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Abstract

Background Soil salinization threatens global rice production, driving the urgent need for salt-tolerant rice cultivars.
Sea rice HD961, renowned for its exceptional salt tolerance, serves as an ideal model for elucidating molecular adapta-
tions to salinity.

Results In this study, we generated a high-quality, chromosome-level genome assembly of HD961 using Nanop-

ore long-read sequencing, lllumina short-read polishing, and Hi-C-based scaffolding, providing a robust foundation
for translatomic analysis. To explore translational responses to salt stress, we integrated ribosome profiling (Ribo-seq)
with the QEZ-seq protocol and RNA sequencing (RNA-seq) under 150 mM NaCl conditions. Our results reveal that salt
stress selectively enhances translational efficiency (TE) in genes critical for ion homeostasis, antioxidant defense,

and cell wall remodeling, enabling HD961 to maintain cellular balance under stress. Especially, eukaryotic transla-

tion initiation factor 2B (elF2B) emerged as a key regulator, with its upregulation and the formation of stress-induced
elF2B-containing bodies indicating a novel mechanism to optimize protein synthesis. Additionally, ribosome footprint
profiling revealed codon-specific modulation of A-site dwell times, with the GCG codon showing a particularly pro-
nounced shift under salt stress, suggesting fine-tuned translational control that prioritizes stress-responsive proteins.

Conclusion Together, these findings highlight elF2B-mediated translational regulation as central to HD961's salt
tolerance, offering valuable genomic and translatomic resources for breeding salt-tolerant rice and other crops.
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Background
Rice (Oryza sativa L.) is a vital global crop, serving as the
primary staple food for over half of the world’s popula-
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stress tolerance, thereby facilitating the development of
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improved cultivars through both traditional breeding and
biotechnological methods [6]. However, despite its signif-
icant role, rice production faces increasing threats from
various abiotic stresses, with soil salinization emerging
as a major and growing concern. Approximately 20% of
irrigated lands worldwide are affected by salinity, a figure
expected to rise due to factors like sea-level rise, poor
irrigation practices, and climate change [7]. High salinity
in soil induces osmotic stress, ion toxicity, and nutrient
imbalances in rice plants, leading to reduced growth and
lower yields [8, 9]. Salt stress particularly impacts criti-
cal growth stages such as germination, seedling estab-
lishment, and reproductive development, resulting in
significant yield losses that threaten food security in
affected regions [10—13]. The economic impact is sub-
stantial, as vast areas of productive land become unsuit-
able for cultivation, underscoring the urgent need for
strategies to mitigate the effects of salinity on rice crops.

Addressing the challenges posed by saline soils and
limited arable land necessitates the development of salt-
tolerant rice varieties. While traditional breeding meth-
ods have been beneficial, they are often time-consuming
and constrained by the complex genetic traits associated
with salt tolerance [14]. Therefore, leveraging advanced
genomic and molecular tools is crucial to accelerate the
identification of key genes and regulatory networks that
confer salt tolerance [10]. Salt-tolerant rice varieties can
stabilize and potentially increase yields in saline envi-
ronments, expand cultivation areas, and enhance food
security and economic resilience [14]. Moreover, under-
standing salt tolerance mechanisms in rice can inform
efforts to improve abiotic stress resilience in other staple
crops, thereby having a broader impact on global agricul-
ture. Salt tolerance in rice involves intricate physiologi-
cal and molecular responses, including gene regulatory
networks, signal transduction pathways, and metabolic
adjustments that enhance ion homeostasis, osmopro-
tection, and oxidative stress mitigation [15]. To unravel
these complexities, comprehensive genomic and trans-
latomic analyses are essential. Genome sequencing
provides a foundational understanding, enabling the
identification of genetic variants, gene families, and regu-
latory elements linked to salt tolerance [16—18]. However,
transcriptomic data alone may not capture the dynamic
changes in protein synthesis that are crucial for adaptive
responses to salinity [19].

To bridge this gap, translatomics, particularly ribo-
some profiling (Ribo-seq), offers a detailed view of
translation by mapping ribosome-protected mRNA
fragments (RPFs) and measuring translational efficiency
(TE) across the genome [20-23]. When combined with
RNA sequencing (RNA-seq), Ribo-seq allows for the
analysis of translational control mechanisms, revealing
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how plants adjust protein synthesis in response to envi-
ronmental stresses [20-22, 24, 25]. This integrated
approach is essential for identifying not only differen-
tially expressed genes but also those with altered trans-
lational regulation, providing a deeper understanding of
the molecular strategies used by salt-tolerant cultivars
like HD961. Recent advancements in sequencing tech-
nologies have greatly enhanced the ability to generate
high-quality genomic and translatomic data. Long-read
sequencing platforms, such as Oxford Nanopore Tech-
nologies and Pacific Biosciences, enable the assembly
of highly contiguous and accurate genome sequences
by spanning repetitive regions and resolving structural
variants that are difficult to detect with short-read tech-
nologies [26, 27]. Combining long-read sequencing with
short-read sequencing for error correction and polishing
results in chromosome-level genome assemblies neces-
sary for comprehensive gene annotation and functional
genomics studies. Additionally, Hi-C—based scaffolding
utilizes chromatin interaction data to organize contigs
into chromosome-scale assemblies, achieving excep-
tional genome completeness and accuracy [28]. Con-
currently, the development of robust ribosome profiling
protocols, like QEZ-seq, has improved the quality and
reliability of Ribo-seq data, ensuring accurate mapping of
RPFs and precise estimation of TE [29]. These technolog-
ical innovations enable researchers to perform integra-
tive analyses that link genome structure with functional
proteomics, elucidating the molecular basis of complex
traits such as salt tolerance.

Plant stress adaptation increasingly hinges on control
at the translation level, distinct from well-studied tran-
scriptional changes [30]. Under salt stress, plants glob-
ally slow protein synthesis while selectively boosting the
translation of crucial stress-response proteins (e.g., ion
transporters, osmoprotectants, antioxidants) to survive
high salinity [10, 31, 32]. This translational reprogram-
ming is mediated by changes in ribosome occupancy and
initiation factor activity that prioritize essential mRNAs.
For example, salt and other stresses activate kinases
that phosphorylate eukaryotic initiation factor 2 (elF2),
causing it to bind its guanine nucleotide exchange fac-
tor elF2B and stall general translation initiation [30].
This conserves energy but permits preferential synthesis
of defense proteins via selective mRNA translation. In
parallel, plants modulate specific translation factors to
fine-tune protein production. The RNA helicase elF4A
needed for ribosome scanning is tightly regulated under
salinity to ensure rapid translation of stress-protective
proteins without wasteful activity. For example, partially
dampening elF4A can increase stress tolerance: an RNA
aptamer that binds and modestly inhibits elF4A’s cap-
dependent initiation activity conferred enhanced salt
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tolerance in rice, improving growth and photosynthesis
under high salt [33]. Likewise, targeting the elongation
phase has yielded benefits—stabilizing the essential elon-
gation factor eEF1A with a specific RNA aptamer pre-
served overall translation under salt stress and bolstered
rice salt tolerance [34]. Consistently, transgenic plants
overexpressing eEF1A1 show increased salinity toler-
ance (e.g., better root growth and less oxidative damage)
compared to wild types [32]. Such findings underscore
that chemical or genetic modulation of translation com-
ponents can reprogram stress outcomes: for instance,
exogenous polyamines like spermidine have been shown
to enhance salt resilience, apparently by promoting
translation of stress-protective proteins and antioxidant
enzymes [9]. Together, these advances reveal transla-
tional control by regulated initiation, selective ribosome
engagement, and elongation efficiency, which is a critical
layer of salt-stress adaptation independent of transcrip-
tional changes. Indeed, the recent identification of eIF2B
as a salt-responsive translational regulator adds a new
dimension to our understanding, spotlighting the transla-
tion machinery itself as a promising target for engineer-
ing salt-resilient crops [35].

