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Abstract
Background:

Dark jute (Corchorus olitorius L.) is a high-biomass fiber crop with potential value for phytoremediation,
but the genetic basis of whole-plant cadmium (Cd) accumulation and tolerance remains poorly
understood. Identifying loci and candidate genes associated with Cd-related traits can support
molecular improvement of dark jute for cultivation in Cd-affected environments.

Results:

In this study, we integrated bulked segregant analysis sequencing (BSA-seq) with time-course RNA
sequencing (RNA-seq), Cd phenotyping, and gRT-PCR validation to investigate Cd accumulation and
tolerance in dark jute. A Cd-tolerant, low-accumulating accession (CO57) and a Cd-sensitive, high-
accumulating accession (CO83) were used to generate an F, population for extreme-phenotype bulking.
Time-course RNA-seq of the tolerant parent identified 2,830 and 4,525 Cd-responsive differentially
expressed genes in roots and aboveground tissues, respectively, with 1,207 shared genes. Functional
enrichment showed that aboveground responses were mainly associated with plastid and
photosynthesis-related processes, whereas root responses involved redox regulation, cell wall and
cytoskeleton remodeling, and metal-stress-related functions. For BSA-seq, 50 extremely low-
accumulating and 50 extremely high-accumulating F, individuals were pooled, yielding 625,354 high-
quality SNPs. ASNP-index analysis detected five candidate intervals spanning 7.13 Mb and containing
662 annotated genes. By integrating positional evidence, Cd-responsive expression patterns, and
functional annotations, seven candidate genes were prioritized, including genes encoding ABC
transporter-like proteins, NAC-domain regulators, and two PLAC8-domain proteins annotated as Cd-
resistance-related proteins. qRT-PCR analysis supported the RNA-seq expression patterns of the
prioritized candidates.

Conclusions:

These results define candidate genomic intervals and Cd-responsive genes associated with whole-plant
Cd accumulation and tolerance in dark jute. The study provides a genetic and transcriptomic framework
for future functional validation, marker development, and phytoremediation-oriented improvement of
dark jute.

1. Introduction

Elevated Cadmium (Cd) in agricultural environments arises from multiple anthropogenic and geogenic
sources, including mining and smelting activities, atmospheric deposition, and the long-term use of Cd-
bearing phosphate fertilizers, which can increase Cd inputs to arable soils over time [1, 2]. Because
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dietary exposure to Cd is largely driven by plant-derived foods, reducing Cd accumulation in crops and
crop-based products is a priority for both sustainable agriculture and public health [3].

In plants, Cd disrupts growth and development by impairing photosynthesis, disturbing nutrient
homeostasis, and triggering oxidative damage and cellular dysfunction [4]. Cd-induced reactive oxygen
species (ROS) can damage nucleic acids and proteins [5], and Cd stress has been associated with
reductions in photosynthetic indices, including photosynthetic rate and intracellular CO, concentration
[6]. Consistent with these effects, Cd can impede plant growth and development even at low
concentrations [7].

At the molecular level, Cd enters root cells largely via transport system for essential divalent cations
(e.g., Zn?*, Fe?*, Ca?*), and is subsequently regulated through chelation, sequestration, and transport
process [4]. Natural variation for Cd accumulation and tolerance is widespread, but these traits are
typically quantitative, environmentally sensitive, and controlled by multiple loci [3, 4, 8].

High-biomass crops are attractive candidates for reducing Cd bioavailability through phytoremediation
and phytoextraction, where whole-plant metal accumulation integrates tissue concentration with
biomass production [9, 10]. Exploiting plant diversity remains important for improving heavy metal (HM)
accumulation capacity and identifying effective hyperaccumulators [11, 12].

Dark jute (Corchorus olitorius L.) is a major bast-fiber crop with substantial biomass potential and
expanded genomic resources that facilitate locus discovery and molecular breeding [13, 14]. Recent
studies support the capacity of jute to tolerate HM stress and accumulate metals [15], and integrative
genetic dissection has demonstrated that mapped loci can be connected to candidate genes using
combined genomic and transcriptomic evidence [16].

From a crop improvement perspective, breeding for Cd-related traits requires resolving two partially
independent components: whole-plant Cd accumulation which reflects uptake, internal transport, and
retention across organs; and Cd tolerance, reflecting the ability to maintain growth and limit toxicity
under Cd exposure [3, 4]. Bulked Segregant Analysis (BSA), and sequencing-based BSA approaches
(BSA-seq) enable efficient mapping of loci by comparing pooled DNA from phenotypic extremes [17, 18],
but candidate intervals often contain many genes, requiring additional evidence to prioritize candidate
genes. Transcriptome profiling provides complementary support by identifying stress-responsive
pathways and genotype-specific programs, and integrating mapping-by-sequencing with RNA-seq can
improve candidate resolution by intersecting mapped regions with differentially expressed genes (DEGs)
and enriched pathways [3, 4, 16, 19, 20]. Such integrative strategies have successfully identified
candidate loci and genes for Cd accumulation in other crops, including rapeseed [8].

Despite these advances, the genetic architecture underlying whole-plant Cd accumulation and tolerance
in dark jute remains insufficiently characterized, and integrative datasets linking mapped loci to time-
resolved transcriptional responses are limited. Addressing this gap is important for developing
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molecular markers and candidate genes that support Cd-resilient dark jute improvement and broader
deployment of high-biomass crops in Cd-impacted production systems [1, 21, 22].

