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Centromeres are the specialized regions of the chromosomes that direct faithful chromo-
some segregation during cell division. Despite their functional conservation, centromeres
display features of rapidly evolving DNA and wide evolutionary diversity in size and
organization. Previous work found that the noncanonical B-form DNA structures are
abundant in the centromeres of several eukaryotic species with a possible implication
for centromere specification. Thus far, systematic studies into the organization and
function of non—B-form DNA in plants remain scarce. Here, we applied the oat system
to investigate the role of non-B-form DNA in centromeres. We conducted chromatin
immunoprecipitation sequencing using an antibody to the centromere-specific histone
H3 variant (CENH3); this accurately positioned oat centromeres with different ploidy
levels and identified a series of centromere-specific sequences including minisatellites and
retrotransposons. To define genetic characteristics of oat centromeres, we surveyed the
repeat sequences and found that dyad symmetries were abundant in oat centromeres and
were predicted to form non—-B-DNA structures in vivo. These structures including bent
DNA, slipped DNA, Z-DNA, G-quadruplexes, and R-loops were prone to form within
CENH3-binding regions. Dynamic conformational changes of predicted non-B-DNA
occurred during the evolution from diploid to tetraploid to hexaploid oat. Furthermore,
we applied the single-molecule technique of AFM and DNA:RNA immunoprecipitation
with deep sequencing to validate R-loop enrichment in oat centromeres. Centromeric
retrotransposons exhibited strong associations with R-loop formation. Taken together,
our study elucidates the fundamental character of non-B-form DNA in the oat genome
and reveals its potential role in centromeres.
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Centromeres are the fundamental chromosomal regions responsible for accurate chromo-
some segregation during mitosis and meiosis (1-3). They provide the assembly sites for
kinetochores that mediate interactions between the chromosomes and the spindle micro-
tubules (4-6). Functional centromeres are marked epigenetically by the presence of the
centromere-specific histone H3 variant (CENH3) (7-9), whose presence is both necessary
and sufficient for centromere function. Despite their conserved function during chromo-
some segregation, centromeres are among the most dynamic and fast-evolving chromo-
somal regions (10). For most species, specific DNA sequences alone are neither sufficient
nor necessary for centromere function supported by the existence of neocentromeres at a
number of chromosomal sites (11). Thus, the functional significance of centromeric DNA
in identity is unclear.

The DNA of eukaryotic cells is generally in a canonical right-handed B-form double
helix (two DNA strands linked antiparallelly by forming base pairs in the B-form
duplex). Interestingly, in addition to the canonical B-DNA structure, DNA can form
noncanonical DNA structures such as G-quadruplexes, R-loops, hairpins/cruciforms,
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Z-DNA, triplexes, and slipped DNA (12—-15). Noncanonical DNA structures, known
as non—B-form DNA, have been implicated in gene expression (16, 17), telomere
maintenance (18), double-strand breaks (19), and the life cycle of transposable elements
(20). Recent studies highlighted a role for non—B-form DNA in centromere function
(21-23). They found that centromeric DNA sequences from yeast and several animals
are enriched in dyad symmetries, which show a predicted propensity to form
non-B-form DNA. Furthermore, these secondary structures are directly visualized by
single-molecule techniques, and in terms of the mechanism, CENP-B can modulate
the topology of centromeric DNA, which is important for preserving centromere
positioning and favoring centromere integrity in human cells (24). Whether plant
centromeres fold into unique secondary DNA structures and the role of this non—B-form
DNA in centromere remain unknown.
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Oat (Avena sativa L.) is one of the world’s most important cereal
crops owing to its use as an essential nutrient for both humans
and animals. The genus Avena contains three major identified
ploidy levels, that is, diploid, tetraploid, and hexaploid cytotypes
(25, 26). The hexaploid oat (2n = 6x = 42, AACCDD) has been
proposed to have originated from the formation of a CD genome
tetraploid from C and D genome diploids, followed by hybridi-
zation to an A genome diploid, with whole-genome doubling at
each stage to promote chromosome pairing (27, 28). Recently,
the high-quality reference genomes of Avena species were released
(27, 29); however, the landscape of centromeric repeats and their
association with non-B-form DNA in oat have not been investi-
gated in detail.

In this study, we identified functional centromeric regions of
diploid, tetraploid, and hexaploid oat via chromatin immunopre-
cipitation sequencing (ChIP-seq) using anti-CENH3 antibody
and isolated centromere-associated repeats as well as their posi-
tioning with CENH3 nucleosomes. We surveyed the predicted
non-B-DNA structures and profiled a genome-wide identification
of R-loops using DNA:RNA immunoprecipitation with deep
sequencing (DRIP-seq). We discovered that non-B-form DNA
is enriched in the oat centromeres and associated with centromeric
transposable elements occupied with CENH3. These results pro-
vided additional insights into understanding non—B-form DNA
in plant centromere specification and regulation.

Results

Identification of Functional Centromeres in Hexaploid Oat.
To identify the location and sequence of functional centromeres
of oat, we developed a CENH3 antibody that could recognize
the oat centromeres of all chromosomes (S/ Appendix, Fig. S1
Aand B). ChIP-seq with CENH3 antibody was performed using
nuclei isolated from leaf tissue of hexaploid oat (ACD, 2n = 2x
= 42). To confirm the specificity of ChIP experiments, we use
fuorescence in situ hybridization (FISH) of ChIPed DNA on
metaphase chromosomes of hexaploid oat. The results showed
strong signals at centromeres of each chromosome, supporting
the enrichment of centromeric sequences (S Appendix, Fig. S1C).
The ChIPed DNA and input control DNA were then sequenced
using the NovaSeq platform, both generating approximately 18
million 150-bp paired-end reads. The filtered reads were mapped
to the high-quality reference genome of Sang oat, which has
been recently sequenced using the Oxford Nanopore ultralong
sequencing and Hi-C technologies (29). Approximately, 78%
of the reads were aligned to a unique position in the reference
genome (SI Appendix, Table S1).