HD961 is an exemplary model for studying salt toler-
ance in rice due to its remarkable resilience in high-salin-
ity environments. Originating from coastal saline soils,
HD961 demonstrates superior growth and yield stabil-
ity under salt stress compared to conventional cultivars
[36, 37]. Preliminary studies have identified numerous
candidate genes involved in ion transport, antioxidant
defense, and cell wall remodeling that contribute to
HD961’s adaptive traits. However, a comprehensive
understanding of the genomic and translational mecha-
nisms driving HD961’s salt tolerance requires a detailed
chromosome-level genome assembly and translatomic
profiling. In this study, we present a high-quality, chro-
mosome-level genome assembly of HD961, achieved
through the integration of Nanopore long-read sequenc-
ing, Illumina short-read polishing, and Hi-C—based scaf-
folding. Building on this genomic foundation, we utilize
ribosome profiling (Ribo-seq) with the QEZ-seq pro-
tocol alongside RNA sequencing (RNA-seq) to investi-
gate the translational dynamics underlying HD961’s salt
tolerance [20-22]. By identifying genes with altered TE
and analyzing codon-specific ribosome stalling events,
we aim to uncover the post-transcriptional regulatory
mechanisms that enable adaptive protein synthesis in
response to salinity stress. This comprehensive approach
not only enhances our understanding of salt tolerance
in rice but also provides valuable genomic and transla-
tomic resources for future breeding and biotechnological
efforts to improve abiotic stress resilience in crops.
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Results

HD961 genome assembly and annotation

We assembled a 426.53 Mb genome with a contig N50
of 6.27 Mb using Nanopore long-read sequencing data,
achieving a robust assembly post Illumina short-read pol-
ishing and Hi-C-based scaffolding with a scaffold N50 of
33.16 Mb (Additional file 1: Table S1). We evaluated the
completeness of the genome assembly using two widely
recognized methods: CEGMA (Core Eukaryotic Genes
Mapping Approach) and BUSCO (Benchmarking Uni-
versal Single-Copy Orthologs). CEGMA analysis showed
that 454 (99.13%) of the 458 core eukaryotic genes were
detected, including 238 (95.97%) of the 248 highly con-
served genes. Meanwhile, BUSCO analysis revealed that
3039 (93.91%) of the 3236 universal single-copy orthologs
were complete, with 2953 (91.25%) classified as single-
copy and 86 (2.66%) considered duplicated. Only 102
(3.15%) were fragmented and 95 (2.94%) were missing.
Overall, both CEGMA and BUSCO demonstrate a high
level of completeness, indicating that the assembly suc-
cessfully captures the vast majority of essential eukary-
otic genes (Tables 1 and 2).

After Hi-C-based scaffolding (Table 3), the genome
assembly was anchored into 85 scaffolds with a total
length of 426.55 Mb. The scaffold N50, which measures
the size above which half of the total assembly length
is contained, reached 33.16 Mb, and the longest sin-
gle scaffold was 45.65 Mb. At the contig level, 272 con-
tigs were identified, collectively measuring 426.53 Mb,
with a contig N50 of 4.80 Mb and a maximum contig
length of 22.09 Mb. The assembly shows an overall GC
content of 43.83%. Notably, gaps are minimal: only 187
gaps were detected, totaling 18,700 bp in length, high-
lighting the high contiguity and completeness of the

Table 1 CEGMA completeness metrics for the genome
assembly

Number of 458 %of 458 CEGs  Number of % of 248 highly
CEG* present  presentin 248 highly conserved CEGs
in assembly assemblies conserved present

CEGs present
454 99.13% 238 95.97%

Note: CEG* refers to Core Eukaryotic Genes as defined in the CEGMA v2.5
database

Table 2 BUSCO evaluation results for the genome assembly

Complete Complete Complete Fragmented Missing Total
BUSCOs(C) and and BUSCOs(F) BUSCOs(M) lineage
single- duplicated BUSCOs
copy BUSCOs(D)
BUSCOs(S)
3039 2953 86 (2.66%) 102 (3.15%) 95 (2.94%) 3236
(93.91%) (91.25%)
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Table 3 Genome assembly statistics after Hi-C scaffolding

TotalNum MinLen ScfNum ScfLen ScfN50 ScfN90 ScfMax mScfNum mScfLen
85 1,000 85 426,553,376 33,163,565 26,782,549 45,654,565 0 0
CtgNum Ctglen CtgN50 CtgN90 CtgMax GC(%) GapNum Gaplen MaxGap
272 426,534,676 4,804,654 894,622 22,095,263 43.83 187 18,700 100

assembly. In parallel, transposable element (TE) analysis
(Fig. 1A, Table 4) reveals that TEs occupy a substantial
portion of the genome. Class I retrotransposons (e.g.,
LTR/Gypsy and LTR/Copia) comprise 43,399 elements
spanning 99.62 Mb (23.35% of the genome), while Class
II DNA transposons encompass 126,340 elements total-
ing 50.43 Mb (11.82%). Within Class II, CACTA elements
make up one of the largest fractions. Overall, these find-
ings underscore the robust quality of the Hi-C—assem-
bled genome and the considerable contribution of TEs to
its repetitive landscape.

