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DNA repair—related clues
associated with divergent leaf
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Intraorganismal genetic heterogeneity (IGH) arises from the accumulation of
somatic mutations during plant growth. Although leaves of Leymus chinensis
exhibit pronounced IGH, its molecular basis remains unclear. Under strictly
controlled growth conditions, this study compared a wild population (LC-W)
with the cultivated cultivar Zhongke No. 2 (LC-ZK2) to search for DNA repair—
related clues associated with leaf nuclear DNA diversity. Genomic DNA
amplification and Sanger sequencing of three nuclear loci (MCM7, PsaE, and
Psal) showed that, compared with LC-W, LC-ZK2 exhibited fewer polymorphic
sites and lower haplotype diversity, indicating a more restricted leaf-scale
sequence heterogeneity. De novo leaf transcriptome analysis identified 3,833
differentially expressed genes (DEGs; |log,FC| > 1, FDR < 0.05; log,FC = log,[LC-
W/LC-ZK2]). GO and KEGG analyses indicated that DEGs were significantly
enriched in DNA damage response and DNA repair pathways, with particularly
prominent enrichment of base excision repair (BER) and homologous
recombination (HR). The BER scaffold gene XRCCI plays an important role in
these pathways and was significantly upregulated in LC-ZK2 (~2.6-fold),
suggesting transcriptional differences in repair-related genes between the two
materials. Further Sanger sequencing of the XRCC1 BRCT domain indicated that
LC-ZK2 possessed a more concentrated haplotype spectrum and exhibited
distinct amino acid substitution combinations, providing candidate sites for
subsequent functional validation. Overall, this study links differences in nuclear
DNA diversity with repair-associated transcriptomic signatures and provides an
interpretive framework for understanding leaf-scale heterogeneity divergence in
L. chinensis.
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1 Introduction

Somatic mutations and the resulting intraorganismal genetic
heterogeneity (IGH) are widespread in plants (Schoen and Schultz,
2019). Because plants lack an early, strictly segregated germline,
continuous cell division during vegetative growth and meristem
differentiation can result in the accumulation of somatic mutations
across distinct cell lineages (Lanfear, 2018). In long-lived systems
(e.g., oaks), somatic mutation differences have been observed
among tissue layers, organs, and branches (Jia et al., 2021; Goel
et al, 2024). Somatic cells may also undergo genetic variation
processes distinct from meiosis, including mitotic gene
conversion (Schmid-Siegert et al., 2017). In perennial, clonally
propagated plants, IGH contributes to within-individual genetic
variation and influences the long-term stability and uniformity of
vegetative propagules, underscoring the importance of
understanding its formation (Schoen and Schultz, 2019; Wang
et al., 2019; Pineda-Krch and Lehtild, 2004; Reusch et al., 2021).

Although reports of somatic mutations in plants have increased,
mechanistic explanations for stable IGH differences among
materials remain limited (Schoen and Schultz, 2019; Schmitt
et al., 2022). The accumulation of somatic mutations relies mainly
on a balance between mutation generation and repair, with DNA
damage response (DDR) and repair systems acting as key
determinants (Nisa et al., 2019; Szurman-Zubrzycka et al., 2023).
Plants are continuously exposed to DNA-damaging factors,
including light, temperature fluctuations, drought and salinity
stress, and reactive oxygen species (ROS) (Szurman-Zubrzycka
et al,, 2023). Repair pathways, such as base excision repair (BER)
and homologous recombination (HR), jointly influence whether
lesions are repaired efficiently and whether mutations are fixed
(Roldan-Arjona and Ariza, 2019; Sakamoto et al., 2021; Grin et al.,
2023; Szurman-Zubrzycka et al., 2023). Consequently, the
divergence in repair pathway expression and functional
differentiation of key genes may contribute to IGH differentiation
among materials (Schoen and Schultz, 2019; Wang et al., 2019).
However, studies systematically linking DNA-level mutation
evidence to coordinated repair pathway changes remain scarce.

Leymus chinensis is an important perennial forage grass in arid
and semi-arid regions, where it plays a key role in grassland
ecosystems and exhibits strong stress tolerance and forage value
(Li et al., 2014). Its rhizomatous clonal propagation and prolonged
vegetative growth make it suitable for investigating leaf-scale IGH
and material stability (Bai et al, 2010). Previous studies have
revealed nuclear gene sequence heterogeneity in L. chinensis
leaves and pronounced leaf transcriptomic responses to saline-
alkaline stress, indicating both somatic mutation accumulation (Yu
et al., 2023b) and high environmental sensitivity (Jin et al., 2008).
However, whether leaf variation differs stably among materials with
distinct genetic backgrounds and whether such differences are
associated with divergence in DNA repair pathways and variation
in key repair genes remains insufficiently explored.