The unique ChIP-seq reads that were normalized by input were
plotted in 100-kb windows along the chromosome position
(Fig. 1). In contrast to the discontinuous CENH3 peaks that were
detected in some chromosomes of wheat and switchgrass (30, 31),
significant signal sequence enrichment was observed in the cen-
tromeric regions of the 21 oat chromosomes, indicating a
high-quality assembly of oat centromeres (Fig. 1). The size of the
core region of CENH3 binding in hexaploid oat centromeres
varies from 5.0 to 9.8 Mb, with an average centromere size of ~6.9
Mb (Table 1), which is similar to that of wheat centromeres. Of
the three subgenomes, the AA subgenome showed the largest cen-
tromere size, followed by the DD and CC subgenomes.

Predicted Non-B-Form DNA Tends to Form in Oat Centromeric
Regions. The high-quality oat genome and precise knowledge of
its centromere location provide an opportunity to inquire into
the genetic characteristics of the oat centromere. Previous work
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found that non—B-form DNA is enriched in human centromeres
and has been implicated in regulating its activity and stability
(23). To investigate whether oat centromeres fold into unique
secondary DNA structures, we first examined the distribution of
dyad symmetries in oat centromeres with the consideration that
dyad symmetries are prone to adopt non—B-DNA conformations.
We applied the computational EMBOSS palindrome algorithm
to identify dyad symmetries <10-bp DNA based on the genome
sequence. The length of most dyad symmetries varies in the range
of 4 to 6 bp. We compared the density of dyad symmetries in the
centromere, the pericentromere, and the chromosome arms of the
three subgenomes. We found that in all the three subgenomes,
centromeres displayed higher dyad symmetry densities than
chromosome arms (Mann—Whitney U test, P < 0.05) (Fig. 24),
suggesting that dyad symmetries are abundant in oat centromeres.
RNAfold was previously used to predict the folding free energies
of non—B-DNA structures, a more negative folding free energy
indicates more stable non—B-DNA structures (21). Indeed, we
found that centromeric DNA tends to form more stable secondary
structures (Fig. 2B). This phenomenon was even more pronounced
in the centromeres of the AA and DD subgenomes but less obvious
in the centromeres of the CC subgenome. Furthermore, the
folding free energies were negatively associated with the density
and length of palindromes in the centromeres (S Appendix, Fig.
S2 A and B).

To determine whether centromeres are susceptible toward
adopting non—-B-DNA structures, we used the non-B-DNA motif
search tool (nBMST) (32) that can generate accurate predictions
of six different non—-B-DNA-forming motifs: A-phased DNA
repeats (bent DNA), direct repeats (slipped structures), mirror
repeats (triplex DNA), inverted repeats (cruciform structures),
alternating purine—pyrimidine tracts (Z-DNA), and G4 motifs
(G-quadruplexes) (32). When we plotted the number of predicted
non-B-form DNA in a 500-kb window along the entire oat
genome, we observed that Z-DNA, slipped DNA, and DNA
bending tended to form in the centromeres (Fig. 2Cand
SI Appendix, Figs. S3 and S4). Permutation tests also revealed these
three non—B-form DNA are highly enriched in the oat cen-
tromeres, while the other four non—B-form DNA did not show
this tendency (Fig. 2D). Taken together, these results suggest dyad
symmetries are enriched in oat centromeric regions and may fold
into different non—B-DNA conformations.

Centromeric Repeats Contribute to the Formation of Non-B-Form
DNA. The centromeric region is mainly composed of transposable
elements, and the results that non—B-form DNA is enriched in
centromeres prompted us to investigate which types of centromeric
repeats of A. sativa (CRA) contribute to the formation of non-B-
DNA structures. We first constructed the de novo repeat clusters
analysis for hexaploid oat with RepeatExplorer software using 1.2
million randomly selected sequence reads from the input. Then,
the CENH3 ChIP-seq reads and input reads were mapped to these
repeat clusters to calculate the ratios of each cluster. The ChIP
to input ratio was indicative of the relative enrichment of each
repeat in the centromeres. Of these clusters, 64 clusters showed a
ratio greater than threefold (Fig. 34), suggesting that these repeat
clusters were likely associated with the centromeres. Using the
Basic Local Alignment Search Tool (BLAST), we found six clusters
were specifically mapped to the centromeres of the AA and DD
subgenomes, seven clusters were mapped to the centromeres of the
CC subgenome, and 51 clusters span the entire functional core
of all the oat centromeres. All the centromeric repeats belonged
to long terminal repeat (LTR) retrotransposons of the Gypsy- and
Copia-like families (Dataset S1). Four clusters were selected for
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further cytological confirmation. FISH assays showed that clusters
CRA39, CRA120, and CRA299 produced clear signals in all the
oat centromeres, and the cluster CRA82 was only abundant in
centromeric regions of the AA and DD subgenomes (Fig. 3C). We
did not identify tandem repeats in this analysis. Thus, we used
another software, tandem repeats finder (33), to investigate whether
some tandem repeats were enriched in oat centromeres. Four
minisatellites showed fivefold enrichment and FISH detected one
pair of strong centromere signals and two pairs of weak centromere
signals for minisatellite 1 (M1) and M2 while M3 and M4 located
to five pairs of centromeric regions (Fig. 3 Band C).