Here, we combined BSA-seq of F, bulks defined by whole-plant Cd accumulation with time-course RNA-
seq in the tolerant parent to map Cd accumulation-associated loci, characterize tolerance-associated
transcriptional responses and prioritize candidate genes, including those related to metal transport. The
objectives of this study were to: (i) evaluate Cd tolerance and accumulation differences between
contrasting parental lines, (ii) identify candidate genomic intervals associated with whole-plant Cd
accumulation using BSA-seq; (iii) characterize tissue-specific and time-dependent transcriptional
responses to Cd stress; and (iv) prioritize candidate genes associated with Cd accumulation and
tolerance for future functional validation and marker development.

2. Materials and Methods

2.1 Plant material, Cd growing conditions, and
experimental design

Seeds of dark jute accessions, CO57 (P1) and CO83 (P2), which were used as parental lines, were
obtained from the germplasm collection maintained by the Key Laboratory of Genetics, Breeding and
Multiple Utilization of Bast Fiber Crops, Fujian Agriculture and Forestry University (FAFU), Fuzhou, China.
The accession names CO57 and CO83 were assigned by our laboratory for germplasm identification and
management. These accessions were cultivated germplasm materials and were not collected from the
wild; therefore, no specific permission or licence was required for sample collection. The plant materials
were authenticated as Corchorus olitorius L. by Dr. Xu Jian-tang, FAFU, based on institutional germplasm
records and morphological characteristics. No voucher specimen was deposited because the materials
used in this study were cultivated accessions from the institutional germplasm collection. The
experimental research on plants complied with relevant institutional, national, and international
guidelines and legislation.

Seeds were sown in 72-cell trays and grown in the greenhouse of the Field Laboratory of Genetics,
Breeding and Multiple Utilization of Bast Fiber Crops, FAFU, under a 12 h light/12 h dark photoperiod at
25 °C. After two weeks, uniform seedlings at the four-leaf stage were selected and transferred to a 100
mL conical flask containing half-strength of Hoagland solution to allow root recovery from handling
stress. The half-strength Hoagland solution was prepared using a modified formulation to avoid Cd?*
precipitation, following the hydroponic protocol described previously [23].

To characterize parental responses and determine an appropriate working Cd concentration, seedlings
of both parents were exposed to a Cd concentration gradient (30, 50, 70, and 100 umol/L) supplied as
CdCl,.2.5H,0 in the modified half-strength Hoagland solution. Control (CK) plants were maintained in
the same nutrient solution without Cd addition. Treatments were arranged in a completely randomized
design with three biological replicates. The nutrient solution was renewed every three days to avoid
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microbial growth [24]. Cd tolerance was evaluated using biomass-derived indices, including the tolerance
index (TI) and growth inhibition (GGI), calculated from CK and Cd-treated biomass at the replicate levels.
Visible toxicity symptoms (e.g., chlorosis and leaf discolouration) were recorded photographically (Fig.
S1). Whole-plant Cd accumulation was assessed as Cd concentration on a dry-weight basis (roots and
shoots combined) and quantified by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) (Section 2.3).

Based on the parental dose-response results, 70 umol/L Cd?* was selected as the working concentration
for population screening. The two parental lines were crossed to generate F, plants (Fig. S2) and F,
individuals were self-pollinated to produce F, populations. A total of 300 F, seedlings were screened
under 70 pmol/L Cd?+ using the same hydroponic system. After 7 days of Cd exposure, surviving plants
with sufficient biomass were harvested for phenotyping variation, and whole-plant Cd concentration was
determined by ICP-OES (Section 2.3). A total of 296 F, individuals yielded valid Cd concentration data
and were used for downstream analyses.

2.2 Biomass-based indices (Tl and GGI)

Fresh weight (FW) and dry weight (DW) were measured for each accession under CK and Cd treatments
at 30, 50, 70, and 100 pmol/L. For each biological replicate, the tolerance index (TI) and growth inhibition
rate (GGI) were calculated using biomass values under CK and Cd treatments, where Bc represents
biomass under CK and Bt represents biomass under Cd treatment. The indices were calculated as
follows:

GGl = (Be-Bt)/Be (1)

TI = (Bt/Bc) [25] (2)

2.3 Cd quantification using ICP-OES

To quantify whole-plant Cd accumulation, roots of stressed seedlings were immersed in 20 mM Na,
EDTA for 15-20 minutes to remove Cd adhered to the surface of the root. After which the roots were
washed thrice with distilled water and finally with de-ionized water [26]. Whole plants (shoot and root
combined) were weighed and dried in a 65 °C oven for 3 days until reaching a constant weight. The
samples were ground into powder using a hammer cyclone mill at 60 Hz frequency for 90 seconds. For
acid digestion, 0.1 g of each powdered sample were weighed in three replicates and put in a 50 mL
conical flask. 5 mL of HNO; were added to each conical flask, and the digestion was performed on a hot
block digester. A glass funnel was placed on each of the 50 mL conical flasks, the samples were heated
as follows, 120 °C for 60 mins, 140 °C for 60 mins, and 160 °C for 60 mins and the whole digestion
process was done in a ventilator.

