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Abstract

Low-temperatures severely limit tomato seed germination, leading to reduced crop yields.
Elucidating the cold resistance regulatory mechanisms is crucial for cold-resistant breeding. This
study used the cold-tolerant tomato inbred line F266 and the cold-sensitive inbred line M196 as
experimental materials. Phenotypic analysis revealed that under normal-temperature conditions of
25°C, there was no significant difference in germination rates between the two inbred lines.
However, under low-temperature treatment of 16°C, F266 germinated earlier and exhibited a more
pronounced advantage in hypocotyl elongation. Comparative transcriptome analysis results
indicate that the two lines exhibit genotype-specific differences in oxidative stress response,
carbohydrate metabolism, and plant hormone signaling pathways. F266 has a stronger antioxidant
response capability, with higher accumulation of galactinol, raffinose, and sucrose. At the same
time, F266 has higher endogenous auxin (IAA) and gibberellin (GAs) content, and genes related to
auxin and gibberellin show differential expression. Integrative analysis further identified
candidate genes from the ANN p35., GATA., CAMTA. MAPK. WRKY58, WRKY33 and
bHLH150, which may mediate the interactions between the aforementioned response modules.
This result provides a new theoretical basis for subsequent gene function validation, improvement
of tomato cold germination traits, and the development of cold-resistant tomato breeding.
Keywords: Tomato; Low-temperature stress; Seed germination; RNA-Seq; Inbred lines

1. Introduction

Low-temperature stress disrupts the growth and development of crops and further reduces
crop yield and quality [1,2]. For early-sown tomatoes, low-temperature stress occurring during
seed germination and seedling emergence severely limits stand uniformity and subsequent yield
potential. To survive the pressure caused by low-temperature stress, tomato has evolved a
sophisticated cold-response regulatory network through long-term adaptive evolution [3,4].
Therefore, unraveling the molecular mechanisms underlying cold signaling pathways is of great
significance for breeding new cold-tolerant tomato varieties and improving cold resistance in
Crops.

The imbibition of mature dry seeds occurs in three sequential stages: water absorption,
reactivation of metabolic activity, and initiation of embryonic growth [5]. As the most pivotal
developmental event in the seed life cycle, seed germination is highly susceptible to temperature
fluctuations. Successful seed germination relies on the coordination of intricate cellular and
biochemical processes, including cell cycle activation, hormonal signaling regulation, energy
metabolism, and biological repair mechanisms [6]. Under low-temperature conditions, elevated
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indole-3-acetic acid (IAA) levels maintain normal starch hydrolysis and sugar metabolism,
thereby facilitating seed germination [7]. Comparative transcriptome profiling between the cold-
tolerant cotton cultivar KN27-3 and the cold-sensitive cultivar XI.Z38 (Gossypium hirsutum L.)
has demonstrated that auxin (IAA), cytokinin (CTK), and gibberellin (GA) positively regulate
seed germination in cold-tolerant genotypes, whereas abscisic acid (ABA) exerts an inhibitory
effect [6].

Accumulation of ROS can inflict varying degrees of damage to proteins, lipids, and nucleic
acids. Such damage may manifest as altered membrane fluidity, loss of enzyme activity, disruption
of protein synthesis and turnover, and DNA strand breaks [8]. ROS buildup is also a common
feature during embryogenesis, and efficient antioxidant machinery is widely viewed as a
prerequisite for producing high-vigor seeds [9]. Under cold stress, antioxidants have been
demonstrated to play important roles in enhancing cold tolerance [10]. Specifically, enzymes
including peroxidase (POD), superoxide dismutase (SOD) and catalase (CAT) have been reported
to reinforce cold resistance and the antioxidant defense system in plants under low-temperature
conditions [11-13]. Therefore, the contents and activities of these three enzymes are often adopted
as physiological indicators of plant stress resistance to evaluate plant capacity to withstand
adverse environments.

Soluble sugars are essential for sustaining seed energy supply and stabilizing cell membranes
during seed germination under low-temperature stress. As the predominant free sugar in plant cells,
sucrose accumulates substantially under low-temperature, which is critical for maintaining cell
membrane stability and turgor pressure [14]. Raffinose family oligosaccharides (RFOs) confer
potent plant tolerance to oxidative stress and freezing damage [15]. As a typical RFO-transporting
crop, cucumber (Cucumis sativus L.) exhibits seed vitality closely associated with raffinose
accumulation [16]. Consistently, transgenic apple callus and tobacco lines overexpressing
MdGolS5 display enhanced cold tolerance [17]. In potato (Solanum tuberosum), overexpression of
ScGolS1 remodels ethylene and CBF signaling pathways, alters endogenous sugar composition,
and ultimately improves frost resistance [18]. Furthermore, key sugar signaling molecules,
including arabinose and trehalose, have been verified to modulate seed germination and seedling
development [19,20].

TFs recognize and initiate anti-reversal responses by binding to upstream cis-acting elements
in the promoter regions of stress response genes [21]. As a bHLH-type transcription factor, /CE1
acts as a master regulator governing core signal cascades associated with cold acclimation. /CE1
functions as a positive regulator to activate CBF gene expression, which further improves plant
low-temperature resistance [22,23]. Two independent T-DNA knockout mutants of WRKY2
display excessive sensitivity to abscisic acid (ABA) throughout seed germination and the
subsequent seedling early developmental phase. WRKY? participates in ABA-mediated
germination regulation and restricts the vegetative growth of young seedlings post-germination
[24]. In rice, OsMYB3R-2 confers strengthened chilling tolerance by upregulating OsDREBI and
the cell cycle-related gene OsCycBI [25].

Numerous signaling pathways and intricate gene regulation networks are involved in how
plants react to cold stress. Thus, identifying the mechanisms behind plant cold responses is aided
by assessing gene expression under cold stress. In this study, transcriptome analysis and
physiological tests were conducted using two tomato inbred lines with different levels of cold
tolerance: the cold-sensitive line M196 and the cold-tolerant line F266. The findings demonstrated
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that coordinated alterations in reactive oxygen species (ROS) homeostasis, raffinose-family
oligosaccharide (RFO) metabolism, hormone signaling pathways, and transcription factor
expression are linked to F266's enhanced low-temperature germination ability. In addition to
laying the foundation for future breeding or genetic engineering efforts to increase tomato seed
germination and cultivation performance in cold environments, our results offer important insights
into the genetic basis of seed germination under cold conditions.
2. Materials and methods
2.1. Plant materials and growth conditions

Two tomato (Solanum Iycopersicum) inbred lines with contrasting low-temperature
germination responses, M196 (cold-sensitive) and F266 (cold-tolerant), were selected from a
collection of 92 inbred lines based on preliminary screening of seed germination performance at
16 °C (screening data not shown). Fifty seeds were selected and placed evenly on two layers of
filter paper within each Petri dish. Seeds were incubated in darkness at 25°C and 16 °C,
respectively. A seed was regarded as germinated when its hypocotyl elongated to more than half of
the seed length, and the germination rate was recorded every 24 h. Three biological replicates
were set for each treatment.
2.2. RNA extraction and quantitative real-time PCR (qPCR) analysis

Total RNAs were extracted with Ultrapure RNA Kit Ultrapure RNA Kit (CWBIO, Jiangsu,
China) from seeds, and 1 pg was transcribed into complementary DNA (cDNA) using PrimeScript
™ RT Master Mix (TaKaRa). The reaction products were diluted 3 times. Then, The expression
levels of target genes were detected by an Applied Biosystems 7,500 Real-Time PCR system
(qTower3G, Jena, Germany) with SYBR Green PCR Master Mix Kit (TaKara Bio Inc., Kusatsu,
Japan) [26]. All primers used are listed in Supplementary Table S1.
2.3. Application of transcriptomic technology

Total RNA was extracted from seeds that germinated for 3 days under normal-temperature
conditions at 25°C (M196-N and F266-N) and for 6 days under low-temperature conditions at 16°
C (M196-L and F266-L). After RNA extraction, purification, and library construction, the samples
were subjected to paired-end (PE) sequencing using second-generation sequencing technology
(Next-Generation Sequencing, NGS) based on the Illumina sequencing platform. This project was
carried out by Shanghai Personalbio Biotechnology Co., Ltd. (Shanghai, China).
2.4. Measurement of POD, SOD, and CAT contents