To determine which types of centromeric repeats are contribut-
ing most to the likelihood of adopting non—B-DNA structures, we
first computed the content of the repetitive elements in the genome
as a control. Then, fold enrichment was calculated by comparing
the percentage of six types of predicted non—B-DNA conforma-
tions in repetitive elements and control sequences. Extensive
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Fig. 1.

non-B-form DNA variation was observed between transposon
families. For example, Z-DNA was more likely to form in SINE
and Gypsy retroelements; triplex DNA tended to form in transpos-
ons, such as CACTA, Mutator, hAT, Helitron, and TcI-Mariner;
cruciform DNA was overrepresented in AAT, Tc1-Mariner, Copia
(belonging to the LTRs), and PIF-Harbinger; G-quadruplex was
highly aggregated in hAT, Tcl-Mariner, CACTA, and PIF-
Harbinger; slipped DNA showed significant positive overlap with
CACTA, Mutator, and Helitron; the majority of bent DNA pref-
erentially form in Gypsy (Fig. 3D). Notably, recent studies have
shown that centromeric satellites are strongly associated with
non—B-DNA structures (21-23). Therefore, these results suggest
that centromeric repetitive elements are enriched for predicted
non-B-DNA structures; more than one repeat class or family at
centromeres contributes to the enrichment of individual
non-B-DNA structures, indicating that centromeric repeats may
differently contribute to non—-B-DNA structure formation.
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Genome-wide mapping of CENH3 ChlIP-seq reads to the oat reference genome (AACCDD). (A-G) Schematic overview of CENH3 ChlIP-seq reads of

hexaploid oat normalized by input on homoeologous group chromosomes 1 to 7 (RPGC normalization in 5-kb bins). The mapped read density was plotted in
100-kb windows along 21 chromosomes. The X axis shows the positions (x100-Mb) on each chromosome. The Y axis represents the normalized sequence read
count ratio between ChIP-seq and input on each position, which was calculated based on the ratio of reads per million/100. The different colored lines represent
the read density in different oat subgenomes (red, AA subgenome; black, CC subgenome; and blue, DD subgenome).
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Table 1.

Positions of functional CENH3-binding regions in hexaploid oat centromeres

Chr Chr size Cenloca- Censize Chr Chrsize Cenloca- Censize Chr  Chrsize Cenloca- Censize
(Mb) tion (Mb) (Mb) (Mb) tion (Mb) (Mb) (Mb) tion (Mb) (Mb)
1A 525 153.8-161.3 7.5 1C 426 243.5-249.5 6.0 1D 469 143.2-150.0 6.8
2A 469 150.0-158.0 8.0 2C 538 209.5-214.5 5.0 2D 516 353.0-361.0 8.0
3A 409 226.5-231.5 5.0 3C 574 218.5-223.5 5.0 3D 454 185.0-192.5 7.5
4A 460 126.0-133.0 7.0 4C 667 348.0-355.0 7.0 4D 415 122.5-128.5 6.0
5A 476 216.0-225.8 9.8 5C 573 243.5-250.5 7.0 5D 489 186.6-194.0 7.4
6A 445 133.0-140.0 7.0 6C 579 357.5-364.5 7.0 6D 298 90.5-97.0 6.5
7A 490 318.0-327.5 9.5 7C 506 292.0-298.6 5.4 7D 490 220.6-228.5 7.9

Cen, centromere; Chr, chromosome.

R-Loops Are Common Features of Oat Centromeres. As one
type of non—B-DNA conformations, R-loops are accumulated
in centromeric regions in human, Arabidopsis, and maize to
promote faithful chromosome segregation and chromatin loop
formation (34, 35). To answer whether R-loops are prevalent in
oat centromeres, we used an DRIP-seq approach to enable the
genome-wide detection of R-loops in hexaploid oat (negative
control treatment with RNase H) (87 Appendix, Fig. S5). We
detected 954,788 Watson DNA strand-related R-loop (wR-
loop) peaks and 952,020 Crick DNA strand-related R-loop
(cR-loop) peaks (SI Appendix, Fig. S6A), which covered ~5%
of the oat genome (87 Appendix, Fig. S6B). Most of the peaks
were 200 to 1,000 base pairs (bp) long (S/ Appendix, Fig. S6C).
A GA-rich motif of R-loops was identified by using MEME-
ChIP (36) (SI Appendix, Fig. S6D). Oat sense R-loops mainly
formed in both promoters and transcription termination sites,
while antisense R-loops occurred around the transcription start
sites compared with flanking regions (87 Appendix, Fig. S7).
Furthermore, they tend to form in regions of high GC and AT
skews (81 Appendix, Fig. S8). Altogether, the sequence signatures
and distribution pattern of R-loops shared a conserved signature
across species. Next, we used MACS2 (37) to call R-loop
peaks and profiled the distribution of R-loop peaks along each
chromosome. We found a chromosome-level trend of R-loops
increasing toward pericentromeres and centromeres (Fig. 44).
We also performed immunostaining of anti-DNA-RNA hybrid
antibody (§9.6 antibody) combined with FISH using the probe
of centromere-specific retrotransposon (CRA39). Many R-loop
signals were scattered along the chromosomes, and a few signals
were observed in proximity of CRA39 foci (Fig. 4B). Our
previous studies in maize have shown that R-loops were strongly
accumulated at the 455 rDNA region. Similarly, very prominent
R-loop signals were also observed in the 45S rDNA region of
oat (Fig. 4B). However, it seems that there is no correlation with
any feature on the heat maps (Fig. 4 A and B). To assess the
assembly quality of the rDNA region, the full-length 455 rDNA
was used as a query for BLAST analysis to the oat reference
genome. As expected, most of the sequence was aligned to
one unassigned scaffold, indicating that 45S rDNA might not
be fully assembled in the oat reference genome (87 Appendix,
Fig. S8D). Thus, the 45S rDNA region is presented quite small
in the graph (Fig. 44). Taken together, our bioinformatic and
experimental results suggested that R-loops were enriched in
oat centromeric and pericentromeric regions.

To determine which structural elements in CRA are the major
contributions for R-loop formation, we profiled the distribution
of R-loops on CRA39, CRA82, CRA120, and CRA299
(Fig. 4Cand SI Appendix, Fig. S9 Aand B). We found that
R-loops localized to both ends of the retrotransposons (<2-kb).