Gene prediction and functional annotation

Integrating ab initio, homology-based, and transcript-
based gene prediction approaches, we identified a total
of 39,565 protein-coding genes in the HD961 genome
(Additional file 1: Table S2). The predicted genes have an
average length of approximately 2.89 kb and consist of
an average of 4.43 exons per gene, indicative of a com-
pact gene structure typical of rice (Additional file 2: Fig.
S1A). Detailed analyses of the gene architecture shows
the distribution of gene lengths and exon counts across
the genome (Fig. 1B, C). Clean RNA-seq data were also
aligned to the assembled genome using HISAT2. We
then quantified the mapping across exonic, intronic, and
intergenic regions. Notably, 91.94% of the reads mapped
to annotated exons, which strongly supports the accu-
racy and completeness of our gene prediction model
(Fig. 1D). For functional characterization, the predicted
protein-coding genes were extensively annotated against
multiple databases, including NR, SwissProt, TrEMBL,
Pfam, eggNOG, GO, and KEGG. As demonstrated in
Fig. 2, approximately 95.64% of the predicted genes could
be functionally characterized, with 70.8% of these genes
assigned to Gene ontology (GO) categories. KEGG path-
way mapping showed that 61.7% of the genes are associ-
ated with metabolic and signaling pathways that facilitate
environmental stress adaptation. Furthermore, GO anno-
tation revealed that a significant proportion of genes are
involved in key biological processes, such as ion trans-
port, signal transduction, and stress response, which
are critical for salt stress defense (Fig. 1E). In HD961
(Fig. 1F), the scaffold N50 of 33.16 Mb matches the high
contiguity of other top-tier rice assemblies as R498 [38],
IR64 [39], and Nipponbare [40]. The 93.9% BUSCO

completeness confirms that nearly all core plant genes are
present. As shown in Fig. 1G, HD961 harbors 39 565 pre-
dicted protein-coding genes, comparable to Nipponbare
and R498, with an average transcript length of ~2.89 kb
and 4.43 exons per gene, reflecting a conserved gene
architecture across O. sativa cultivars. The transposable-
element landscape of HD961 (Fig. 1H) is likewise typical
of indica genomes, with LTR/Gypsy elements compris-
ing 16.1% of the assembly, DNA transposons 11.8%, LTR/
Copia 2.7%, and the remainder in other TE families.
Together, these comparisons demonstrate that HD961’s
genome assembly quality and overall structural features
are on par with, and in some respects subtly distinct
from, established reference genomes, supporting its util-
ity for downstream functional and comparative analyses.
The distribution of genes across diverse metabolic path-
ways demonstrated the enrichment of pathways such as
TCA cycle (Additional file 2: Fig. S1B).

In addition to protein-coding gene annotation, our
analysis revealed a diverse noncoding RNA (ncRNA)
landscape within the HD961 genome. We identified
918 tRNAs, 464 rRNAs, 195 miRNAs, and a total of
744 snRNAs/snoRNAs (including 91 snRNAs and 653
snoRNAs), highlighting their potential roles in post-
transcriptional regulation and stress responses (Fig. 2A).
The abundance of snoRNAs and tRNAs suggests active
regulatory functions in maintaining cellular homeostasis
under salt stress. Furthermore, our genome-wide analy-
sis predicted the presence of 325 pseudogenes across the
genome (Fig. 2B). These pseudogenes, which likely arose
due to frameshift mutations or premature stop codons
in duplicated gene families, may serve as reservoirs for
evolutionary innovation or regulatory elements influenc-
ing gene expression networks. The total length of pseu-
dogenes spans a significant portion of the genome, with
an average length indicative of evolutionary conserva-
tion and functionality. To gain insight into the chromo-
somal distribution and organization, we visualized the
annotated features of the HD961 genome across its 12
chromosomes (Fig. 2C). The representation highlights
gene-rich regions and repetitive elements, providing a
comprehensive overview of the structural complexity
of the genome. In addition, Hi-C contact map analysis
provided a high-resolution view of the genome’s three-
dimensional organization (Fig. 2D). The strong diagonal
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Table 4 Summary of transposable element (TE) sequences in
the genome assembly

Type Number Length Rate (%)
Classl:Retroelement 43,399 99,615,047 2335
Classl/LTR/Cassandra 5 312 0.00
Classl/LTR/Caulimovirus 64 238874 0.06
Classl/LTR/Copia 4353 11,344,914 2.66
Classl/LTR/Gypsy 14,276 68,696,589 16.11
Classl/LTR/Pao 354 54,020 0.01
Classl/LTR/Unknown 12,989 14,164,484 332
Classl/LTR/Viper 13 2644 0.00
Classl/DIRS 295 16,981 0.00
Classl/LINE 6185 4,216,501 0.99
ClassI/LTR/ERV 2209 246,453 0.06
Classl/SINE 2656 633,275 0.15
Classll:DNA transposon 126,340 50,433,520 11.82
Classll/Academ 31 2292 0.00
Classll/CACTA 7150 10,820,584 254
Classll/Crypton 243 20,945 0.00
Classll/Dada 85 52,883 0.01
Classll/Ginger 132 11,700 0.00
Classll/Helitron 3678 3,170,223 0.74
Classll/IS3EU 101 8021 0.00
Classll/Kolobok 82 56,461 0.01
Classll/MITE 43,031 11,050,131 2.59
Classll/Maverick 213 15,730 0.00
Classll/Merlin 38 2293 0.00
Classll/Mutator 14,259 8,784,749 2.06
Classll/Novosib 140 9,019 0.00
Classll/P 129 10,759 0.00
Classll/PIF-Harbinger 16,329 4,739,627 1.11
Classll/PiggyBac 477 216,781 0.05
Classll/Sola 113 9890 0.00
Classll/Stowaway 29 1734 0.00
Classll/Tc1-Mariner 21,015 4,786,108 1.12
Classll/Tourist 95 12,437 0.00
Classll/Unknown 13,853 4,480,471 1.05
Classll/Zator 9 443 0.00
Classll/Zisupton 145 15,288 0.00
Classll/hAT 4963 2,154,951 0.51
Total 169,739 150,048,567 35.18

signal observed in the Hi-C contact matrix indicates
well-anchored chromosomal interactions, confirming the
high contiguity and accuracy of our genome assembly.
The Hi-C scaffolding approach successfully anchored the
majority of assembled contigs into chromosome-scale
scaffolds, enhancing our understanding of the spatial
architecture of the HD961 genome. In addition, HD961
displays the greatest number of large structural variants
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relative to Nipponbare with approximately 25,000 inser-
tions and deletions, while IR64 and R498 harbor progres-
sively fewer (~20,000 and ~15,000 SVs, respectively)
(Fig. 2E). In contrast, copy-number analysis of five major
salt-tolerance gene families shows identical counts across
all three indica lines: a single HKT1;5 locus;~35 LEA
genes; ~32 ROS-scavenging enzymes; ~90 bZIP tran-
scription factors; and~130 MYB transcription factors
(Fig. 2F). These results indicate that HD961’s enhanced
salt resilience does not arise from wholesale gene-fam-
ily expansion or a higher TE/SV load in known stress
genes, but rather from specific allelic variants or regula-
tory changes within these conserved loci. Collectively,
these findings demonstrate the robustness of our genome
annotation strategy, providing valuable insights into the
regulatory and structural components that contribute to
HD961’s remarkable salt tolerance.