Following the manufacturer's instructions and using the appropriate assay kits, the contents of
POD, SOD, and CAT were measured from seeds that germinated for three days at a normal-
temperature of 25°C (M196-N and F266-N) and for six days at a low-temperature of 16°C (M196-
L and F266-L). In particular, the POD test kit (Solarbio, Cat. No. BC0900) was used to detect
POD content, the SOD assay kit (Solarbio, Cat. No. BC0170) was used to measure SOD content,
and the CAT assay kit (Solarbio, Cat. No. BC0200) was used to quantify CAT content.
2.5. Extraction and determination of soluble carbohydrates

Soluble carbohydrates were extracted and determined according to Wang et al. [27] with
minor modifications. Seeds of M196 and F266 were collected after 8 h of imbibition under
normal-temperature conditions (25 °C; M196-N and F266-N) and after 6 d of germination under
low-temperature conditions (16 °C; M196-L and F266-L) for soluble carbohydrate analysis. The
seed samples were thoroughly ground in liquid nitrogen, and 0.3 g of each sample was accurately
weighed and completely transferred into a 15-mL centrifuge tube containing 3 mL of 80% ethanol.
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After thorough vortex mixing, the samples were extracted in a water bath at 80 °C for 40 min,
with inversion 3-5 times during the extraction. After extraction, the samples were cooled on ice
for 5 min and centrifuged at 12,000 x g for 5 min at 4 °C. The supernatant was transferred to a
new 15-mL centrifuge tube. Subsequently, the pellet was extracted with 3 mL of 50% ethanol
following the same procedure described above, and then extracted for a third time with 3 mL of
ultrapure water using the same procedure. The supernatants obtained from the three extractions
were combined to obtain the crude soluble carbohydrate extract. The combined supernatant was
purified using a C18 solid-phase extraction cartridge to remove pigments, proteins, lipids, and
other interfering substances as much as possible. The purified extract was then dried using a
vacuum freeze dryer until the water and ethanol were completely evaporated. Finally, the dried
sample was reconstituted in ultrapure water and subjected to ion chromatography for soluble
carbohydrate analysis.

2.6. Determination of IAA and GAj3 contents

IAA and GAs were extracted from seeds germinated for 3 days under normal-temperature
conditions at 25 °C (M196-N and F266-N) or for 6 days under low-temperature conditions at
16 °C (M196-L and F266-L).

For IAA determination, fresh seed samples were immediately frozen in liquid nitrogen.
Approximately 0.3 g of each sample was weighed and mixed with 1.5 mL of pre-cooled 80% (v/v)
aqueous methanol. The samples were ground thoroughly into a homogenate and extracted
overnight at 4 °C. After centrifugation at 8,000 x g for 10 min, the supernatant was collected, and
the remaining residue was re-extracted with 0.5 mL of 80% (v/v) aqueous methanol for 2 h.
Following centrifugation, the two supernatants were combined and evaporated under a stream of
nitrogen at 35 °C until the organic solvent was completely removed. The resulting aqueous phase
was mixed with 2 mL of petroleum ether and extracted three times for decolorization. The pH of
the lower aqueous phase was subsequently adjusted to 2.0-3.0 with 1 mol L! citric acid, followed
by two extractions with 2 mL of ethyl acetate. The upper organic phases were collected, combined,
and evaporated to dryness under a stream of nitrogen. The residue was reconstituted in 0.2 mL of
methanol, thoroughly mixed, and passed through a syringe filter prior to analysis. IAA was
quantified using a Waters 2695 high-performance liquid chromatography (HPLC) system
equipped with a Compass C18(2) reversed-phase column (250 mm x 4.6 mm, 5 pum). [AA
measurements were performed by Wuhan Pronets Biotechnology Co., Ltd. (Wuhan, China).

For GAs determination, fresh seed samples were immediately frozen in liquid nitrogen, and
approximately 0.3 g of each sample was accurately weighed. The samples were extracted
overnight at 4 °C with a 10-fold volume of acetonitrile. After centrifugation at 12,000 x g for 5
min, the supernatant was collected, and the pellet was re-extracted twice with a fivefold volume of
acetonitrile. All supernatants were combined, and 50 mg of C18 sorbent was added. The mixture
was vortexed vigorously for 30 s and centrifuged at 10,000 x g for 5 min. The resulting
supernatant was collected and evaporated to dryness using a vacuum centrifugal concentrator. The
residue was reconstituted in 200 pul of methanol, passed through a 0.22-pm organic-phase
membrane filter, and stored at —20 °C until instrumental analysis. GAs was quantified by high-
performance liquid chromatography—tandem mass spectrometry (HPLC-MS/MS) using a
Shimadzu LC-30AD high-performance liquid chromatography system coupled to a SCIEX
QTRAP 6500 mass spectrometer.

2.7. Statistical analysis
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Experiments were conducted in a completely randomized design. Data analyses were
performed using Student's t-test with SPSS software (IBM Corp., Armonk, NY, USA). Differences
were considered significant at a P-value < 0.05.

3. Results
3.1. Phenotypic differences between M196 and F266 during seed germination under low-
temperature conditions

The morphological characteristics of dry seeds from M196 and F266 were first evaluated
(Fig. 1A). Significant differences in seed size and weight were observed between the two inbred
lines. F266 had a significantly lower 100-seed weight than M196 (Fig. 1B), together with shorter
seed length and smaller seed width (Fig. 1C, D). Under normal-temperature conditions (25 °C),
M196 and F266 exhibited similar germination dynamics, with no significant difference in
germination percentage throughout the experimental period (Fig. 1E, F). However, F266
developed longer hypocotyls than M196 at the fourth day of germination (Fig. 1G). In contrast,
pronounced differences in germination performance emerged under low-temperature conditions
(16 °C) (Fig. 1H, I). Under cold stress, F266 initiated germination sporadically on the fifth day
and displayed a substantially higher germination percentage by the seventh day. Additionally,
F266 maintained significantly longer hypocotyls than M196 during the entire cold-induced
germination period (Fig. 1J). Collectively, these results indicate that F266 exhibits a greater
capacity for seed germination and early seedling growth under low-temperature conditions than
M196.

3.2. Differentially expressed genes (DEGs) analysis of the M196 and F266 at the germination
stage under cold stress

To investigate the reasons for the differing cold stress in the two tomato inbred lines, mixed
samples were prepared for RNA extraction and RNA-Seq analysis under normal-temperature
conditions of 25°C (M196-N and F266-N) for 3 days, and low-temperature conditions of 16°C
(M196-L and F266-L) for 6 days. Three biological replicates were designed for each variety. The
cDNA libraries from the 12 samples were prepared for RNA-Seq analysis (Supplementary File
S1). The sample PCA and correlation analysis results indicated that the data were highly
repeatable and high-quality (Fig. S1).

Under normal-temperature conditions (25°C), M196-N_VS F266-N exhibited a total of
1,542 DEGs, comprising 525 upregulated genes and 1,017 downregulated genes (Fig. 2A). Under
low-temperature conditions (16°C), M196-L VS F266-L showed a total of 1,431 DEGs,
including 727 upregulated genes and 704 downregulated genes (Fig. 2A). In the comparison
groups M196-N_VS M196-L, there were a total of 5,756 DEGs, comprising 1,847 upregulated
genes and 3,909 downregulated genes (Fig. 2A). In contrast, in the comparison groups F266-
N_VS F266-L, there were a total of 3,789 DEGs, including 1,253 upregulated genes and 2,536
downregulated genes (Fig. 2A). We randomly selected 10 DEGs from the M196-N VS F266-N
and M196-L_VS F266-L groups for RT-qPCR analysis to validate the RNA-seq gene expression
results (Supplementary File S2). As shown in Figure S2, the results confirmed the reliability of
the RNA-seq data, and all these DEGs were subjected to further analysis. To further analyze
the DEGs between the M196 and F266 tomato varieties with differing cold stress responses,
Venn diagram analyses were performed. A total of 225 DEGs were shared under normal- and
low-temperature conditions (Fig. 2B). Based on functional annotations and their potential
involvement in seed germination and abiotic stress responses, eight representative candidate
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genes were selected for further expression-pattern analysis (Fig. 2C). These candidate genes
are involved in several biological processes potentially associated with low-temperature
responses, including transcriptional regulation, membrane-associated processes, glycosylation,
and stress signaling.
3.3. Functional classification using Gene Ontology (GO) terms

