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Abstract

Background: B chromosomes contribute to the genetic variation in numerous
eukaryotes. Yet their genetic and epigenetic characteristics, as well as their effects
on the host genome remain poorly understood.

Results: Here, we present a comprehensive genome assembly of diploid maize B73
with two copies of B chromosomes using long-read sequencing. We annotate a total
of 1124 high-confidence protein-coding genes and 119,579,190 bp repeat elements
representing 88.55% of the B chromosome assembly. Using CENH3 ChlIP-seq data, we
accurately determined the position of the B chromosome centromere, which features
a unigue monomer-composed satellite array distinct from that found on the chro-
mosome arms. Our research provides detailed genetic and epigenetic maps of the B
chromosome, shedding light on its molecular landscape, including DNA sequence
composition, DNA methylation patterns, histone modifications, and R-loop distribu-
tions across various chromatin regions. Consistent with the cytological morphology
of the B chromosome, the less condensed euchromatin regions displayed high levels
of H3K4me3, H3K9ac, gene expression, and dense R-loop distributions. DNA methyla-
tion on the B chromosome was primarily observed at CG sites. The centromeric region
is notably enriched with H3K4me3 and H3K9ac histone modifications and has lower
CHG methylation compared to the pericentromeric regions. Moreover, our findings
reveal that B chromosome accumulation affects R-loop formation on A chromosomes,
and exerts tissue-specific influences on A chromosome gene expression.

Conclusions: The accurate assembly and detailed epigenetic maps of the maize
B chromosome will help understand the drive mechanism, reveal its conflict
with the host genome, and accelerate the construction of artificial chromosomes.

Keywords: B chromosome, High-quality genome, Centromere, Epigenetic
characteristics, R-loop
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Background

B chromosomes (Bs), also known as supernumerary chromosomes beyond the basic A
chromosome set, are found in numerous individuals across phyla, spanning at least 2951
species [1-3]. Several hypotheses have been proposed for the origin of B chromosomes,
though it is widely accepted that Bs arise from standard A chromosomes [4, 5]. Addi-
tionally, there are cases where Bs may occasionally form spontaneously in response to
new genomic conditions, such as those arising after interspecific hybridization [5] or
implicating sex chromosomes for some species [6, 7]. Given this, the de novo formation
of Bs is likely a rare event, which likely rationalizes their presence in only some spe-
cies or inbred lines [8]. Bs are nonessential and selfish constituents of the genome, rarely
pairing with A chromosomes in most species. However, recent studies have uncovered
genetic activities of Bs, such as improving the recombination frequency of A chromo-
somes [9, 10], reducing the fitness of Z. tritici during host infection [11], and affecting
female sex determination in cichlid fish [6]. B chromosomes are often preferentially
inherited, following non-Mendelian inheritance, collectively constituting the “chro-
mosome drive” This process involves distinct mechanisms and evolutionary pathways
across species, which can occur at pre-meiotic, meiotic, or post-meiotic stages, con-
tributing to variation in B chromosome numbers within species [12—14]. For example,
in maize, during the second pollen mitosis, the sister chromatids of the B chromosome
undergo nondisjunction at the centromeric region [15, 16], and the sperm with B chro-
mosomes preferentially fertilizes the egg during the double fertilization process [17-20].
In Nasonia vitripennis, the B chromosome drive occurs before the first mitotic division
of the zygote, manipulating the sex ratio [21]. In Aegilops speltoides, Bs exhibit nondis-
junction during the first pollen mitosis with root-specific elimination [22—24]. Notably,
recent work by Chen et al. utilizing a newly assembled rye B chromosome genome has
identified key candidate genes involved in B chromosome drive, including DCR28, a
microtubule-associated protein, which is highly expressed during the first pollen mitosis
and was also detected in Aegilops speltoides [25]. Structural polymorphisms of Bs also
have been observed in several species, including Ae. speltoides [26], Brachycome dichro-
mosomatica [27], and Scilla autumnalis [28]. However, in species like maize and rye, B
chromosomes maintain a similar molecular and cytological structure at the subspecies
level [14].

Maize B chromosomes harbor hundreds of genes and transposable elements (TEs),
some of which are shared with the A chromosomes [29]. When their copy numbers are
low, the impact of the B chromosome on plant growth and development is not detect-
able [30]. Therefore, B chromosomes serve as an ideal platform for the insertion and
maintenance of exogenous genes, facilitating the construction of artificial mini-chro-
mosomes while minimizing interference with the host genome. Although maize Bs are
dispensable, a small portion of genes on Bs are actively transcribed. They can also affect
the expression of genes located on the A chromosomes, resulting in noticeable pheno-
typic effects at high copy numbers, such as reduced plant height and decreased fertility
[31]. However, the various epigenetic and transcriptional changes in the host genome
caused by B chromosomes remain poorly understood, largely due to the challenges of
assembling B chromosome sequences, which possess complex structures and substantial

homology with A chromosomes.
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The first sequence of the maize B chromosome was completed in 2021 using short-
read sequence data , resulting in hundreds of contigs and scaffolds, with the short
arm remaining unassembled . Here, we integrated PacBio high-fidelity (HiFi) long-
read sequencing and high-throughput chromatin conformation capture (Hi-C) data to
assemble maize inbred line B73 containing two copies of the B chromosome (B73 4 2Bs-
v2.0). With longer and more accurate sequencing reads, it is now feasible to accurately
assemble the B chromosome, including the centromere, the telomeres, and ribosomal
DNA repeats. To investigate the genetic and epigenetic characteristics of the maize B
chromosome and its effects on the host genome, we conducted a comprehensive analysis
utilizing the new B chromosome assembly (ChrB-v2.0), including gene expression levels,
histone modification patterns, DNA methylation profiles, and R-loop distributions on
the B chromosome, as well as comparisons of transcriptome and R-loop formation in
B73 with varying B chromosome copy numbers. Our findings provide valuable genomic
resources and reveal novel features of the maize B chromosome.