Quality assessment of ribosome-protected footprints

To investigate the translatome landscape of sea rice
HD961 under salt stress, we performed ribosome
profiling (Ribo-Seq) using the QEZ-seq protocol on
HDY961 root tissues exposed to 150 mM NacCl treat-
ment (Fig. 3A). The quality of the sequencing reads
was assessed using multiple key metrics to ensure data
reliability and precision. First, the read length distribu-
tion analysis confirmed that the majority of ribosome-
protected fragments (RPFs) fell within the expected
27-30 nt range, characteristic of actively translat-
ing ribosomes (Fig. 3B). This distribution ensures the
accurate capture of ribosome footprints, supporting
the integrity of the sequencing data. Ribo-Seq librar-
ies yielded on average 5.34 million input reads of 37
nt, with 3.58 million (x%26.3%) uniquely mapping to
the HD961 assembly and an average aligned length
of 26.5 nt (Additional file 1: Table S3). Splice junction
analysis detected 45,388 total splicing events with pre-
dominantly GT/AG (66.4%), followed by GC/AG (5.7%)
and AT/AC (0.6%), confirming robust coverage across
exon—intron boundaries. Base-calling accuracy was
high, with mismatch, insertion, and deletion rates of
0.80%, 0.02%, and 0.03%, respectively, and only 15.6% of
reads mapping to multiple loci. Unmapped reads were
almost entirely due to excessive mismatches (2.46 mil-
lion; 0.09%) rather than read length, and chimeric reads
were negligible (n=8). Together, these metrics demon-
strate the high quality and specificity of our Ribo-seq
data for downstream translational analyses. The analy-
sis of read extremities further validated the data quality
by showing a strong 3-nt periodicity at both the 5" and
3" ends of the reads (Fig. 3C). This periodicity is a hall-
mark of efficient translation, indicating that ribosomes
are properly engaged with mRNAs and elongation is
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occurring in a coordinated manner under salt stress
conditions. Metagene analysis of ribosome P-site occu-
pancy relative to start and stop codons revealed distinct
peaks at these regions (Fig. 3D), highlighting efficient
ribosomal pausing and translation regulation. To fur-
ther confirm the robustness of our genome assembly,
we performed a parallel analysis by mapping the RPFs
to the Nipponbare reference genome (Additional file 2:
Fig. S2). The quality metrics obtained from the Nip-
ponbare reference showed a similar read length distri-
bution pattern (Additional file 2: Fig. S2A), with RPFs
primarily ranging within the 27-32 nt region. The peri-
odicity observed in the read extremities (Additional

file 2: Fig. S2B) displayed consistent patterns with our
assembled genome, further demonstrating the high
quality of the HD961 assembly. The metagene analysis
for Nipponbare (Additional file 2: Fig. S2C) also indi-
cated strong P-site accumulation at translation start
and stop codons, reinforcing the reliability of both
reference genomes. Ribo-seq and RNA-seq librar-
ies displayed high within-method reproducibility,
with Pearson’s r >0.90 between biological replicates in
both CK and salt-stressed samples (Additional file 2:
Fig. S2D). Cross-platform correlations were modest
(r~0.50-0.60), reflecting the different layers of regula-
tion captured by Ribo-seq versus RNA-seq (Additional



Chen et al. BMC Biology (2025) 23:333

Page 8 of 20

125
Rice root cell

T e

10.01

o

N
”

% reads

5.0

=}

Ribosome MRNA

254

3

Nascent peptides

RNase digestionl 0.0

27 29

I

&

RPFs’ recovery

[ \TT—H?—H

£
25

28 31
Read length

| I
22 34 37 40

pe— 32

Ezra enzyme 284

N 26
Gl £ 244
e al S 24

K3}

pus .

# read
extremities

o
32
T4 RNL2l 3
& 304
284
26

5'-NNN s NNN e,
44440, 24+

22

: 70
I :
: 35

0

pus g

m-MLV ls'-NNNNN-rrn-r

5NN e NN
NN NNN = 0440

l NN,

rRNA depletion

Phusion l

5-NNN o er NNN Aday
FNNNST—= NN ”WTAN NN, g

N
l A,

Deep sequencing

25

Distance from start (nt)

T
-20 0

0 25 5050 25 0 25

Distance from stop (nt)

- C
Salt

T T T T T T
20 40-40 -20 0 20

Distance from start (nt) Distance from stop (nt)

Fig. 3 QFZ ribosome profiling workflow and quality assessment in sea rice HD961. A Ribosome profiling workflow showing key steps from RNA
extraction to deep sequencing. B Distribution of ribosome-protected fragment (RPF) read lengths highlighting 27-30nt with dark red. C Distribution
of read extremities relative to the start and stop codons. D P-site frequency plot showing ribosome positioning around the start and stop codons

file 2: Fig. S2D). Ribo-seq replicates under salt stress
correlated slightly better with each other (r=0.90-
1.00) than with control samples (r=0.75-0.79), indi-
cating a consistent translational response to salinity.
Together, these data confirm library quality and sup-
port the interpretation of differential expression and
translational efficiency analyses. The comparable qual-
ity of ribosome footprint data mapped to our HD961
assembly and the Nipponbare reference underscores
the accuracy and completeness of the de novo assem-
bled HD961 genome. The well-maintained periodicity,
codon-specific ribosome occupancy, and P-site enrich-
ment in both datasets confirm that our assembly pro-
vides a robust framework for translational analysis.
These results affirm that the HD961 genome assembly

is of high quality, comparable to the well-established
Nipponbare reference, and is suitable for further explo-
ration of translational efficiency and stress adaptation
mechanisms in sea rice HD961.

Translational dynamics in sea rice HD961 under salt stress

To investigate translational dynamics in sea rice HD961
under control (CK) and salt-stress conditions, we ana-
lyzed ribosome P-site distribution across different
transcript regions (Fig. 4A). The results indicate that
translation predominantly occurs within the coding
sequences (CDS), with a strong preference for frame 0,
suggesting robust translation through canonical open
reading frames. The distribution of P-sites in the 5' and 3’
untranslated regions (UTRs) remains relatively low under
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both conditions, reinforcing their limited contribution
to active translation. Despite the presence of salt stress,
the overall translational landscape appears stable, with
consistent ribosome positioning across the transcrip-
tome. A comparison of the proportion of P-sites relative
to the transcript length (Fig. 4B) further highlights the
dominance of the CDS in translational activity. The data
suggest that, even under salt stress, the majority of ribo-
some footprints are concentrated within coding regions,
while the 5' and 3' UTRs show fewer P-sites than their
respective nucleotide lengths would predict. This pattern
underscores the prioritization of protein-coding regions
in maintaining translational efficiency during stress adap-
tation. An analysis of ribosome positioning relative to
the start and stop codons (Fig. 4C) reveals distinct peaks
under both CK and salt stress conditions, indicative of
efficient translation initiation and termination. The con-
sistent ribosome occupancy at these critical sites suggests

that the core translational machinery remains largely
unaffected by salt stress, ensuring the continued synthe-
sis of essential proteins necessary for stress adaptation.
To further evaluate the translational response, we com-
pared the mapping results to the Nipponbare reference
genome (Additional file 2: Fig. S3). While the overall pat-
terns of P-site distribution were similar, subtle differences
were observed in the relative distribution of P-sites across
transcript regions (Additional file 2: Fig. S3A). Mapping
to the HD961 genome provided a more refined view of
translational activity, with stronger signals observed in
the CDS and clearer periodicity patterns. In contrast,
the Nipponbare reference showed a slightly broader
distribution of P-sites, which may reflect differences in
genome annotation or structural variations between the
two genomes (Additional file 2: Fig. S3B, C). These find-
ings (Fig. 4, Additional file 2: Fig. S3) suggest that while
the core translational processes are well-conserved, the
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choice of reference genome can influence the resolution
of translational insights. The high-quality mapping to
the HD961 assembly confirms its suitability for study-
ing translational regulation, providing a comprehensive
framework for understanding how HD961 adapts to salt
stress at the translational level.

