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ABSTRACT

The long juvenile (LJ) trait in soybean extends the vegetative phase, enabling
cultivation in low-latitude regions. This study investigated transcriptomic
differences between the Grobogan cultivar (control) and the AP18 (LJ) soybean
line using RNA-seq. Young leaf tissues from plants at the vegetative stage were
collected under field conditions and sequenced using the Illumina NovaSeq 6000
platform. After quality filtering and alignment to the soybean reference genome,
24,716 expressed transcripts were retained for analysis. Differential expression
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developmental regulation,
differential expression,

long juvenility, analysis identified 5,005 upregulated and 4,534 downregulated transcripts in AP18
RNA-seq, relative to Grobogan. Functional enrichment analysis revealed the upregulation
soybean of genes involved in ribosome biogenesis and secondary metabolism, and the

downregulation of genes related to photosynthesis and energy metabolism.
While known LJ-related genes FT2A (E9) and ELF3B (J) showed differential
expression, the magnitude was modest. These findings highlight widespread
transcriptomic reprogramming associated with the LJ trait, providing insight
into potential pathways that influence juvenile phase extension.

Copyright (c) 2026 @author(s).

1. Introduction

Soybeans (Glycine max [L.] Merr.) are a valuable
crop worldwide, renowned for their protein-rich
seeds and their contribution to sustainable agriculture
through biological nitrogen fixation. The growth
cycle of the plant, particularly the transition from
the vegetative to the reproductive stage, is tightly
controlled by genetic and environmental factors, such
as photoperiod, temperature, and hormone signaling
(Tasma et al. 2001; Tasma et al. 2003; Cao et al. 2016;
Gong 2020). Among them, the juvenile period—
the period prior to a plant's responsiveness to floral
inducers—is an important developmental phase that
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regulates soybean adaptability and yield potential
under different environments.

In tropical and equatorial climates where short-
day conditions persist throughout the year, soybean
cultivars possessing the long juvenility (LJ) trait
are especially useful. The LJ trait delays flowering
initiation under inductive conditions, enabling more
vegetative growth, greater biomass accumulation,
and improved yield stability (Hartwig & Kiihl 1979;
Li et al. 2024). Introgression of the LJ trait into elite
lines has been employed to convert temperate soybean
germplasm for use in tropical ecosystems, particularly
in Southeast Asia and Africa (Tasma ef al. 2018; Han
etal 2021).

Grobogan is one such superior cultivar that was
developed and launched in Indonesia for its desirable
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agronomic traits of high yield, earliness, large seed
size, and extensive adaptation to local environments
(Suhartina et al. 2022; Fattah et al. 2024). It has
been extremely popular among farmers and is used
as a recurrent parent in breeding programs aimed at
improving stress tolerance and yield (Utomo et al.
2018; Soehendi et al. 2024). Improved lines developed
from Grobogan have been established to carry the
long juvenile trait, resulting in better performance in
tropical latitudes (Tasma et al. 2018).

While a few flower-associated soybean genes - e.g.,
E1l, GmFTs, and Tof11/12 - have been characterized
for their roles in photoperiod sensitivity and flowering
time (Tasma et al. 2001; Lu et al. 2020; Lv et al. 2022),
the transcriptomic underpinnings of the long juvenility
trait are still an active area of research. Genome-wide
contrasts in gene expression between LJ and non-LJ
genotypes have been investigated in limited studies,
especially under field-grown conditions where stress
response and developmental plasticity also play a role
(Wu et al. 2019; Yue et al. 2021).

In the present research, we conducted comparative
RNA sequencing (RNA-seq) analysis of young leaf
tissue samples collected before flowering in field-
grown Grobogan cultivar and an advanced line with
long juvenile genes, AP18 (Tasma et al. 2018). Our
objective was to identify differentially expressed genes
(DEGs) and overrepresented biological pathways that
may underlie the long juvenility trait in soybean. The
present research provides insights into the molecular
architecture of flowering delay and can guide future
breeding strategies for tropical adaptation.

2. Materials and Methods

2.1. Plant Materials

Plant materials used in this study consisted of the
Grobogan soybean cultivar (control) and the AP18 line,
which was derived from a cross between Grobogan and
an introduced line carrying the long-juvenile (LJ) trait
(Tasma et al. 2018). Plants were grown under natural
field conditions at the Field Experiment Station, Citayam,
Depok, West Java. Young leaves were harvested from
plants at the vegetative stage in February 2024, with
three biological replicates per genotype. Collected leaves
were immediately frozen in liquid nitrogen and stored
at -80 °C until RNA extraction.