GO functional classification annotation was performed on the DEGs of M196 and F266 (Fig.
3A-D; Supplementary File S3-6). The top 20 enriched terms in the four comparison groups were
mainly concentrated in pathways related to ‘oxidoreductase activity’, ‘response to oxidative stress’,
‘peroxidase activity and antioxidant activity’, ‘oxidoreductase activity, acting on peroxide as
acceptor’. These results preliminarily indicated that the two tomato inbred lines exhibited distinct
transcriptional differences in redox metabolism pathways under cold stress, which might
participate in regulating the stress response of tomato seeds during germination under low-
temperature conditions. To further verify the physiological characteristics corresponding to GO
enrichment results, the activities of three key antioxidant enzymes were determined in the two
tomato lines. Higher POD activity was maintained in cold-tolerant line F266 under both normal-
temperature and low-temperature conditions, suggesting that F266 possessed stronger basal
antioxidant capacity (Fig. 3E). By contrast, no significant differences in SOD and CAT activities
were observed between the two lines under normal-temperature, while their activities were
obviously upregulated only after cold stress, indicating that SOD and CAT mainly functioned as
emergency defensive enzymes in response to low-temperature stress (Fig. 3F and G). Collectively,
changes in antioxidant enzyme activities could alter cellular redox homeostasis, which partially
contribute to the difference in cold tolerance between the two tomato lines during seed
germination. Notably, in the M196-L_ VS F266-L and F266-N_VS F266-L groups (Fig. 3C and
D), pathways related to ‘glycosyltransferase activity’, ‘carbohydrate metabolic processes’,
‘hexosyltransferase activity’, ‘inositol-3-phosphate synthase activity’ and ‘inositol biosynthetic
processes’ were enriched. These pathways were not enriched in the M196-N_VS F266-N group at
normal-temperature and in the M196-N_VS M196-L (Fig. 3A and B) group without F266. We
speculate that the enrichment of these pathways is an important factor that enables the F266
variety to germinate earlier under low-temperature conditions.
3.4. KEGG enrichment classification of DEGs

To further clarify the roles of the DEGs in response to cold stress, the KEGG databases were
employed to categorize DEGs into their respective pathways (Supplementary File S7-10). In these
four comparisons, notable enrichment was found in significant enrichment of “Galactose
metabolism” and “Starch and sucrose metabolism” pathways was detected in the comparisons
M196-L VS F266-L and F266-N_VS F266-L groups (Fig. 4C and D). In contrast, none of these
pathways exhibited significant enrichment in M196-N_VS F266-N and M196-N_VS M196-L
groups (Fig. 4A and B). Collectively, starch and sucrose metabolism pathways serve as the core
pathways for F266 to cope with low-temperature stress. Therefore, we measured the soluble
sugar content in dry seeds soaked in clean water for 8§ h and seeds germinated at low-
temperature for 6 days. The results showed that the contents of galactinol, fructose, glucose, and
sucrose were higher in the F266 than in the M196. whereas myo-inositol showed no significant
differences in dry seeds (Fig. 4E). In seeds germinating for 6 days at low-temperature conditions,
there were no significant differences in myo-inositol, glucose, and fructose levels. However, in the
F266 variety, the levels of galactinol, raffinose, and sucrose were significantly higher than those in
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the M196 variety (Fig. 4F). This result indicates that the specific accumulation of RFOs in the
F266 inbred line is critical for it to withstand cold stress and ensure low-temperature germination.

KEGG enrichment analysis also revealed that the “plant hormone signal transduction”
pathway was enriched in the M196-L._VS F266-L comparison. A total of 255 genes were enriched
in this pathway, including 20 DEGs, of which 13 genes belong to the auxin pathway. Therefore,
we measured the auxin content in seeds. The results indicated that under normal-temperature
conditions, the IAA content in F266 was lower than that in M196. However, under low-
temperature conditions, the IAA level in F266 was significantly higher than that in M196 (Fig.
5A). To further analyze the transcript levels of IAA family genes in the auxin signaling pathway,
we found that 1442, IAA19, IAA15, IAA32, [AA17, IAA22, and I4A29 genes had a higher FPKM
value in F266 than in M196 (Fig. 5C). This result suggests that the cold tolerance of F266 is
closely associated with the accumulation of IAA under low-temperature conditions. Meanwhile,
the GAs content in F266 was slightly higher than that in M196 under normal-temperature
conditions. After low-temperature stress, GAs contents increased in both inbred lines, and the GAs
accumulation level in F266 was significantly higher than that in M196 (Fig. 5B). In the GA
pathway, the GA receptor gene GIDIB was significantly highly FPKM value in F266 under low-
temperature conditions, whereas GASTI exhibited lower FPKM value in F266 at normal-
temperature and low-temperature induction. The FPKM values of GA catabolic genes GA420x1,
GA20x2-like, and GA20x2 in F266 were lower than those in M196 under low-temperature
conditions, while the FPKM value of GA20x8 was higher than that in M196 (Fig. 5D). These
results indicate that low-temperature induces the accumulation of IAA and GA; in the F266 inbred
line and is accompanied by increased transcript levels of auxin signaling-related genes and the GA
receptor gene GID1B. The distinct expression patterns of GA2ox family genes further suggest that
GA metabolism may be differentially regulated between F266 and M196 under low-temperature
conditions, which may contribute to their contrasting germination responses.
3.5. Analysis of significant expression pathway of the GO-GSEA and KEGG-GSEA

Standard enrichment analyses built upon the hypergeometric distribution only screen genes
with DEGs, which frequently omit genes with non-significant differential expression yet
prominent biological values. Gene Set Enrichment Analysis (GSEA) effectively addresses this
limitation [28]. Accordingly, gene sets with significant enrichment were identified using the
thresholds of |[NES| > 1, NOM p-value < 0.05 and FDR g-value < 0.25. According to the GO-
GSEA results (Table 1). except for the M196-N_VS F266-N group, the other three groups all
showed enrichment in the top ten GO-GSEA pathways enriched for ‘peroxidase activity’
(GO:0004601), ‘antioxidant activity’ (GO:0016209), ‘oxidoreductase activity’, ‘acting on
peroxide as acceptor’ (GO:0016684), or ‘response to oxidative stress’ (GO:0006979). In the two
groups of MI196-L_ VS F266-L and M266-N_VS F266-L, ‘glycosyltransferase activity’
(GO:0016757), ‘acyltransferase activity’ (GO:0016746), and ‘acyltransferase activity’,
‘transferring groups other than amino-acyl groups’ (GO:0016747) are significantly enriched,
Synergistic activation of low-temperature triggered antioxidant homeostasis regulation and sugar-
modified secondary metabolic pathways constitutes a vital factor conferring strong cold tolerance
to F266 (Supplementary File S11-14). According to the KEGG-GSEA results (Table 2). The top
10 enriched pathways included ‘plant hormone signal transduction’ (sly04075) and ‘starch and
sucrose metabolism’ (sly00500) in the M196-L._ VS F266-L group, ,which were not present in the
other groups. This indicates that soluble sugars and plant hormones play an important role in seed
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germination at low-temperature conditions, a result that is generally consistent with the KEGG
analysis (Supplementary File S15-18).
3.6. Different TFs regulation in inbred lines M 196 and F266

TFs play core regulatory roles in plant cold acclimation. Previous studies have demonstrated
that several TFs families, including HD-Zip [29], MYB [30], and bHLH [31], are involved in the
regulation of seed germination under low temperatures conditions. From the transcriptomic data,
we identified multiple TF families involved in this process, namely WRKY, bHLH, MYB, GATA,
AP2/ERF, and NAC (Fig. S3A-D; Supplementary Files S19-22). A Venn diagram of the
differentially expressed TFs revealed that six genes were co-expressed across all four groups (Fig.
S3E). To further dissect the differences in seed germination between M196 and F266 under low-
temperature conditions, we performed a targeted analysis of differentially expressed TFs in the
M196-N VS F266-N and M196-L_VS F266-L comparisons and identified 12 genes that were
co-expressed in both groups (Fig. 6A and S3F), namely MYB (Solyc03g121740.3), MYB-related
(Solyc06g076270.3), bHLH (Solyc12g088130.3), TCP (Solyc03g116320.3), WRKYS58
(Solyc05g050340.4), WRKY33 (Solyc09g014990.4), GATA (Solyc01g090760.4), ERF
(Solyc01g091760.3), bHLH (Solyc02g091800.4), MYB-related (Solyc04g005100.3), bHLH
(Solyc09g065100.3), and CAMTA (Solyc12g035520.3). On this basis, we further focused on the
M196 L. VS F266 L comparison and examined the expression of genes belonging to three major
TF families, HD-Zip, MYB and bHLH (Fig. 5B—D). The numbers of differentially expressed
genes in these three families were 5, 12 and 9, respectively. The specific expression patterns of
these genes may exert unique regulatory effects on the differences in seed germination between
the two inbred lines.
4. Discussion
4.1. Coordinated antioxidant defense and carbohydrate metabolic responses contribute to low-
temperature germination in the tomato inbred line F266