Results

High-quality genome assembly and annotation of maize inbred line B73 with B
chromosomes

Using fluorescence in situ hybridization (FISH) with a B chromosome-specific probe, we
screened for plants of the maize inbred line B73 with two copies of the B chromosome
(2n =20+ 2B). This material was subsequently sequenced and assembled. We generated
156.8 Gb (~ 65 x coverage) of PacBio HiFi reads data and 295.7 Gb (~ 123 x coverage) of
high-throughput Hi-C data using the PacBio Revio platform and Illumina HiSeq plat-
form, respectively (Additional file 2: Table S1). HiFiasm [32] was used for the primary
genome assembly based on HiFi reads, resulting in a draft genome of 2387.3 Mb, con-
taining 1537 contig sequences with an N50 value of 56.40 Mb (Table 1). With the aid
of Hi-C reads, the assembled HiFi contigs were further used to refine the ordering and
orientation of each cluster to achieve a chromosome-level assembly (Fig. 1a, b; Table S1).
The final diploid reference genome of B73 with two B chromosomes comprised 11 chro-
mosomes with a total length of 2288.0 Mb and a scaffold N50 length of 229.22 Mb. Nota-
bly, chromosome 10 was devoid of gaps (Table 1; Fig. 1a, b).

Table 1 Comparison of the B73 4+ 2Bs-v2.0 assembly with the previous genome version

Genomic feature B73 +2Bs-v1.0[15] B73 +2Bs-v2.0
Sequencing technology Hi-C+ Bionano 4 lllumina PacBio HiFi+ Hi-C
Total length (Mb) 23694 23873

Contig number NA 1537

Contigs N50 (bp) NA 56,398,518
Scaffold number 66,269 1494

Scaffolds N50 (bp) 23,788,118 229,222,561
Assigned length (Mb) NA 2288.0

Gap 57,589 94

Ns (bp) 62,121,592 17,204

BUSCO completeness of annotation (%) NA 98.8

LAT score NA 2299
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Fig. 1 Overview of the B73 with two B chromosomes reference genome. a Hi-C interactions between

the ten standard A chromosomes (Chr1-10) and the B chromosome. b Circular diagram of major genomic
characteristics. Circular tracks from outside to inside indicate (i) chromosome; (i) CENH3; (iii) GC skew;

(iv) repeat density; (v) non-TE gene density; and (vi) syntenic non-TE gene pair identified between the B
chromosome and A chromosomes. ¢ Alignment of the new B chromosome assembly (ChrB-v2.0) with
ChrB-v1.0. The upper panel shows the alignment of the entire chromosome, while the bottom panel provides
an enlarged view of the region spanning 0 to 2 Mb. Collinear regions are depicted by gray, and inversion
regions are depicted by blue lines, respectively. The tiny short arm and centromere are highlighted in green
and red, respectively. d Sequence alignments between the A chromosomes and the B chromosome from
the B73 + 2Bs-v2.0 assembly. ChrB represents the B chromosome, and Chr1-10 represent the A chromosomes
from the B73 4 2Bs-v2.0 assembly. Collinear regions are linked by gray lines. The centromeric regions of the A
and B chromosomes are highlighted with orange and red blocks, respectively

The quality of the assembly was assessed using several independent methods. First,
genome-wide Hi-C interaction mapping showed a high consistency across all chro-
mosomes and conformed to inter- and intra-chromosome interaction requirements
(Fig. 1a). Second, genome completeness was evaluated using benchmarking universal
single-copy orthologs (BUSCO), revealing a 98.8% complete score (Additional file 2:
Table S2), which is comparable to that of the potato [33] and oat [34] genomes. Third,
the high fidelity of the final assembly was also supported by the high mapping rate of
97.2% for RNA-seq reads (Additional file 2: Table S3). Fourth, the annotation of long
terminal repeats (LTR) revealed an LTR assembly Index (LAI) score of 22.99, meeting
the gold standard for reference genomes, and supporting a high level of genetic continu-
ity (Table 1). Finally, the new B73 with two B chromosomes assembly (B73 + 2Bs-v2.0)
exhibited high sequence concordance with the previously assembled B73_v5 [35] and
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ChrB-v1.0 genomes , confirming the overall accuracy of the assembly (Fig. 1c, d; Addi-
tional file 1: Fig. S1). Taken together, these assessments serve as evidence of the high
assembly quality of B73 with 2Bs genome assembly.

Based on a combination of de novo prediction, gene homology-based predictions
(GMAP and Gemoma), and RNA-sequencing (RNA-seq) transcript prediction [36, 37],
we predicted a total of 42,607 high-confidence protein-coding genes in B73 + 2Bs-v2.0
reference genome (Additional file 2: Table S4). Next, repetitive sequences within the
genome were annotated through both ab initio and homolog-based search methods. A
total of 2,031,095,324 (85.08%) of repetitive sequences were identified, primarily com-
prising LTR retrotransposons (73.23%) and DNA transposons (7.13%). Among the LTR
retrotransposons, the Gypsy and Copia superfamily accounted for 43.29% and 23.86% of
the genome, respectively (Additional file 2: Table S5).

The genetic and epigenetic maps of maize B chromosome

Using this whole-genome assembly as a basis, the B chromosome assembly, named
ChrB-v2.0, is nearly complete, spanning 135,035,522 bp. It shows 28.4 Mb of previ-
ously uncharacterized regions, including the tiny short arm, which is difficult to observe
cytologically, and 27.7 Mb of sequence within the heterochromatic region of the long
arm (Fig. 1c, Table 2). Direct sequence comparison between ChrB-v2.0 and ChrB-v1.0
reveals an average sequence identity of 98.39% in the aligned regions (Additional file 2:
Table S6). However, there are multiple genomic structural differences, such as inver-
sions and deletions (Fig. 1c; Additional file 2: Table S6). Furthermore, the accuracy of the
B chromosome assembly was validated using whole-genome re-sequencing data from
various maize B chromosome variants with different B chromosome segments resulting
from B-A translocations, B centromere misdivisions, and chromosome breakage events,
as reported by Blavet et al. [4] (Additional file 1: Fig. S2). These data correlate cytological