2.2. RNA Library Preparation

Total RNA was extracted and used for RNA-Seq
library preparation with the Collibri™ Stranded RNA
Library Prep Kit for [llumina Systems (Cat# A38996096,
Thermo Fisher Scientific), following the manufacturer's
instructions (Thermo Fisher Scientific 2020). For each
sample, 1 ug of high-quality RNA was enzymatically
fragmented prior to cDNA synthesis. End-repair,
A-tailing, and adapter ligation were followed by PCR
amplification to enrich cDNA fragments and incorporate
dual indices. Libraries were quantified using a Qubit
Fluorometer, and their fragment sizes were assessed
using an Agilent TapeStation system. Quantitative PCR
(qPCR) was used for final quantification. Pooled libraries
were sequenced on an Illumina NovaSeq 6000 platform
using 300-cycle paired-end (PE150) chemistry. Genetika
Science, Jakarta, Indonesia, conducted sequencing.

2.3. RNA-Seq Data Preprocessing

Raw paired-end RNA-Seq reads were subjected to a
series of quality filtering steps. Adapter sequences and
low-quality bases were trimmed using AdapterRemoval
v2 (Schubert et al. 2016) and fastp (Chen et al. 2018),
and ribosomal RNA contamination was removed using
RiboDetector (Deng et al. 2022). Clean reads, ranging
from 12 to 23 million per sample, were retained for
downstream analysis.

2.4. Read Alignment to Reference Genome

Filtered reads were mapped to the soybean reference
genome (Glycine max Wm82.a4.v1, SoyBase release
V4) (Schmutz et al. 2010) using the STAR aligner
(v2.7.10a) (Dobin et al. 2012) with two-pass mode
enabled to improve detection of splice junctions. The
alignment performance was recorded, including the total
number of mapped reads and the proportion of uniquely
mapped reads.

2.5. RNA-Seq Quality Assessment
Comprehensive quality assessments of the mapped
reads were performed using RSeQC (v4.0.0) (Wang et
al.2012). Splice junction saturation analysis (junction_
saturation.py) was used to evaluate transcriptome
completeness and sufficiency of sequencing depth. GC
content distribution was assessed to detect compositional
bias, with the average GC content compared to that of
known soybean coding regions. Gene body coverage
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analysis (geneBody coverage.py) was used to examine
read coverage bias along transcript lengths. These
combined assessments ensured the suitability of the
RNA-Seq data for expression-level analyses.

2.6. Transcriptome Diversity and Expression
Saturation

Transcriptome variation and sequencing saturation
were assessed using DESeq2 (v1.38.0) (Love et al.
2014). Variance-stabilized expression values were
used for hierarchical clustering and visualization of
sample grouping based on transcriptomic similarity.
Additionally, RPKM-based expression saturation
analysis was conducted by subsampling transcriptomic
reads and comparing RPKM estimates at different depths
to evaluate whether sequencing coverage was adequate
for robust expression quantification.

2.7. Differential Gene Expression Analysis

Expression values in RPKM format were analyzed
using edgeR (Robinson et al. 2009) to identify
differentially expressed genes (DEGs) between the
Long Juvenile (LJ) soybean line and the Grobogan
cultivar. The top 500 DEGs were used for heatmap-based
clustering analysis, while principal component analysis
(PCA) was employed to visualize sample grouping based
on global expression patterns. Filtered expression values
were normalized by transcriptome library size prior to
differential expression testing using the limma (Ritchie
etal. 2015) package with a linear model. For each gene,
the model estimated group-wise means and variances of
expression. Significantly differentially expressed genes
were visualized using a volcano plot.

2.8. GO Enrichment and KEGG Pathway
Analysis

Gene Ontology (GO) enrichment analysis using
the AnnotationHub R package (Morgan & Shepherd
2024) was conducted to identify biological processes,
molecular functions, and cellular components
significantly enriched among the DEGs. In parallel,

KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway analysis (Kanehisa et al. 2022) was employed
to identify metabolic and signaling pathways that were
overrepresented among differentially expressed genes.
These enrichment analyses provided insights into the
functional implications of transcriptional changes
between the AP18 LJ line and that of the non-LJ
Grobogan variety.