Under strictly unified growth conditions, wild L. chinensis (LC-
W) was compared with the cultivated cultivar Zhongke No. 2 (LC-
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7K2) and integrated leaf-level evidence from multi-locus amplicon-
scale DNA variation, de novo transcriptome-derived DDR/BER/HR
pathway signatures, and domain-level candidate variation in the BER
scaffold gene XRCC1. XRCC1 organized the BER and single-strand
break repair and was implicated in active DNA demethylation in
plants (Martinez-Macias et al., 2013; Li et al., 2015a). Given the role of
BRCT domains as interaction and recruitment modules in DDR
proteins (Rodriguez and Songyang, 2008; Leung and Glover, 2011),
variations within the XRCC1 BRCT region represent a plausible
source of candidate sites. The main research objectives of this study
were to: (1) validate the differences in leaf mutation patterns between
LC-W and LC-ZK2, (2) characterize the transcriptomic divergence in
DDR and repair pathways while identifying key hub genes, and (3)
provide candidate mutation sites in the XRCC1 BRCT domain with
testable mechanistic hypotheses. Overall, the findings establish an
evidence chain linking DNA-level phenotypes to mechanistic clues
for understanding leaf IGH divergence in L. chinensis and provide a
basis for subsequent functional validation and stability-oriented
breeding evaluation.

2 Materials and methods
2.1 Plant materials and sampling

Mature seeds of L. chinensis were collected from the Huhetala
grassland, Inner Mongolia, China (111°37'E, 40°50'N; 1040 m a.s.l.)
in late July 2020. Seeds of the cultivated cultivar Zhongke No. 2 were
purchased in April 2020 from KeTa Grass Industry Co., Ltd. (Chifeng,
Inner Mongolia, China). They were surface sterilized in 30% sodium
hypochlorite (NaClO) for 15 min with constant agitation, rinsed five
times with sterile distilled water, vernalized at 4 °C for 3 d, and sown
on 0.7% Murashige and Skoog (MS) agar medium supplemented with
1% (w/v) sucrose. Plants were grown under a 12 h light/12 h dark
photoperiod (approximately 70 umol m™s™") at 22 °C. After 2 weeks
on MS medium, seedlings were transferred to soil for an additional 2
weeks, after which the fully expanded leaves were harvested for
genomic DNA and RNA extraction.

2.2 Genomic DNA extraction and gene
cloning

Genomic DNA was extracted from leaf or seed tissues using
PlantZol (TransGen Biotech, China), purified by phenol-
chloroform extraction and isopropanol precipitation, washed with
70% ethanol, dissolved in water, and stored at —20 °C. For each
material, three independent plants were sampled as biological
replicates. These plants represented independent individuals
rather than clonal units derived from a single mother plant.
Owing to the absence of a reference genome for L. chinensis,
primers were designed using Aegilops tauschii homologs (Ensembl
Plants) (Supplementary Table 4). Target fragments were amplified
using KOD-plus polymerase (Toyobo, Japan), gel-verified, cloned
into pEASY®—Blunt Zero (TransGen Biotech, China), and
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confirmed by colony PCR. Inserts were sequenced by Sanger
sequencing (Sangon Biotech, China), with more than 45 plasmids
sequenced per gene fragment and at least 15 independent clones
analyzed per gene for each plant. To reduce sporadic PCR or
cloning artifacts, the variation was quantified per plant using
consistent criteria (Section 2.9), and the conclusions required
concordant trends across all three loci.

2.3 RNA extraction and cDNA synthesis

Total RNA was isolated from the leaves using TRIzol
(Invitrogen, Shanghai, China) and treated with RNase-free DNase
I (Vazyme, Nanjing, China). RNA concentration and purity were
measured using a NanoDrop 2000, and integrity was assessed using
an Agilent 5300 system (RQN). Only RNA samples meeting the
thresholds of 21 ug total RNA, 230 ng uL_l, RQN > 6.5, and
0D260/280 = 1.8-2.2 were used. First-strand cDNA was
synthesized from 1 pg RNA using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific, USA), and 2 uL of
cDNA was used as the PCR template in a 50 pL reaction.

2.4 Library preparation and sequencing

RNA-seq libraries were prepared using the Tlumina® Stranded
mRNA Prep Ligation Kit with 1 ug of total RNA per sample.
Messenger RNA (mRNA) was enriched using oligo(dT) magnetic
beads and fragmented using fragmentation buffer. Fragmented
RNA was reverse-transcribed with random hexamer primers to
generate double-stranded cDNA, followed by end repair,
phosphorylation, and adaptor ligation, according to the library
preparation protocol. The libraries were size-selected with
magnetic beads for 300-400 bp inserts and PCR-amplified for
10-15 cycles. After quantification with Qubit 4.0, libraries were
sequenced on the NovaSeq X Plus platform using a NovaSeq
Reagent Kit to generate paired-end 150 bp reads.