Table 2 Comparison of the ChrB-v2.0 assembly with ChrB-v1.0

Genomic feature ChrB-v1.0 [15] ChrB-v2.0 %A
Genome Assembly Total length (Mb) 1259 135.0 +6.6
Assigned length (bp) 106,643,106 135,035,522 + 266
Unlocalized bases (bp) 8,593,788 835,366 —90.2
Contig number NA 18 NA
Contig N50 (bp) NA 17,251,596 NA
Scaffold number 1 1 0
No. of gaps (bp) 6286 17 —99.7
No. of N bases (bp) 9,068,090 3400 —999
CG content (%) 43.82 4472 +0.21
Annotation Protein-coding genes 758 1,124 +325
Repetitive bases LINE (bp) 27,883 376,510 +1142.7
Gypsy (bp) 39,881,049 73,603,725 +84.7
Copia (bp) 13,875,615 24,966,954 +80.0
Transposon (bp) 542,062 9,446,098 + 1646
All repeat classes (kb) 72,3222 131,935.0 +394
TE percentage (%) 574 88.55 +543

%A is the percentage change from ChrB-v1.0 to ChrB-v2.0
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features of the B chromosome with the sequence. Initially, we annotated 3252 genes.
After filtering out low-confidence genes and TE protein-encoding genes, we identi-
fied 1124 protein-coding genes, of which 366 were newly anchored (Table 2; Additional
file 2: Table S7). The newly assembled sequences significantly increased the percentage
of repeats on the B chromosome from 57.4% in ChrB-v1.0 to 88.55% in ChrB-v2.0, cor-
responding to 72.3 Mb and 131.9 Mb, respectively (Table 2). This high-quality genome
assembly of the B chromosome represents a significant improvement over the ChrB-v1.0
reference genome.

As illustrated by the pachytene B chromosome morphology, the short arm and cen-
tromere are diminutive (Fig. 2a). The long arm of the B chromosome consists of loosely
packed proximal and distal euchromatin (euchromatin 1 and 2), as well as condensed
proximal and distal heterochromatin (heterochromatin 1 and 2) (Fig. 2a). Repeti-
tive sequences on the B chromosome comprise 73.52% retrotransposons, 9.62% DNA
transposons, and 5.43% satellites, with 2522 full-length LTR-RTs identified (Fig. 2b;
Additional file 2: Table S8). Within the short arm, a significant amount of repeats (75%)
consist of the B chromosome-specific repeat pZmBs (Fig. 2a; Additional file 2: Table S9).
Heterochromatin 1 mainly consists of pZmBs, knob 180 repeat units, and Gypsy ele-
ments. Heterochromatin 2, as well as euchromatin 1 and 2 regions, exhibit distinct
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repeat compositions. Gypsy elements are predominantly found in the short arm, cen-
tromere, and heterochromatin 2 regions. Meanwhile, LINE, copia, DNA transposons,
and helitrons are more abundant in the euchromatin 1 and 2 regions (Fig. 2a). The open
structure of euchromatin likely facilitates the insertion and accumulation of DNA trans-
posons, contributing to this distinctive distribution. Due to the distribution of pZmBs
on the B chromosome, the GC skew peaks co-localize with these repeats, resulting in
distinct GC skew patterns that differentiate the B chromosome from A chromosomes
(Fig. 1b; Additional file 1: Fig. S3). Genes are unevenly distributed across the B chromo-
some, with higher densities concentrated in the euchromatin 1 and 2 regions (Fig. 2a).
For the identification of significantly expressed genes, we combined the RNA-seq data
of B73 with 2Bs from Shi et al. [30] and Huang et al. [38] with RNA-seq data from leaves
and spikelets in our study. In total, there are 337 genes with expression levels (FPKM > 1),
among which 93 genes are highly expressed (FPKM > 15) (Additional file 2: Table S10).
These highly expressed genes are involved in several cellular processes, including but
not limited to “structural constituent of chromatin,” “microtubule-based process,” “pol-
len germination,” and “intracellular protein transport” (Additional file 2: Table S10).
The syntenic analyses between the B and A chromosomes indicate that the B chromo-
some sequence consists of DNA segments contributed by ten A chromosomes, reflect-
ing the complexity and diversity of its composition (Fig. 1b, d; Additional file 1: Fig. S4;
Additional file 2: Table S11). Among the B chromosome genes with homologs in the A
chromosomes, 58 genes are expressed on the B chromosome (FPKM > 1), while 64 are
expressed on the A chromosomes. Of these, 27 genes are expressed on both the A and B
chromosomes (Additional file 2: Table S11).

To investigate the epigenetic landscape of the B chromosome, we employed a combi-
nation of DNA methylation (whole genome bisulfite sequencing), histone modification
data (H3K4me3, H3K9ac, and H3K27me3), and R-loop data (single-strand DNA liga-
tion-based library construction from DNA: RNA hybrid immunoprecipitation, followed
by sequencing, ssDRIP-seq) from B73 with 2Bs (Fig. 2a; Additional file 2: Table S3). In
the short chromosome arm, centromere, and heterochromatin 1, we observed the low-
est levels of histone modification and gene expression, attributable to low gene density
in these regions (Fig. 2a). Conversely, both euchromatic regions 1 and 2 of the B chro-
mosome showed higher level of gene expression, and elevated H3K4me3 and H3K%ac
signals. Additionally, we observed a predominant enrichment of CG methylation on the
B chromosome (Fig. 2a). Compared to the chromosome arms, the centromeric and peri-
centromeric regions exhibit lower levels of DNA methylation (Fig. 2a). This is in contrast
to the high levels of CG and CHG-context methylation typically found in the pericentro-
meric regions of A chromosomes [39]. We hypothesize that the high methylation levels
prevent recombination events in the centromeric regions of normal chromosomes [40].
In contrast, the lower methylation levels observed near the B chromosome centromere
might contribute to the unique inheritance behavior of B chromosomes.