Genetically homozygous inbred lines provide valuable experimental materials for dissecting
the molecular regulatory networks underlying crop stress tolerance and identifying key genes
associated with agronomically important traits [32]. In the present study, the tomato inbred lines
M196 and F266 showed no significant difference in seed germination under normal-temperature
conditions (Fig. 1E). Under low-temperature conditions, however, the two lines exhibited
markedly different germination responses. Compared with M196, F266 initiated germination
earlier and maintained greater hypocotyl elongation (Fig. 11 and J), indicating a greater capacity of
F266 to maintain germination and early seedling growth under low temperature.

Transcriptomic and physiological analyses further suggested that the contrasting low-
temperature responses of the two inbred lines were closely associated with differences in their
antioxidant defense systems. GO enrichment analysis showed that the DEGs were predominantly

9

enriched in functional categories related to “oxidoreductase activity,” “response to oxidative

LR N3 LR I3

stress,” “peroxidase activity,” “oxidoreductase activity, acting on peroxide as acceptor,”
“antioxidant activity,” and “oxidoreductase complex” (Fig. 3A-D). Consistent with these
transcriptomic responses, measurements of the antioxidant enzymes SOD, POD, and CAT
indicated a stronger antioxidant response in F266 under low-temperature conditions (Fig. 3E-G).
These findings are consistent with the importance of maintaining reactive oxygen species (ROS)
homeostasis during seed germination. At appropriate levels, ROS can function as signaling

molecules involved in the regulation of germination, whereas excessive ROS accumulation may
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cause oxidative damage and impair normal germination [33]. A recent study in rice further
demonstrated that the OsNAC3—-OsITPK4—-OsMT2b regulatory module promotes seed germination
by maintaining ROS homeostasis and preventing excessive ROS accumulation [34]. This finding
further highlights the importance of tightly regulated ROS homeostasis for successful seed
germination. Moreover, GO-GSEA revealed significant enrichment of gene sets associated with
redox metabolism and oxidative stress responses in the low-temperature-related comparisons
(Table 1). The consistency between transcriptomic enrichment and antioxidant enzyme responses
suggests that an enhanced antioxidant defense capacity may help F266 maintain cellular redox
homeostasis during germination at low-temperature, thereby alleviating potential cold-induced
oxidative stress and supporting seed germination and hypocotyl growth.

Carbohydrates accumulated in seeds not only serve as major energy sources for embryo
growth and development during germination but also function as signaling molecules that regulate
diverse biochemical and physiological processes, thereby influencing seed germination and early
seedling establishment [35-39]. In the present study, F266 dry seeds contained higher basal levels
of galactinol, fructose, glucose, and sucrose than M196 seeds (Fig. 4E). Despite these higher basal
sugar levels, no significant difference in germination percentage was observed between M196 and
F266 under normal-temperature conditions, although F266 developed longer hypocotyls. In
contrast, after 6 days of germination under low-temperature conditions, F266 accumulated
substantially higher levels of galactinol, raffinose, and sucrose than M196, whereas fructose and
glucose levels remained relatively stable (Fig. 4F). This distinct pattern suggests that galactinol—
raffinose metabolism and sucrose accumulation, rather than changes in monosaccharides alone,
may be more closely associated with the enhanced low-temperature germination of F266.
Galactinol and raffinose are key components of RFOs metabolism. Previous studies have shown
that the accumulation of RFOs during seed maturation is closely associated with desiccation
tolerance [40]. Moreover, overexpression of the chickpea galactinol synthase genes CaGolSI and
CaGolS2 in Arabidopsis improved seed vigor and longevity [41]. Therefore, the greater
accumulation of galactinol and raffinose observed in F266 under low-temperature conditions
suggests that RFO-associated metabolic remodeling may contribute to its low-temperature
germination response.

This interpretation was further supported by transcriptome-based pathway analyses. KEGG
enrichment and KEGG-GSEA analyses revealed significant enrichment of carbohydrate

LT3 E3]

metabolism-related pathways, including “galactose metabolism,” “starch and sucrose metabolism,
“fructose and mannose metabolism,” and “pentose and glucuronate interconversions,” in the low-
temperature response of F266, whereas the same enrichment pattern was not observed in M196
(Fig. 4A-D, Table 2). The convergence between metabolite accumulation and transcriptomic
pathway enrichment therefore suggests that the enhanced low-temperature adaptation of F266
cannot be explained simply by an increase in total soluble sugar content. Instead, it may involve a
broader reprogramming of carbohydrate metabolism, particularly RFO- and sucrose-associated
metabolic processes. Taken together, the enhanced germination performance of F266 under low-
temperature conditions appears to be associated with the coordinated responses of antioxidant
defense and carbohydrate metabolism. On the one hand, enhanced antioxidant capacity may
contribute to the maintenance of cellular redox homeostasis; on the other hand, metabolic
remodeling involving galactinol, raffinose, and sucrose may support seed germination and early

seedling growth through energy supply, osmotic adjustment, and cellular protection. The
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coordinated regulation of these processes may therefore constitute an important physiological and
metabolic basis for the superior germination performance of F266 under low-temperature
conditions.

4.2. Endogenous hormone contents regulate seed germination of F266 in response to cold stress

Plant hormones play pivotal roles in regulating diverse aspects of plant growth and
development, including secondary metabolism [42]. Among them, auxin establishes concentration
gradients and local concentration differences through its biosynthesis, metabolism, polar transport,
and signal transduction, thereby regulating organogenesis, polarity establishment, and plant
adaptation to environmental changes [43]. Previous studies have shown that genes associated with
auxin, gibberellin (GA), abscisic acid (ABA), and brassinosteroid biosynthesis and signaling
undergo substantial changes during seed germination, highlighting the importance of coordinated
hormonal regulation in radicle protrusion and seed germination [44]. Differences in endogenous
hormone levels are also closely associated with genotypic variation in seed responses to low
temperature. For example, during chilling-induced germination in upland cotton, the chilling-
tolerant genotype KN27-3 exhibited higher levels of IAA, cytokinins (CTKSs), and GAs than the
chilling-sensitive genotype XLZ38, whereas ABA showed the opposite trend, suggesting that
differences in endogenous hormone balance may contribute to seed germination under low-
temperature conditions [6]. Similarly, transcriptomic analysis of waxy corn showed that low-
temperature germination was associated with significant changes in auxin-related responses, with
“cellular response to auxin stimulus” being highly enriched in the cold-tolerant inbred line N28
[45]. Low-temperature treatment has also been reported to alter endogenous IAA levels and the
expression of auxin biosynthesis-related genes, further supporting the involvement of auxin in
seed responses to low temperature [46].

In this study, KEGG enrichment analysis revealed significant enrichment of the “plant
hormone signal transduction” pathway in the M196-L VS F266-L comparison. A total of 255
genes were assigned to this pathway, including 20 DEGs, 13 of which were associated with auxin
signaling, suggesting that auxin signaling may represent an important hormonal pathway
associated with the contrasting germination responses of M196 and F266 under low-temperature
conditions. Consistent with this observation, endogenous IAA measurements revealed that F266
contained less TAA than M196 under normal-temperature conditions, whereas under low-
temperature conditions, the IAA content was significantly higher in F266 than in M196 (Fig. 5A).
This result indicates that F266 does not maintain constitutively high basal IAA levels but instead
exhibits greater IAA accumulation under low-temperature conditions. In Arabidopsis, cold
exposure promotes the degradation of Aux/IAA repressors, thereby releasing ARF7 and ARF19
and subsequently activating CRF'3 expression, revealing a mechanism through which Aux/IAA-
ARF signaling participates in the plant response to low temperature [47]. Consistent with the
potential involvement of this signaling pathway, several Aux/[AA family genes, including /442,
14A419, [AA15, IAA32, IAA17, IAA22, and 14429, exhibited higher FPKM values in F266 than in
M196 in the present study (Fig. 5C). These findings suggest that greater IAA accumulation and
differential expression of auxin signaling-related genes under low-temperature conditions may be
closely associated with the enhanced germination performance of F266.