After the digestion was completed (a clear colourless liquid), the sample was diluted with distilled water
to make 50 mL and 10 mL of the diluent was later used to detect the Cd concentration [27]. Cd
concentration was measured using an ICP-OES (Avio 220 Max, PerkinElmer, Waltham, MA, USA) at an
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analytical wavelength of 228.802 nm with four technical readings per sample. A standard curve was
generated using Cd standard solution containing 5% HNO5 at 0 mg/L, 5 mg/L, 10 mg/L, 20 mg/L, 30
mg/L, 40 mg/L and 50 mg/L (Fig. S3). Sample analysis followed the Chinese national standard GB
5009.268-2016, issued by National Standard Substances Center of China.

2.4 Time-course RNA-seq design and analysis

The tolerant parental line P1 was grown for three weeks and subjected to Cd stress as described in
Section 2.1. To characterize Cd-responsive transcriptional dynamics, root (R) and aboveground tissue (L)
samples were collected at 0, 24, 48, and 72 h. The 0 h CK samples were used as baseline controls, and
Cd-treated samples were collected at 24, 48, and 72 h after exposure to 70 pmol/L Cd?*. Tissues were
immediately frozen in liquid nitrogen and stored at - 80°C until RNA extraction. For each time-course x
tissue x treatment combination, three biological replicates were collected and sequenced. RNA-seq
libraries were prepared and sequenced by Jisi Huiyuan Biotechnology (Nanjing, China) following
standard protocols. Sequencing yield and base-quality metrics for all libraries are summarized in Table
S1.

Raw reads were quality-controlled using fastp v0.20.0 with adapter removal, filtering of reads containing
more than 5 ambiguous bases (N), and removal of reads in which bases with quality < 5 accounted for
more than 50% of the read length (main parameters: -q 5 -n 5). Clean reads were aligned to the dark jute
reference genome TC [14] using HISAT2 v2.1.0 with the option --novel-splicesite-outfile, and the resulting
SAM files were converted, sorted and indexed as BAM files using samtools v1.9.

Alignment quality, mapping efficiency and coverage of exons and transcripts were assessed using
Qualimap v2.2.1 in RNA-seq mode. Transcript assembly and expression quantification were performed
with StringTie v2.1.3. For each sample, transcripts were assembled with parameters -f0.2-a30-c 5-j 5,
and assemblies were merged using the --merge function to obtain an optimized annotation. StringTie
was then rerun in quantification mode (-e -p 4) using this annotation to generate gene-level abundance
estimates. Read counts were organized using Ballgown (R), and FPKM/TPM values were calculated
using in-house Python scripts. Differential expression analysis was performed on raw counts using
DESeq2 v1.42.0, with DEGs defined as those with [log,(fold change)| = 1 and FDR < 0.05. The DEGs were
annotated by sequence alignment to the Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG), Non-Redundant Protein Database (NR), Swiss-Prot (swissprot), and InterPro
databases using BLAST (v 2.15.0) [28].

2.5 DNA isolation and sequencing

Leaf samples were collected from 5 plants of each parent, P1 and P2. From the F, population, 50 plants
with high whole-plant Cd concentration and 50 plants with low whole-plant Cd concentration were
selected, and a bulk pool was made for each phenotypic trait. Genomic DNA was extracted from each
pool using CTAB-based protocol [29]. The concentration and quality of the total genomic DNA were
determined using a NanoDrop2000 Spectrophotometer (Thermo Fisher Scientific). DNA libraries (350
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bp) for lllumina/BGI sequencing were constructed for the bulk pools and parent. After DNA library
construction, sequencing was performed on an Illlumina HiSeq XTen/NovaSeq/BGlI platform by a
commercial service Jisi Huiyuan Biotechnology (Nanjing, China), with 150 bp read lengths. Raw reads
(FASTQ) were processed on BMK Cloud platform (www.biocloud.net) to remove adapter contamination
and low-quality reads; Q20, Q30, GC content and duplication levels were calculated, and only high-quality
clean reads were retained (Table S2).

2.6 Read mapping, variant calling, and BSA-seq

Clean reads were aligned to the dark jute reference genome TC [14] using bwa-mem2 v2.2 (mem -t 4 -M),
and the alignments were sorted and indexed with samtools v1.9. Mapping statistics, average sequencing
depth and genome coverage at = 1x, > 5x and = 10x were calculated from the sorted BAM files; most
samples showed high mapping rates, with mapping rates ranging from 87.28% to 99.20%. Genome
coverage at = 10x was higher in the F, bulks than in the parental samples (Table S3). SNPs and small
InDels were called using GATK v3.8 HaplotypeCaller. Variants within 5 bp of an InDel or within 10 bp of
adjacent InDels (bcftools vcfutils.pl varFilter -w 5 -W 10), clustered variants (clusterSize = 2,
clusterWindowSize = 5), and those failing QUAL < 30, QD < 2.0, MQ < 40 or FS > 60.0 were removed, with
other parameters kept at GATK defaults (Table S4).

