
within the same block. The colored dots represent individual CentGm monomers, and the same monomers
plotted in the same row connected by a colored line. Box plots represent distance distribution of the same
CentGm monomers. (Bottom) The location of the top 10 high-frequency CentGm monomer subtypes (blue
for HF10-CentGm-1, orange for HF10-CentGm-4). The Y-axis is the length of CentGm monomers. Black dots
represent all CentGm monomers. f (g) and (h) Length variation of the CentGm-1 fragments on Chr16 of Jack,

WM82, and ZH13, respectively, with a CentGm-1 fragment marked in a black box. Details are the same as in
Fig. Te

form tandem arrays through distinct combinatorial patterns but no tendency of decreas-
ing conservation from central to peripheral sequences in soybean centromeric regions.
Despite various lengths of satellite repeat arrays among different soybean varieties,
most centromeres form multiple CentGm-enriched loci with high sequence similarity
and maintain a relatively conserved alternating composition of “CentGm-1 clusters”
and “CentGm-4 clusters” (Fig. 1d, Additional file 1: Figs. S9 and S10). For instance,
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ChrO01 follows a “CentGm-4 cluster — CentGm-1 cluster — CentGm-4 cluster” pattern,
whereas Chr02 exhibits an interwoven arrangement of four CentGm-1 clusters and three
CentGm-4 clusters (Fig. 1a). However, exceptions were observed in specific chromo-
somal organizations. In Chr03, Jack and ZH13 completely lack the second CentGm-4
cluster found in WMS82 (Fig. 1a). Additionally, Chr20 demonstrates variety-specific dif-
ferences in cluster composition, with distinct alternating ratios of CentGm-1 clusters to
CentGm-4 clusters among Jack (3:2), ZH13 (4:3), and WM82 (5:3) (Additional file 1: Fig.
$10).

In addition to the CentGm clusters, the centromeric regions contain a high abundance
of transposable elements (TEs), predominantly long terminal repeats (LTR) retrotrans-
posons of the Gypsy type (Additional file 1: Figs. S11-S30, Additional file 2: Table S4).
Furthermore, we identified that TEs preferentially insert at the boundaries between dif-
ferent CentGm clusters, as well as in regions with greater variation of CentGm repeat
types (Fig. le, Additional file 1: Figs. S11-S30). Certain tandem CentGm monomers
within some clusters exhibited high sequence identity with no complete or partial TE
sequences detected (Additional file 1: Figs. S11-S30), though their length and distribu-
tion varied significantly among the three soybean varieties. In the proximal region of
Chr16, between the first pair of TE insertion sites, there is a CentGm-1 cluster com-
posed of simple, homogeneous repeats of a single type. In soybean Jack, this cluster
(18,261,459-18,283,966 bp; 22,507 bp in total) (Fig. 1f) is the longest with a simple com-
position, whereas in WM82 it is shorter (17,693,749-17,708,206 bp; 14,457 bp in total)
(Fig. 1g) and nearly absent in ZH13 (Fig. 1h). These homogeneous fragments predomi-
nantly occur in regions where CentGm cluster length varies among the varieties. TEs
are frequently observed at the boundaries of the CentGm cluster, indicating they might
play a role in either bridging or disrupting distinct arrays. The high sequence similarity
within these fragments likely contributes to the observed discrepancies in the centro-
meric sequence lengths among various soybeans.

Independent evolution process of CentGm—1 and CentGm—4
We have observed CentGm arrays of varying lengths across different soybean varieties,
raising the intriguing possibility that the length variations may contribute to the rapid
evolution of centromeres driven by the tandem repeat accumulation. To explore this,
we selected the top10 high-frequency CentGm-1 and CentGm-4 monomers (referred to
as HF10-CentGm-1 and HF10-CentGm-4) on each chromosome (Additional file 1: Figs.
S11-S30, Additional file 2: Tables S5-S10). These most frequent monomers formed
abundant tandem repeat arrays (CentGm-1 copy number >50 and CentGm-4 copy num-
ber >10) at multiple sites within the centromeric regions and notably lacked TEs.
Phylogenetic analysis of HF10-CentGm-1 and HF10-CentGm-4 revealed that most high-
frequency CentGm monomers from the same chromosome clustered within the same
branch (Fig. 2). HF10-CentGm-1 formed two major branches, corresponding to 92-bp and
91-bp subtypes, which were previously reported and considered as distinct centromeric sat-
ellite repeats [32]. In contrast, HF10-CentGm-4 exhibited greater sequence diversity, with
monomer lengths ranging from 313 to 441 bp. Notably, CentGm monomers located on
the same chromosome but from different soybean varieties also tended to cluster together,
indicating the CentGm types are conserved across varieties. Despite the physical proximity
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Fig. 2 Phylogenetic analysis of HF10-CentGm. From inner to outer, each track represents the length
of CentGm monomers, soybean variety, chromosome, and copy number of each CentGm monomer.
a HF10-CentGm-1, b HF10-CentGm-4. CentGm-1 and CentGm-4 undergone independent evolutionary
trajectories