R-loops constitute a three-stranded nucleic acid structure with a DNA: RNA hybrid
and a single-stranded DNA, playing crucial roles in various cellular processes [41, 42].
We identified a high density of R-loops on the B chromosome, particularly in euchroma-
tin regions, as well as within the centromeric regions (Fig. 2a). Furthermore, an analysis
of the sense and antisense R-loop locations revealed that sense R-loop tended to form
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within gene bodies, whereas antisense R-loops predominantly localize at promoters on
the B chromosome (Fig. 2c). Additionally, H3K4me3 modifications was enriched in the
R-loop peaks of the B chromosome (Fig. 2d). These results reveal the complex regulatory

landscape of the B chromosome and its unique epigenetic features.
%A is the percentage change from ChrB-v1.0 to ChrB-v2.0

Sequence resolution and structure of the B chromosome centromere

The functional region of the centromere is defined by the specific histone H3 variant,
CENHS3 [43]. To produce a comprehensive map of the B chromosome centromere, we
conducted chromatin immunoprecipitation sequencing (ChIP-Seq) using an antibody
against maize CENH3. The CENH3 ChIP-seq data were aligned to the B73 4 2Bs-v2.0
assembly. Significant enrichment of CENH3 peaks was observed within the centromeric
region, spanning 660,000 to 1,200,000 base pairs (Fig. 3a, b). In this centromeric region,
we identified 17 intact long terminal repeat retrotransposons (LTR-RTs) and no genes

(Additional file 2: Table S6; Additional file 2: Table S7).
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Furthermore, the centromeres of both A and B chromosomes demonstrate comparable
sequence and structural characteristics, except for Cen9, which exhibits lower sequence
similarity due to centromere repositioning to a region lacking CentC elements (Fig. 3a;
Additional file 1: Fig. S5). Similar to A chromosome centromeres, the functional maize B
chromosome centromere is composed of repetitive elements, including CRM1 (17.4%),
and CRM2 (24.2%) retrotransposons and CentC satellite sequences (22.2%) (Additional
file 2: Table S12). Additionally, the B chromosome centromere also uniquely contains the
B chromosome-specific satellite pZmBs (28.6%), which are localized in the region with
CENH3 peaks (Fig. 3b, c). Unlike in Arabidopsis, where CENH3 tends to bind to highly
conserved repeat sequences [40], CENH3 binding sequences on the maize B chromo-
some are more variable compared to the flanking regions (Fig. 3b).

When 1001-bp pZmBs sequences previously reported [44] were mapped onto our
assembled genome, we observed significant variation in the length of pZmBs frag-
ments, predominantly around ~ 300 bp and ~ 550 bp (Additional file 1: Fig. S6), indicat-
ing the variability of pZmBs. To elucidate the sequence characteristics and structure of
the B chromosome centromere, we utilized TRASH [45] and RepeatExplorer [46] for
tandem repeat annotation. We identified three satellites in the centromeric region,
with lengths of 223 bp, 228 bp, and 524 bp. Among these, the 524 bp repeat includes
the 223 bp repeat (Additional file 1: Fig. S7). Combining previously reported pZmBs
sequences [44], we manually corrected the pZmBs arrays to consist of four monomers
nested in tandem: ZmBs223, ZmBs265, ZmBs244, and ZmBs228, named according to
their respective lengths, and arranged sequentially (Fig. 3d, e; Additional file 2: Table S9,
S13, S14; Additional file 3). Phylogenetic analysis of the four monomers showed that
they could be subdivided into four distinct branches, indicating they are different
sequences rather than variants of the same repeat (Additional file 1: Fig. S8). Within the
ZmBs244 sequence, nucleotides 43—133 bp exhibited homology to the knob 180 tan-
dem repeat, spanning a 90-bp stretch (Additional file 1: Fig. S9), consistent with pre-
vious reports [44]. pZmBs arrays in the centromere have 91-94% identity and a major
length of approximately 960 bp (Additional file 1: Fig. S8—10; Additional file 3). Among
the four sections of pZmBs, ZmBs223 has higher levels of R-loops, H3K4me3, H3K9ac,
H3K27me3 modifications, and DNA methylation (Fig. 3d). Knob 180, compared to the
knob homologous part of the pZmBs, exhibits lower levels of H3K4me3, H3K27me3,
and DNA methylation (Additional file 1: Fig. S11). This distinctive epigenetic landscape
likely reflects different functional roles and regulatory mechanisms between knob 180
and the four sections of pZmBs.

The centromere of the B chromosome assembly consists of a 154,676-bp (28.6%)
pZmBs satellite array, flanked by pZmBs blocks on the short arm (513,463 bp) and long
arm (3,233,306 bp) (Fig. 3b, e). The B chromosome centromeric pZmBs array is primar-
ily composed of four monomers arranged head-to-tail and organized into high-order
repeats (HORs) (Fig. 3e). In contrast, the short and long chromosome arms exhibit a
greater variety of pZmBs HORs, displaying diverse monomer arrangements (Fig. 3e;
Additional file 1: Fig. S12, 13). The most prevalent arrays consist of either five or six
monomers, with Zm223 often having one or two additional copies (Fig. 3e). Other arrays
include various combinations of monomers, DNA transposon insertions, and monomer
deletions or duplications (Fig. 3e; Additional file 1: Fig. S12, 13). In the distal part of
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the long arm, two regions with abundant pZmBs distribution were identified (Additional
file 1: Fig. S14). The organization of pZmBs around the centromere is similar to that in
region 1, while region 2 primarily consists of single 180 bp ZmBs223 elements and frag-
mented Cent4 sequences (Additional file 1: Fig. S14).

Both the centromeric and pericentromeric regions of the B chromosome contain large
amounts of pZmBs. To determine whether centromeres have distinct epigenetic marks
compared to the surrounding pericentromeric heterochromatin, we analyzed DNA
methylation, histone modifications, and R-loop levels at the centromere, as well as in
the pericentromeric regions of the short arm, and long arm of the B chromosome. Our
results indicate that CG and CHH methylation levels are comparable between centro-
meric and pericentromeric regions. However, CHG methylation levels are significantly
lower in the centromeric regions (Fig. 3f). Additionally, the centromeric region is nota-
bly enriched with H3K4me3 and H3K9ac histone modifications (Fig. 3f).