3. Results

3.1. RNA Sequencing Output and Quality

A total of six RNA-seq libraries were generated,
consisting of three biological replicates each for the AP18
and Grobogan genotypes. Sequencing on the Illumina
NovaSeq 6000 platform yielded between 49.72 and 125.43
million paired-end reads per sample. All libraries exhibited
high base quality, with over 85% of reads per sample
exceeding Q30 and around 90% surpassing Q20 in most
cases. Detailed sequencing statistics are presented in
Table 1.

3.2. Quality Filtering and Read Mapping

After adapter and quality trimming with
AdapterRemoval and fastp, and ribosomal RNA removal
using RiboDetector, between 12 and 23 million clean reads
per sample were retained, representing approximately
20%—-30% of total reads. These clean reads were mapped to
the soybean reference genome (Wm§82.a4.v1) using STAR,
with an average overall mapping rate of approximately
99%. Of the mapped reads, about 66% to 80% were
uniquely aligned to the genome. Mapping details for
each sample are shown in Table 2.

3.3. Transcriptome Saturation and Mapping Bias

Saturation analysis using RSeQC revealed that all
samples achieved near-complete detection of exon—intron
junctions, indicating an adequate sequencing depth
(Figure 1). Graphs of the known junctions are nearly
stable at high sampling values for all samples, whereas
novel junctions are still slightly increasing. The similar

Table 1. Summary of RNA-seq read quality and output per sample of Grobogan and AP18 plants

Sample name Total reads (M) Total bases (Gb) Bases >Q20 (%) Bases >Q30 (%)
AP18 -1 57.25 8.65 91.39 85.66
AP18 —1II 78.17 11.80 85.50 78.57
AP18 —1III 49.72 7.51 88.71 82.60
Grobogan — I 59.26 8.95 91.25 85.66
Grobogan — 1T 74.07 11.18 89.22 83.31
Grobogan — IIT 125.43 18.94 91.40 86.00
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Table 2. Summary of RNA-seq read mapping statistics for each sample against the soybean reference genome

Sample AP18-1 AP18-2 AP18-3 Grobogan-1 Grobogan-2 Grobogan-3

Clean input sequence 20,861,077 16,753,618 15,317,047 15,418,385 12,097,514 23,543,476
number

% Uniquely mapped reads 78.42 69.84 70.44 66.18 80.15 76.50

Average mapped length 270.14 249.8 246.66 240.22 259.67 248.01
(bp)

% of reads mapped to 21.17 29.76 29.15 32.68 18.83 22.32
multiple loci

% of reads unmapped 0.42 0.40 0.42 1.14 1.02 1.18
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Figure 1. Splice junction saturation analysis of RNA-seq data from representative samples of Grobogan and AP18 genotypes. The X-axis
shows the percentage of total mapped reads, and the Y-axis indicates the number of detected splice junctions (x1000). Blue lines
represent all junctions, red lines denote known (annotated) junctions, and green lines indicate novel (unannotated) junctions.
Representative samples are shown; all replicates exhibited comparable patterns

saturation curves between genotypes suggest that sufficient
sequencing depth is achieved for the reliable detection
of exon—intron junctions. The GC content distribution of
the reads showed an average of ~41%, which is slightly
lower than the expected 42-44% GC contents in soybean
coding regions (Figure 2). Gene body coverage analysis
demonstrated a 3’ end bias across most samples, with
read density gradually increasing from the 5’ end, peaking
around the 90th percentile of gene length, then decreasing
(Figure 3). One AP18 sample showed a minor deviation
from this general trend. The slight discrepancy in GC
content may result from a 3’ bias in read coverage, which
is common in poly(A)-based RNA-seq, as it concentrates
reads from typically lower-GC 3" UTRs. However, this
bias is largely consistent among the samples and should
not affect the differential expression analysis.

3.4. Transcriptome Diversity and Expression
Saturation

Transcript-level expression data were analyzed using
DESeq?2 to compute pairwise similarities among samples.
Clustering analysis reveals a clear grouping of samples
according to genotype: Grobogan control group (Grob 1,
_2, 3) and AP18 long-juvenile group (AP_1, 2, 3).
Sample AP 1 and Grob 1 exhibit slight deviations from
their respective groups, but overall clustering is consistent
with the expected genotype-based classification. (Figure
4).