40f12 https://doi.org/10.1073/pnas.2211683120

To get a better insight into the architecture of R-loops formed at
these retrotransposons, we used an in vitro transcription system
to characterize the consequences of R-loop formation on the
CRA39 and CRA82 templates. As reported previously (35),
R-loop formation on circular templates was associated with a pro-
nounced shift in plasmid mobility on agarose gels. RNase H treat-
ment completely reverted this upward shift (Fig. 4D). Dot blots
with the anti-S$9.6 antibody also validated the formation of stable
R-loops at CRA39 and CRAS82 (Fig. 4E). Furthermore, we used
atomic force microscopy (AFM) to directly visualize R-loop struc-
tures on the CRA39 and CRA82 templates. According to the
method described for R-loop imaging of maize retrotransposons
(38), we unambiguously identified R-loop structures on the
CRA39 and CRAS82 templates due to its displaced single-stranded
DNA. We observed that R-loops were positioned at 35% (+5%)
from one end of DNA, consistent with the expected location of
the R-loops on the full-length CRA39 and CRAS82 (Fig. 4F and
SI Appendix, Fig. $10), which is consistent with the distribution
of DRIP-seq reads on CRA39 and CRAS82. In contrast, we did
not observe an R-loop structure in the CRA control in AFM.
Taken together, these results from agarose gels, $9.6 dot blots, and
AFM validation showed that R-loops formed on the oat centro-
meric retrotransposons.

Non-B-DNA Structures Are Predicted to Form in CENH3-
Binding Regions. Active centromeres are marked by nucleosomes
assembled with CENH3. However, it remains unknown how the
newly synthesized CENH3 is incorporated into centromeres.
Previous results revealed that highly repeating centromere
sequences were linked to centromere locations or CENH3
binding in rice, maize, wheat, and other species (31, 39-41),
indicating their potential roles in centromere function. Thus, to
investigate whether the identified centromeric retrotransposons
from oat contribute to the assembly of CENH3 nucleosomes,
we surveyed the association between CENH3 nucleosomes
and retrotransposons, including CRA39, CRA82, CRA120,
and CRA299. To do this, we followed a similar approach used
in analyzing human and wheat centromeres (31, 42, 43). The
CENH3-ChIPed and Input-seq reads represent the CENH3
and canonical nucleosome fragments, respectively. The joined
reads were aligned to the retrotransposon sequences using BWA-
MEM software (44). The midpoint distribution of the fragments
was treated as the location of the sequence on the CENH3 or
canonical nucleosomes. Five major binding peaks were identified
on CRA39 for CENH3-ChIP-seq reads, indicating phasing
of CENH3 nucleosomes on CRA39. Moreover, the input
nucleosomes were present at the same positions on CRA39,
suggesting that most of the CRA39 sequences for each repeat
were wrapped around CENH3 nucleosomes (Fig. 5A4). Similarly,
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pericentromere; and cen, centromere. (B) Predicted DNA secondary structure folding free energy along centromeres and 30-Mb up- and downstream regions.
The cyan, purple, and orange lines represent DNA secondary structure folding free energy predictions in 500-kb windows along the chromosomes of AA, CC, and
DD subgenomes, respectively. The X axis represents the position of DNA dyad symmetries on the chromosome; the Y axis represents the folding free energy.
(C) Diagram of frequency of different non-B-DNA structures on representative chromosomes (Chr 4A, Chr 5C, and Chr 3D). The X axis represents the position
of DNA dyad symmetries along the chromosomes; the Y axis represents the frequency of non-B-form DNA in 500-kb window along the chromosomes. The
different colored lines represent different oat subgenomes (cyan, AA subgenome; purple, CC subgenome; and orange, DD subgenome). Schematic diagrams
of different types of non-B-DNA structures including Z-DNA, slipped DNA, and DNA bending (Right). (D) The fold enrichment of different types of centromeric
non-B-form DNA relative to the whole AA, CC, and DD subgenomes. The dashed line represents enrichment fold = 1.0 (permutation test; asterisks denote the
observed value was >90% of the permutation value). The different colored lines represent different types of non-B-form DNA (blue, DNA bending; orange,
slipped DNA; gray, G-quadruplex; yellow, cruciform DNA; purple, H-DNA; and green, Z-DNA).

several major peaks were also observed on CRA82, CRA120, and non—B-form DNA in centromeric regions; the results indicated
CRA299, which implies the presence of a specific position for  that the formation regions of predicted slipped DNA, Z-DNA,
mapping CENH3 nucleosomes (Fig. 5B and S/ Appendix, Fig. S9 ~ DNA bending, cruciform DNA, and G-quadruplexes were
D and E). These results indicated that CENH3 nucleosomes are enriched in CENH3 (Fig. 5D). However, no CENH3 enrichment

phased with specific sites on the oat centromeric retrotransposons.  was detected for predicted triplex DNA (87 Appendix, Fig. S9).

Considering that centromeric repeats are capable of selectively ~ Our previous work showed that R-loops tend to form in CENH3
forming a wide variety of non—B-DNA structures (Fig. 3D), we nucleosomes in Arabidopsis and maize (35, 38). To assess whether
asked whether non—B-form DNA is associated with CENH3  the colocalization pattern was conserved in oat, we analyzed the
nucleosomes. To this end, we used two different methods to ana-  association between R-loop peaks and CENH3 nucleosomes using

lyze the potential correlation of the predicted non—B-form DNA ~ CENH3-ChIP and R-loop data and found that R-loops were also
with CENH3 nucleosomes. First, we determined the positions of ~ highly colocalized with CENH3 nucleosomes (Fig. 5 E and F).
CENH3 nucleosomes from CENH3-ChIPed reads using nucleR  Altogether, these results provided clues that non-B-form DNA
(45) and evaluated overlap of six types of non—-B-DNA confor- ~ may play a role in CENH3 nucleosome identity and assembly by
mations and CENH3 nucleosomes. Although cruciform DNAis  acting as a “docking zone.”