The influence of B chromosomes on A chromosome gene expression is tissue-specific

In maize, the effects of B chromosomes on the host organism vary significantly depend-
ing on their quantity [47]. At low copy numbers, B chromosomes exert subtle influences
on the host’s metabolism without causing noticeable phenotype changes. However,
with five or more B chromosomes, notable phenotypic alterations, such as white lon-
gitudinal striping and reduced fertility, are observed (Fig. 4a). To investigate the impact
of maize B chromosomes on the transcriptome of A chromosomes, we collected young
leaves and tassels from B73 inbred lines with 0B, 2Bs, and 7Bs (displaying the white
striping phenotype) for RNA sequencing. High-quality RNA-seq reads obtained from
these samples were aligned to our reference genome assembly, achieving over 90% align-
ment rate for each sample (Additional file 2: Table S3). Comparing transcriptomes at the
vegetative stage revealed significant differential expression of genes (DEG) located on
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A chromosomes. In young leaves, we found 1934 upregulated and 1517 downregulated
DEGs with 2Bs, and 2597 upregulated and 3445 downregulated DEGs with 7Bs (Fig. 4b;
Additional file 1: Fig. S15). In tassels, we observed 1279 upregulated and 505 downregu-
lated A-located DEGs with 2Bs, and 727 upregulated and 359 downregulated A chromo-
some-located DEGs with 7Bs (Fig. 4b; Additional file 1: Fig. S16).

It is important to note that the B73 genetic background and its associated white strip-
ing phenotype may contribute to some of the observed gene expression changes. In
particular, the white striping phenotype may produce secondary consequences for gene
expression that are not directly caused by the presence of B chromosomes. Our findings
indicate that the impact of B chromosomes on A chromosome gene expression is more
pronounced in young leaves than in tassels. In tassels with B chromosomes and young
leaves with 2Bs, the number of upregulated A chromosome-located DEGs is higher than
the number of downregulated DEGs (Fig. 4b). This suggests that during the developmen-
tal stages with minimal B chromosome influence, A chromosomes tend to exhibit upreg-
ulated gene expression. Additionally, comparisons between 7Bs/2Bs and 7Bs/0B samples
show the highest number of shared DEGs (Fig. 4c; Additional file 1: Fig. S15, S16), high-
lighting the complexity and non-linear effects of increasing B chromosome numbers on
A chromosome gene expression regulation.

GO term analysis revealed that in young leaves with 2Bs, DEGs were mainly enriched

» o« ” o«

for cellular component terms, including “extracellular region,” “nucleolus,” “external
encapsulating structure,” “cell wall” “plasma membrane; “nucleus,” and “lysosome”
(Fig. 4d). In young leaves with 7Bs, DEGs were mainly enriched in molecular function
terms such as “kinase activity,’ “catalytic activity, “DNA-binding transcription factor
activity,” and biological process terms like “carbohydrate metabolic process,” “lipid meta-
bolic process,” and “protein modification process”” In contrast, in tassels, DEGs did not
show clear preference in enriched biological processes in plants containing either two or
seven B chromosomes (Fig. 4d; Additional file 1: Fig. S16). This indicates that in young
leaves, an increasing number of B chromosomes has a more complex and specific impact
on gene expression, affecting different molecular functions and biological processes. It
also highlights the varying impact of B chromosomes on A chromosome-located gene

expression in different tissues and developmental stages.

R-loop distributions and properties on maize A chromosomes are influenced by B
chromosomes

The R-loop, consisting of a DNA/RNA hybrid and a single-stranded DNA, plays crucial
roles in various cellular processes such as DNA replication, gene expression, DNA meth-
ylation, and histone modification [48—50]. In maize, R-loops cover approximately 10% of
the genome [41]. To investigate the dynamic response of R-loops to varying B chromo-
some copy numbers during development, we conducted ssDRIP-seq on leaves and tas-
sels of B73 plants with 0B, 2Bs, and 7Bs. To ensure the specificity of the S9.6 signal for
R-loops, we treated the negative control sample with RNaseH, which degrades the RNA
in RNA: DNA hybrids, and used an untreated sample with S9.6 as the input (Fig. 5a;
Additional file 2: Table S3). The ssDRIP-seq data from the replicate experiments demon-
strated high reproducibility (Fig. 5a). To maximize R-loop identification, we merged two
replicates for further analysis. Snapshots of R-loops showed both shared and distinct



Liu et al. Genome Biology (2025) 26:47

& &

NN N

&I ATRASKAAES d

SR RN I SIS SS

S S
YT

o

OB-leafrep]
0B-leaf-rep2

wslatrer @ Q@@

2Bs-leaf-rep2

R-loop distribution (bp)

TBs-leaf-repl
TBs-leaf-rep2
OB-tassel-repl

OB-tassel-rep2
2Bs-tassel-repl
2Bs-tassel-rep2

[
7Bs-assel-repl 000000001

11135
(15.1%) Ro,047 (23.3%)

b Similar R-loops between different samples

Chrl: 37,605,000-37,635,000 bp
kb

Zmononnass
Gene "=
B73 f = Intergenic ™ Intron ® Promoter = Terminal
2Bs =SUTR  ®3UTR  =Exon
7Bs
B73 ;
Taml‘ L 0B leaf
7Bs 2B leaf
B73 A Y IS " - 1
]_,,,f‘ 2Bs A N
7Bs_ak
B73 s
2Bs A
7Bs aa
B73 RH — =
7Bs RH 0 25 50— 75 Aoo

Leaf ‘

7Bs leaf

0B tassel

Tassel 2Bs tassel

FEFFEE

7B tassel

Variable R-loops between different samples OB leaf
Chr2: 209,075,000-209,130,000bp _Skb 2Bs leal
7Bs leaf

Z000001NT34 Zn00001ANTSS Zm0001 804736 Zm0001a04757
Gene mem = —— —

B73
Leaf | B3 2Bs tassel

7Bs N 7Bs tassel

0B tassel

Tassel |

B
Le:l“ 2Bs 1.l IOV
7

Tassel‘ BT ek -

——2Bs tassel
~==T7Bs tassel

=

2

3

=

X

[
R-loop level

®wR-loop M cR-loop 04
-1kb TSS TES +1kb

0 Antisense R-100p R jeaf
——2Bs leaf

w===TBs leaf
w==(B tassel
«==2Bs tassel
«=7Bs tassel

Number of R-loop peaks (x10%)
g
R-loop level

T T
-1kb TSS TES +1kb

S
¢ ¢ os*\

RO A & ¢ 0

%
“,
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R-loops on the A chromosome among samples with 0B, 2Bs, and 7Bs (Fig. 5b). In both
leaves and tassels, the number of R-loops on the A chromosomes decreased as the num-
ber of B chromosomes increased (Fig. 5c). The size of R-loop peaks on the A chromo-
somes varied slightly with different B chromosomes copy numbers, ranging from 100
to 500 bp (Fig. 5d). In leaves, we identified 301,308 (41.9%) and 154,859 (36.6%) unique
R-loops on the A chromosome in samples with 2Bs and 7Bs, respectively, with about
142,858 R-loops in common to all samples. In tassels, we detected 94,217 (15.1%) and
111,352 (23.3%) unique R-loops in samples with 2Bs and 7Bs, respectively (Fig. 5e).
Similar to the RNA-seq results, in leaves, the A chromosomes exhibited more different
R-loops compared to tassels. Additionally, R-loops often form at recombination hotspots
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(Additional file 1; Fig. S17), suggesting that B chromosomes may influence A chromo-
some recombination hotspots through R-loop-mediated mechanisms.