3.5. Differential Expression Between AP18 and
Grobogan

Based on transcriptome mapping to the soybean
reference genome, a total of 58,986 transcripts were
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Figure 2. GC content distribution of RNA-seq reads from representative samples of Grobogan and AP18 genotypes. The X-axis indicates the
GC content (%) of sequencing reads, and the Y-axis shows the density of reads at each GC content level. The histograms display a
unimodal distribution centered around ~41% GC content for both genotypes. Patterns were consistent across all replicates
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Figure 3. Gene body coverage distribution of RNA-seq reads from representative samples of Grobogan and AP18 genotypes. The X-axis
represents the gene body percentile from 5’ to 3’ end, and the Y-axis shows normalized read coverage (01 scale). Both samples
exhibit a 3’ coverage bias, with read density increasing toward the 3’ end and peaking near the 90th percentile of gene length

initially detected across all samples. Transcripts with
low expression levels - defined as having less than 0.5
counts-per-million (CPM) in at least two samples - were
excluded from downstream analysis. This filtering step
resulted in the retention of 24,716 transcripts for further
evaluation.

The filtered transcript expression data were normalized
by accounting for library size differences among samples.
Differential gene expression (DEG) analysis was then
conducted using the limma package with a linear modeling

approach. This method estimated both group-level average
expression (LJ vs. Control) and gene-specific variance.
Statistical testing identified 5,005 transcripts that were
significantly upregulated and 4,534 transcripts that were
significantly downregulated in the LJ (AP18) plants
compared to the control (Grobogan). In comparison,
15,177 transcripts showed no significant changes in
expression.

To visualize the differential expression landscape,
two complementary plots were generated (Figure 5).
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Figure 4. Heatmap of transcriptome profile similarity and hierarchical clustering among RNA-seq samples. The Blue—White—Red color
scale represents similarity values, with blue indicating lower similarity, white indicating intermediate, and red indicating high
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Figure 5. Differential expression analysis between long-juvenile (LJ) and control (Grobogan) soybean lines. (Left panel) MD plot showing
the relationship between average log-expression (X-axis) and log fold-change (Y-axis) for all genes. Red dots represent significantly
upregulated genes in the LJ line, while blue dots represent down-regulated genes. (Right panel) Volcano plot illustrating transcript-
level differential expression, with log. fold change on the X-axis and —logio(P-value) on the Y-axis. Significantly upregulated
genes are highlighted in red, while downregulated genes are highlighted in blue. The top 20 most differentially expressed genes
are labeled in blue
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The MD plot shows the average log-expression of each
gene against its log fold-change (logFC), highlighting
genes with the strongest up- and downregulation patterns.
The volcano plot displays the log2 fold change against
the —log10 P-value, emphasizing genes that are both
highly differentially expressed and statistically significant.
Upregulated genes are marked in red, and downregulated
genes are marked in blue. The top 20 most radically
expressed genes are annotated by name. Both plots were
generated using edgeR and limma to identify statistically
significant differences in expression between the two
genotypes.

Following gene annotation and expression
normalization using the edgeR and limma pipelines, the
top 20 differentially expressed genes (DEGs) between the
long-juvenile (LJ) line (AP18) and the control Grobogan
cultivar were identified based on log fold change (logFC)
and average expression (AveExpr) values. These genes
exhibit the most significant transcriptional divergence
between the two genotypes and are presented in Table 3.

Among the top 20 differentially expressed genes
(DEGs), 16 were significantly down-regulated in the
long-juvenile (LJ) soybean line, with logFC values
ranging from —4.92 to—10.14, while four were upregulated
(logFC +4.94 to +7.06). The majority of down-regulated
genes were functionally associated with photosynthesis,
ribosome biogenesis, and nutrient transport. These
included photosynthetic electron transport components

such as psbZ (Photosystem Il reaction center Z protein),
psbD2 (Photosystem II protein D2), psa9 (Photosystem
I subunit IX), cytochrome f, and the 49 kDa subunit
of NADH dehydrogenase. Several ribosomal proteins
(30S S2, S3, S18; 50S LL14, L33) and translation factors
(e.g., eukaryotic translation initiation factor 5B) were also
strongly suppressed, suggesting reduced protein synthesis
activity. In addition, nutrient-related transporters such
as sucrose transporter SUC8 and ammonium transporter
AMT1.4, together with the RNA processing regulator
DEAD-box ATP-dependent RNA helicase 36, were
significantly down-regulated.