GA is a major phytohormone regulating seed dormancy and germination, and changes in GA
metabolism and signaling are closely associated with seed responses to low-temperature. Previous
studies have shown that low-temperature can influence seed germination and dormancy by
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altering GA and ABA metabolism and signaling. In rice, for example, low-temperature treatment
at 15 °C suppresses GA signaling while enhancing ABA biosynthesis, thereby delaying seed
germination [48]. In wheat, the TaDof-2D-miR1832—TaP450-74 module participates in low-
temperature induced seed dormancy release by affecting a-amylase activity and ABA and GA
metabolism [49]. Similarly, exogenous GAs markedly promotes seed dormancy release in
Magnolia sieboldii, accompanied by changes in the ABA/GA balance and starch and sucrose
metabolism [50]. Together, these findings indicate that GA-associated regulation of seed
germination under low-temperature conditions involves not only hormone metabolism and
signaling but may also be closely linked to reserve mobilization and carbohydrate utilization.

Although fewer GA-related DEGs than auxin-related DEGs were represented in the “plant
hormone signal transduction” pathway in the present study, several genes involved in GA
perception and metabolism exhibited clear genotype-dependent expression differences. We
therefore further examined GAs accumulation and the expression patterns of GA-related genes in
the two tomato inbred lines. Under normal-temperature conditions, GAs content was slightly
higher in F266 than in M196. Following low-temperature treatment, GAs levels increased in both
inbred lines, but the accumulation of GAs was significantly greater in F266 (Fig. 5B). Consistently,
the GA receptor gene GIDIB exhibited a higher FPKM value in F266 under low-temperature
conditions, whereas GASTI showed relatively lower expression in F266 (Fig. 5D). Genes
associated with GA metabolism also exhibited distinct expression patterns: GA20x1, GA20x2-like,
and GA2ox2 showed lower FPKM values in F266 than in M196 under low-temperature conditions,
whereas GA20x8 displayed the opposite pattern (Fig. 5D). These contrasting expression patterns
indicate that individual GA2ox family members respond differently to low temperature and
therefore do not support a simple interpretation of uniformly enhanced or reduced GA catabolism.
Together with the higher GAs content and GID1B expression in F266, these results suggest that
GAs accumulation and differential expression of genes associated with GA perception and
metabolism may contribute to the maintenance of seed germination and hypocotyl growth in F266
under low-temperature conditions.

4.3. Identification of candidate genes potentially associated with low-temperature seed
germination in F266

Transcriptome analysis facilitates the elucidation of gene expression patterns and regulatory
mechanisms. By comparing DEGs among different genotypes or treatment conditions and
integrating functional annotation and expression pattern analyses, transcriptome analysis provides
a basis for the further identification and functional validation of key genes [51]. In the present
study, comparison of the M196-N_VS F266-N and M196-L_VS F266-L groups identified 12 TF
genes that were differentially expressed in both comparisons (Fig. 6A and Fig. S3F). These genes
belonged to several TF families, including MYB, MYB-related, bHLH, TCP, WRKY, GATA, ERF,
and CAMTA, suggesting that different types of transcriptional regulators may be involved in the
contrasting low-temperature germination responses of M196 and F266.

Among these candidate TFs, SIGATA (Solyc01g090760.4) is of particular interest because the
GATA family has been closely associated with seed germination, dormancy, and low-temperature
responses. In Arabidopsis, a GATA zinc-finger protein acts as a positive regulator of seed
germination, and seeds of the corresponding knockout mutant exhibit enhanced dormancy and
reduced sensitivity to cold stratification [52]. The GA signaling repressor RGL2 can form a
complex with DOF6 and regulate GATAI2, thereby contributing to the maintenance of primary
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seed dormancy [53]. In wheat, TaGATAI promotes seed dormancy by regulating TaABI5
expression [54]. In addition to their roles in seed dormancy and germination, GATA TFs are also
involved in plant responses to low temperature. For example, overexpression of OsGATA16
enhances cold tolerance at the seedling stage in rice [55], whereas heterologous overexpression of
PvGATA28 prolongs the dormancy period of transgenic tobacco seeds [56]. These studies indicate
that different members of the GATA family can participate in the regulation of seed dormancy,
germination, and low-temperature responses. Therefore, Solyc01g090760.4 identified in the
present study may represent an important candidate TF linking low-temperature responses with
seed germination, although its specific function requires further validation. In addition to GATA,
the other candidate TFs may also have potential biological significance. The ERF family
represents an important group of regulators in ethylene signaling, and ethylene can interact with
other phytohormones and ROS to jointly regulate seed dormancy and germination [57]. The
bHLH and MYB families are also widely involved in plant growth, development, and abiotic
stress responses. Protein kinase-mediated phosphorylation can affect the stability, subcellular
localization, and transcriptional activity of bHLH proteins [58]. In rice, OsMAPK3-mediated
phosphorylation of OsbHLH0(02 enhances its function in cold signal transduction [59]. Members
of the MAPKK/MAPKKK families in tomato also exhibit pronounced transcriptional responses to
various environmental stresses [60], further suggesting that coordinated regulation between
protein kinases and TFs may represent an important component of plant stress responses. MYB
TFs are likewise involved in seed germination and low-temperature responses. MYB7(0 increases
seed sensitivity to ABA-mediated inhibition of germination by interacting with ABIS and
enhancing its stability [61], whereas tomato SIMYB15 positively regulates cold tolerance through
the CBF pathway [62]. These studies provide functional support for the potential involvement of
the MYB, bHLH, and ERF candidate genes identified in this study in low-temperature seed
germination. In addition, CAMTA (Solyc12g035520.3) and TCP (Solyc03g116320.3) were
identified as candidate TFs in the present study. CAMTA proteins respond to Ca?'/calmodulin
signaling and participate in plant responses to environmental stresses. For example,
GmCAMTAI12 is associated with drought tolerance in soybean [63], whereas several CAMTA
family members in tobacco show significant changes in expression under cold stress [64].
Moreover, overexpression of CnTCP4 increases the sensitivity of Arabidopsis to low temperature,
suggesting that members of the TCP family may also participate in the regulation of cold
responses [65]. Therefore, the CAMTA and TCP genes identified in this study further expand the
range of candidate TFs potentially involved in the regulation of low-temperature seed germination
in tomato. However, because these candidate genes were identified mainly on the basis of
differential expression and functional annotation, their specific regulatory roles in F266 require
further genetic and molecular validation.

In addition to TFs, we further screened a group of potentially biologically relevant candidate
genes from the 225 shared DEGs identified in the comparisons between the two inbred lines.
These genes are involved in membrane-related processes, glycosylation, signal transduction, and
stress responses, some of which are highly consistent with previously reported mechanisms
associated with seed germination and cold tolerance. For example, the maize annexin genes
ZmANN33 and ZmANN35 participate in plasma membrane recovery during seed germination, and
heterologous expression of these genes improves membrane integrity during recovery from
chilling, increases POD activity, and reduces lipid peroxidation [66]. These findings suggest that
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membrane stability and recovery from membrane damage may be important for protecting seeds
against chilling injury and maintaining germination. Therefore, the membrane-associated
candidate genes identified in the present study may provide important clues for further
investigating the cellular protective mechanisms that enable F266 to maintain germination under
low-temperature conditions. UDP-glycosyltransferases (UGTs) can affect the stability, activity,
and transport of various plant metabolites and signaling molecules through glycosylation. Previous
studies have shown that the rice UDP-glycosyltransferase gene OsUGT706D?2 is induced by low
temperature and positively regulates cold and submergence tolerance in rice; gain of function
enhances stress tolerance, whereas loss of function reduces cold tolerance [67]. Therefore, the
UGT candidate gene(s) identified among the shared DEGs in the present study may represent
potentially important genes associated with low-temperature responses. Considering the
differential IAA/GA; responses and the changes in the levels of carbohydrates such as galactinol,
raffinose, and sucrose observed in F266, these UGT candidates provide potential targets for
further investigating the relationship between glycosylation processes and seed germination under
low-temperature conditions.