2.5 Quality control and de novo assembly

Raw paired-end reads were trimmed and quality-controlled
using fastp (https://github.com/OpenGene/fastp) with default
settings. Clean reads were adopted for de novo assembly using
Trinity (https://github.com/trinityrnaseq/trinityrnaseq/wiki), and
the assembled sequences were filtered with CD-HIT (http://
weizhongli-lab.org/cd-hit/) and TransRate (http://hibberdlab.com/
transrate/) to enhance assembly quality. Assembly completeness
was assessed using BUSCO (Benchmarking Universal Single-Copy
Orthologs; http://busco.ezlab.org). Given that Leymus chinensis is
an outcrossing allotetraploid species, short-read de novo assembly
may not fully resolve closely related homoeologous, haplotypic or
allelic transcripts. Therefore, in this study, transcriptome data were
interpreted mainly at the levels of overall differential expression,
pathway enrichment, and candidate gene identification. A de novo
assembly strategy was adopted as a practical approach to retain
transcript information from the study materials themselves.
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2.6 Differential expression analysis and
functional analysis

The assembled transcripts were annotated by alignment against
public databases, including the NCBI non-redundant protein
database (NR), Swiss-Prot, Pfam, eggNOG, Gene Ontology (GO),
and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Kanehisa and Goto, 2000). For expression analysis, clean reads
were mapped back to the assembled transcript set using Bowtie2
(Langmead and Salzberg, 2012), and transcript abundance was
estimated with RSEM (Li and Dewey, 2011) (http://
deweylab.github.io/RSEM/). Gene expression levels were
summarized as read counts for downstream differential
expression analysis. Differential expression analysis was
performed using DESeq2 (Love et al., 2014) (http://
bioconductor.org/packages/stats/bioc/DESeq2/), with log, fold
change (log,FC) defined as log,(LC-W/LC-ZK2); genes with |
log,FC| > 1 and false discovery rate (FDR) < 0.05 were
considered differentially expressed genes (DEGs). GO and KEGG
enrichment analyses were performed to identify DEGs significantly
overrepresented relative to the whole-transcriptome background,
using a Bonferroni-corrected P value < 0.05. GO and KEGG
enrichment analyses were carried out using GOATOOLS
(Klopfenstein et al., 2018) (https://github.com/tanghaibao/
GOatools) and Python scipy (Virtanen et al., 2020) (https://
scipy.org/), respectively.

2.7 qRT-PCR validation

To validate the directionality of RNA-seq-inferred expression
changes, qRT-PCR was performed to quantify the relative
expression levels of the core BER pathway genes. RNA extraction,
reverse transcription, and qPCR amplification were performed
following the manufacturer’s protocols, with the primer
information presented in Supplementary Table 4. Relative

expression was calculated using the 274"

method. Because qRT-
PCR was performed using independently collected samples with a
replicate design that did not fully match RNA-seq, the results were
used to assess the expression direction consistency rather than to

reproduce RNA-seq effect sizes.
2.8 Histochemical detection of ROS

Leaves at the same developmental stage and with similar
physiological status were collected from LC-W and LC-ZK2, with
three biological replicates for each material. For DAB staining,
leaves were vacuum-infiltrated with 1 mg/mL DAB solution
(Coolaber, Beijing, China) incubated at 28 °C in the dark for at
least 12 h, and then decolorized in 80% ethanol in boiling water
until chlorophyll was removed. For NBT staining, leaves were
vacuum-infiltrated with 1 mg/mL NBT solution (Coolaber,
Beijing, China), incubated at 37 °C overnight, They were then
decolorized in 95% ethanol at 80 °C, with the ethanol replaced every
10 min until the green color disappeared. The stained leaves were
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photographed after destaining. DAB staining was used to detect
H,0,, and NBT staining was used to detect O, accumulation.

2.9 Targeted amplification, cloning, and
sanger sequencing of the XRCC1 BRCT
domain

To profile the variation in the XRCC1 BRCT domain, three
plants from each material (LC-W and LC-ZK2) were analyzed. Leaf
RNA was extracted and reverse-transcribed to cDNA. A BRCT-
containing fragment (CDS 171-411; 240 bp) was amplified using
gene-specific primers based on the XRCC1 unigene (F:
GATGGGGTGGTCTTTGTGCTG; R: CCAGCATGCATAA
GGTAAGGCTC) with high-fidelity KOD-plus polymerase
(Toyobo, Japan). The PCR products were gel-verified, cloned into
pEASY®-Blunt Zero (TransGen Biotech, China), screened by
colony PCR, and sequenced using Sanger sequencing (Sangon
Biotech, China). At least 15 independent clones were sequenced
per individual.

2.10 Sequence analysis and BRCT domain
characterization

Chromatograms were manually inspected, and questionable
sites were re-checked. DNA and translated protein sequences
were aligned using ClustalW v1.2.1 and visualized using Jalview
v2.11.5. Identical clones were merged as haplotypes, and
frequencies were counted per individual. Polymorphic sites,
nucleotide diversity (), and haplotype diversity (Hd) with the
haplotype number were calculated in DnaSP v6.12.03 (default
settings), treating consecutive deletions at the same position as a
single event.

For XRCC1 BRCT, conservation and secondary structure
annotations were generated using ESPript 3.2 (accessed 2025-12-
06). An NJ tree was built in MEGA v12.1 and visualized in iTOL
(accessed 2025-12-06). BRCT haplotype sequences (XRCC1 59-137
aa) were modeled using AlphaFold (accessed 2025-12-30), and
structures were superposed and mapped in ChimeraX v1.11.