In contrast, four genes were consistently upregulated
in the LJ line, including multiple members of the germin-
like protein family and an AAI LTSS superfamily protein.
Germin-like proteins are typically associated with redox
activity, stress responses, and early developmental
processes, suggesting a potential reprogramming of stress
and signaling mechanisms in LJ plants.

To further investigate transcriptomic differences
between the long-juvenile (LJ, AP18) and control
(Grobogan) soybean plants, expression values in RPKM
for each gene were analyzed using the edgeR package.
The top 500 genes with the most significant differential
expression between the two genotypes were selected for
hierarchical clustering analysis. The resulting heatmap
revealed a clear separation between the two sample groups,
with AP18 and Grobogan forming distinct clusters based

Table 3. Top 20 differentially expressed genes between the long-juvenile (AP18) and control (Grobogan) soybean lines

Entrezid Symbol Gene name LogFC AveExpr
3989281 psbZ photosystem II reaction center Z protein -8.06 7.99
121173225 LOC121173225 cytochrome f -7.96 6.08
3989295 atpl ATPase IV subunit -8.86 8.73
3989320 rps18 30S ribosomal protein S18 -8.98 7.25
100797759 AMT1.4 ammonium transporter AMT1.4 -6.12 6.51
100814875 LOC100814875 eukaryotic translation initiation factor 5B -4.99 7.52
100786411 LOC100786411 sucrose transport protein SUC8 -4.92 7.05
3989319 rpl33 ribosomal protein L33 -5.83 6.49
3989335 rps3 30S ribosomal protein S3 -8.12 8.82
3989294 rps2 30S ribosomal protein S2 -7.87 7.72
100500326 GERS germin-like protein 4.94 6.51
100798597 LOC100798597 DEAD-box ATP-dependent RNA helicase 36 -5.50 6.08
100800387 LOC100800387 germin-like protein 5.73 6.05
547928 ADRI11 AAI LTSS superfamily protein 7.06 5.76
3989284 psbD photosystem II protein D2 -6.42 6.33
3989355 ndhH NADH dehydrogenase 49 kDa subunit -6.41 4.77
100806895 LOC100806895 plastid-lipid-associated protein, chloroplastic -5.82 5.30
100816355 LOC100816355 germin-like protein 6.74 4.62
3989333 rpll4 50S ribosomal protein L14 -6.50 5.56
3989318 psal photosystem I subunit IX -10.14 6.68

Genes are ranked by P-values of calculated fold-changes (logFC), with associated gene identifiers (ENTREZID), gene symbols (SYMBOL),
full gene names (GENENAME), and average expression (AveExpr), which are indicated in bold if expressions are upregulated in LJ

lines
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on their gene expression profiles. This clustering pattern
supports the biological grouping of samples and reflects
consistent transcriptomic differences associated with the
LJ trait (Figure 6).

Among the top 500 genes, approximately 60% showed
up-regulation in the LJ line, indicating increased expression
levels compared to the control. The remaining 40% were
down-regulated in the LJ samples. These changes in gene
expression suggest that the long-juvenile trait is associated
with broad transcriptional reprogramming, potentially
influencing physiological and developmental processes
relevant to flowering time and vegetative growth.

3.6. KEGG Pathway Enrichment Analysis

To investigate the biological functions affected in the LJ
line, KEGG pathway enrichment analysis was performed.
As shown in Table 4, several pathways showed a significant
overrepresentation of down-regulated genes, including
ribosome biogenesis in eukaryotes, zeatin biosynthesis,
isoflavonoid biosynthesis, the biosynthesis of various
plant secondary metabolites, and the MAPK signaling
pathway in plants. These results point to reduced cellular
activities related to protein synthesis, cytokinin-mediated

developmental regulation, and secondary metabolite
production. The suppression of MAPK signaling is
consistent with developmental modulation associated
with delayed flowering and extended vegetative growth
under short-day conditions.

In contrast, pathways with a significant
overrepresentation of upregulated genes included
photosynthesis and related processes (e.g., antenna
proteins, porphyrin metabolism, fructose and mannose
metabolism), lipid and sugar metabolism (e.g., fatty
acid biosynthesis and metabolism, starch and sucrose
metabolism, nucleotide sugar metabolism), and structural
or transport functions (e.g., motor proteins, cutin/suberin/
wax biosynthesis, phagosome, glycan degradation). These
findings indicate enhanced photosynthetic capacity, energy
storage, and structural metabolism in LJ plants at the
vegetative stage, consistent with their prolonged vegetative
growth and potential for greater biomass accumulation.