Codon usage profiling at the E, P, and A sites in searice
HD961 under salt stress

We investigated codon usage patterns at the E, P, and
A sites of ribosomes in sea rice HD961 under con-
trol (CK) and salt-stress conditions. As illustrated in
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Fig. 5A, ribosome occupancy differed across codons,
with start codons (blue) and stop codons (red) show-
ing distinct usage patterns, emphasizing their essen-
tial roles in translation initiation and termination. Most
codons within the middle of the coding sequences (CDS)
exhibited high usage indices, suggesting a preference
for these codons, whereas codons near the 3' end of the
CDS had lower usage, indicative of slower ribosomal
movement (Additional file 2: Fig. S4A). While overall
codon usage remained largely consistent between con-
ditions, subtle changes were observed under salt stress,
as shown in Fig. 5B. These slight modifications in codon
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usage at the E, P, and A sites imply that salt stress trig-
gers translational fine-tuning, optimizing protein syn-
thesis to cope with environmental challenges. At the A
site, two codons—AAA and GCG—stood out as outli-
ers in the correlation analysis, prompting us to design
a reporter to explore their roles in translational adjust-
ments (Fig. 5C, D). Consequently, the reporter with GCG
codons exhibited increased translational signals under
salt stress, suggesting reduced occupancy at the A site
(Fig. 5D), while the AAA codon showed no significant
changes (Fig. 5C). Additionally, transcripts whose trans-
lation efficiency increases under salt stress have the low-
est GCG codon occupancy at the ribosome A site, those
whose translation efficiency decreases have intermedi-
ate occupancy, and transcripts with no change carry the
highest occupancy (Additional file 2: Fig. S4B), indicat-
ing that codon position and GCG stalling correlate with
changes in translation efficiency under salt stress. These
findings indicate that sea rice HD961 may employ an
adaptive strategy at the A site to sustain protein synthe-
sis under stress, contributing to its resilience in saline
environments.

elF2B is a key regulator in salt stress adaptation of sea rice
HD961

Building on above codon-level observations, we explored
broader regulatory mechanisms governing translation
under salt stress. Gene ontology (GO) enrichment analy-
sis of differentially expressed genes (DEGs) associated
with translation efficiency in sea rice 86 (HD961) under
salt stress (150 mM NaCl) highlighted the importance of
translation regulation in the plant’s response to salt stress.
The analysis revealed that genes related to translation
machinery, including those involved in protein transport,
protein phosphorylation, nucleotide binding, GTP bind-
ing, and RNA binding, were significantly upregulated
(highlighted in magenta in Additional file 2: Fig. S4A).
This indicates that translation regulation plays a central
role in HD961’s adaptation to high salt conditions, likely
through enhanced protein synthesis mechanisms to cope
with the stress environment. Within this context, eIF2B,
a key translation factor involved in translation initiation
and ribosome biogenesis, was identified as a major reg-
ulator of translation under salt stress. Differential gene
expression analysis revealed a marked upregulation of
elF2B in salt-stressed HD961 (Fig. 6A), underscoring its
critical role in managing the increased demand for pro-
tein synthesis during stress. The upregulation of eIF2B
likely complements the A-site adjustments observed
earlier, collectively optimizing translation efficiency to
maintain cellular homeostasis. These findings highlight
elF2B as a pivotal regulator in sea rice HD961’s adapta-
tion to salt stress, ensuring the plant’s resilience in saline
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environments by supporting robust protein synthesis
under challenging conditions.

To explore elF2B’s role further, we examined the ribo-
some footprint distribution along its length. The distinct
ribosome distribution observed (Fig. 6B) indicated that
elF2B’s translation is regulated in response to salt stress.
This unique ribosomal behavior suggests that elF2B
plays a role in adjusting the translation machinery to
manage protein synthesis more efficiently during stress,
contributing to HD961’s high salt tolerance. Further-
more, the metagene analysis of P-site frequency revealed
shifts in ribosome occupancy between control and salt-
stressed conditions, further emphasizing the centrality
of translation regulation in HD961’s adaptation to salt
stress (Fig. 6B). In addition to transcriptomic and ribo-
somal profiling, we observed the formation of elF2B-
containing bodies in salt-stressed rice (Fig. 6C). These
bodies, highlighted by the yellow circles, suggest that
elF2B potentially undergoes phase separation under salt
stress, forming condensates that may play a critical role
in regulating translation and cellular stress responses.
The distinct localization of eIF2B into these bodies under
stress conditions further supports the idea that eIF2B is
involved in compartmentalizing translation-related pro-
cesses, which helps the plant adapt to the harsh salt stress
environment. To confirm that eIF2B is upregulated at
the protein level, we performed a Western Blot analysis,
which validated our transcriptomic and ribosomal find-
ings. The Western blot (Fig. 6D) confirmed the increased
expression of elF2B in salt-stressed HD961, supporting
the hypothesis that eIF2B plays a critical role in salt stress
adaptation by enhancing translation efficiency. Finally, to
determine whether eIF2B regulation occurs primarily at
the translational or transcriptional level, we compared
its regulation at both the ribosomal and transcript lev-
els (Additional file 2: Fig. S5A, B). The analysis revealed
that eIF2B was significantly upregulated only at the ribo-
somal level, further confirming that elF2B’s function as
a key regulator in HD961’s adaptation to salt stress is
driven by translational control rather than transcriptional
regulation.