not enriched at centromeres (S/ Appendix, Fig. S4 B and D), it

overlaps with CENH3 nucleosomes significantly more than =~ Non-B-DNA Conformations Are Involved in the Rearrangement
expected. Additionally, CENH3 nucleosomes showed the high ~ of Centromeres during Evolution. Polyploidization frequently
degree of overlap with DNA bending, slipped DNA, Z-DNA,  happens in plant evolution and is usually associated with rapid
and triplex DNA. The lowest overlap was observed between structural and functional alterations of genomes (31); centromeres
CENH3 nucleosomes and G-quadruplexes (Fig. 5C). Second, we ~ are the most rapidly evolving genomic regions and vary
profiled the distribution of CENH3-ChIP reads around predicted ~ dramatically in size and organization. Non—B-DNA structures can
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affect DNA synthesis and lead to genome instability. To further
investigate the changes of non—B-form DNA that occurred within
the centromeric regions during oat evolution, we first identified
centromeric regions of diploid (Avena atlantica, AA, 2n = 14;
Avena eriantha, CC, 2n = 14) and tetraploid (Avena maroccana,
CCDD, 2n = 4x = 28) relatives by ChIP-seq with anti-CENH3
antibody. The trimmed reads were mapped to a unique position
in the reference genomes of A. atlantica (27), A. eriantha (27),
and A. insularis (CCDD, 2n = 4x = 28) (46), respectively. The
distribution of ChIP-seq reads normalized by input was displayed
in 500-kb windows along the chromosomes. Significant sequence
enrichment was observed in the centromeres of diploid and
tetraploid oat (Fig. 64 and SI Appendix, Figs. S11-S15). Then, we
used defined criteria to delimit the boundaries of each centromere
and determined the sizes of various centromeres. The average size
of CENH3-enriched centromere cores of A. atlantica, A. eriantha,
and A. maroccana was 5.6, 6.3, and 5.4 Mb, respectively
(SI Appendix, Tables S2 and S3).

Sequence variation is tightly associated with non—-B-DNA
conformations and linked to centromere location or CENH3
binding. Previous studies found that centromere positions
might vary in wheat genomes at different ploidy levels (31). To
assay for such variation in oat, we remapped the CENH3-ChIP-
seq reads from A. atlantica, A. eriantha, and A. insularis to the
reference genome of hexaploid oat. This approach makes it pos-
sible to identify conserved and varied centromeric regions.
Approximately 36.9%, 38%, and 40% of the reads were aligned
to distinct positions in the AA, CC, and CCDD chromosomes
of the reference genome, respectively (Fig. 6B). Significant peaks

https://doi.org/10.1073/pnas.2211683120

indicating the location of the centromeres were observed on all
the chromosomes. However, the size and position of cen-
tromeres vary widely, especially from the progenitor of CC and
tetraploid (CCDD) to hexaploid oat (Fig. 6B). These results
suggest that rapid divergence of centromeric DNA occurs from
diploid to tetraploid to hexaploid oat during and/or after
polyploidization.

As the centromeres of A. atlantica, A. eriantha, and A. insu-
laris are well assembled, this provides an unprecedented oppor-
tunity to investigate the structural variation by collinearity
analysis in oat centromeres during polyploidization. The syn-
teny map revealed extensive structural rearrangements in the
centromeric and pericentromeric regions between A. atlantica
and Sang in the AA subgenome, A. eriantha, A. insularis, and
Sang in the CC subgenome, and A. insularis and Sang in the
DD subgenome (Fig. 6C and S Appendix, Fig. S16). For the
subgenomes AA and DD, small-scale inversions were detected
between orthologous chromosomes. Genes in Cen4A and
Cen5A of A. atlantica showed no collinearity with the AA subge-
nomes of Sang, indicating gene loss in Sang Cen4A and Cen5A.
More strikingly, we observed an excess of syntenic gene loss at
and near the centromeric regions of A. eriantha (SI Appendix,
Fig. S§16). These results suggest that large chromosomal dele-
tions occurred from the progenitor of the AA and CC subge-
nomes to hexaploid oat. Taken together, the detection of gene
loss and inversions indicates that oat centromeres have under-
gone rearrangement during evolution, which also led us to sug-
gest that we may observe non-B conformational variation in
oat centromeres at different ploidy levels.
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To further evaluate the changes of predicted non-B-form DNA
that occurred within centromeric regions during oat evolution,
we calculated the enrichment of six types of non-B-DNA con-
formations in centromeric regions of diploid (AA and CC) and
tetraploid (CCDD) oat. The results showed that predicted
Z-DNA, slipped DNA, and DNA bending were enriched in cen-
tromeres of the AA diploid and D subgenome of tetraploid oat,
which were consistent with the results of hexaploid oat (Fig. 6D).
However, bent DNA was not enriched in the centromeres of CC
diploid and C subgenome of tetraploid oat. Next, we compared
the proportions of the six types of predicted non—-B-form DNA
in the centromeres of polyploid oat subgenomes. Predicted non—
B-form DNA showed distinct patterns in the A, C, and D subge-
nomes from diploid to tetraploid to hexaploid oat. For example,
a greater fraction of H-DNA occurs in the centromeres of AA
diploid (~23%), while it was depleted in the A subgenome of
hexaploid oat (-7%); cruciform DNA and Z-DNA increased in
oat centromeres during the evolution from diploid to tetraploid
to hexaploid oat (Fig. 6E). These results suggested that frequent
chromosomal rearrangements occurred during the evolution of
oat of non—B-form DNA exists.

Discussion

In most higher eukaryotes, centromeres are composed of satellite
repeats and retrotransposons. Due to the very large and complex
genome, cytogenetic and genomic analysis of oat centromeres lag
far behind other major crops. Although genome-wide repetitive
DNA in oat had been identified based on the unprocessed oat

PNAS 2023 Vol.120 No.1 e2211683120

genomic DNA (47), the genetic and epigenetic characteristics of
oat centromeres have not been reported, partly due to the chal-
lenges of centromere sequences assembly (27). Here, we report
CENH3 ChIP-seq analysis in polyploid oat and used a graph-
based clustering approach to identify repeat DNA sequences asso-
ciated with centromeres. Different from the DNA composition
of centromeres reported in maize (48), Arabidopsis (49), rice (50),
and switchgrass (30), we identified abundant centromeric repeats
originating from LTR/Gypsy retrotransposons (Dataset S1).
However, we did not detect centromere-specific tandem repeats.
The presence of chromosome-specific satellite-free centromeres
was also reported in brassica, cotton, potato, wheat, and chicken
(31, 51-55). It is possible that the centromeres in both the poly-
ploid and diploid oat are still undergoing dynamic changes.
CENH3-containing nucleosomes exhibit a strong preference for
the young repeats (56); young retrotransposons in oat centromeres
are expected to evolve, potentially, leading to the accumulation of
satellite arrays. Another possibility is that satellite repeats were
originally present in oat core centromeres, but they were excluded
from the active centromeric regions by subsequent retrotransposon
insertions into the CENH3 regions (57). The future analysis of
centromeric sequence composition in oat progenitors will provide
insight into sequence variation during centromere evolution.
Furthermore, in order to determine whether these retrotranspos-
ons are functional in centromeres, we analyzed the binding sites
of CENH3 or bulk nucleosomes on the retrotransposons and
found that these retrotransposons have the capacity to bind
CENH3 (Fig. 5 and ST Appendix, Fig. S9 D and E). However,