The identification of these candidate genes not only provides new molecular clues for
explaining the contrasting low-temperature germination phenotypes of M196 and F266, but also
provides prioritized targets for further elucidating the mechanisms underlying low-temperature
seed germination in tomato through RT-qPCR, gene editing, overexpression, and genetic
transformation, as well as potential genetic resources for improving low-temperature germination
tolerance in tomato germplasm.

5. Conclusions

In this study, the cold-sensitive tomato inbred line M196 and the cold-tolerant inbred line
F266 were used to systematically compare their seed germination phenotypes under normal- and
low-temperature conditions. Under normal-temperature conditions, M196 and F266 showed
generally similar seed germination performance; however, under low-temperature conditions,
F266 initiated germination earlier and exhibited stronger germination capacity and hypocotyl
elongation, indicating that the differences in germination phenotype between the two inbred lines
were mainly manifested under low-temperature stress.

Based on the transcriptomic and physiological and biochemical results, a model for low-
temperature seed germination in F266 was proposed in this study (Fig. 7). Under low-temperature
conditions, the germination advantage of F266 may be associated with three interconnected
processes. First, stronger SOD, POD, and CAT antioxidant responses, together with the
differential expression of redox-related genes, may contribute to maintaining ROS homeostasis,
thereby alleviating potential oxidative damage. Second, the accumulation of galactinol, raffinose,
and sucrose, together with changes in related carbohydrate metabolic pathways, may support low-
temperature germination through osmoprotection, maintenance of membrane stability, and energy
supply. Third, the higher accumulation of IAA and GAs, together with the differential expression
of Aux/IAA, GID1B, and several GA2ox family genes, suggests that auxin- and GA-related
responses may be beneficial for embryo growth and cell elongation under low-temperature
conditions. Meanwhile, transcriptome analysis identified several genes associated with low-
temperature responses, including GATA, CAMTA, WRKY 58, bHLH150, and UGT, which may
participate in the low-temperature germination response of F266 at different levels. In contrast, the
above physiological and molecular responses were generally weaker in M196 under low-
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temperature conditions, consistent with its delayed germination and inhibited hypocotyl growth.

Therefore, the low-temperature germination advantage of F266 may not be determined by a single

gene or metabolic pathway, but may instead be closely associated with the coordinated effects of

antioxidant defense, RFO/sucrose-related carbohydrate metabolism, and IAA/GAs hormone

responses, and may be jointly regulated by multiple transcription factors. This study provides new

evidence for understanding the physiological and molecular basis of low-temperature seed

germination in tomato and identifies a group of candidate genes worthy of further functional

validation, providing potential genetic resources for functional analysis of genes associated with

low-temperature germination and for the improvement of tomato germplasm with enhanced low-

temperature tolerance.

Acknowledgements Not applicable.

Author contributions

H.X. contributed to the investigation, data analysis, interpretation of results, and manuscript

preparation; Z.G. contributed to the experimental investigation, data collection, and interpretation

of results; Y.W. contributed to the experimental work, sample preparation, data collection, and

organization of experimental results; L.J. contributed to the experimental investigation, data

analysis, and manuscript review; S.W. supervised the research, contributed to the interpretation of

results, and critically revised the manuscript for important intellectual content. All authors

contributed critically to the drafts and gave final approval for publication.

Funding

This work was supported by the Liaoning Institute of Science and Technology (Grant No.

2606B57).

Availability of data and material

The data supporting the findings of this study are included in the article and its supplementary

materials. The processed RNA-seq datasets, including gene expression matrices for all samples,

have been deposited in the OMIX repository of the National Genomics Data Center (NGDC),

China National Center for Bioinformation, under accession number OMIX022509

(https://ngdc.cncb.ac.cn/omix/). Additional information is available from the corresponding author

upon reasonable request.

Declaration

Ethics approval and consent to participate Not applicable.

Statement of ethical approval in compliance with institutional, national, or international

guidelines for the use of animals All local, national or international guidelines and legislation

were adhered to for the use of plants in this study.

Consent for publication Not applicable.

Declaration of Generative Al and Al-assisted technologies in the writing process During the

preparation of this manuscript, the author(s) used Chat GPT and Grammarly to improve the

technical and English language of the paper. After using this tool/service, the author(s) reviewed

and edited the content as needed and take(s) full responsibility for the content of the publication.

Competing interests The authors declare no competing interests.

References

[1] ZhulJ. K. (2016). Abiotic stress signaling and responses in plants. Cell, 167(2), 313-324.

[2] Lee, K., & Kang, H. (2024). Recent insights into the physio-biochemical and molecular
mechanisms of low temperature stress in Tomato. Plants (Basel, Switzerland), 13(19), 2715.

14



615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658

[3]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Kenchanmane Raju, S. K., Barnes, A. C., Schnable, J. C., & Roston, R. L. (2018). Low-
temperature tolerance in land plants: Are transcript and membrane responses conserved?.
Plant science : an international journal of experimental plant biology, 276, 73-86.

Ding, Y., Shi, Y., & Yang, S. (2020). Molecular regulation of plant responses to
environmental temperatures. Molecular plant, 13(4), 544-564.

Bewley J. D. (1997). Seed Germination and Dormancy. The Plant cell, 9(7), 1055-1066.
Shen, Q., Zhang, S., Liu, S., Chen, J., Ma, H., Cui, Z., Zhang, X., Ge, C., Liu, R., Li, Y.,
Zhao, X., Yang, G., Song, M., & Pang, C. (2020). Comparative Transcriptome Analysis
Provides Insights into the Seed Germination in Cotton in Response to Chilling Stress.
International journal of molecular sciences, 21(6), 2067.

Du, H., Liu, H., & Xiong, L. (2013). Endogenous auxin and jasmonic acid levels are
differentially modulated by abiotic stresses in rice. Frontiers in plant science, 4, 397.

He, X., Zhu, J., Gong, X., Zhang, D., Li, Y., Zhang, X., Zhao, X., & Zhou, C. (2025).
Advances in deciphering the mechanisms of salt tolerance in Maize. Plant signaling &
behavior, 20(1), 2479513.

Oracz, K., El-Maarouf Bouteau, H., Farrant, J. M., Cooper, K., Belghazi, M., Job, C., Job, D.,
Corbineau, F., & Bailly, C. (2007). ROS production and protein oxidation as a novel
mechanism for seed dormancy alleviation. The Plant journal : for cell and molecular biology,
50(3), 452-465.

Goswami, A. K., Maurya, N. K., Goswami, S., Bardhan, K., Singh, S. K., Prakash, J.,
Pradhan, S., Kumar, A., Chinnusamy, V., Kumar, P., Sharma, R. M., Sharma, S., Bisht, D. S.,
& Kumar, C. (2022). Physio-biochemical and molecular stress regulators and their crosstalk
for low-temperature stress responses in fruit crops: A review. Frontiers in plant science, 13,
1022167.

Abdel, L., Arafat, A. H., & He, C. X. (2010). Arbuscular mycorrhizal influence on growth,
photosynthetic pigments, osmotic adjustment and oxidative stress in tomato plants subjected
to low temperature stress. Acta Physiologiae Plantarum. 33 (4):1217-1225.

Liu, Y. F, Qi, M. F,, & Li, T. L. (2012). Photosynthesis, photoinhibition, and antioxidant
system in tomato leaves stressed by low night temperature and their subsequent recovery.
Plant science : an international journal of experimental plant biology, 196, 8—17.

Cui, L., Zou, Z., Zhang, J., Zhao, Y., & Yan, F. (2016). 24-Epibrassinoslide enhances plant
tolerance to stress from low temperatures and poor light intensities in tomato (Lycopersicon
esculentum Mill.). Functional & integrative genomics, 16(1), 29-35.

Strand, A., Foyer, C. H., Gustafsson, P., Gardestrom, P., & Hurry, V. (2003). Altering flux
through the sucrose biosynthesis pathway in transgenic Arabidopsis thaliana modifies
photosynthetic acclimation at low temperatures and the development of freezing tolerance.
Plant, Cell & Environment, 26(4), 523-535.