We further analyzed the average levels of R-loops on annotated genes of the A chro-
mosomes. R-loop patterns were relatively conserved among most samples, with the
greatest enrichment in genes promoter regions. Sense R-loops were mainly enriched
in promoters and transcription termination sites (T'TS), while antisense R-loops were
mainly enriched in the transcription start sites (TSS) (Fig. 5f, g). However, some samples
exhibited different levels and proportions of R-loops on genes. For instance, in tassels,
the proportion of R-loops forming in promoter regions of A chromosomes decreased
with the addition of two Bs but increased with seven Bs. In leaves, neither sense nor
antisense R-loops showed enrichment at the TSS in samples with 2Bs and 7Bs. In tas-
sels, B73 with 7Bs significantly increased the levels of both sense and antisense R-loops
compared to other samples (Fig. 5g). These results indicate that the presence of B chro-
mosomes can influence the distribution and levels of R-loops on A chromosomes, with a
more pronounced impact in leaves.

Discussion

B chromosomes differ in morphology from A chromosomes but exhibit high sequence
similarity. Their number and mechanisms vary widely among different species and indi-
viduals, adding to the complexity of their study, particularly before the advent of long-
read sequencing [3]. Additionally, constructing a comprehensive epigenome of the B
chromosome has been challenging due to the absence of a complete reference genome.
Here, we present a de novo genome assembly for the maize B chromosome, generated
using Hi-C data and deep-sequenced PacBio HiFi long reads with high accuracy. This
improved and high-quality genome assembly has enabled us to thoroughly investigate
all genomic regions, providing a comprehensive view of the genetic and epigenetic
organization of the maize B chromosome, and revealing its unique characteristics. We
observed that, consistent with the cytological morphology of the B chromosome, the
less condensed euchromatin regions exhibit higher gene density, expression levels, his-
tone modification levels, and R-loop density. Unlike A chromosomes, the centromere of
the B chromosome is characterized by unique satellite sequences composed of mono-
mers and lowers level of CHG methylation. while its CG methylation remains compa-
rable to that of the pericentromere. This differs from the centromere of Arabidopsis and
maize A chromosomes, which typically show high levels of CG methylation and reduced
CHG methylation in regions enriched with CENH3. The similar CG methylation lev-
els in the B chromosome centromere may support its unique behaviors, such as non-
disjunction during cell division, while reduced CHG methylation could be essential for
proper centromere function. Additionally, the B chromosome influences the landscape
of R-loops on the A chromosomes. The accumulation of B chromosomes has a stronger
impact on A chromosome gene expression in leaves than in tassels. Overall, the high-
quality genome assembly and epigenetic insights into the maize B chromosome provide
a valuable resource for studying their evolution and drive mechanisms. These findings
contribute to our understanding of how B chromosomes influence host genomes and
their potential applications in artificial chromosome construction and breeding studies.
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Upon examining satellite DNA, we found that an intact pZmBs sequence consists of
four monomers: ZmBs223, ZmBs265, ZmBs244, and ZmBs228. Notably, pZmBs showed
139 bp and 90 bp homology to maize Cent4 and knob 180, respectively (Additional file 1:
Fig. S9, S10), suggesting a shared ancestor, as discussed [44, 51]. These monomers can be
categorized into distinct classes and we identified various types of monomers in HOR
across the B chromosome. ZmBs223 monomers typically vary in copy number within a
monomer, ranging from 0 to 7 copies. We observed greater variation in monomer com-
position within chromosome arms compared to the centromere as defined by the CENH3
association. In the centromere, the predominant type consists of an array composed of four
monomers, whereas in chromosome arms, arrays composed of six monomers are more
prevalent. We hypothesize that the specific binding of centromeric proteins is optimized
for the array configuration of four monomers in the centromere, ensuring the proper for-
mation and function of kinetochores. Additionally, the unique satellite DNA array in the
centromere likely undergoes specific epigenetic modifications, that contribute to its sta-
bility and functionality. Furthermore, the presence of maize A chromosome centromere-
specific repetitive sequences, such as CentC and CRM, within B chromosome centromeres
adds to the sequence diversity compared to pericentromeric regions. The structural differ-
ences between A and B chromosome centromeres, including these distinct compositions
of repetitive sequences, likely contribute to the observed variations. Despite the advantages
of PacBio HiFi sequencing, such as long read lengths and high accuracy, regions with high
sequence similarity between the A and B chromosomes, or the insertion of DNA segments
from A chromosomes into the B chromosome, could potentially affect the quality of the B
chromosome assembly. In future studies, we will employ chromosome flow sorting in com-
bination with PacBio HiFi and high-throughput Hi-C data to isolate individual B chromo-
somes for sequencing, which will provide a more accurate and detailed understanding of
the B chromosome’s structure.

Conclusions

We present a high-quality genome assembly of maize B73 with two B chromosomes, pro-
viding a comprehensive view of the genetic and epigenetic landscape of the B chromosome.
Our analysis reveals that the B chromosome centromere is characterized by a unique satel-
lite array composed of four monomers which differ from those found on the chromosome
arms and exhibit distinct epigenetic modifications on the different monomers. The cen-
tromeric region shows enrichment of H3K4me3 and H3K9ac histone modifications with
lower CHG methylation compared to the pericentromeric regions. Additionally, we dem-
onstrate that variations in the copy number of the B chromosome influence gene expres-
sion and R-loop formation on A chromosomes in a tissue-specific manner. This effect is
more pronounced in leaves and is primarily determined by the presence of the B chromo-
some rather than its copy number. Collectively, the findings improve our understanding of
the unique genetic and epigenetic features of the maize B chromosome and its conflict with
the host genome.
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Methods

Plant materials

To screen for maize (Zea mays) inbred line B73 with B chromosomes (2n =20+ 2Bs),
we performed FISH using the B-specific element pZmBs on the root tips of their
seeds. B73 plants with 0B, 2Bs, and 7Bs were selected and cultivated in a greenhouse
under controlled conditions, with a temperature of 30 °C for 16 h in light and 25 °C
for 8 h in the darkness. After 14 days, the plants were transferred to the field.