Based on the mapping results, structural variants (insertions, deletions, inversions and ectopic
rearrangements) were detected using Manta with default parameters. For BSA-seq analysis, SNP-index
values were calculated for the high- and low-Cd accumulation bulks. The ASNP-index was calculated by
subtracting the SNP-index of the low-accumulation bulk from that of the high-accumulation bulk.
Genome-wide ASNP-index values were examined using a sliding-window approach, and candidate
regions were defined as intervals exceeding the 99th percentile threshold. The coding genes in the
candidate region were functionally annotated using multiple databases: NR (NCBI non-redundant protein
sequences) [30], SwissProt (A manually annotated and reviewed protein sequence database) [30], GO
(Gene Ontology) [31], KO (KEGG Ortholog database) [32], COG (Clusters of Orthologous Groups of
protein) [33] using BLAST [34] software.

2.7 Integration of BSA-seq and RNA-seq data for
candidate-gene prioritization

BSA-seq was used to define genomic intervals associated with segregation for whole-plant Cd
accumulation, and time-course RNA-seq in the tolerant parent was used as supportive functional
evidence for candidate gene prioritization. Genes located within BSA-seq candidate intervals were
extracted from the reference genome annotation. Candidate genes were first prioritized by retaining
genes that (i) were located within the BSA-seq intervals, and (ii) carried at least one predicted functional
variant (non-synonymous SNP or frameshift InDel) between high accumulation and low accumulation
materials and/or had GO/KEGG annotation related to glutathione metabolism and transporter-
associated pathways.
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Next, RNA-seq expression data (Section 2.4) were then used to refine candidates based on Cd-
responsive transcriptional regulation. Differential expression between Cd-treated and CK samples was
assessed using DESeq2 (|log,FC| = 1, FDR < 0.05). Genes were retained as integrated candidates if they
were located within the BSA-seq intervals and were significantly differentially expressed in at least one
relevant comparison, with expression patterns consistent with Cd response in the tolerant parent. FPKM
values were used to summarize expression levels and visualize temporal expression profiles.

2.8 qRT-PCR analysis

Gene-specific gPCR primers for the seven candidate genes and the reference gene were designed using
PrimerQuest (Integrated DNA Technologies) based on the C. olitorius genome and transcript sequences
(Table S5). The C. olitorius PP2A catalytic subunit (CoPP2A/PP2Ac) was used as the internal reference
gene because of its stable expression reported in jute [35]. For each time-course x treatment x tissue
combination, three biological replicates were analyzed, and each biological sample was run with two
technical qPCR replicates.

The RNA samples used for gRT-PCR were the same as those used for transcriptome sequencing and
cDNA was synthesized using the full-strand gold reverse transcription kit (AT311, China). For each
reaction, 1 pg of total RNA was reverse transcribed using Superscript Il Reverse Transcriptase (Cat. no.
18064-014, Invitrogen, Thermo Fisher Scientific, USA) and oligo (dT),,—,s primers (Invitrogen, Thermo
Fisher Scientific, USA), following the manufacturers’ instructions. gRT-PCR was performed on a CFX96
real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA) using SYBR Green chemistry.

Relative expression levels were calculated using the 2722Ct method [36].

2.9 Statistical analysis

All phenotypic measurements were obtained from three biological replicates unless otherwise stated.
Statistical analyses were performed using GraphPad Prism v10.1.1. Differences between treatments or
accessions were assessed using two-tailed Student’s t-tests. Statistical significance was defined as p <
0.05 (*), p<0.01 (**),and p < 0.001 (***). Graphs were generated using GraphPad prism, and TBtools.

3. Results
3.1 Parental responses to Cd concentration gradient

Both parental lines exhibited dose-dependent growth suppression under Cd stress, reflected by
decreasing Tl and increasing GGI as Cd concentration increased. At 30 pmol/L, inhibition was mild and
no significant difference was observed between accessions. With increasing Cd concentration, P2
showed a stronger loss of tolerance, with a pronounced decline in Tl (Table S6) and increased GGl
(Fig. 1). In contrast, P1 maintained higher tolerance across moderate to high Cd levels, showing
consistently higher Tl and lower GGI. Because 70 pmol/L produced clear phenotypic differentiation
between the parents while avoiding the most severe inhibition observed at 100 pmol/L, it was selected
as the working concentration for subsequent stress treatment and F, population screening. Cd exposure
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also induced distinct visual symptoms in the two parents (Fig. S1). At 30 umol/L, both lines displayed
leaf chlorosis relative to CK. In P1, chlorosis progressively intensified with increasing Cd and was
accompanied by gradual senescence and abscission of older leaves. In P2, red venation in mature leaves
was evident and intensified with Cd concentration, together with stronger chlorosis and more extensive
leaf loss. At 70 and 100 pmol/L, symptoms severity increased in both lines, but P2 consistently showed
more pronounced discolouration and defoliation than P1.

GGl were calculated per biological replicate using CK biomass (Bc) and Cd-treated biomass (Bt). Bars
represent mean + SEM. Asterisks indicate significant differences between accessions at each
concentration by two-tailed Student’s t-test: p < 0.05 (*), p < 0.07 (**), p < 0.007 (***).

3.2 Cd accumulation differed between parental lines

Following 7 d Cd exposure, whole-plant Cd concentration (mg/kg DW) increased markedly in both
parental lines compared with CK (Fig. 2). In P1, Cd concentration increased from 4.04 mg/kg DW to
328.05 mg/kg DW in Cd treatment, while in P2 it increased from 5.30 mg/kg DW in CK to 584.20 mg/kg
DW in Cd treatment. Thus, Cd exposure resulted in = 81-fold and 110-fold increases in P1 and P2,
respectively. Under Cd treatment, P2 accumulated significantly more Cd than P1 (1.78-fold higher),
confirming clear parental divergence in whole-plant Cd accumulation capacity.