of CentGm-1 and CentGm-4 on the same chromosome, HF10-CentGm-1 and HF10-
CentGm-4 showed distinct clustering patterns, suggesting these two repeat families have
likely undergone independent evolutionary trajectories (Fig. 2).

Higher ordered repeats within a conservative center

In the three soybean genomes, the monomer subtypes, distribution, and abundance
of HF10-CentGm-1 and HF10-CentGm-4 on corresponding chromosomes are not
entirely consistent (Additional file 1: Figs. S31 and S32). These inconsistencies are par-
ticularly evident in regions where the CentGm array lengths vary among the varieties.
For instance, HF10-CentGm-4 is concentrated in the distal portion of the centromeric
region on Chr01 (Fig. le, Additional file 1: Fig. S11), however, the monomer subtypes
of HF10-CentGm-4 in ZH13 and WMS82 differ from those observed in Jack (Additional
file 1: Fig. S32).

By dividing the centromere regions into blocks based on TE locations, we found that
CentGm monomers — particularly those enriched in HF10-CentGm — are arranged in
a mosaic-like pattern. Rather than being positioned adjacently within a block, these
monomers are interwoven and form higher ordered repeats (HORs), where identical
monomers are distributed in a non-contiguous yet orderly fashion (Fig. le, Additional
file 1: Figs. S11-S30 and S33). Interestingly, similar repetitive monomers within the
same block tend to be spaced at consistent intervals (Fig. 1e, Additional file 1: Figs. S11—
$30), suggesting an underlying structural regularity. Given that the genome is unlikely
to undergo such high-frequency recombination across short DNA segments, these pat-
terns point toward the possibility of distinct replication mechanisms. Altogether, these
findings suggest that highly frequent CentGm monomers may play a significant role in
shaping variation in the length and composition of centromeric satellite repeats among
soybean varieties.
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Fig. 3 Soybean CentGm monomers across different varieties. a Shared CentGm-1 and CentGm-4 monomers
across all three soybean varieties: Jack, ZH13 and WM82. b Gaussian kernel density estimation (KDE) of
distances between the same CentGm-1 or CentGm-4 monomers within centromeric regions. Each curve
represents the smoothed distribution of distances between the same CentGm monomers. Colored markers
indicate detected local peaks in the KDE curve, with peak counts labeled in the legend. ¢ Four motifs shared
in both CentGm-1 and CentGm-4 that are potentially functionally important for binding CENH3." 4 "indicates
the DNA strand orientation

Shared CentGm sequences occur in different soybean varieties

We analyzed all CentGm sequences to determine whether certain monomer types
are shared across chromosomes (Additional file 1: Fig. S34). Our results revealed that
some CentGm-1 monomers are recurrently present on multiple chromosomes, whereas
CentGm-4 monomers tend to be restricted to a single chromosome. Notably, Chr10 con-
tains CentGm-1 monomers that are frequently found across several other chromosomes
(Additional file 1: Fig. S34). A similar pattern is also observed among different soybean
varieties: CentGm-1 monomers are often distributed across multiple chromosomes,
while CentGm-4 monomers remain more chromosome-specific and conserved (Fig. 3a).
For example, the CentGm-4 monomer on Chrl3 is shared between Jack and WMS82 but
is markedly different in ZH13 (Fig. 3a). These observations suggest a potential functional
distinction between the two CentGm types, with CentGm-4 possibly playing a role in
chromosome-specific centromere identity.