3.7. Expression Profiles of Known Genes Related
to Long Juvenile Trait

To assess the involvement of known genes associated
with the long juvenile (LJ) trait in soybean, expression
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Figure 6. Heatmap showing hierarchical clustering of the top 500 differentially expressed genes between long-juvenile (AP18) and control
(Grobogan) soybean lines. Gene expression values are represented as row Z-scores ranging from 2 (light orange) to +2 (dark
orange). Each column represents a biological replicate, and each row represents a gene. The clustering pattern separates AP18
from Grobogan samples, with approximately 60% of genes upregulated in AP18 and 40% down-regulated
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Table 4. Summary of KEGG pathways enriched among differentially expressed genes in long-juvenile (LJ) soybean line compared to

control
Pathway N Up Down Pup P.down
Motor proteins 114 62 13 8.10E-16 9.84E-01
Photosynthesis - antenna proteins 33 27 0 5.38E-14 1.00E+00
Amino sugar and nucleotide sugar metabolism 166 62 13 2.56E-07 1.00E+00
Photosynthesis 100 42 29 5.94E-07 6.15E-03
Fructose and mannose metabolism 87 38 3 6.18E-07 1.00E+00
Porphyrin metabolism 76 34 8 1.21E-06 9.78E-01
Fatty acid biosynthesis 44 23 4 2.42E-06 9.72E-01
Metabolic pathways 2453 579 392 1.02E-05 9.99E-01
Biosynthesis of nucleotide sugars 124 46 6 1.05E-05 1.00E+00
Lipoic acid metabolism 45 21 1 6.05E-05 1.00E+00
Ribosome biogenesis in eukaryotes 104 1 35 1.00E+00 1.37E-04
Starch and sucrose metabolism 157 51 23 2.06E-04 9.07E-01
Zeatin biosynthesis 26 5 13 6.29E-01 2.47E-04
Fatty acid metabolism 71 27 5 4.18E-04 9.98E-01
Isoflavonoid biosynthesis 29 1 13 9.99E-01 9.31E-04
Cutin, suberine, and wax biosynthesis 25 12 4 1.71E-03 6.99E-01
Phagosome 108 35 6 1.98E-03 1.00E+00
Biosynthesis of various plant secondary metabolites 35 7 14 5.82E-01 2.28E-03
MAPK signaling pathway - plant 168 17 46 1.00E+00 2.49E-03
Other glycan degradation 27 12 1 3.83E-03 9.96E-01
Downregulated KEGG pathways are shown in bold
levels of FT2A (E9) and ELF3B (J) were examined inthe  transcriptome coverage, enabling the confident

transcriptome dataset. Both genes were detected among
the differentially expressed genes (DEGs), although the
magnitude of expression change between the LJ line
(AP18) and the control variety (Grobogan) was relatively
modest. FT2A (E9), a gene previously implicated in
delayed flowering under short-day conditions, exhibited
a slight reduction in expression in AP18 compared to
Grobogan. Conversely, ELF3B (J), which also plays arole
in photoperiod sensitivity and flowering time regulation,
showed a minor increase in expression in AP18 plants.
These patterns are visualized in Figure 7, which shows
the normalized expression levels of both genes across
all biological replicates. Other known genes previously
reported to be associated with the long juvenile trait in
soybean did not display significant differential expression
in this study, suggesting that their transcriptional activity
may not be altered at the vegetative growth stage under
the field conditions applied in this experiment.

4. Discussion

This study presents the first comprehensive
transcriptomic comparison of the LJ soybean line
AP18 and the Grobogan cultivar, providing insight
into the molecular basis of the LJ phenotype. The
high sequencing depth and quality, together with
good mapping statistics, provided comprehensive

identification of differentially expressed genes (DEGs).
The saturation analysis confirmed sufficient sequencing
depth to capture the majority of expressed splice
junctions, consistent with earlier research on RNA-seq
data quality (Mortazavi et al. 2008; Wang et al. 2012).

4.1. Transcriptomic Differences and Functional
Implications

The transcriptome profiles are neatly clustered by
genotype, showing substantial transcriptional divergence
between the LJ and control lines. Among the top 500
DEGs identified using edgeR, approximately 60% were
upregulated in AP18, reflecting extensive transcriptional
reprogramming associated with delayed flowering and
prolonged vegetative growth.