Library preparation and genome sequencing

For genome sequencing and assembly, young leaves from 14-day-old B73 plants with
two B chromosomes were collected, washed with sterile water, immediately frozen
in liquid nitrogen, and stored at — 80 °C. Genomic DNA extraction was performed
using the cetyltrimethylammonium bromide (CTAB) method, followed by purifica-
tion using the Qiagen genomic kit (Qiagen, 13,343). The quality and quantity of the
DNA were assessed using a NanoDrop spectrophotometer and Qubit fluorometer,
respectively.

The extracted high-molecular-weight DNA was utilized to construct both PacBio
HiFi sequencing libraries and Hi-C sequencing libraries. The Hi-C and PacBio
sequencing libraries were run on the Nanopore PromethION sequencer and PacBio
Sequell platform, respectively. These long and highly accurate HiFi and Hi-C reads
were assembled using Hifiasm [32] and verkko [52] to generate two versions of the
primary genome with default parameter. The Hi-C data were used to correct and vali-
date interaction pairs using Chromap [53], and a non-redundant Hi-C contact matrix
was generated using juicer (v 1.6) [54]. Additionally, a homology-based scaffold-
ing approach was employed to ensure the consistency of the primary assembly with
B73_v5 and Zm-B73_B-CHROMOSOME using NUCmer [55] to identify homozy-
gous pseudomolecules to chromosome ID. Finally, we filled the gaps with the correct
PacBio reads, ultimately resulting in a high-quality genome assembly.

Evaluation of genome assembly quality

For assembly assessment, four main analyses were conducted. (1) The sequences of
B73 with 2Bs underwent orthology detection using BUSCO [56], revealing the cap-
ture of 98.8% of complete BUSCO. (2) Intact LTR retrotransposons of B73 with 2Bs
were identified using LTR_Finder (Version 1.07) [57], LTRharvest (Version 1.6.1)
[58], and LTR_retriever (Version 2.9.0) [59], and the LAI value was calculated [59].
(3) RNA-seq reads obtained from leaves and tassels were mapped against our assem-
bled genome using HISAT?2 [60] with default settings. (4) Whole-genome re-sequenc-
ing data for various maize B chromosome variants were downloaded from the NCBI
Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) database
under accession numbers SRR11837267 to SRR11837299, respectively. These data
were mapped to the B73 + 2Bs-v2.0 reference genome, and the alignment results cor-

responded to the chromosomal karyotypes.
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Genome annotation

Total RNA was extracted from leaf and tassels using TRIzol for sequencing to support
genome annotation. Before gene prediction, RepeatMasker [61] was used to mask
the genome. The functions of protein-coding genes were predicted by three meth-
ods. First, Ab inito gene prediction was performed using GeneMark-ET (v4.3) [62]
and AUGUSTUS (v3.2.3) [63]. Second, for homology-based gene prediction, protein
sequences of B73_v5 were aligned to our genome assembly. Gemoma [64] was then
used for gene annotation with default parameters. Third, RNA-seq reads from dif-
ferent tissues were mapped to the reference genome of B73 with 2Bs using BWA and
STAR (v2.5.3a) [65]. Gene annotation was then performed using Mikado [66] with
the combined evidence. The functional annotation of protein-coding genes and Gene
Ontology term annotations were obtained using InterProScan (v.5.55-88.0) [67].
For TE annotation, a de novo repeat library was constructed using RepeatModeler
(v2.0.1) (https://github.com/Dfam-consortium/RepeatModeler) and EDTA [59].
The CLARI-TE [64] tool was used to search for TEs using a homology-based search
method. FL-LTR-RTs were identified using LTR_retriever (v2.9.0) [59].

Synteny analysis

During the synteny analysis, we compared the A chromosomes of our assembled
genome with their corresponding chromosomes in Zm-B73-REFERENCE-NAM-5.0
[68] and the B chromosomes with those in Zm-B73_B-CHROMOSOME . The compar-
isons were conducted using MUMmer4 [55] with the command “nucmer -t 100” and
the parameter “delta-filter -m -i 95 -1 1000 Synteny dotplots were drawn using RectChr
(https://github.com/BGI-shenzhen/RectChr) and GenomeSyn [69].

ChIP-seq assay

ChIP was performed following a previously described protocol with some modifications
[70]. Tissues were collected and ground in liquid nitrogen, then resuspended in ice-
cold chromatin extraction buffer (50 mM HEPES pH?7.5, 150 mM NaCl, 1 mM EDTA,
1% Trition X-100, 10% glycerol), and incubated at 4 °C for 20 min with gentle shaking.
The solution was filtered through Miracloth and centrifuged at 1250 x g for 15 min at
4 °C. The pellet was washed until the solution color disappeared. The nuclei pellet was
resuspended in MNase buffer (50% sucrose, 1 M MgCl,, 1 M Tris—HCI, 0.1 M PMSEF)
and digested with MNase (New England BioLabs, 0.5 U) at 37°C for 20 min. Sheared
chromatin was centrifuged at 15,000 x g at 4 °C for 10 min, and 10 pl of the superna-
tant was used as the input control for subsequent sequencing. The remaining chroma-
tin sample was incubated overnight at 4 °C with gentle rotation with 50 ul protein A
beads (Invitrogen 10002D). Beads were separated on magnetic racks and washed three
times each with low salt wash buffer (50 mM NaCl, 50 mM Tris-HCI, 0.2 mM PMSE,
1 x cOmplete Mini EDTA-free protease inhibitor cocktail, 10 mM EDTA), medium salt
wash buffer (100 mM NaCl, 50 mM Tris-HCI, 0.2 mM PMSEF, 1 x cOmplete Mini EDTA-
free protease inhibitor cocktail, 10 mM EDTA), and high salt wash buffer (150 mM
NaCl, 50 mM Tris-HCI, 0.2 mM PMSE, 1 x cOmplete Mini EDTA-free protease inhibi-
tor cocktail, 10 mM EDTA). The beads were then resuspended in elution buffer (50 mM
NaCl, 20 mM Tris-HCI, 5 mM EDTA, 2% SDS) and incubated at 65 °C for 55 min.
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Sequencing libraries were prepared using the NadPrep DNA library Preparation Kit
(1,002,101) and NadPrep UDI Adapter Kit Set C1 for Illumina (1,003,221) according to
the standard Illumina protocol. Libraries were sequenced as 150-bp paired-end reads on
the Illumina NovaSeq platform.