Furthermore, we investigated whether all CentGm monomers display similar arrange-
ment patterns within the HOR regions formed by HF-CentGm. To this end, we
calculated the distances between identical CentGm monomers within each region delin-
eated by TEs. After removing outliers caused by occasional insertions of non-repetitive
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sequences between CentGm monomers, we found that the median distances of the
same CentGm-1 or CentGm-4 monomers are relatively consistent across all chromo-
somes, ranging from 1,067 bp to 3,702 bp (Fig. 3b, Additional file 1: Fig. S35; Additional
file 2: Tables S11-S13). These results are similar to the patterns observed in HF-CentGm
regions and suggest that the broader CentGm arrays may have originated from a limited
number of HF-CentGm monomer types, followed by successive rounds of mutation and
recombination, contributing to the diversity of centromeric satellite repeat composition.

Statistical analysis revealed that the distances between identical CentGm-1
(CentGm-4) monomers did not differ significantly among the three soybean accessions
(Jack, WM82, and ZH13), with FDR-adjusted p-values>0.05 and Cohen’s d values<0.5,
indicating stable length distributions within each CentGm type (Additional file 2: Tables
S11-S12). In contrast, comparisons between CentGm-1 and CentGm-4 revealed highly
significant differences (p <0.05, FDR-adjusted p-values<0.05), with Cohen’s d ranging
from 0.64 to 0.78 representing moderate to large effect sizes (Table 1). These findings
align with our overall hypothesis that CentGm-1 and CentGm-4 originated from a lim-

ited number of HF-CentGm monomer types and evolved independently.

Functional soybean CentGm monomers are bound with CENH3

By reanalyzing the ChIP-seq data obtained from soybean ZH13 [32], we found that
the majority of CENH3 proteins are enriched in regions containing both CentGm-1
and CentGm-4 sequences across all chromosomes (Additional file 1: Figs. S11-S30).
Although CENH3 exhibits binding capability to both types of CentGm sequences (Addi-
tional file 1: Fig. S36), our analysis revealed a distinct preference in its binding affinity.
CENH3 binds more frequently to CentGm-4 regions, despite the higher overall abun-
dance of CentGm-1 (Additional file 1: Figs. S11-S30). This preferential binding sug-
gests that CentGm-4 may serve as a more functionally relevant platform for centromere
assembly and kinetochore formation, potentially playing a dominant role in centromere
identity and specification.

The occurrence of two types of centromeric repeats in soybean offers an opportunity
to explore the conserved sequence features within centromeric regions. To investigate
the potential functional relationships between different CentGm types, we utilized the
top five high-frequency CentGm-1 and CentGm-4 sequences (HF5-CentGm), along
with two representative CentGm sequences, to search for conserved motifs potentially
involved in CENH3 binding (Additional file 1: Fig. S37). This analysis identified four
putative CENH3-binding motifs that are conserved in all three soybean varieties studied
(Jack, ZH13 and WMS82) (Fig. 3c, Additional file 2: Table S14). We propose that CENH3
recognizes and binds to these conserved motifs, enabling the coexistence and evolution-
ary retention of both CentGm—1 and CentGm-4 repeats in soybean centromeres.

Furthermore, we observed that the spatial arrangement of these motifs differs between
the two CentGm types (Fig. 3c), suggesting distinct modes of CENH3 binding. Notably,
these motifs represent the first putative CEN-B box sequences identified in any plant
species. This discovery provides key insights into the functional architecture of soy-
bean centromeric regions. Future studies on the positional relationship of these motifs
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may provide a deeper understanding of how multiple CentGm sequences interact with
CENHS to form and maintain the higher-order centromeric structure.

Novel centromeric DNA replication model

We further discovered that high-frequency CentGm subtypes (HF10-CentGm) clus-
ter into homogenized arrays of varying lengths and exhibit chromosome-specific
evolutionary patterns (Fig. 2). In the yeast Schizosaccharomyces pombe, centromeric
DNA has been shown to contain a high density of segments, including repetitive
regions, that mediate autonomous replication [33]. In mammals, RNAP II actively
transcribesa-satellite DNA at kinetochores of mitotic chromosomes, and its inhibi-
tion results in chromosome missegregation, such as increased lagging chromosomes
[34]. Integrating these insights with our findings, we hypothesize that centromeres
may possess a distinct replication mechanism involving a template-containing poly-
merase (Fig. 4), akin to telomerase [35]. This mechanism could explain the forma-
tion of HORs, where HF10-CentGm subtypes are concentrated in multiple adjacent,
interlaced fragments (Additional file 1: Fig. S33).