these retrotransposons share no similarity.
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Although significant progress has been made in understanding
centromere assembly, sequence characteristics, and its associated
proteins, there are still many unanswered questions about cen-
tromere identity, maintenance, and evolution. The existence of
neocentromeres implies that centromere function is largely inde-
pendent of DNA sequences. One view holds that epigenetic reg-
ulation may be the major determinant of centromere specification.
However, DNA structure is a critical element in determining its
function in that a wide variety of non—B-form DNA structures
affect gene expression, DNA synthesis and replication, and
genome organization (12, 58). Evidence from an increasing num-
ber of studies indicates the important role of unusual DNA struc-
tures in the centromeres (21, 23). Thus, we would like to consider
the role of DNA conformation in centromere organization and
function. Using computational programs, we observed obvious
enrichment of predicted Z-DNA, slipped DNA, and bent DNA
at centromeres of the three oat subgenomes, and these predicted
non—B-DNA structures were potentially formed in clustered trans-
posons and CENH3-enriched regions (SI Appendix, Fig. S9C).
Surprisingly, although some types of predicted non—B-form DNA
were not enriched in oat centromeres compared with chromosome
arms, such as G-quadruplexes, cruciform DNA, and H-DNA,
these structures still occupy a large proportion of centromeres; we
also observed the enrichment of CENH3 in the formation regions
of G-quadruplexes and cruciform DNA (Fig. 5C). In Great apes

80f 12 https://doi.org/10.1073/pnas.2211683120

and mouse, centromeric satellites have been predicted to have a
low propensity to form cruciforms (59). However, cruciforms were
associated with CENP-A enrichment in human and mouse when
treated by permanganate (21). Thus, the potential roles of
non—B-form DNA, which were not enriched in centromeres, can-
not be discounted. Furthermore, cruciform structures were also
detected at human and chicken neocentromeres (21-23), suggest-
ing a role for centromere identity. One possible explanation is that
CENH3 may be incorporated in loci where DNA sequences could
adopt non—B-DNA conformations to initiate neocentromeres.
We also observed that the numbers of predicted non—-B-DNA
structures in the AA and DD subgenomes are greater than that in
the CC subgenome (Fig. 2C). This is partly due to the fact that
two of the three subgenomes are too homologous to distinguish
from each other. These results suggest that the different
non-B-DNA structures at centromeres may exhibit subge-
nome-biased distribution. Furthermore, predicted non-B-DNA
structures varied when centromeres undergo rapid evolution from
diploid to tetraploid to hexaploid oat (Fig. 6E). This may be
explained by the fact that centromeric repeat variation occurred
via deletion, insertion, and inversion or by mixing of different
parental sequences during allopolyploid formation. These pro-
cesses actively contribute to variability in retrotransposon nucle-
otide sequences, size, and number in oat centromeres (60, 61),
and also result in the variation of non-B-DNA structures, affecting
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tetraploid, and hexaploid oat.

centromere function. Despite the differences in sequence compo-
sition, the enrichment of predicted non—B-DNA structures was
remarkably conserved in oat centromeres with different ploidy
levels (Fig. 6D). Additionally, non-B-DNA structures are pre-
dicted to form in CENH3-binding regions, suggesting the poten-
tial roles of non—-B-DNA structures in centromere function; DNA
can adopt a number of alternative structures owing to the influ-
ence of special proteins. CENP-B was found to be involved in
bending DNA (42). Yeast Scm3 and human HJURP are
CENH3“ENPA chaperones (62), which might read or stabilize
non-B-DNA structures to deposit CENH3. Clearly, non-B-DNA
structures alone do not necessarily attract CENH3.

R-loops have been studied among different species. The dis-
tribution of R-loops varies in species and subgenomes. Until
recently, the analysis of whole-genome R-loop sequencing data
was only described in three plant species, namely Arabidopsis,
rice, and maize; their biological relevance in polyploids with
large and complex genomes was still unknown. Here, we present
genome-wide mapping of R-loops in hexaploid oat.
Approximately 5% of the oat genome was covered by R-loop
peaks; this proportion is much lower than that in Arabidopsis,
rice, and maize. As expected, we observed high enrichment of
R-loops in proximity to the centromeres and within pericen-
tromeric heterochromatin, which are preferentially formed
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within repetitive sequences. These results are consistent with
our previous work of maize R-loops, indicating that R-loops
are common features of centromeres. Recent work showed that
mitotic centromeric R-loops can recruit the ATR kinase to
active aurora kinase B, which promotes accurate chromosome
segregation (34). Further support for this model was recently
provided by Moran et al. (63), and they extended this finding
that R-loops produced at centromeric repetitive sequences local-
ize the chromosome passenger complex to the inner centromere
to maintain sister chromatid cohesion. We also found that
R-loop formation regions were enriched in CENH3. These
findings point toward the possibility that R-loops originating
from centromeric repeats may serve as a placeholder for epige-
netic signals and function.