We next asked how salt stress remodels both tran-
script abundance and translational output in HD961.
An examination of ribosome-protected footprints
(Ribo-Seq) versus mRNA levels (RNA-Seq) shows that
salt induces far fewer significant changes at the level of
translation than at the level of transcription (Additional
file 2: Fig. S5A, B). When we overlay pathway-specific
gene sets on the Ribo-Seq volcano, only a handful of
ion-transporter (blue), antioxidant (red-orange), and
cell-wall (green) genes cross our significance thresholds
(Additional file 2: Fig. S5C), indicating highly selective
enhancement or repression of these functional classes.
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Similarly, mapping TCA-cycle (green) and core meta-
bolic (gold) genes onto the RNA-Seq volcano reveals that
almost all TCA enzymes fall within the non-significant
“grey zone” (Additional file 2: Fig. S5D), consistent with
a broad down-tuning of central metabolism. To place
these point-wise changes into a pathway context, we
carried out KEGG and GO enrichment across all three
data types (Additional file 2: Fig. S6). Ribo-Seq profiles

are dominated by “Ribosome,” “Spliceosome,” and RNA-
processing pathways (Additional file 2: Fig. S6A) and by
ribonucleoprotein- and nuclear-complex components
(Additional file 2: Fig. S6B). RNA-Seq enrichments shift
toward hormone signaling, MAPK, and plant—pathogen
interactions (Additional file 2: Fig. S6C) with cell-wall
and vesicle components highlighted by GO-CC (Addi-
tional file 2: Fig. S6D). Finally, TE-upregulated genes are
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specifically enriched for detoxification (phenylpropanoid,
flavonoid, glutathione) and MAPK signaling (Additional
file 2: Fig. S6E), and their cellular-component pro-
file underscores secretory vesicles, Golgi, and cell-wall
machinery (Additional file 2: Fig. S6F). Together, these
data demonstrate that salt stress elicits a broad transcrip-
tomic response but that HD961 directs its translational
resources toward a narrow set of protective pathways
while de-emphasizing growth-related metabolism.

Discussion

This study provides a comprehensive exploration of salt
tolerance in sea rice HD961[36], leveraging a high-quality
chromosome-level genome assembly alongside ribosome
profiling (Ribo-seq) and RNA sequencing (RNA-seq)
to uncover the critical role of translational regulation
in stress adaptation. Our revised analysis presented
a nuanced model of translational reprogramming in
HD961. As shown in our volcano plots (Additional file 2:
Fig. S5C), only a handful of canonical ion-transporter and
antioxidant transcripts surpass the TE significance cut-
offs under 150 mM NacCl, while KEGG enrichment of the
TE-up cohort (Additional file 2: Fig. S6E) is dominated by
secondary-metabolism pathways phenylpropanoid, flavo-
noid, glutathione biosynthesis, and stress-signaling cas-
cades. Concurrently, GO-CC analysis (Additional file 2:
Fig. S6F) highlights enrichment in vesicle/Golgi and
cell-wall compartments rather than a wholesale shift in
membrane transport machinery. These findings together
suggest that, under salt stress, HD961 does not univer-
sally amplify translation of all ion-homeostasis genes;
rather, it reallocates its translational resources toward
detoxification and cell-wall remodeling processes that
are most critical for maintaining cellular integrity and
osmotic balance. This targeted reprogramming prior-
itizes detoxification and cell-wall remodeling rather than
a broad enhancement of ion-homeostasis proteins, and is
consistent with observations in other stress-tolerant spe-
cies that similarly direct translational resources toward
protective pathways [7, 9, 41-45]. By focusing transla-
tional resources on stress-responsive proteins, HD961
conserves energy while maximizing adaptive capacity—a
hallmark of efficient stress resilience.

Our study identifies eukaryotic translation initiation
factor 2B (eIF2B) as a key regulator of translational con-
trol under salt stress, offering novel insights into post-
transcriptional mechanisms. Ribo-seq and Western blot
analyses revealed significant upregulation of eIF2B at
the translational and protein levels in HD961 under salt
stress, with minimal changes at the transcriptional level
(Fig. 6B-D, Additional file 2: Fig. S4B). This suggests
that elF2B’s role is primarily modulated post-transcrip-
tionally, optimizing protein synthesis during stress.
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Furthermore, immunofluorescence imaging showed the
formation of elF2B-containing bodies (Fig. 6C), poten-
tially through phase separation—a mechanism increas-
ingly linked to stress responses across species [46—53].
These bodies may compartmentalize translation-related
processes, enhancing efficiency and coordination under
salinity stress. As a critical factor in translation initia-
tion and ribosome biogenesis [54—57], eIF2B emerges
as a central player in HD961’s adaptive strategy,
orchestrating the translational machinery to meet the
demands of saline environments.

Beyond elF2B, our analysis of codon usage revealed tar-
geted shifts in A-site occupancy under salt stress, rather
than broad stalling (Fig. 5B). In the A-site scatter, most
codons lie along the diagonal with unchanged decod-
ing rates, while AAA shifts above the line (increased
footprinting, slower decoding) and GCG shifts below
(reduced footprinting, faster decoding). Consistent with
this, our GCG-reporter shows higher luciferase activity
under salt (Fig. 5D), indicating that accelerated decoding
at GCQG alleviates ribosome queuing and boosts transla-
tional throughput. Although these adjustments occur at
specific codons, the overall stability of codon usage pat-
terns highlights the robustness of HD961’s translational
machinery, which balances precise regulatory shifts with
global translational fidelity during stress [45, 58]. Addi-
tionally, in our RNA-seq data, only a small subset of
TCA-cycle genes were significantly downregulated under
salt stress, like the NAD-dependent isocitrate dehydroge-
nase precursor, whereas the vast majority of core meta-
bolic loci remained statistically unchanged (Additional
file 2: Fig. S5D). Subsequent GO and KEGG enrichment
analyses of those differentially expressed genes did not
highlight the TCA cycle, but instead revealed modest
activation of secondary metabolism (phenylpropanoid,
flavonoid, glutathione pathways) and stress-signaling cas-
cades (MAPK, plant—pathogen interaction) under saline
conditions (Additional file 2: Fig. S6C-D). Together,
these findings argue against a global suppression of pri-
mary metabolism; rather, HD961 appears to redirect
metabolic flux toward protective and adaptive processes
when challenged with high salt. This likely represents a
strategic reallocation of resources, diverting energy from
growth-related functions to stress defense mechanisms.
Such metabolic reprogramming is a common adapta-
tion in stress-tolerant plants, enabling them to sustain
cellular integrity and survival under adverse conditions
[45, 58-62]. In HD961, this shift supports the synthe-
sis of proteins critical for ion homeostasis and oxida-
tive stress mitigation, reinforcing its resilience in saline
environments.

Our findings reveal a critical interplay between
codon-specific ribosome stalling at the A site and the
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Fig. 7 Model of elF2B modulation in salt-tolerant rice HD961 under salt stress

regulatory role of elF2B in sea rice HD961’s adaptation
to salt stress, as illustrated in Fig. 7. Ribosome profiling
identified significant stalling at the GCG codon (encod-
ing alanine) under 150 mM NaCl stress, with reporter
assays demonstrating increased translational signals for
GCG-containing constructs, indicating reduced A-site
occupancy (Fig. 5D). This stalling likely acts as a regu-
latory mechanism to prioritize the synthesis of stress-
responsive proteins by temporarily slowing translation
at specific codons, optimizing protein production under
stress. Simultaneously, e[F2B, a key translation initiation
factor, was significantly upregulated at the translational

level and formed distinct elF2B-containing bodies
under salt stress, as confirmed by immunofluorescence
(Fig. 6C). These bodies, potentially resulting from phase
separation, may enhance translation efficiency by com-
partmentalizing eIF2B to support ribosome biogenesis
and initiation [55, 56, 63, 64]. It suggests salt stress facil-
itates GCG-tRNA incorporation at the A site, correlat-
ing with the formation of eIlF2B bodies, which could
mitigate ribosome stalling by improving the availabil-
ity of initiation factors, thereby ensuring efficient pro-
tein synthesis to maintain cellular homeostasis in saline
environments (Fig. 7). Together, these findings indicate
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that elF2B’s upregulation and spatial reorganization
complement A-site stalling to fine-tune translational
control, enabling HD961 to adapt effectively to salinity
stress.