Supporting this model, previous studies have identified numerous interstitial telomeric
repeats (ITRs) of non-telomeric origin within the centromeric regions of Solanum spe-
cies [36, 37]. These elements may be amplified via an extrachromosomal circular DNA
(eccDNA) mechanism mediated by ITRs, potentially giving rise to new centromeric repeats
— reinforcing our hypothesis of a template-based replication in centromere evolution. This
process likely contributes to variable lengths of CentGm regions across chromosomes
(Fig. 1le). Furthermore, TEs frequently appear at the junctions between CentGm-1 and
CentGm-4 arrays, potentially introducing sequence variations, disrupting replication tem-
plates of HF-CentGm, and contributing to CentGm diversity among soybean varieties.

Based on the detailed centromere sequence data from the three soybean genomes,
we propose a replication model centromeric repetitive regions (Fig. 4b). Previous stud-
ies have shown that replication forks originating from euchromatic regions often stall
at centromeres due to CENH3-bound nucleosomes [38], implying that replication of
centromere regions operates through a distinct mechanism. In our model, conserved
sequence motifs identified in both CentGm-1 and CentGm-4 (Fig. 3c) are bound by
CENH3 and serve as templates for a specialized polymerase to replicate the nucleo-
some-rich centromeric regions. We propose that within these regions, polymerases use
templates associated with existing CENH3 complexes to extend HOR arrays, switching
templates as needed when sequence changes are encountered. This model aligns with
prior observations that centromere replication occurs rapidly and late in S phase [39].

(See figure on next page.)

Fig. 4 Hypothetical replication model of centromeric repetitive regions. a Schematic illustrating the
hypothesis of how a centromeric sequence template might be obtained from a nucleosome. b Hypothetical
process of rapid centromere replication involving multiple simultaneously active polymerases that change
templates. ¢ FISH of CentGm-1 and CentGm-4 repeats during the transition from interphase chromatin to
prophase chromosomes of WM82. Bars =5 um. CentGm-4 signal labelled red. CentGm-1 signal labelled green.
From the first to the third row, scattered fluorescence signals around centromeres gradually increase and
then decrease, suggesting that extrachromosomal CentGm clusters might form progressively during late S
phase



Huang et al. Genome Biology (2026) 27:17

a I’\ e
- &

o

| Type-1
i
b .
Replication fork
stalling \
5
HF-CentGm

become HORs

e N
)

| |
I | I
Nucleosome
it ) TE
B ‘ H
\./‘( /
"
=
AN TE
\J ) W
| &
T3 1 T2 /
~ P 1
T4 T1

Fig. 4 (Seelegend on previous page.)

T2 T3 T4 TS e

CentGm

2,
.l”(.‘l
Type-2 Type-1 |
| |
| I I
5
" " Replication
288 { fork stalling
+ — 3[

T4 TS o T2 T4

\_Typel (T1

T2 T3 T4

Page 11 0f 18



Huang et al. Genome Biology (2026) 27:17 Page 12 0of 18

Supporting this, our FISH experiments on soybean interphase cells revealed numerous
dispersed CentGm fluorescence signals, which likely coalesce into defined centromeric
regions during the transition from interphase chromatin to prophase chromosomes
(Fig. 4c). Moreover, the chromosome-specific nature of CentGm-4, its preferential asso-
ciation with CENH3 (Additional file 1: Fig. S36), and the broader chromosomal distri-
bution of CentGm-1 suggest that these repeat types play distinct roles: CentGm-4 may
contribute to chromosome-specific recognition, whereas CentGm-1 may facilitate effi-

cient centromere replication.

Discussion

In this study, we analyzed the centromeric satellite repeats across three soybean vari-
eties and identified two distinct types, CentGm-1 and CentGm-4, that both bind the
centromeric histone CENH3 and co-exist across chromosomes (Fig. 1, Additional
file 1: Figs. S11-S30). Despite variation in array length and composition, their organi-
zation is largely conserved on corresponding chromosomes, with CentGm-1 subtypes
being broadly distributed, while CentGm-4 subtypes display more chromosome specific-
ity. These observations suggest the two repeat types may serve distinct functional roles
within the centromere.