Methods

Plant Materials. Oat seeds were germinated at room temperature for several
days and then transplanted into soil and grown in the greenhouse with an average
temperature of 20 °C under a 16-h light-8-h dark cycle.

chIP and ChiP-seq. ChIP was conducted as previously described by Liu (64) with
some modifications. A polyclonal antibody against oat CENH3 was used for ChiIP
experiments. Briefly, 3 to 5 g of young leaves was carefully ground in liquid nitro-
gen. Nuclei were isolated in lysis buffer (1 mM EDTA, 1 x cOmplete Mini EDTA-free
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protease inhibitor cocktail, 10 mM Tris-HC, pH 7.5, 10 mM NaCl, 0.5% NP-40, 5
mM B-ME, and 0.1 mM PMSF). Pelleted nuclei were washed with lysis buffer and
centrifuged at 1,200 g for 5 min at 4°C twice. Pelleted chromatin was resuspended
in MNase buffer (10% sucrose, 50 mM Tris-HCI, pH 7.5, 1 mM CaCl,, 1 mM Mg(Cl,,
and 0.1 mM PMSF) and digested with MNase (New England BiolLabs, 0.5 U)at 37°C
for 20 min. The reaction was quenched with 0.5 M EDTAand centrifuged at 12,000
rpm for 10 min at 4°C. Fifty microliter protein A beads (Invitrogen 10002D) were
added into the supernatant at 4°C for 3 to 4 h while rotating to avoid nonspecific
binding to the affinity beads. Then, input sample was taken from the supernatant,
and CENH3 antibody was added into the remainder incubating at 4°C overight.
Immunocomplexes were recovered by 50 pL protein Abeads. Samples were washed
three times each with low salt (50 mM NaCl, 50 mM Tris-HCl, 0.2 mM PMSF, 1 x
complete Mini EDTA-free protease inhibitor cocktail, and 10 mM EDTA), medium
salt (100 mM NaCl, 50 mM Tris-HCl, 0.2 mM PMSF, 1 x cOmplete Mini EDTA-free
protease inhibitor cocktail, and 10 mM EDTA), and high salt(150 mM NaCl, 50 mM
Tris-HCl, 0.2 mM PMSF, 1x cOmplete Mini EDTA-free protease inhibitor cocktail,
and 10 mM EDTA). Elution was performed in elution buffer (50 mM NaCl, 20 mM
Tris-HCI, 5 mM EDTA, and 2% SDS) at 65°C for 55 min.

Sequencing libraries were generated using NadPrep DNA Library Preparation
Kit for lllumina (1002101) and NadPrep UDI Adapter Kit Set C1 for Illumina
(1003221) following the manufacturer's recommendations. Libraries were
sequenced as 150-bp paired-end reads on the Illumina NovaSeq platform.

ssDRIP-seq and DRIP-qPCR. DNA:RNAimmunoprecipitation assay was adapted
from a previous study (35). Briefly, nuclei were isolated from 5 g of oat seed-
lings and then resuspended in 1.6 to 4 mLTE and lysed with SDS/proteinase K
digestion at 37°C overnight. The nucleic acid-containing extracts were mixed
with phenol-chloroform, and genomic DNA was precipitated with salt-ethanol
precipitation and then incubated at room temperature for 30 min. Precipitated
DNA was gently spooled with pipette tips and washed with 70% ethanol, air-
dried, and dissolved in 100 pLTE buffer. Fifty microliter DNA was sonicated on
a Covaris system (10% Duty Factor, 200 cycles/burst, 140 peak incident power,
and 60 s) to yield an average fragment size of 300 bp. Half of each sample was
treated with RNase H (Takara 2151) at 37°C overnight. DRIP was performed with
9.6 antibody (Kerafast ENH001). The DRIPed DNA was detected using fragment
analysis with the NGS analysis mode. The ssDRIP-seq libraries were constructed
from the DRIPed DNA with an average fragment size of ~200 bp using the Accel-
NGS 15 Plus DNA Library Kit (Swift Biosciences) according to the manufacturer’s
protocol. Library DNAwas analyzed on a fragment analyzerand sequenced onan
[llumina NovaSeq system using 2 x 150-bp sequencing. qPCR of the eluted DNA
was performed on a Roche LightCycler 480 Instrument Il using SYBR Green Mix
(Roche 04887352001) and analyzed by using the comparative C; method. The
DNA:RNA hybrid enrichment was calculated based on the IP/input ratio.

DNA Probe Preparation and Labeling. The products of centromeric retrotrans-
posons were amplified from oat using the aforementioned primers for CRA39,
CRA82, CRA120, and CRA299. The PCR-amplified DNAs and ChiPed DNA were
labeled with Alexa Fluor 488-dUTP (green) or Alexa Fluor 594-5-dUTP (red) as
needed using the nick-translation method (65).

Production of Antibodies. Anti-CENH3 antibody was generated by immuniz-
ing rabbits with the synthetic peptide (RRPAATPAPGAPAQQRARK) based on the
C-terminal region of oat CENH3.

Immunolocalization and FISH. Immunolocalization on root tips was performed
essentially as described (35). For localization of $9.6, oat anthers were fixed over-
night in ethanol:acetic acid (3:1, v/v) and then washed with 70% ethanol three
times. Anthers at the pachytene stage were transferred to a tube containing enzyme
solution and incubated at 37°C for 20 min. Then, it was gently washed with 70%
ethanol to dislodge the remaining unwanted cell types. Centrifuging 30 sin a mini-
centrifuge removed nearly all the ethanol. Thirty microliters of 100% acetic acid were
added, and the cell suspension was dropped onto a slide. The chromatin was cross-
linked by exposure to UV light using a cross-linker (0.12 J). $9.6 antibody (1:100
dilution) was applied to the fixed sample overnight at 4°C. For colocalization of $9.6
antibody and CRA82, the primary and secondary antisera (goat anti-mouse antibody
labeled by FITC green) were applied first, and then, FISH was performed with Texas
red-5-dUTP-labeled CRA82. For CENH3 localization, oat root tips were obtained from
newly germinated seeds and fixed by 4% formamide. Meiotic chromosomes were
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prepared forimmunostaining. Procedures for the washing steps and mounting have
been described previously (66). The root tip cells were treated with an equal amount
of probe. In both cases, chromosomes were counterstained with DAPI. Images were
acquired using confocal microscopy (Zeiss Cell Observer SD) and processed with
Adobe Photoshop CS 6.0.