These findings have significant implications for breed-
ing and biotechnological strategies aimed at enhancing
salt tolerance in rice and other crops. The identification
of eIF2B as a translational regulator highlights a promis-
ing target for genetic manipulation to boost stress resil-
ience. Additionally, insights into codon-specific ribosome
stalling and elF2B-containing bodies open new research
avenues for understanding translational control in plants.
Future studies could explore the molecular pathways
governing these processes, including the roles of RNA-
binding proteins and other translation factors. Moreover,
investigating how transposable elements—comprising
over 35% of the HD961 genome (Table 4)—influence
gene expression under stress could further elucidate the
evolutionary underpinnings of its adaptability.

Conclusions

In summary, this study underscores the pivotal role of
translational regulation in HD961’s salt stress adaptation,
integrating genomic and translatomic data to reveal how
elF2B and codon-specific mechanisms enhance resilience
(Fig. 7). By combining advanced sequencing technolo-
gies with functional analyses, we provide a detailed view
of the molecular strategies enabling HD961 to thrive in
saline conditions, offering valuable resources for future
efforts to improve abiotic stress tolerance in crops.

Methods

Plant material and growth conditions

Sea rice HD961 seeds were provided by the Guangdong
Ocean University, Zhanjiang, China. Surface sterilization
was carried out by immersing seeds in 70% ethanol for
5 min, followed by treatment with 10% sodium hypochlo-
rite for 15 min, and subsequently rinsing with sterile dis-
tilled water. Germination was performed hydroponically
in Murashige and Skoog (MS) medium at 28 °C with a
16-h light/8-h dark photoperiod and 60% relative humid-
ity. After 14 days, seedlings were transferred into nutri-
ent solutions containing either 0 mM NaCl (control) or
150 mM NaCl (salt stress). The seedlings were grown for
an additional 48 h under these conditions. Tissues from
roots and shoots were harvested, immediately frozen
in liquid nitrogen, and stored at—80 °C for subsequent
genomic, transcriptomic, and translatomic analyses.
Three biological replicates were maintained for each
treatment condition to ensure the robustness of statisti-
cal analyses.
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Genome sequencing and assembly

High-quality genomic DNA was extracted from 2-week-
old HD961 seedlings using the cetyltrimethylammonium
bromide (CTAB) method. For Nanopore sequencing,
high-molecular-weight DNA (ranging from 20 to 80 kb)
was prepared, and sequencing adapters were ligated to
the DNA using the standard Nanopore protocol. Nanop-
ore sequencing was carried out on the PromethION plat-
form (Oxford Nanopore Technologies, Oxford, UK). The
quality of raw reads was assessed using FastQC, followed
by trimming of adapter sequences and removal of low-
quality reads using Porechop (Oxford Nanopore Tech-
nologies). Additionally, Illumina short-read libraries with
an insert size of approximately 350 bp were constructed
and sequenced on the NovaSeq 6000 platform (Illumina,
San Diego, CA, USA) to generate an additional ~150 Gb
of data for the polishing process. The initial Nanopore
reads were error-corrected using NECAT (v1.5.2) [65]
and subjected to de novo assembly using SmartDenovo
(v2.0.0) [66]. Following the initial assembly, the genome
was polished through three rounds of Racon (v1.4.20)
[67] and three rounds of Pilon (v1.23) [68] using the
Illumina short reads. Hi-C libraries were constructed
following the in situ Hi-C protocol (Rao et al., 2014).
Sequencing was carried out on an Illumina NovaSeq
6000 platform (Illumina). High-quality Hi-C reads were
processed using BWA (v0.7.17) [69], and the resulting
uniquely mapped reads were used to scaffold the genome
using LACHESIS (v1.0) [70]. The quality of the genome
assembly was evaluated by aligning Illumina short reads
to the final genome using BWA (v0.7.17). To assess the
completeness of the genome, two complementary tools:
CEGMA (Core Eukaryotic Genes Mapping Approach)
[71] and BUSCO (Benchmarking Universal Single-Copy
Orthologs) [72] were used.

Gene prediction and functional annotation

Gene prediction was carried out using a hybrid approach,
integrating ab initio, homology-based, and RNA-seq-
based predictions. For ab initio gene prediction, Augus-
tus (v3.3) [73] and SNAP (v2013-02-21) [74] were used.
For homology-based prediction, GeMoMa (v1.7.0) [75]
was employed to align HD961 sequences to Arabidopsis
thaliana, Oryza sativa Gramene, and IRGSP genomes.
For transcript-based prediction, RNA-seq data were
aligned to the genome using HISAT2 (v2.2.1) [76], and
the alignments were assembled using StringTie (v1.3.5)
[77]. Gene annotations were combined using Evidence
Modeler (EVM) [78], resulting in a final set of 39,565
protein-coding genes. These genes were functionally
annotated by aligning them to the following databases:
NR, SwissProt, TrEMBL, Pfam, eggNOG, Gene Ontology
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(GO), and KEGG, using BLASTp (v2.9.0). Noncoding
RNAs (ncRNAs) were identified using specialized tools:
tRNAs were predicted using tRNAscan-SE (v2.0) [79],
rRNAs were identified with barrnap (v0.9), and miR-
NAs were detected using miRBase homology (v21) [80].
Additionally, small nucleolar RNAs (snoRNAs) and small
nuclear RNAs (snRNAs) were predicted using Infernal
(v1.1) with Rfam (v13) [81]. A total of 918 tRNAs, 464
rRNAs, and 195 miRNAs were identified. For pseudo-
gene prediction, GenBlastA (v1.1) and GeneWise (v2.4.1)
[82] were used.

Sample preparation and deep sequencing

Root samples of sea rice HD961 were treated with
150 mM NaCl to induce salt stress. For RNA sequencing
(RNA-seq) and ribosome profiling (Ribo-seq), seedlings
were grown hydroponically for 14 days, then transferred
to either control conditions or salt stress conditions for
an additional 48 h. Roots were harvested and immedi-
ately frozen in liquid nitrogen. For Ribo-seq, total RNA
was extracted using the QEZ-seq protocol, and ribo-
some-protected fragments (RPFs) were isolated for deep
sequencing.