The architectural dynamics of centromeres—characterized by diverse yet function-
ally conserved repeat sequences—may be driven by a specialized mechanism tailored
to maintain centromere stability and replication efficiency. We propose that centro-
meric DNA replication is rapid and efficient, as the newly synthesized strands remain
associated with CENH3-bound nucleosomes, thereby preserving centromere identity
throughout cell division. In our model, replication initiates simultaneously at multiple
locations, where polymerases utilize CENH3-bound sequence variants as templates
to produce interlaced HOR arrays (Fig. 4b). These fragments are subsequently linked
together, and TEs may introduce further variation or disrupt replication, contributing
to architectural complexity. Alongside template-guided replication, conventional repli-
cation and sequence exchange likely co-occur, particularly at the edges of HOR arrays,
where diverse CentGm subtypes tend to accumulate. These CentGm variants may per-
form complementary functions, supporting both centromere integrity and rapid replica-
tion. This model explains the extensive sequence variability of CentGm in centromeric
regions, where all variants retain CENH3-binding capacity due to their origin from
templates stabilized by CENH3-bound nucleosomes. Thus, we propose that centromere
function — mediated by CENH3 binding to conserved motifs — preceded and guided the
evolutionary accumulation of satellite repeats, establishing a dynamically self-reinforc-

ing centromere architecture.

Conclusions

We have successfully deciphered the complex centromere regions in soybean genomes,
uncovering intricate arrays of repetitive sequences interspersed with TEs. The presence
of two major CentGm types likely reflects soybean’s evolutionary history as a paleopol-
yploid species derived from two unknown ancestors. It is possible that both CentGm
types were retained due to their roles in maintaining centromere stability. If so, similar
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patterns of multiple types of centromeric satellite repeats might be expected in other
polyploid (particularly allopolyploid) genomes, such as Fragaria vesca (strawberry),
which contains at least two or more satellite repeat types (Type I, II, III, IV-1, IV-2) with
monomer lengths typically falling into two categories: ~ 146 bp and ~158 bp [40, 41].
Unlike soybeans, which maintain two completely distinct sets of repeats, the two straw-
berry types share >80% identity and >90% coverage, suggesting functional interchange-
ability, with some chromosomes containing only one type. In soybean, the co-existence
of CentGm-1 and CentGm-4 enabled comparative analyses that led to the identification
of the first putative CENH3-binding sites in a plant genome.

Our further investigation of centromeric repeat organization led to the development
of a replication model in which template-containing polymerases simultaneously repli-
cate multiple regions. Based on high-resolution centromere sequence architecture, this
novel model offers new insights into centromere diversity and dynamics and provides a
valuable framework for future experimental validation as more advanced technologies

emerge.

Methods

De novo discovery of CentGm sequences

The methods and procedures for identifying CentGm sequences and generating statisti-
cal charts have been packaged into the unitFinder software. This tool can perform de
novo identification by inputting a single chromosome sequence via the -seq parameter,
or reference-based identification by supplying potential satellite repeat sequences via the
-cen parameter. The detailed steps are as follows:

First, we located the potential centromere regions by finding the tandem repeats
sequences [42] (Additional file 1: Fig. S1b, Additional file 2: Table S1). Tandem Repeats
Finder was used to find tandem repeat sequences (TRSs) which contain CentGm
sequences with parameters “2 7 7 80 10 50 500 -f -d -m”. We employed an iterative
approach to ensure the detection of shorter tandem repeats within higher-order TRSs
(Additional file 1: Fig. S2). Using unitFinder to identify potential satellites without refer-
ence, the repeated command is as follows: “python unitFinder.py -seq Chr*.fasta -name
Chr*”

After finding the smallest TRS in potential centromeric regions, we used nucmer with
parameter “-c 10 -1 10” to align the TRS to each other, and the TRS with identity > =50.0
and coverage > 80% will be grouped as the same TRS. We grouped the TRSs based on
sequence similarity, and those present across all chromosomes were considered as the
potential CentGm sequences (Additional file 1: Fig. S2a, Additional file 2: Table S1).
Results from each chromosome were merged and potential CentGm sequences identi-
fied using scripts typeMerge_type_raw.py and getChrTypeFromMerge.py, respectively.