In Vitro Transcription of R-Loops and AFM Imaging. CRA39(212-3878) and
CRA82 (72-3853) derived from amplication of oat genomic DNA were cloned
into the prokaryotic expression vector pET-30a according to standard protocols.
Transcription reactions (50 pLtotal and 3 pg plasmid DNA) were carried out at
37°C for 30 min in transcription buffer (1 x T7 RNA polymerase reaction buffer,
2 mM RRI, 1T mM DTT, and 0.5 mM rATP, rCTP, rUTP, and rGTP). Reaction was
initiated by adding 40 mM T7 RNA polymerase. Enzyme was heat inactivated
by incubating at 65°C for 10 min. In addition, the random sequence (chr2A:
423505500-423507500) without R-loop formation was used as the negative
control under the same conditions. RNase A was then added to digest soluble
RNAs.The negative control was treated with both RNase Aand RNase H and puri-
fied using phenol/chloroform extraction. The plasmid DNA was further digested
with BamHI and Kpnl to generate two fragments. For AFM sample preparation,
DNAwas diluted in ddH,0 and deposited on a freshly cleaved mica surface with
aminopropyl silatrane (APS) for 15 min; the sample was washed with ddH,0
and dried undera gentle stream of nitrogen gas. Samples were measured using
cantilevers (ScanAsyst-Air, Bruker) of tip radius 2 nm, resonance frequency of 70
kHz, and nominal force constant 0.4 N m™". All images were collected using the
ScanAsyst mode on Bruker MultiMode 8 AFM with a nanoscope Illa controller.

Dot Plot Analysis. The prepared AFM samples including the circular plasmids
and the treated and untreated R-loop substrate with RNase Aand RNase H were
loaded onto the Hybond-N+ membrane (Amersham, RPN203B). After the mem-
brane dried, nonspecific sites were blocked by soaking in 5% skimmed milk in
Tris-buffered saline Tween-20 (TBST) at room temperature for 1 h.Then, it was incu-
bated with anti-59.6 antibody (100 pg/mL, 1:10,000 dilution) in 5% milk/TBST
at4°Covernight, washed three times with TBST(3 x 5 min), and then incubated
with secondary antibody (goat anti-mouse antibody conjugated to horseradish
peroxidase, and 1:20,000 dilution in 5% milk/TBST, GE Healthcare, NA931) for
1.5 hat room temperature. Three washes with TBST(1 x 15 minand 2 x 5 min),
and then once with Tris-buffered saline (5 min) were performed. Detection was
performed using ECL reagent and exposed to X-ray film in the darkroom.

ChiP-seq and DRIP-seq Analysis. Quality control of raw reads was performed
with FastQC software. Then, the adaptors and low-quality bases were removed with
Trimmomaticv.0.36(67).The trimmed reads were mapped to the reference genomes
of Avena sativa (Sang) with BWA-MEM software using default parameters. Mapped
reads with SAMtools view -F -20 were extracted for subsequent analysis, and dupli-
cates were removed using SAMtools v.1.3.1 (44). For ssDRIP-seq, the total mapped
reads were divided into forward (wR-loops, representing an R-loop formation con-
taining an DNA:RNA hybrid on the Crick strand and ssDNA on the Watson strand) and
reverse reads (cR-loops). MACS2 was used to detect peaks from the alignments (37).
For visualization, the alignment BAM files were converted to normalized coverage
files with 50-bp bins with deepTools (68). Snapshots of the data were constructed
using the Integrative Genomics Viewer (69).

Identification and Characterization of Centromeric Repeats. A total of
1.2 million randomly selected whole-genome shotgun reads from hexaploid
oat were analyzed using Web-based Galaxy RepeatExplorer software (https:/
repeatexplorer-elixir.cerit-sc.cz/galaxy/). Based on the number of reads in each
repeat cluster, the genome proportion of each repeat cluster was determined.
To identify the centromeric repeats, the CENH3 ChIP-seq and input reads were
subsequently subjected to BLAST analysis against the database of these clus-
ter repeats (-evalue 1e-8). The ratio was calculated based on the numbers
of aligned reads from ChIP-seq and input data and represents the CENH3
enrichment level. The genome proportion (%) of each cluster was estimated
based on the number of reads associated with each repeat cluster. Tandem
Repeats Finder v5.02 (33) was used to identify minisatellites. The sequences of
high-ratio clusters and minisatellites were subjected to BLAST analysis against
the oat reference genome. The entire structure of centromeric repeat clusters
is determined using LTR finder (70). Centromeric clusters were amplified and
confirmed by sequencing. Then, the clones were used as probes for FISH. For
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minisatellites, oligos modified at 5’-ends with carboxytetramethylrhodamine
(TAMRA) were synthesized for use in FISH.

Detection of Dyad Symmetries and Prediction of DNA Secondary
Structure in Genomic Regions. The European Molecular Biology Open
Software Suite (EMBOSS) palindrome (71) was used to detect dyad symme-
tries with the following parameters: -minpallen 5 -maxpallen 100 -gaplimit
20 -overlap.

We calculated the total lengths of the palindromic regions containing the
sequences of interest. The dyad density of a sequence was normalized by length
and defined as the sum of the values.

RNAfold (v2.3.5) (72) was used to predict folding free energies of genomic
regions with the following parameters: -noGU -noconv -noPS -paramFileadna_
mathews2004.par -p -g.

Prediction of Z-DNA, Cruciform DNA, Slipped DNA, Triplex DNA, DNA
Bending, and G-Quadruplex. [dentification of different non-B-form DNA motifs
was performed using the non-B-DNA motif search tool (n\BMST; https://nonb-abcc.
ncifcrf.gov/apps/nBMST/default/) (32) that can generate accurate predictions of
non-B-form DNA motifs with default parameters. We focus on six non-B-form DNA
motifs: inverted repeats, direct repeats, mirror repeats, alternating purine-pyrimi-
dinetracts, G4 motifs, and A-phased repeats The whole-genome distribution of
non-B-form DNA was plotted in 100-kb windows along 21 chromosomes.

Data, Materials, and Software Availability. The ChIP-seq and ssDRIP-seq
data generated in this study have been submitted to the NGDC Genome
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