3.3 Segregation in the F, population under Cd stress

At 70 umol/L Cd, a total of 300 F, seedlings were screened for whole-plant Cd accumulation, and valid
ICP-OES measurements were obtained for 296 individuals (Table S7). Whole-plant Cd concentration
(mg/kg DW) showed a continuous, unimodal distribution spanning a broad range (approximately 25.5-
853.9 mg/kg DW), with a central tendency of p =338 mg/kg DW and dispersion of ¢ = 149 mg/kg DW
(coefficient of variation = 44%). The fitted normal density curve closely tracked the histogram across the
central bins, indicating that Cd accumulation behaves as a quantitative trait rather than a discrete, single-
gene class. Notably, the distribution exhibited a slight right tail, with a small number of individuals
showing markedly elevated Cd concentrations (> 600 mg/kg DW), suggesting transgressive segregation
for high accumulation and providing a clear basis for selecting extreme phenotypes.

Normality was formally assessed using the Shapiro-Wilk test (W =0.9812, p = 0.007095). Although the p-
value indicates a statistically detectable deviation from perfect normality (which is common for large
sample sizes), the W statistic close to 1 and the overall histogram shape support an approximately
normal, quantitative inheritance pattern for whole-plant Cd accumulation. The two parental lines differed
in their positions within the F, distribution, with P1 close to the population mean and P2 shifted toward
the higher-accumulation side (Fig. 3), consistent with segregating alleles contributing to variation in Cd
accumulation.

3.4 Differentially expressed genes in response to Cd stress
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To characterize Cd-responsive transcriptional dynamics, time-course RNA-seq was performed in P1
using root (R) and aboveground tissue (L) samples collected at 24, 48, and 72 h after Cd exposure. The 0
h CK samples served as baseline controls for differential expression comparisons with Cd-treated
samples at each subsequent time point. Pearson correlation analysis showed strong consistency among
biological replicates and clear separation by tissue and treatment/time (Fig. 4).

Differential expression was assessed using DESeq2 (padj < 0.05, |log,FC| = 1). In roots, 3784 DEGs (1923
up, 1861 down) were detected at 24 h, 4167 (2001 up, 2166 down) at 48 h, and 4102 (1884 up, 2218
down) at 72 h (Table S8). Overall, Cd triggered a consistently large transcriptional response in roots
across the time-course, whereas aboveground tissues showed a more dynamic pattern, with a reduction
in DEG number at 48 h followed by a marked increase by 72 h.

Overlap analysis indicated both shared and tissue-specific Cd responses. Across tissues, 1207 DEGs
were shared between roots and aboveground tissues, while 2623 and 3318 were tissue-specific to roots
and aboveground tissues, respectively (Fig. 5A). Time-course Venn analysis further showed that only a
small core set of DEGs was shared across consecutive time transitions under Cd stress (roots: 10
shared; aboveground tissues: 34 shared), indicating that most transcriptional changes were stage-
specific during the progression of Cd stress (Fig. 5B-C).

(A) Shared and tissue-specific DEGs between root (R) and aboveground tissues (L), (B) Time-course
overlap of DEGs in roots (R), and (C) Time-course overlap of DEGs in aboveground tissues (L)

3.5 Functional enrichment analysis of Cd-responsive DEGs

To interpret the biological functions associated with Cd-responsive transcriptional changes, GO and
KEGG enrichment analyses were performed separately for aboveground tissues (L) and roots (R) using
the union of DEGs identified at 24, 48, and 72 h (Fig. 6; Table S8).

GO enrichment patterns differed markedly between tissues (Fig. 6A-B). In aboveground tissues, enriched
GO terms were dominated by chloroplast and photosynthesis-associated cellular component (e.g.,
plastid/chloroplast, stroma, thylakoid, and photosynthetic membrane), indicating that Cd stress strongly
impacted plastid-associated structures and photosynthetic machinery. In contrast, root DEGs showed
broader enrichment spanning biological process, cellular component, and molecular function categories,
including cell wall organization/biogenesis and secondary cell wall formation, cytoskeleton and
microtubule-associated terms, and redox-related processes, together with oxidoreductase activity
(including activity acting on metal ions), consistent with structural remodeling and redox regulation in
the primary Cd-exposed tissue.

KEGG analysis further supported both shared and tissue-specific responses (Fig. 6C-D; Table S9). Both
tissues were enriched for glutathione metabolism and transporters, consistent with detoxification and
membrane transport during Cd stress. Root-enriched pathways additionally emphasized transporter-
associated related categories, whereas aboveground tissues showed strong enrichment for
photosynthesis-related pathways (e.g., photosynthesis and photosynthesis-antenna proteins). Together,
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these enrichment patterns suggest a shared detoxification/transport core response to Cd stress, with
tissue-specific specialization characterized by root structural/redox responses and aboveground
impacts on plastid and photosynthesis-associated functions.

(A) Top 20 enriched GO terms in aboveground tissues (L). (B) Top 20 enriched GO terms in roots (R). (C)
Top 20 enriched KEGG pathways in aboveground tissues (L). (D) Top 20 enriched KEGG pathways in
roots (R). DEGs were identified by DESeq2 (padj < 0.05, |log,FC| = 1) at 24, 48, and 72 h after Cd
exposure, and DEGs from each tissue were combined as a union set for enrichment analysis. Bars
represent - log,, (P-value).