3 Results

3.1 LC-ZK?2 exhibits a lower mutation
burden than LC-W across three nuclear
genes in leaves

To compare leaf-scale sequence variation between LC-W and
LC-ZK2, three independent plants per material were analyzed as
biological replicates using PCR amplification, cloning, and Sanger
sequencing of three nuclear genes (Supplementary Figure 1; 15
clones per plant). These loci were randomly selected from candidate
nuclear genes that showed stable amplification, clear single PCR
bands, and high sequencing quality. We were used as representative
loci for multi-locus comparison between the two materials.
Polymorphic sites (S) and pairwise nucleotide diversity () were
calculated for each individual. Across all three loci, LC-ZK2
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consistently exhibited lower S and m values than LC-W,
indicating lower leaf-scale sequence heterogeneity in the
cultivated material at the leaf amplicon level.

For PsaL, S in LC-ZK2 (32.0 + 2.65) was lower than that in LC-
W (41.33 + 0.58), with a corresponding reduction in nucleotide
diversity (m; LC-ZK2: 0.02320 + 0.00228; LC-W: 0.02578 + 0.00308)
(Figure 1A). A larger difference was observed for PsaE, for which
LC-ZK2 showed S = 77.0 £ 10.54 compared with 135.33 + 48.85 in
LC-W, accompanied by a parallel decrease in 7 (LC-ZK2: 0.05846 +
0.01058; LC-W: 0.10278 + 0.03360) (Figure 1B). For MCM?7, S in
LC-ZK2 was nearly fixed at a low level (2.00), far below that in LC-
W (22.33 £ 1.53), and 7 was similarly reduced (LC-ZK2: 0.00056 +
0.00003; LC-W: 0.00810 + 0.00070) (Figure 1C). Haplotype-based
metrics (h and Hd) showed consistent or weaker locus-specific
differences. However, they did not alter the overall inference that all
three genes consistently supported the lower leaf-scale sequence
heterogeneity observed in LC-ZK2 based on S and m.

We summarized the polymorphic sites detected at each locus
into shared and plant-specific categories under a unified alignment
framework (Table 1). Across the three loci, LC-W generally showed
higher total numbers of polymorphic sites than LC-ZK2,
particularly for PsaE (167 vs 66) and MCM7 (26 vs 4), whereas
the difference for Psal. was smaller (56 vs 48). Shared sites across all
three plants or across two plants were observed in both materials,
and plant-specific sites were also present. Under the current data
framework, these categories are presented as leaf-scale
heterogeneous sites rather than as fully confirmed somatic
mutations, but they nevertheless provide a clearer material-level
summary of the overall difference in sequence heterogeneity
between LC-W and LC-ZK2.

Overall, clone-based amplicon sequencing across three nuclear
genes and three biological replicates per material showed
consistently lower polymorphic site numbers and nucleotide
diversity in LC-ZK2 than in LC-W. These results support lower
leaf-scale sequence heterogeneity in LC-ZK2 and provide a
foundation for exploring the molecular correlates of this phenotype.

3.2 Synopsis of RNA-seq analysis

To characterize molecular signals associated with the DNA-
level variation differences described above, RNA-seq analysis was
performed on leaves of LC-W and LC-ZK2, with three biological
replicates per material. Each library generated approximately 46-54
million raw reads, and 46-53 million clean reads were retained after
quality control (Supplementary Table 1). The sequencing quality
was stable across all samples, with consistently high Q20/Q30 values
(Supplementary Table 1). The boxplots indicate comparable global
expression levels among samples (Figure 2A), and PCA clearly
separated LC-W from LC-ZK2 with tight within-group clustering
(Figure 2B), indicating excellent replicate consistency and a strong
between-group signal.

Because a reference genome was unavailable, clean reads from
all samples were pooled for de novo assembly. Trinity generated
280,166 transcripts and 158,997 unigenes (Supplementary Table 2).
The assembly continuity and completeness metrics (N50/E90N50
and BUSCO) supported the suitability of this transcriptome for
functional annotation and differential expression analyses
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(Supplementary Table 2). The annotation coverage across multiple
databases (NR, Swiss-Prot, Pfam, GO, and KEGG) was substantial
(Figure 2C), providing a foundation for enrichment analysis and
pathway-level interpretation.

3.3 Differentially expressed genes and
repair-related enrichment

Differential expression analysis using DESeq?2 (|log,FC| = 1, FDR <
0.05; log,FC = log,(LC-W/LC-ZK2)) identified 3,833 DEGs between LC-
W and LC-ZK2 leaves. Notably, 1,863 genes were upregulated, and 1,970
genes were downregulated in LC-W relative to LC-ZK2 (Figure 2D),
indicating a substantial divergence in leaf transcriptional programs.
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GO enrichment analysis indicated that DEGs were significantly
overrepresented in genome maintenance-related processes, including
DNA repair and cellular responses to DNA damage stimuli, as well as
DNA replication-associated terms (Figure 3). KEGG analysis similarly
highlighted the repair pathways, with particularly strong enrichment
of base excision repair (BER) and homologous recombination (HR)
(Figure 4C), suggesting that the transcriptional differences between
LC-W and LC-ZK2 were concentrated in the repair-related pathways.