Notably, the subset of top 20 DEGs revealed a
prevalence of downregulated genes in the LJ line
involved in photosynthesis and ribosomal protein
biosynthesis. Downregulation of these genes may be
an indication of reduced photosynthetic activity and
altered protein biosynthesis machinery, which may be
linked to developmental adaptations during the extended
juvenile phase. Conversely, several of the upregulated
genes belonged to the germin-like protein family,
whose members are implicated in stress responses and
regulation of development in plants (Govindan et al.
2024). The differential concerted expression of these
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Figure 7. Expression levels of FT2A (E9) and ELF3B (J) genes in control (Grobogan) and long juvenile (AP18) soybean lines. Expression
is shown as normalized counts across three biological replicates per genotype. FT2A exhibits a slight down-regulation in AP18,

while ELF3B shows a modest increase

gene sets indicates metabolic readjustments and stress
adaptation mechanisms that confer the LJ trait.

Similar to our findings, drought-stress transcriptome
profiling in Iris germanica revealed strong downregulation
of photosynthesis- and ribosome-related genes, indicating
reduced metabolic activity under stress-induced
developmental delay (Zhang et al. 2021). Likewise, a
time-series RNA-seq study of Paulownia tomentosa under
short-day treatment highlighted coordinated suppression
of carbon fixation and photosynthetic pathways during
growth cessation (Wang et al. 2019).

Moreover, the upregulation of germin-like protein
genes we observed aligns with reports in peanut,
grapevine, and other species, where GLPs are linked to
stress responses and developmental regulation (Godfrey
et al. 2007; Liao et al. 2021; Yang et al. 2023b).

4.2. KEGG Pathway Enrichment

Pathway enrichment analysis provided additional
context to the observed transcriptomic changes in the
long-juvenile (LJ) soybean line. Several key pathways
were significantly enriched for down-regulated genes,
including ribosome biogenesis, zeatin biosynthesis,
isoflavonoid biosynthesis, biosynthesis of various
secondary plant metabolites, and MAPK signaling. The
repression of ribosome biogenesis suggests a reduction
in protein synthesis capacity, which is consistent with
previous studies showing that ribosomal activity is tightly
coordinated with growth rates and developmental timing
in plants (Byrne 2009; Weis et al. 2015). Downregulation
of zeatin biosynthesis suggests a reduction in cytokinin-

related developmental signals. Since cytokinins are
central regulators of cell division, meristem activity,
and floral induction (Werner et al. 2001; Sakakibara
2020), their reduced activity in LJ plants may contribute
to delayed flowering and extended vegetative growth.
Similarly, suppression of MAPK signaling cascades
suggests a dampening of stress- and hormone-mediated
signaling, which has been implicated in both flowering
regulation and adaptation to environmental cues (He et
al. 2020).

In contrast, several pathways were significantly
enriched for upregulated genes, including photosynthesis,
starch and sucrose metabolism, fatty acid metabolism,
and motor protein-related processes. These findings
indicate that, although individual photosynthesis-related
genes such as psbZ and psbD were down-regulated, the
broader enrichment pattern reflects a coordinated up-
regulation of other photosynthetic and energy metabolism
components. This apparent discrepancy underscores the
distinction between single-gene differential expression
and pathway-level analysis, where collective modest
changes across multiple genes can outweigh the strong
down-regulation of a few key genes (Khatri ez al. 2012).
The up-regulation of sugar and lipid metabolism is
consistent with enhanced carbon assimilation and energy
storage during prolonged vegetative growth. At the same
time, enrichment of motor protein pathways reflects
increased cellular transport and cytoskeletal activity,
supporting active growth.

Overall, the enrichment results suggest that the LJ
line undergoes a reprogramming of its transcriptome,
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characterized by the down-regulation of pathways linked
to developmental progression (ribosome biogenesis,
cytokinin biosynthesis, and MAPK signaling) and the up-
regulation of energy-producing and metabolic pathways
(photosynthesis, sugar, and lipid metabolism). This dual
shift may underlie the extended juvenile phase, favoring
resource accumulation and vegetative vigor prior to the
floral transition.

4.3. Expression Patterns of Flowering Time
Regulators

Analysis of key flowering time genes, previously
identified as associated with the long juvenile trait,
revealed discrete differences in expression. The flowering
repressor gene FT2A (E9) showed a modest reduction in
expression in the AP18 line, consistent with its function
in delaying flowering (Kong et al. 2018). This supports
the hypothesis that reduced FT2 A expression contributes
to the LJ phenotype through delaying floral transition.