3.6 Identification of candidate intervals associated with
whole-plant Cd accumulation by BSA-seq

To map genomic regions associated with whole-plant Cd accumulation, BSA-seq was performed on the
two parental lines (P1 and P2) and two F, DNA bulks representing extreme phenotypes (high-
accumulation, and low accumulation). Pairwise SNP differences among parents and bulks showed clear
genetic divergence between the extreme pools (189967 SNPs) and between each bulks and its
corresponding parent (Table S10). After filtering, 625354 high quality SNPs were retained for
downstream SNP-index analysis (Table S11). Genome-wide ASNP-index analysis identified discrete
peaks exceeding the 99th percentile threshold (ASNP-index cutoff = 0.02), defining five candidate
intervals across three chromosomes (Fig. 7; Table S11). These intervals included three regions on
Chromosome 3 (GWHBQTL00000003), one region on Chromosome 4 (GWHBQTL00000004), and one
region on Chromosome 7 (GWHBQTL00000007), spanning a total of 7.13 Mb and containing 662
annotated genes in the reference genome (Table S11). These candidate intervals were used for
subsequent candidate gene prioritization and integration with transcriptomic data.

3.7 Integrative prioritization of candidate genes using BSA-
seq and time-course RNA-seq

BSA-seq (ASNP-index) identified five candidate intervals associated with whole-plant Cd accumulation
across Chromosomes 3, 4, and 7, spanning 7.13 Mb and containing 662 annotated genes (Table S11;
Fig. 7). To prioritize candidates within these intervals, we integrated positional evidence from BSA-seq
with time-course RNA-seq profiles under Cd treatment.

In a first filtering step, genes located within the BSA intervals were shortlisted based on functional
annotations consistent with HM stress responses (e.g., transport, detoxification, stress signaling, and
metal binding) and their proximity to association peaks. In a second step, RNA-seq data were used to
refine the shortlist by evaluating differential expression between Cd-treated and CK samples across 0,
24,48 and 72 h in roots (R) and aboveground tissues (L). Genes were retained as key candidates if they
(i) showed significant Cd-responsive expression in at least one relevant comparison and/or (ii) exhibited
clear time-dependent expression dynamics consistent with Cd response, particularly in roots. Using
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these combined criteria, seven genes were prioritized as candidate genes associated with Cd
accumulation and tolerance: COS03g_00658, COS03g_00659, COS03g_03287, COS03g_03316,
C0S03g_03200, COS03g_03180, and COS07g_05235 (Table S12; Fig. 8).

Time-course profiles supported tissue-dependent Cd responses among these candidates (Fig. 8).
C0S03g_00658 and COS03g_00659 showed consistently higher expression in roots than aboveground
tissues across the Cd exposure period, consistent with a root-associated response. COS03g_03316 also
displayed higher expression in roots and dynamic changes following Cd exposure. In contrast,
C0S07g_05235 showed comparatively modest temporal variation between tissues. Collectively, the
combined positional mapping and Cd-responsive expression evidence supports these genes as leading
candidates for further validation.

To provide additional functional context, conserved protein features were examined using domain-based
annotations. Domain architectures supported the presence of motifs and families consistent with
stress-response and transport-related functions, including PLAC8 domains in COS03g_00658 and
C0S03g_00659, ABC transporter-associated features in COS03g_03287 and C0OS03g_03316, and a
NAM/NAC-related domain in COS03g_03200 (Fig. S4). Collectively, the combined mapping-by-
sequencing and time-resolved expression evidence highlights these candidates as strong targets for
downstream validation and functional characterization.

Expression levels (FPKM) are shown for Cd-treated samples at 24, 48, and 72 h, with 0 h CK samples
used as baseline controls. Points represent mean values across biological replicates and error bars
indicate + SE.

3.8 gRT-PCR validation of candidate gene expression

gRT-PCR was used to validate expression patterns for the prioritized candidate genes across the Cd
exposure time course. Overall, qRT-PCR trends were consistent with the RNA-seq expression
directionality for the tested genes, supporting the reliability of the transcriptomic dataset (Fig. 9A-G).
Notably, COS03g_00658 showed stronger induction in P1 than in P2 at 24 h and 72 h, whereas
C0S03g_00659 displayed higher expression in P2 across Cd-stress time points. The ABC transporter
candidate COS03g_03316 showed consistently higher expression in P1 than in P2 across the time
course. Other candidates showed weaker or more variable differences between accessions.

A-G represent the seven candidate genes, COS03g_03287, COS03g_03316, COS03g_03200,
C0S079_05235, CO0S03g_03180, COS03g_00658, and COS03g_00659 respectively. Values are mean
SE. Significant differences were assessed by t-test: p < 0.05 (*), p< 0.07 (**), p < 0.007 (***).

4. Discussion

This study used an integrative genomic and transcriptomic approach to investigate whole-plant Cd

accumulation and Cd tolerance-associated responses in dark jute. The continuous distribution of Cd

concentration in the F, population (Fig. 3) suggests that Cd accumulation is a quantitative trait governed
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by multiple loci rather than a single major gene, consistent with reports in other crop species [8, 37]. The
identification of five candidate intervals spanning 7.13 Mb across Chromosomes 3, 4, and 7 and
containing 662 annotated genes (Table S11) underscores the complex architecture of Cd accumulation
and provides a defined genomic framework for downstream functional analysis.