Consistent with these results, the representative BER- and HR-
related genes generally exhibited higher expression in LC-ZK2
(Figure 4A), and integrative visualization linked DEGs to
coordinated repair-related functional modules (Figure 4B).
Overall, DEG patterns, functional enrichment, and network-level
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TABLE1 Summary of leaf-scale heterogeneous sites at three nuclear loci in LC-W and LC-ZK2.

Material Common callable sites  Total polymorphic sites Shared by all Shared by 2 Plant-specific
among 3 plants across 3 plants 3 plants plants only sites (Total)

MCM7 | LC-ZK2 1129 4 1 0 3

LC-W 1129 26 20 1 5
PsaE LC-ZK2 646 66 35 27 4

LC-W 647 167 53 83 31
Psal LC-ZK2 717 48 15 13 20

LC-W 717 56 24 14 18

A site was counted as polymorphic within a plant when at least two valid nucleotides were observed among the 15 cloned sequences from that plant. Shared/site-specific classifications were
performed only on positions with valid nucleotide calls in all three compared plants within each material. Therefore, the number of common comparable sites may differ slightly between

materials because positions containing gaps or missing bases in any one of the three compared plants were excluded from within-material shared/site-specific classification. Because the current

data do not allow all variable sites to be rigorously assigned to confirmed somatic mutations, these sites are described here as leaf-scale heterogeneous sites under a unified alignment framework.

expression analyses consistently identified DDR and DNA repair
program as the major transcriptional features distinguishing LC-W
and LC-ZK2 leaves.

3.4 XRCC1 as a hub candidate in the BER
pathway

To place DEGs within the canonical BER pathway, they were
mapped to the KEGG BER pathway (ko03410). Differential signals
were distributed across key steps, including lesion recognition and

excision, AP-site processing, gap filling, and ligation (Figure 5).
XRCC1 localized to the gap-processing and ligation stage and
exhibited a consistent regulatory direction within the pathway
map, supporting its prioritization as a hub candidate (Figure 5).
Among repair-related candidate genes, XRCC1 (TRINITY_
DN52785_c0_gl) was identified as a prominent candidate hub
gene. XRCC1 was significantly upregulated in LC-ZK2, showing
an approximately 2.6-fold higher expression than in LC-W
(Figure 2D), consistent with the overall expression pattern of the
BER/HR network (Figure 4A). This pattern suggests that XRCC1
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may be associated with the observed difference in leaf-scale
sequence heterogeneity, consistent with its known role in DNA
repair (Martinez-Maclas et al,, 2013; Roldan-Arjona and Ariza,
2019; Grin et al., 2023).

The directional consistency of RNA-seq trends was evaluated
by qRT-PCR analysis of six core BER genes using independently
collected leaf samples. Using Actin as the internal reference and
LC-W as the calibrator, the qRT-PCR results were consistent with
the RNA-seq expression patterns, including for XRCC1 (Figure 6),
and were intended to confirm the expression direction rather than
reproduce RNA-seq effect sizes. Collectively, these transcriptomic
results provide mechanistic clues linking DNA repair-related
expression patterns, particularly XRCCl-centered BER signals,
to the lower leaf-scale sequence heterogeneity observed in LC-
ZK2, rather than directly quantifying IGH on a genome-wide
scale. To provide additional physiological context, we further
performed NBT and DAB staining assays. NBT staining was
weaker in LC-ZK2 than in LC-W, whereas DAB staining did not
reveal any obvious punctate brown signals in either material
(Supplementary Figure 2).

Frontiers in Plant Science

3.5 cDNA variation and amino-acid
substitution sites in the XRCC1 BRCT
fragment

To obtain fragment-level sequence information for XRCC1, the
BRCT-containing fragment identified through conserved domain
analysis was amplified, cloned, and sequenced using Sanger
sequencing. PCR produced bands of the expected size
(Figure 7B), and sequence alignment revealed multiple variable
sites between LC-W and LC-ZK2 within this fragment (Figure 7A).
Across biological replicates, LC-ZK2 exhibited fewer SNPs (9-11)
than LC-W (12-14), whereas the number of haplotypes was
comparable between materials (Figure 7D). The substitution
spectra differed between materials: C—T and T—G substitutions
were more frequent in LC-W, whereas the substitution types were
more evenly distributed in LC-ZK2 (Figure 7E). Consistent with
this pattern, the Ts/Tv ratio ranged from 1.20 to 1.50 in LC-ZK2 but
was 1.00 for all LC-W plants (Figure 7F).

After translation, the sequence variants were mainly concentrated
at a limited number of amino acid positions and their substitution
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combinations (Figure 8A), and the nucleotide haplotypes were
collapsed into six protein types (h1-h6) (Figure 8B; Supplementary
Table 3). Structural visualization mapped these sites onto the XRCCl
protein context, providing reference points for subsequent validation
and experimental design (Figures 8C, D; Supplementary Figure 2).
These results describe the sequence variation patterns within the
XRCC1 BRCT fragment and provide candidate sites for downstream
analysis. However, they do not by themselves distinguish among
somatic variations, inherent genetic background differences, or
possible homoeologous sequence contributions.