Interestingly, ELF3 (J) transcripts were slightly
greater in AP18, although the j allele has been linked to
loss-of-function mutations that disrupt protein activity
rather than transcript abundance (Lu ef al. 2017; Fang
et al. 2019). This suggests that post-transcriptional or
post-translational control, rather than mRNA abundance,
may be the cause of the functional breakdown of ELF3
in LJ lines, highlighting the complexity of flowering
time regulation.

Analysis of flowering time regulators revealed modest
expression changes that support the LJ phenotype. FT2A
(E9) exhibited a modest reduction in the AP18 line (as
shown in Kong et al. 2018), consistent with studies
demonstrating that allele-specific repression of FT2A
delays flowering in soybean and other legumes (Cai et al.
2024). In a similar context, combined mutations in FT2A
and FT5A significantly delay flowering time, enhance
vegetative growth, and increase yield, reinforcing the
role of FT2A repression in prolonging juvenility (Cai
etal.2017).

Meanwhile, ELF3 (J) transcript levels were slightly
elevated in AP18, which aligns with reports showing
that loss-of-function mutations in GmELF3a impair
protein function without suppressing mRNA expression,
pointing to post-transcriptional or post-translational
regulation (Fang et al. 2020). This highlights the multi-
layered control of ELF3 activity within the Flowering
Pathway Complex and its impact on the LJ trait.

4.4. Biological and Future
Directions
The integrative transcriptomic and pathway analyses
provide new insights into the molecular basis of the long-
juvenile (LJ) traitin soybean. A central feature of the LJ line
is the strong down-regulation of photosynthesis-related
proteins, ribosomal components, and genes involved in
sugar and lipid transport. However, at molecular pathway
levels, photosynthetic, ribosome biogenesis, sugar, and
lipid metabolic pathways were enriched with upregulated
genes. Altogether, this observation suggests a strategic
reduction in primary metabolic activity and translational
capacity. In contrast, germin-like proteins (GLPs) and
pathways associated with secondary metabolism were
upregulated, indicating enhanced stress defense and
developmental buffering. Similar GLP induction has
been implicated in enhancing tolerance to oxidative
stress and pathogen pressure, thereby supporting survival
under extended vegetative phases (Govindan et al. 2024).
These molecular reorganizations align with the
delayed flowering and prolonged vegetative growth
observed in LJ soybeans. The suppression of energy-
intensive processes, such as photosynthesis and ribosome
biogenesis, may reflect a resource reallocation strategy.
Atthe same time, the activation of defense- and signaling-
related genes could help stabilize the juvenile state. Such
trade-offs between growth, development, and defense
are increasingly recognized as central themes in plant
adaptation (Horiguchi et al. 2012; Xu et al. 2023).
Future work should focus on functional validation of
candidate genes highlighted in this study. Time-series
transcriptomics and proteomics will be valuable to
capture dynamic transitions in gene expression across
developmental stages. Functional assays (e.g., CRISPR
knockouts or overexpression lines) targeting GLPs or
key secondary metabolism regulators could help clarify
their causal roles in maintaining the LJ phenotype, and in
addition, integrating epigenetic profiling and small RNA
analyses (e.g., the miR156-SPL module) may reveal
how post-transcriptional and chromatin-level regulation
contribute to flowering time and juvenility in soybean
(Wu et al. 2009; Cao et al. 2015; Huang et al. 2024).
By combining these approaches, future research
can transition from descriptive transcriptomics to a
mechanistic understanding, ultimately enabling the
targeted manipulation of juvenile traits for soybean
breeding.

Significance
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In conclusion, This research presents a comprehensive
transcriptomic analysis comparing the long juvenile
soybean line AP18 with the Grobogan control cultivar.
The analysis reveals distinctive gene expression
signatures and pathway modulations associated with the
long juvenile phenotype, including the downregulation
of some photosynthetic and ribosomal genes, alongside
the upregulation of genes encoding defence-related
germin-like proteins. Differential expression of key
flowering regulators, most notably FT2A (E9) and ELF3
(J), provides molecular insights consistent with their
putative role in regulating flowering time, although the
complexity of their regulation requires further elucidation.
Together, these findings enhance our understanding of
the molecular foundations of the long juvenile trait in
soybean and highlight key targets for breeding initiatives
aimed at improving crop adaptability and yield.
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