Tissue-resolved transcriptome profiling revealed marked specialization of Cd-responsive programs. In
shoots, DEGs were primarily enriched in plastid and chloroplast-associated components, suggesting that
aerial tissues largely reflect downstream physiological impacts of Cd stress on photosynthesis and
membrane metabolism (Fig. 6A). Cd is well known to disrupt chloroplast ultrastructure, impair thylakoid
function, and induce oxidative damage in leaves [4, 38]. Thus, the transcriptional signatures observed in
shoots are consistent with structural and metabolic perturbations secondary to Cd exposure.

In contrast, root DEGs were enriched across oxidoreductase activity, membrane transport, cellular
recycling, and stress-response categories (Fig. 6B). Because roots represent the primary site of Cd entry,
this broader transcriptional activation likely reflects active detoxification and defense. Enhanced
oxidoreductase activity and redox regulation are central to limiting metal-induced oxidative stress [39,
40]. The enrichment of glutathione-related pathways across tissues further highlights the importance of
thiol-mediated detoxification. Glutathione plays a critical role in Cd chelation, ROS buffering, and the
formation of Cd-phytochelatin complexes that enable vacuolar sequestration [41, 42].

Transporter-associated pathways were also significantly enriched (Fig. 6D). Membrane transporters,
particularly members of the ATP-binding cassette (ABC) family, are key regulators of HM efflux and
compartmentalization [37, 43, 44]. In rice, ABCG36 mediates Cd extrusion from root cells [45], while
ABCC-type transporters contribute to vacuolar sequestration of Cd-glutathione complexes in crop
species [46]. Within our candidate intervals, COS03g_03287 and COS03g_03316 encode ABC
transporter—like proteins. The higher root expression of COS03g_03316 (Fig. 9B) suggests that it may be
involved in root Cd transport, redistribution, or sequestration, although functional validation will be
required to confirm its role.

Two additional candidates, COS03g_00658 and COS03g_00659, contain PLAC8 motifs characteristic of
PCR family proteins (Fig. S4). PCR/PLACS proteins have been shown to regulate Cd tolerance and
accumulation in several species [47]. Overexpression of OsPCR1 and OsPCR3 enhances Cd tolerance
and reduces shoot Cd accumulation in rice [48], while AtPCR2 contributes to Cd resistance in Arabidopsis
thaliana [49]. The root-biased expression of COS03g_00658 and COS03g_00659 under Cd stress,
together with their contrasting regulation between tolerant and sensitive parents, suggests functional
divergence between the two PLAC8-domain candidates and support their prioritization for future
functional analysis. Notably, COS03g_00658 showed stronger induction in P1, whereas COS03g_00659
was more highly expressed in P2 (Fig. 9F-G).

The NAC transcription factor-like gene COS03g_03200 exhibited relatively high expression levels. NAC
family proteins are well-established regulators of abiotic stress responses, coordinating antioxidant
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defenses, cell wall modification, and downstream detoxification pathways [50, 51]. Its expression profile
suggests that it may function upstream of transporter and detoxification genes in Cd stress signaling.

C0S03g_03180, predicted to function extracellularly, displayed higher expression in roots (Fig. 9E).
Extracellular or cell wall-associated proteins can contribute to Cd immobilization in the apoplast, thereby
limiting symplastic entry [52]. This suggests that COS03g_03180 may contribute to Cd immobilization at
the root interface, thereby affecting whole-plant Cd accumulation. In contrast, COS07g_05235 showed
no strong tissue bias (Fig. 9D) and may function in general stress signaling rather than Cd-specific
detoxification.

Root gRT-PCR validation supported several RNA-seq trends, particularly for COS03g_00658,
C0S03g_00659, and COS03g_03316. The concordance between transcriptome data and targeted
validation strengthens confidence in these genes as core candidates. However, not all genes within the
BSA intervals showed strong expression differences, which is expected for quantitative traits such as Cd
accumulation. Candidate intervals often contain genes with modest or context-dependent effects that
may not exhibit pronounced transcriptional variation under a single experimental condition.

Although this study provides candidate genomic intervals and Cd-responsive genes associated with
whole-plant Cd accumulation and tolerance in dark jute, several limitations should be noted. First, Cd
accumulation was evaluated as whole-plant Cd concentration, whereas root- and shoot-specific Cd
accumulation, translocation factor, bioconcentration factor, and total Cd uptake were not separately
assessed. Therefore, the present results should be interpreted as an integrated estimate of whole-plant
Cd accumulation rather than a complete description of Cd uptake, transport, and partitioning among
organs. Second, the population screening was conducted under hydroponic conditions using a defined
Cd concentration. This approach enabled controlled phenotyping and clear differentiation among
accessions, but it may not fully represent Cd availability, plant—soil interactions, or environmental
variation under field conditions. Validation under Cd-contaminated soil and multi-environment conditions
will therefore be necessary. Third, time-course RNA-seq was performed in the tolerant, low-accumulating
parent, whereas transcriptome profiling of the sensitive, high-accumulating parent was not included. As
a result, the RNA-seq data provide evidence for Cd-responsive expression in the tolerant parent but
cannot fully resolve accession-specific transcriptional differences between the two parents. Finally, the
prioritized genes were identified based on positional evidence, Cd-responsive expression patterns,
functional annotation, and qRT-PCR validation, but their biological functions remain to be experimentally
confirmed. Future studies using fine mapping, gene editing, overexpression or complementation
analysis, subcellular localization, transporter assays, and field-based phenotyping will be important to
verify the roles of these candidate genes in Cd accumulation and tolerance.