4 Discussion

This study integrated multi-locus, amplicon-based DNA
variation with de novo transcriptomic signals to propose a
candidate mechanistic framework for leaf IGH divergence between
Leymus chinensis materials under strictly controlled conditions. The
conclusions focused on the stable differences detected at the targeted
amplicon scale and the associated divergence in repair-related
transcriptional programs, rather than on the genome-wide
mutation rates or direct measurements of repair efficiency.
Accordingly, the findings established an evidence chain linking
reproducible DNA-level observations to mechanistic clues. This
study defined a stable leaf-level variation phenotype, prioritized
candidate repair pathways and hub genes, and identified domain-
level candidate sites suitable for subsequent functional validation
and causal testing under unified DNA damage conditions.
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4.1 Multi-locus concordance of leaf
variation differences

Across three independent nuclear loci and biological replicates
(three plants per material, 15 clones per plant), LC-ZK2 consistently
exhibited fewer polymorphic sites (S) and lower nucleotide diversity
(w) in leaves than LC-W under strictly controlled conditions
(Figure 1). Somatic mutations are widespread in plants and can
accumulate at low frequencies during growth, as supported by high-
accuracy sequencing studies and reviews of trees and Arabidopsis
(Tomimoto and Satake, 2024; Waneka et al., 2024; Johannes,
2025a). Because plants lack an early and strictly segregated
germline (Lanfear, 2018), such mutations are expected to
contribute to genetic heterogeneity and generate detectable
differences at the organ or branch scales (Schoen and Schultz,
2019; Wang et al,, 2019; Reusch et al.,, 2021). Given the
allotetraploid background of Leymus chinensis, the present data
are more appropriately interpreted as evidence of leaf-scale
sequence heterogeneity rather than as a direct genome-wide
quantification of IGH or somatic mutation burden. Because L.
chinensis is an allotetraploid species, the contribution of
homoeologous copies to the amplified products cannot be
completely excluded. However, the observed patterns are unlikely
to be explained solely by fixed homoeologous divergence and are
better interpreted as leaf-scale sequence heterogeneity.

The present findings reflect differences in the sequence variation
patterns within the targeted amplicons rather than genome-wide
mutation patterns. Cellular lineage and tissue development can
influence the accumulation and distribution of somatic mutations,
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such that distinct organs or positions may exhibit different
mutation signals (Ji et al., 2025; Scherer et al., 2025). In addition,
somatic variant detection is sensitive to analytical thresholds and
requires careful interpretation, particularly in complex genetic
backgrounds (Schmitt et al., 2022; Xian et al., 2025). If the
observed differences can be stably reproduced using larger sample
sizes and additional loci, or at the genome scale, they would more
convincingly support systematic differences in leaf-scale sequence
heterogeneity between the two materials (Tomimoto and Satake,
2023; Schmitt et al., 2024; Johannes, 2025b; Xian et al., 2025). In
long-lived perennials, the accumulation and retention of somatic

Frontiers in Plant Science

mutations over time further suggest the potential long-term stability
and applied relevance of these heterogeneity patterns (Satake et al.,
2024). Overall, multi-locus concordant evidence provides a useful
starting point for downstream mechanistic exploration.

4.2 Pathway-level signals of DNA repair
programs

Continuous exposure of leaves to environmental and metabolic

sources of DNA damage (e.g., light, temperature fluctuations, and
ROS) can cause persistent DNA damage (Nimeth et al., 2020). In this
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gRT-PCR validation of BER core gene expression in independent
samples. Relative expression levels of nine BER core genes (XRCC1,
PARP1, FPG, OGGI, APELL, POLA, and LIG1) were quantified in leaf
samples collected independently from the RNA-seq experiment.
Actin was used as the internal reference, and the LC-W group was
used as the calibrator (set to 1). Relative expression levels were
calculated using the 2-AACt method. Bars represent mean values,
and error bars indicate the standard deviation (SD) of the technical
replicates (n = 3). These data were used to assess the directional
consistency of gene expression changes with the RNA-seq results.
Statistical significance between LC-ZK2 and LC-W was evaluated
using a two-tailed Student’s t-test. **P < 0.01; ***P < 0.001.

context, the differential expression of DDR and repair pathways
between materials represents a plausible explanation for differences
in net mutation accumulation (Szurman-Zubrzycka et al., 2023).
DDR maintains genomic stability by coordinating cell cycle
regulation with multiple DNA repair pathways (Nisa et al., 2019;
Kutashev et al., 2024). Chloroplast metabolism is a major source of
ROS and can influence nuclear gene expression and stress responses
through retrograde signaling (Foyer and Hanke, 2022), whereas
chloroplast and mitochondrial genomes require continuous
maintenance and repair under oxidative conditions (Mahapatra
et al, 2021). This framework is consistent with the view that
persistent damage, combined with altered repair activity, increases
the likelihood that lesions become fixed as detectable mutations.
Consistent with this expectation, our transcriptomic analyses showed
significant enrichment of DEGs in DDR- and repair-related
processes, with GO/KEGG analyses highlighting the coordinated
pathway-level changes, particularly in BER and HR (Figure 3).