Klotke, J., Kopka, J., Gatzke, N., Heyer, & A. G. (2004). Impact of soluble sugar
concentrations on the acquisition of freezing tolerance in accessions of Arabidopsis thaliana
with contrasting cold adaptation — evidence for a role of raffinose in cold acclimation. Plant,
Cell & Environment, 27 (11), 1395-1404.

Dai, H., Zhu, Z., Wang, Z., Zhang, Z., Kong, W., & Miao, M. (2022). Galactinol synthase 1
improves cucumber performance under cold stress by enhancing assimilate translocation.
Horticulture research, 9, uhab063.

15



659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702

[17] Xu, G., He, M., Yan, S., Lyu, D., Cheng, C., Zhao, D., & Qin, S. (2025). Galactinol synthase
gene 5 (MdGolS5) enhances the cold resistance of apples by promoting raffinose family
oligosaccharide accumulation. Plant physiology and biochemistry, 220, 109416.

[18] He, F., Xu, J., Jian, Y., Duan, S., Hu, J., Jin, L., & Li, G. (2024). Overexpression of galactinol
synthase 1 from Solanum commersonii (ScGolS1) confers freezing tolerance in transgenic
potato. Horticultural Plant Journal, 9(3), 541-552.

[19] Yan, J., Fang, L., Yang, L., He, H., Huang, Y., Liu, Y., & Zhang, A. (2020). Abscisic acid
positively regulates l-arabinose metabolism to inhibit seed germination through ABSCISIC
ACID INSENSITIVE4-mediated transcriptional promotions of MUR4 in Arabidopsis
thaliana. The New phytologist, 225(2), 823—-834.

[20] Wang, G., Li, X., Ye, N., Huang, M., Feng, L., Li, H., & Zhang, J. (2021). OsTPP1 regulates
seed germination through the crosstalk with abscisic acid in rice. The New phytologist,
230(5), 1925-1939.

[21] Kilian, J., Peschke, F., Berendzen, K. W., Harter, K., & Wanke, D. (2012). Prerequisites,
performance and profits of transcriptional profiling the abiotic stress response. Biochimica et
biophysica acta, 1819(2), 166—175.

[22] Shi, Y., Tian, S., Hou, L., Huang, X., Zhang, X., Guo, H., & Yang, S. (2012). Ethylene
signaling negatively regulates freezing tolerance by repressing expression of CBF and type-A
ARR genes in Arabidopsis. The Plant cell, 24(6), 2578-2595.

[23] Chinnusamy, V., Ohta, M., Kanrar, S., Lee, B. H., Hong, X., Agarwal, M., & Zhu, J. K.
(2003). ICEl: a regulator of cold-induced transcriptome and freezing tolerance in
Arabidopsis. Genes & development, 17(8), 1043-1054.

[24] Jiang, W., & Yu, D. (2009). Arabidopsis WRKY2 transcription factor mediates seed
germination and postgermination arrest of development by abscisic acid. BMC plant biology,
9, 96.

[25] Ma, Q., Dai, X., Xu, Y., Guo, J., Liu, Y., Chen, N., Xiao, J., Zhang, D., Xu, Z., Zhang, X., &
Chong, K. (2009). Enhanced tolerance to chilling stress in OsMYB3R-2 transgenic rice is
mediated by alteration in cell cycle and ectopic expression of stress genes. Plant physiology,
150(1), 244-256.

[26] Zhang, Y., Peng, Y., Liu, J., Yan, J., Zhu, K., Sun, X., Bu, X., Wang, X., Ahammed, G.J., Liu,
Y., Sun, Z., Qi, M., Wang, F., & Li, T. (2023). Tetratricopeptide repeat protein SIREC2
positively regulates cold tolerance in tomato. Plant physiology, 192, 648—665.

[27] Wang, S., He, P., Wang, Z., Zhang, H., Meng, S., & Qi, M. (2025). Galactinol synthase 4
influences plant height by affecting phenylpropanoid metabolism and the balance of soluble
carbohydrates in tomato. Plant physiology and biochemistry, 220, 109484.

[28] Mootha, V. K., Lindgren, C. M., Eriksson, K. F., Subramanian, A., Sihag, S., Lehar, J.,
Puigserver, P., Carlsson, E., Ridderstrale, M., Laurila, E., Houstis, N., Daly, M. J., Patterson,
N., Mesirov, J. P., Golub, T. R., Tamayo, P., Spiegelman, B., Lander, E. S., Hirschhorn, J. N.,
Altshuler, D., Groop, L. C. (2003). PGC-1alpha-responsive genes involved in oxidative
phosphorylation are coordinately downregulated in human diabetes. Nature genetics, 34(3),
267-273.

[29] Sharif, R., Raza, A., Chen, P., Li, Y., El-Ballat, E. M., Rauf, A., Hano, C., & El-Esawi, M. A.
(2021). HD-ZIP Gene Family: Potential Roles in Improving Plant Growth and Regulating
Stress-Responsive Mechanisms in Plants. Genes, 12(8), 1256.

16



703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746

[30] Dai, X., Xu, Y., Ma, Q., Xu, W., Wang, T., Xue, Y., & Chong, K.(2007). Overexpression of
an RIR2R3 MYB gene, OsMYB3R-2, increases tolerance to freezing, drought, and salt
stress in transgenic Arabidopsis. Plant physiology. 143, 1739-1751.

[31] Groszmann, M., Bylstra, Y., Lampugnani, E. R., & Smyth, D. R. (2010). Regulation of
tissue-specific expression of SPATULA, a bHLH gene involved in carpel development,
seedling germination, and lateral organ growth in Arabidopsis. Journal of experimental
botany, 61(5), 1495-1508.

[32] Cropano, C., Place, 1., Manzanares, C., Do Canto, J., Liibberstedt, T., Studer, B., &
Thorogood, D. (2021). Characterization and practical use of self-compatibility in outcrossing
grass species. Annals of botany, 127(7), 841-852.

[33] Ahmad, P., Jaleel, C. A., Salem, M. A., Nabi, G., & Sharma, S. (2010). Roles of enzymatic
and nonenzymatic antioxidants in plants during abiotic stress. Critical reviews in
biotechnology, 30(3), 161-175.ch

[34] Peng, L., He, Y., Chen, S., Liu, S., Wang, C., Li, W., Li, Z., Wang, Z., & Zhao, J. (2026). The
OsNAC3-OsITPK4-OsMT2b module regulates rice seed germination through the reactive
oxygen species pathway. Plant physiology, 200(4), kiag165.

[35] Koch K. E. (1996). Carbohydrate-modulated gene expression in plants. Annual review of
plant physiology and plant molecular biology, 47, 509-540.

[36] Jang, J. C., & Sheen, J. (1994). Sugar sensing in higher plants. The Plant cell, 6(11), 1665—
1679.

[37] Smeekens, S., & Rook, F. (1997). Sugar sensing and sugar-mediated signal transduction in
plants. Plant physiology, 115(1), 7-13.

[38] Gibson S. L. (2005). Control of plant development and gene expression by sugar signaling.
Current opinion in plant biology, 8(1), 93-102.

[39] Finkelstein, R. R., & Lynch, T. J. (2000). Abscisic acid inhibition of radicle emergence but
not seedling growth is suppressed by sugars. Plant physiology, 122(4), 1179-1186.

[40] Downie, B., Gurusinghe, S., Dahal, P., Thacker, R. R., Snyder, J. C., Nonogaki, H., Yim, K.,
Fukanaga, K., Alvarado, V., & Bradford, K. J. (2003). Expression of a GALACTINOL
SYNTHASE gene in tomato seeds is up-regulated before maturation desiccation and again
after imbibition whenever radicle protrusion is prevented. Plant physiology, 131(3), 1347-
1359.

[41] Salvi, P, Saxena, S. C., Petla, B. P., Kamble, N. U., Kaur, H., Verma, P., Rao, V., Ghosh, S.,
& Majee, M. (2016). Differentially expressed galactinol synthase(s) in chickpea are
implicated in seed vigor and longevity by limiting the age induced ROS accumulation.
Scientific reports, 6, 35088.

[42] Qin, Y., Bai, S., Li, W,, Sun, T., Galbraith, D. W., Yang, Z., Zhou, Y., Sun, G., & Wang, B.
(2020). Transcriptome analysis reveals key genes involved in the regulation of nicotine
biosynthesis at early time points after topping in tobacco (Nicotiana tabacum L.). BMC plant
biology, 20(1), 30.