Ribosome profiling

Ribo-seq libraries were constructed using the QEZ-
seq protocol [29] from HD961 root tissues subjected
to control and salt-stress conditions. Ribosome-pro-
tected fragments (RPFs) were extracted and sequenced
on the Illumina NovaSeq 6000 platform (Illumina, San
Diego, CA, USA). Data were processed using FastQC
(Andrews, 2010) and trimmed using fastp [83] to remove
adapter sequences and low-quality reads. Specifically,
raw sequencing reads were first trimmed with fastp to
remove adapter sequences, low-quality bases (Q<20)
and reads shorter than 25 nt or longer than 40 nt, thus
recovering bona fide ribosome footprints and eliminating
artifactual shorter fragments. Trimmed reads were then
aligned with STAR to the HD961 genome assembly, using
parameters optimized for short, end-to-end mapping
and retaining only uniquely mapped reads (MAPQ > 30).
PCR duplicates were marked and removed, and a par-
allel alignment against a curated rice rRNA reference
confirmed>90% rRNA depletion in each library. The
resulting high-confidence RPF dataset was used to gen-
erate read-length distributions, metagene profiles around
start and stop codons, and P-site assignments. RNA-seq
and Ribo-seq data were integrated for translational effi-
ciency (TE) analysis. TE was calculated as the ratio of
ribosome occupancy to mRNA abundance, representing
the efficiency of translation. Differential TE between con-
trol and salt-stressed conditions was determined using
DESeq2 (v1.30.0) [84], applying a false discovery rate
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(FDR) threshold of <0.05 and a fold-change cutoft of > 1.5.
Codon usage bias and ribosome stalling were assessed
using custom scripts in R (v4.0.2), and the resulting pro-
files were visualized using ggplot2 v3.3.3.

Reporter assay

In vitro translation assays were performed using crude
plant lysates harvested from ribosome profiling experi-
ments. The reporter genes used in this assay consisted of
luciferase, preceded by either a poly(A) or poly(G) tract of
varying lengths. The luciferase reporter DNA templates
were synthesized by Integrated DNA Technologies (IDT)
and included a T7 promoter, followed by a (AAA); or
(GGG)s sequence, and a poly(A) tail at the 3' end. These
constructs were used to assess translation efficiency in
response to salt stress conditions. For each assay, 30 pL
of the crude lysate was incubated with 0-10 uM of the
respective reporter DNA template in a 50 pL translation
buffer. The reaction mixtures were incubated at 25 °C
for 10 min to allow translation to occur. The luciferase
activity of the translation products was then measured
using the Promega Luciferase Assay System (Promega,
E1501). A 10 pL aliquot of the translation reaction was
combined with 90 pL of the luciferase assay reagent, and
the resulting luminescence was quantified immediately
with a luminometer. Luciferase activity was normal-
ized to total protein concentration, which was measured
using the Bradford assay. Data were collected in tripli-
cate for each template concentration, and the results are
presented as the mean + standard deviation (SD). Statis-
tical significance was determined by performing a two-
tailed Student’s ¢ test, with a significance threshold set at
p<0.05. All reporter assays were conducted to compare
the translation efficiency of both the (AAA); and (GGG)s
reporter constructs under control (CK) and salt-stressed
conditions.

Protoplast extraction and imaging

Protoplasts were isolated from root tissues of control
(CK) and salt-stressed (150 mM NaCl, 48 h) HD961
seedlings by enzymatic digestion in 1.5% cellulase R10
and 0.5% macerozyme R10 (in 0.4 M mannitol, 20 mM
MES, pH 5.7) for 3 h at 25 °C with gentle shaking, fol-
lowed by filtration through 70 pm mesh and centrifu-
gation at 100X g for 5 min, as described before [17]. To
assess viability, protoplasts were incubated with 5 pg/mL
fluorescein diacetate (FDA) in the dark for 5 min, then
washed once in W5 buffer. Then, cells were fixed in 4%
(w/v) paraformaldehyde in PBS for 20 min at room tem-
perature, washed three times in PBS, and permeabilized
with 0.1% (v/v) Triton X-100 for 10 min. After blocking
in 3% (w/v) BSA/PBS for 1 h, samples were incubated
overnight at 4 °C with anti-eIF2B (sc-271332, Santa Cruz
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Biotechnology) diluted 1:200 in 1% BSA/PBS, washed
three times in PBS, and then stained for 1 h at room
temperature with goat anti-mouse Alexa Fluor 568 (Inv-
itrogen) diluted 1:500 in 1% BSA/PBS. Protoplasts were
mounted on poly-L-lysine—coated slides and imaged on
a confocal laser-scanning microscope (Zeiss LSM series)
using identical acquisition settings for FDA (Ex 488 nm/
Em 500-550 nm) and Alexa 568 (Ex 561 nm/Em 600—
630 nm). All steps were performed with minimal light
exposure to preserve fluorescence integrity.

Western blot analysis

For protein level confirmation, Western blotting was
performed on total protein extracted from root tissues
of HD961. Proteins were separated on SDS-PAGE gels,
transferred to PVDF membranes, and incubated with
the elF2B antibody (sc-271332, Santa Cruz Biotechnol-
ogy). Beta-actin (K800001M-HRP, Solarbio) was used as
a loading control. The bound antibodies were detected
using chemiluminescence according to the manufactur-
er’s protocol.

Codon usage and ribosome stalling analysis

To investigate codon usage dynamics under salt stress,
we employed a custom bioinformatics pipeline using R
and Python. Ribosome-protected fragment (RPF) align-
ments were first filtered to remove low-quality reads and
PCR duplicates. Next, we extracted the codon informa-
tion at the E, P, and A sites using a 3-nt offset from the
ribosome P-site. Codon usage frequencies were calcu-
lated separately for CK and salt-stressed samples. For
ribosome stalling analysis, we identified positions in the
coding sequences (CDSs) where ribosome density was
significantly elevated above background levels, focusing
on codons encoding Asn (AAU), Gln (CAA), and Glu
(GAA). A sliding window approach was used to smooth
the ribosome density profiles, and positions exhibiting a
threefold or higher increase in ribosome occupancy were
considered putative stalling sites. The significance of dif-
ferences in codon usage between CK and salt-stressed
samples was assessed using a Fisher’s exact test (p <0.05).

Metagene analysis

Metagene analysis was performed to examine the distri-
bution of ribosome footprints around the start and stop
codons. Reads corresponding to RPFs were aligned such
that the P-site positions were set relative to the anno-
tated start or stop codons. The frequency of ribosome
occupancy at each position was then summed across all
transcripts to generate a metagene profile. This approach
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enabled the comparison of ribosome occupancy between
CK and salt-stressed conditions, highlighting changes in
translation initiation, elongation, or termination under
salt stress.

Bioinformatic visualization and statistical analyses

All data visualization (e.g., volcano plots, bar charts, heat-
maps) was performed using R v4.0.2 packages such as
ggplot2 v3.3.3 and ComplexHeatmap, or Python libraries
such as matplotlib and seaborn. Unless otherwise speci-
fied, three biological replicates (n=3) were used for each
experimental condition, and statistical significance was
determined by Student’s ¢ test or ANOVA with post-hoc
tests (p<0.05). GraphPad Prism or R was used for gener-
ating final plots and performing statistical analyses.
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