Concurrently, transcriptional divergence does not necessarily
translate into differences in repair efficiency. DDR also regulates cell
cycle checkpoints and growth arrest (Takahashi et al., 2019; Herbst
et al., 2024; Serrano-Mislata et al., 2025) and is linked to cell fate
control in certain cell types (Huerta-Venegas et al., 2024).
Accordingly, functional validation under unified damage
treatments (e.g., H,O,, UV, and MMS) is required to assess
whether pathway-level expression divergence corresponds to
repair capacity (Grin et al, 2023; Szurman-Zubrzycka et al.,
2023). Overall, the transcriptomic results identified coordinated
divergence in the DDR/BER/HR modules, providing prioritized
mechanistic clues and testable hypotheses for the observed
amplicon-scale mutation differences. On the other hand, further
functional assays under standardized damage conditions are needed
to analyze the correspondence with repair capacity.
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4.3 The hub role of XRCC1

As a scaffold protein in BER and single-strand break repair,
XRCCI1 coordinates multiple repair factors and influences complex
assembly and pathway throughput, which can reflect the repair
network-level differences between materials (Martinez-Macias et al.,
2013; Roldan-Arjona and Ariza, 2019; Grin et al.,, 2023). In plants,
XRCC1 participates in repair processes associated with active DNA
demethylation (Li et al., 2015b, 2015¢; Zhang et al., 2022),
supporting its broad role in genome maintenance. In this study,
XRCC1 was significantly upregulated in LC-ZK2, and the qRT-PCR
results confirmed that the expression changes were consistent in the
direction with RNA-seq (Figure 6). These observations position
XRCC1 as a tractable entry point linking pathway-level
transcriptional signatures to differences in leaf-scale
sequence heterogeneity.

XRCCI1 reflects coordinated regulation at the BER network level
rather than a single-gene effect. The differences between materials
may arise from multi-node regulation and combined repair
efficiency (Bourbousse et al., 2018; Yu et al, 2023a; Bao et al,
2025). Accordingly, XRCCI can be treated as an actionable hub
candidate for follow-up functional assays rather than as the sole
determinant. Because LC-ZK2 also carries amino acid substitutions
in the XRCC1 BRCT-containing fragment, we cannot exclude the
possibility that higher XRCCI1 expression partly represents a
compensatory response rather than direct evidence of enhanced
repair efficiency. The weaker NBT staining in LC-ZK2 further
suggests that the lower leaf-scale sequence heterogeneity in the
cultivated material may be associated with both repair-related
expression patterns and a lower superoxide-related oxidative
background. In contrast, DAB staining did not reveal a clear
difference in H,0, level under the present conditions
(Supplementary Figure 2).

4.4 Candidate-site clues in the BRCT
region

Using cDNA cloning and sequencing of the XRCC1 BRCT-
containing fragment, LC-ZK2 carried fewer SNPs than LC-W
within this region, along with differences in substitution spectra
and Ts/Tv ratios (Figure 7). After translation, multiple nucleotide
haplotypes converged into a limited number of protein types, with
variation concentrated at a small number of amino acid substitution
sites and their combinations. Because BRCT domains function as
phosphorylation-dependent interaction and recruitment modules
in DDR proteins, such substitutions could potentially influence
interaction interfaces and complex assembly (Rodriguez and
Songyang, 2008; Leung and Glover, 2011).

However, the BRCT variation evidence in this study was derived
from c¢cDNA clone sequencing and did not substitute for
confirmation at the genomic DNA level (Verwilt et al., 2023). In
addition, structural predictions are not equivalent to functional
proofs (Terwilliger et al., 2024). The substantial sharing of variant
sites across individuals in the XRCC1 BRCT fragment suggests that
the inherent sequence background may contribute to the observed
pattern. Therefore, this fragment should be interpreted cautiously
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cDNA-level variation in the XRCC1 BRCT fragment differs between LC-ZK2 and LC-W. (A) Multiple sequence alignment of clone-derived XRCC1
BRCT cDNA fragments from LC-ZK2 and LC-W. (B) Agarose gel electrophoresis showing PCR amplification of the XRCC1 BRCT cDNA fragment. M,
DNA ladder. (C) Total SNP counts summarized for LC-ZK2 and LC-W. (D) Number of haplotypes identified in LC-ZK2 and LC-W. (E) Distribution of
base substitution types (A«G, CoT, AoC, TG, AT, and GoC) in LC-ZK2 and LC-W. (F) Transition/transversion (Ts/Tv) ratios summarized for LC-
ZK2 and LC-W.

as complementary evidence rather than as a standalone indicator of
IGH or somatic mutations. Accordingly, the BRCT-region results
are presented as candidate-site clues and references for
experimental design in subsequent validation rather than as a
basis for causal inference.