Finally, we reidentified the potential centromere regions by aligning potential CentGm
sequences to the genome to find TRSs within these regions (Additional file 1: Fig. S2b,
Additional file 2: Table S1) and using unitFinder command as follows: “python unit-
Finder.py -seq Chr*.fasta -name Chr* -cen *.subtype.fa” The TRSs shared in all chromo-
somes were considered as the CentGm sequences.
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Generation of HF-CentGm sequences and Representative CentGm
Centromeres display a large number of CentGm sequences, so we only selected the
TRS of high frequency in contiguous regions based on copy number. TRSs shared in all
chromosomes were selected by using nucmer with the parameter ‘-¢ 5 -1 5" and grouped
the TRS with identity>55.0 and coverage >70%. Any TRSs, appearing in all chromo-
somes, were considered as CentGm sequences. We reordered the TRS sequences within
a group by aligning them with each other using nucmer with the parameter “-c 10 -1
107 so that they can have same start locus and same end locus. To generate the repre-
sentative CentGm sequences, we aligned TRSs within each group used Clustal-Omega
(1.2.4-foss-2016b) with the parameter “-v -force” and counted the most common base
type for each locus. Two representative CentGm sequences were obtained in the three
soybean varieties (Additional file 1: Figs. S4 and S5) and utilized to align all CentGm
monomers from the three soybeans by running nucmer with the parameter "-c 10 -1 10",
then the CentGm of the highest frequency on each chromosome were identified. The
representative CentGms were generated using scripts complete-Gm1.unit.py, complete-
Gm4.unit.py and unify.py. The script getType.py was used to align all CentGm mono-
mers to a common start point based on the representative CentGm sequences.

The phylogenetic analysis of the 10 most abundant types was performed using
MEGAXS5 [43] with the minimum evolution method.

Statistical analysis of distances between identical CentGm monomers

Mann-Whitney U test was conducted to compare the distances between identical
CentGm monomers across different soybean accessions. P-values were adjusted for mul-
tiple comparisons using the Benjamini—Hochberg procedure to control the false discov-
ery rate (FDR). Additionally, Cohen’s d was calculated to assess the practical significance
of the observed effects, with values>0.5 considered indicative of a meaningful effect in
real applications. All statistical analyses were performed with the SciPy library in Python
(version 1.11.2).

Motifs of CentGm sequences
MEME (version 5.0.5) program [44] was used to find motifs in CentGm sequences with
parameters “-dna -oc. -nostatus -time 14,400 -mod oops -nmotifs 5 -minw 6 -maxw 50

-objfun classic -revcomp -markov_order 0”.

Fluorescence in situ hybridization (FISH) and image analysis

Chromosomal preparation and FISH experiments were performed following the pro-
tocol described by Huang et al. [14]. Mitosis prophase chromosomes of Jack were pre-
pared as described by Koo et al. [45]. For probe preparation, sequences of centromeric
repeats (CentGms) were used to design the PCR primers (Additional file 2: Table S3).
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The CentGm—4 and 92-bp centromeric probes were labeled with biotin-16-dUTP and
digoxigenin-11-dUTDP, respectively, using the PCR Kit (PCR DIG Probe DIG Synthesis
Kit, 11,636,090,910; Biotin-16-dUTP, 11,093,070,910). The FISH reaction mixture, con-
taining 20 pL of hybridization mixture (50 ng of each labeled probe), was added to the
denatured chromosome slides and incubated for 18 h at 37 °C for hybridization. After
post-hybridization washes, the digoxigenin- and biotin-labeled probes were detected
using digoxigenin antibody (Anti-Digoxigenin-Fluorescein, Fab fragments, 39,516,300)
and biotin antibody (Streptavidin-Cy3TM, S6402), respectively.

Chromosomes were counterstained with 4’,6-diamidino-2-phenylindole (DAPI)
in Vectashield antifade solution (Vector Laboratories, Burlingame, CA). Slides were
examined under the ZEISS Axio Imager M2 fluorescence microscope with the filters
(365 EX/445+50 EM for the DAPI blue fluorescence, 500+20 EX/535+30 EM for
CentGm-1 centromeric probe FISH signals, and 545+ 25 EX/605£70 EM for CentGm-4
centromeric probe FISH signals). Images were captured with a Zeiss Axio Imager M2
microscope (Carl Zeiss Microscopy LLC, Thornwood, NY) using a cooled CCD camera
CoolSNAP HQ2 (Photometrics, Tucson, AZ) and AxioVision 4.8 software. The final con-
trast of the images was processed using Adobe Photoshop 2024 software.
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