Taken together, the integration of BSA-seq and time-course RNA-seq supports a root-centered model of
Cd response in dark jute. Roots appear to activate coordinated detoxification, glutathione-linked redox
buffering, membrane transport, and possibly apoplastic immobilization, whereas shoots mainly reflect
structural and photosynthetic consequences of Cd stress. Among the prioritized genes, COS03g_00658,

Page 15/29



C0S03g_00659, and COS03g_03316 represent particularly promising candidates for further study
because they combine positional evidence, Cd-responsive expression, and functional annotations related
to HM tolerance or transport. These findings provide a useful genetic and transcriptomic framework for
future functional validation, marker development, and improvement of Cd-related traits in dark jute.

5. Conclusion

This study integrated BSA-seq, time-course RNA-seq, Cd phenotyping, and gRT-PCR validation to
investigate whole-plant Cd accumulation and tolerance-associated responses in dark jute. Using two
contrasting parental accessions and an F, population screened under Cd stress, BSA-seq identified five
candidate genomic intervals on Chromosomes 3, 4, and 7, spanning 7.13 Mb and containing 662
annotated genes.

Time-course RNA-seq of the tolerant parent revealed tissue-specific transcriptional responses to Cd
stress. Aboveground tissues were mainly associated with plastid- and photosynthesis-related processes,
whereas roots showed broader responses involving redox regulation, cell wall and cytoskeleton
remodeling, transport, and stress defense. By combining mapped intervals with Cd-responsive
expression patterns and functional annotations, seven candidate genes were prioritized, including
PLAC8-domain/PCR-family genes, ABC transporter-like genes, and stress-response-related genes.

Overall, these findings provide candidate genomic regions and prioritized genes potentially associated
with whole-plant Cd accumulation and tolerance in dark jute. This study establishes a useful genetic and
transcriptomic foundation for future fine mapping, functional validation, marker development, and
improvement of Cd-related traits in this high-biomass fiber crop.
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Figures

Image not available with this version

Figure 1

Growth inhibition (GGI) of the parental lines under Cd concentration gradient (30, 50, 70, and 100
pmol/L).

GGl were calculated per biological replicate using CK biomass (Bc) and Cd-treated biomass (Bt). Bars
represent mean + SEM. Asterisks indicate significant differences between accessions at each
concentration by two-tailed Student’s t-test: p < 0.05 (*), p < 0.07 (**), p < 0.007 (***).
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Image not available with this version

Figure 2

Whole-plant Cd concentration in parental lines under CK and Cd stress (70 umol/L) after 7 d. Bars show
mean + SEM. Asterisks indicate significant differences (P < 0.07)
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Figure 3

Frequency distribution of whole-plant Cd concentration in the F, population under 70 pmol/L Cd stress
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Figure 4

Pearson correlation heatmap of RNA-seq samples across tissues and time points under CK and Cd
treatments
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Figure 5

Overlap of Cd-responsive DEGs across tissues and time points

(A) Shared and tissue-specific DEGs between root (R) and aboveground tissues (L), (B) Time-course
overlap of DEGs in roots (R), and (C) Time-course overlap of DEGs in aboveground tissues (L)
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Figure 6

GO and KEGG enrichment of Cd-responsive DEGs in aboveground tissues (L) and roots (R) of the tolerant

parent.

(A) Top 20 enriched GO terms in aboveground tissues (L). (B) Top 20 enriched GO terms in roots (R). (C)
Top 20 enriched KEGG pathways in aboveground tissues (L). (D) Top 20 enriched KEGG pathways in
roots (R). DEGs were identified by DESeq2 (padj < 0.05, |log,FC| = 1) at 24, 48, and 72 h after Cd
exposure, and DEGs from each tissue were combined as a union set for enrichment analysis. Bars

represent -log,, (P-value).
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Figure 7

Genome-wide ASNP-index plot for the F, bulks across seven chromosomes. Points represent SNP-level,
ASNP-index values and the black curve indicates the LOESS-smoothed ASNP-index. The red dashed line
marks the significance threshold (99th percentile; ASNP-index = 0.02). Regions exceeding the threshold

were considered candidate intervals.
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Figure 8

Time-course RNA-seq expression profiles (FPKM) of prioritized candidate genes in aboveground tissues
(L) and roots (R) under Cd stress

Expression levels (FPKM) are shown for Cd-treated samples at 24, 48, and 72 h, with 0 h CK samples
used as baseline controls. Points represent mean values across biological replicates and error bars
indicate +SE.
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Figure 9

gRT-PCR validation of candidate genes under Cd stress

A-G represent the seven candidate genes, COS03g_03287, COS03g_03316, COS03g_03200,
C0S07g_05235, C0S03g_03180, COS03g_00658, and COS03g_00659 respectively. Values are mean *
SE. Significant differences were assessed by t-test: p < 0.05 (*), p < 0.07 (**), p < 0.007 (***).
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