4.5 Limitations and priorities for follow-up
validation

This study proposed an association framework linking
amplicon-scale DNA variation, pathway-level transcriptomic
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repair signatures, and XRCC1-BRCT candidate sites. Several
limitations remain. First, DNA variation was assessed using three
nuclear amplicons, reflecting the fragment-scale mutation burden
rather than genome-wide mutation rates. Cloning-based
approaches can be sensitive to PCR and amplification artifacts,
and future studies should expand loci, apply UMI-enabled
amplicon sequencing, or adopt genome-scale strategies. Second,
transcriptomic divergence suggests the differentiation of DDR/BER/
HR programs but does not directly measure repair efficiency and
may be influenced by tissue state and cellular composition. Third,
the XRCC1 BRCT variation was inferred from cDNA and may

frontiersin.org


https://doi.org/10.3389/fpls.2026.1804463
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

10.3389/fpls.2026.1804463

Yu et al.
A B al B2 B3
—_— 20000000000 = —
IR CyVFVLSGFVNFER
LC-ZK2 P RCVVEVLSGEVHEER
IR B CVVFVLSGEVNEER
2 YR My VEVLEGFVNEER
= SNSRI RCVVEVLSGFVNPER
£ LR GV VEVLSGEVRPER
< % B4 al nl
3] S . —>000000000 200
E = | hl 41 TIVAMEWISESHSQRELEDIEPY)
- “ln2 4 AFANTPKFROVQSENGTIVAMEWISESHSQRKLEDIEP Y|
h3 41 SENGTIVAMEWISESHSQRKLMDIEPRPY
LC-W hd 41 BNGTIVAMEWISESHSQRKLMDIEPY
hs 41-8 SENGTIVAEWISESHSQRKLEUDIEPY|
(TR CAFANTPKFRQVOSENGT IVAIEWISESHSQRKLMDIER Y
C
&
e
L:c'z‘é?“‘
i
)
[
LE-ZKT 3o
LC-FRI2
uc.m.r;
enad
s
.;‘-:__@»‘,
g
FIGURE 8
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domain protein haplotypes derived from clone sequences in LC-ZK2 and LC-W. (B) Multiple sequence alignment of XRCC1 BRCT domains from
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to indicate their spatial distribution within the fold. Structural models are used as spatial references for hypothesis generation.

require further confirmation at the gDNA level, and structural
prediction alone cannot imply functional impact. Based on these
limitations, immediate priorities include validating key BRCT sites
at the genomic level and comparing damage sensitivity and repair
kinetics between materials under standardized H,0,, UV, and
MMS treatments.

5 Conclusions

This study integrated three complementary lines of evidence at
the leaf scale in Leymus chinensis. First, the analyses of three
nuclear gene amplicons across biological replicates consistently
supported lower leaf-scale sequence variation metrics (S and 7) in
LC-ZK2 than in LC-W, supporting a reproducible gene-fragment-
level heterogeneity pattern. Second, de novo transcriptome
profiling revealed coordinated expression divergence in DDR/
BER/HR pathways and prioritized XRCC1 as a prominent hub
candidate. Third, cDNA clone-based Sanger sequencing of the

Frontiers in Plant Science

XRCC1 BRCT-containing fragment generated a condensed
haplotype/protein-type map and identified candidate substitution
sites. Rather than directly claiming genome-wide IGH differences
or a proven causal effect on repair efficiency, these findings were
positioned as a testable evidence chain that defined a reproducible
phenotype, highlighted prioritized pathways and hub-gene
candidates, and provided actionable candidate site resources.
Overall, the results lay a foundation for subsequent gDNA
validation and functional assays and provide direction for

stability-oriented breeding evaluation.
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SUPPLEMENTARY FIGURE 1

Alignment overview and PCR validation for three nuclear loci used in clone-
based variation analysis. (A) Multiple sequence alignment snapshots of clone-
derived amplicons at three nuclear loci (MCM7, PsaE, and Psal) in LC-ZK2 and
LC-W. Each locus includes three biological replicates per material (labeled 1-
3). (B) Representative agarose gel images showing successful PCR
amplification of MCM7, PsaE, and Psal in LC-ZK2 and LC-W; M, DNA ladder;

SUPPLEMENTARY FIGURE 2

NBT and DAB staining of leaves from LC-ZK2 and LC-W. NBT staining was
used to detect superoxide anion (O,7), and DAB staining was used to detect
hydrogen peroxide (H,O,). Representative leaf images are shown for three
biological replicates of each material. NBT staining was stronger in LC-W than
in LC-ZK2, whereas no obvious punctate brown signals were observed in the
DAB-stained leaves of either material under the present conditions. Scale bars
=5mm.
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IGH Intraorganismal genetic heterogeneity
LC-W wild Leymus chinensis

LC-ZK2 cultivated cultivar Zhongke No. 2
BER base excision repair

HR homologous recombination
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Minichromosome Maintenance Complex Component 7
Photosystem I Subunit E
Photosystem I Subunit L

X-ray Repair Cross-Complementing Protein 1
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