Identification of centromeric regions

5 g of fresh leaves were collected from B73 plants containing two B chromosomes for
nuclei extraction. ChIP-seq was conducted using a maize rabbit polyclonal against anti-
CENHS3. This antibody targets the peptide RPGTVALREIRKYQKSSTSATPERAAGTG
GR, as previously described [71]. Centromeric regions were identified based on the
boundaries of the CENH3 ChIP-seq peaks.

ssDRIP-seq assay

ssDRIP-seq was conducted following a previously published protocol [41]. Briefly, nuclei
isolation was performed similarly to the ChIP-seq assay described above. Nuclei pellets
were resuspended in TE buffer supplemented with 0.1 mg/ml proteinase K and 0.5%
SDS, and incubated at 37 °C overnight with gentle rotation. DNA was extracted using
phenol/chloroform/isoamyl alcohol (25:24:1), dissolved in TE buffer, and quantified
using the Qubit DNA quantification kit (Invitrogen). Approximately 15 ug of DNA was
sonicated using a Covaris system with the following parameters: 60 s at a 10% Duty fac-
tor, 140 peak incident power, and 200 cycles/burst to yield fragments of approximately
300 bp. 1% of the sample was stored at— 20 °C as input, while half of the sample was
treated with RNase A (Takara 2151) and RNaseH (Takara 2151) as a control. Next, both
the treated and untreated sample incubated with 10 ug S9.6 antibody (Kerafast ENH001)
overnight at 4 °C. Fifty-microliter protein G beads (Invitrogen) were incubated with the
mixture for 3 h. The immunoprecipitants in an Eppendorf ThermoMixer were eluted
with elution buffer (50 mM Tris pH 8.0, 10 mM EDTA) and proteinase K for 1 h at 55 °C.
Single-stranded DNA library preparation was performed using the Accel-NGS Plus
DNA Library Kit (Swift Biosciences) following the standard protocol.

ChlIP-seq and DRIP-seq raw data processing and alignment

The raw reads of all the ChIP-seq and DRIP-seq data were quality-trimed using Trim-
momatic (version 0.36) [72], and the quality-controlled reads were aligned to the ref-
erence genome of B73 with 2Bs using BWA with SAMtools (version 1.3.1) [73]. BAM
files were processed using Deeptools (version 3.5.1) [74] to generate normalized cov-
erage files in bigwig format with 50 bp bins, facilitating visualization in the Integrative
Genomics Viewer (IGV) [75]

RNA-seq

We screened maize plants from the B73 inbred line with OB, 2Bs, and 7Bs using
FISH with the repeat pZmBs probe. Among the plants with 7Bs, those displaying
the white striping phenotype were singled out for further analysis. Total RNA was
extracted from both young leaves and spikelets in meiosis obtained from the tassels
of the screened plants, all grown for the same duration. Each sample type comprised
three biological replicates. Total RNA-seq libraries were constructed and sequenced
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by AnnoGene (Beijing, China). The clean sequencing reads were mapped to our
genome assembly using HISAT2 with default settings. Subsequently, featureCounts
was employed to calculate the normalized expression levels (FPKM) of annotated
genes. DESeq2 was utilized to identify the DEGs (padj < 0.5, log,(foldchange > 1). GO
enrichment analysis was conducted using R software (version 4.2.1). Overlapping and
distinct genes were identified using the jvenn online software [76].

Fluorescence in situ hybridization (FISH)

Root tip cells from different plants were prepared for FISH following previously
described protocols [77]. Initially, 1-2 cm root tips were treated with N,O at 10 atm
for 2 h. Subsequently, the tips were fixed in 90% acetic acid for 10 min, washed with
water, and the root cap was removed. The remaining root tip was transferred to a
tube containing 20 pl enzyme solution (1% w/w pectolyase Y-23, 2% w/w cellulase
Onozuka R-10, 10 mM sodium citrate, and 10 mM EDTA), followed by incubation at
37 °C for 1 h. After three washes with 70% ethanol, the root cap was carefully broken
using a dissecting needle. The cells were then centrifuged, ethanol was removed, and
the cells were suspended in 30 pl of 100% acetic acid. Subsequently, 7 pl of the cell
suspension was dropped onto a microscope slide in a humid chamber. After drying,
the chromatin was crosslinked to the slide by exposure to UV light. Hybridization
was carried out using DNA probes labeled with red fluor (5" TEX 615) or green fluor
(5" 6- FAM). Prior to hybridization, root tip DNA and probe cocktail were denatured
by floating in a boiling water bath for 5 min (100 °C). Finally, the slides were placed
in a humid storage container overnight at 55 “C. Confocal microscopy (Zeiss Cell
Observer SD) was employed to capture images, which were subsequently processed
using ZEN 2009 Light Edition (Zeiss, http://www.zeiss.com/) and Adobe Photoshop
CS 6.0 software.

Identification and sequence identity of centromeric repeats in maize A and B chromosomes
The heatmap depicting tandem repeat structures and their identity was generated
using StainedGlass [78, 79]. The tandem repeats on the B chromosome were identi-
fied using two methods: TRASH [45] for the genome assembly and RepeatExplore2
[46] for CENH3 ChIP-seq reads. Sequence identity and length of distributions of all
pZmBs monomers were derived from BLAST results. Dot plots comparing centro-
meric sequence similarity within and between chromosomes of our genome assembly
were generated using Redotable (https://www.bioinformatics.babraham.ac.uk/proje
cts/download.html#redotable).
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