[43] Zhao Y. (2010). Auxin biosynthesis and its role in plant development. Annual review of plant
biology, 61, 49-64.

[44] Xu, P., Tang, G., Cui, W., Chen, G., Ma, C. L., Zhu, J., Li, P., Shan, L., Liu, Z., & Wan, S.
(2020). Transcriptional differences in Peanut (Arachis hypogaea L.) seeds at the freshly
harvested, after-ripening and newly germinated seed stages: insights into the regulatory

17



747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
7
778
779
780
781
782
783
784
785
786
787
788
789
790

networks of seed dormancy release and germination. PloS one, 15(1), €0219413.

[45] Jiang, F., Lv, S., Zhang, Z., Chen, Q., Mai, J., Wan, X., & Liu, P. (2023). Integrated
metabolomics and transcriptomics analysis during seed germination of waxy corn under low
temperature stress. BMC plant biology, 23(1), 190.

[46] Lai, R., Feng, X., Chen, J., Zhang, Y., Wei, X., Chen, Y., Cheng, C., & Wu, R. (2021). De
novo transcriptome assembly and comparative transcriptomic analysis provide molecular
insights into low temperature stress response of Canarium album. Scientific reports, 11(1).

[47] Nguyen, U. T., Kang, N. Y., Lee, D. W., & Kim, J. (2025). ARF7/19 activate CRF3 in
response to cold via Aux/IAA degradation. Journal of integrative plant biology, 67(11),
2796-2798.

[48] Wang, Y., Cui, Y., Hu, G., Wang, X., Chen, H., Shi, Q., Xiang, J., Zhang, Y., Zhu, D., &
Zhang, Y. (2018). Reduced bioactive gibberellin content in rice seeds under low temperature
leads to decreased sugar consumption and low seed germination rates. Plant physiology and
biochemistry, 133, 1-10.

[49] Gao, W., Cui, Z. H., Xie, H., Cao, J. J., Zhang, L. T., Lv, Y. X,, Tian, B. B., He, C. X., Wang,
Z. W., He, P. B, Lu, J., Ma, C. X, Chang, C., Ruan, Y. L., & Zhang, H. P. (2026). The
TaDof-2D-miR1832-TaP450-7A module regulates low-temperature-induced seed dormancy
release in wheat. Plant communications, 7(7), 101749.

[50] Xu, X., Liu, L., Zhang, X., Mei, M., Yang, X., Guan, S., & Lu, X. (2026). Integrated
transcriptome and co-expression network analysis reveals specific modules and hub genes
underlying gibberellin-mediated seed dormancy release in Magnolia sieboldii K. Koch.
International journal of biological macromolecules, 369, 152881.

[51] Das, P., Chandra, T., Negi, A., Jaiswal, S., Iquebal, M. A., Rai, A., & Kumar, D. (2023). A
comprehensive review on genomic resources in medicinally and industrially important major
spices for future breeding programs: Status, utility and challenges. Current research in food
science, 7, 100579.

[52] Liu, P. P, Koizuka, N., Martin, R. C., & Nonogaki, H. (2005). The BME3 (Blue Micropylar
End 3) GATA zinc finger transcription factor is a positive regulator of Arabidopsis seed
germination. The Plant journal : for cell and molecular biology, 44(6), 960-971.

[53] Ravindran, P., Verma, V., Stamm, P., & Kumar, P. P. (2017). A Novel RGL2-DOF6 Complex
Contributes to Primary Seed Dormancy in Arabidopsis thaliana by Regulating a GATA
Transcription Factor. Molecular plant, 10(10), 1307-1320.

[54] Wei, X., Li, Y., Zhu, X., Liu, X., Ye, X., Zhou, M., & Zhang, Z. (2023). The GATA
transcription factor TaGATA1 recruits demethylase TAELF6-A1 and enhances seed dormancy
in wheat by directly regulating TaABIS. Journal of integrative plant biology, 65(5), 1262—
1276.

[55] Zhang, H., Wu, T., Li, Z., Huang, K., Kim, N. E., Ma, Z., Kwon, S. W., Jiang, W., & Du, X.
(2021). OsGATA16, a GATA Transcription Factor, Confers Cold Tolerance by Repressing
OsWRKY45-1 at the Seedling Stage in Rice. Rice (New York, N.Y.), 14(1), 42.

[56] Abdulla, M. F., Mostafa, K., Aydin, A., Kavas, M., & Aksoy, E. (2024). GATA transcription
factor in common bean: A comprehensive genome-wide functional characterization,
identification, and abiotic stress response evaluation. Plant molecular biology, 114(3), 43.

[57] Corbineau F. (2024). Ethylene, a signaling compound involved in seed germination and
dormancy. Plants (Basel, Switzerland), 13(19), 2674.

18



791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834

[58] Guo, J., Sun, B., He, H., Zhang, Y., Tian, H., & Wang, B. (2021). Current understanding of
BHLH transcription factors in plant abiotic stress tolerance. International journal of
molecular sciences, 22(9), 4921.

[59] Zhang, Z., Li, J., Li, F., Liu, H., Yang, W., Chong, K., & Xu, Y. (2017). OsMAPK3
phosphorylates osbhlh002/osicel and inhibits its ubiquitination to activate ostppl and
enhances rice chilling tolerance. Developmental cell, 43(6), 731-743.¢5.

[60] Wu, J., Wang, J., Pan, C., Guan, X., Wang, Y., Liu, S., He, Y., Chen, J., Chen, L., & Lu, G.
(2014). Genome-wide identification of MAPKK and MAPKKK gene families in tomato and
transcriptional profiling analysis during development and stress response. PloS one, 9(7),
e103032.

[61] Wan, J., Wang, R., Zhang, P., Sun, L., Ju, Q., Huang, H., LU, S., Tran, L. S., & Xu, J. (2021).
MYB70 modulates seed germination and root system development in Arabidopsis. iScience,
24(11), 103228.

[62] Zhang, L., Jiang, X., Liu, Q., Ahammed, G. J., Lin, R., Wang, L., Shao, S., Yu, J., & Zhou, Y.
(2020). The HYS and MYBI1S5 transcription factors positively regulate cold tolerance in
tomato via the CBF pathway. Plant, cell & environment, 43(11), 2712-2726.

[63] Noman, M., Jameel, A., Qiang, W. D., Ahmad, N., Liu, W. C., Wang, F. W., & Li, H. Y.
(2019). Overexpression of GmMCAMTA12 Enhanced Drought Tolerance in Arabidopsis and
Soybean. International journal of molecular sciences, 20(19), 4849.

[64] Kakar, K. U., Nawaz, Z., Cui, Z., Cao, P, Jin, J., Shu, Q., & Ren, X. (2018). Evolutionary
and expression analysis of CAMTA gene family in Nicotiana tabacum yielded insights into
their origin, expansion and stress responses. Scientific reports, 8(1), 10322.

[65] Tian, C., Zhai, L., Zhu, W., Qi, X., Yu, Z., Wang, H., Chen, F., Wang, L., & Chen, S. (2022).
Characterization of the TCP Gene Family in Chrysanthemum nankingense and the Role of
CnTCP4 in Cold Tolerance. Plants (Basel, Switzerland), 11(7), 936.

[66] He, F., Gao, C., Guo, G., Liu, J., Gao, Y., Pan, R., Guan, Y., & Hu, J. (2019). Maize annexin
genes ZmANN33 and ZmANN3S5 encode proteins that function in cell membrane recovery
during seed germination. Journal of experimental botany, 70(4), 1183—1195.

[67] Liu, Q., Zhang, L., Lyu, S., Yu, H., Huang, W., Jiang, L., Zhang, J., Sun, B., Mao, X., Chen,
P, Xing, J., Chen, W., Fan, Z., Yan, S., & Li, C. (2024). The UDP-glycosyltransferase
OsUGT706D2 positively regulates cold and submergence stress tolerance in rice. The Crop
Journal, 12(3), 732-742.

19



>
=
(]
=}

008 s "

M196 %ﬁm ; w ; ¢ ,L‘

Fooe EE
- M196 F266 Ly MI9%6 F266 i M196 F266
E F G
259C-0day 25°C-3day 25°C-4duy m s T
4 i g gol—ra6 3. /I s
A ifa £ e
[incuss |ameney - i
0o 1 3 4(«1) B 3 4 ©

H 1

16°C-0day 7 ; y - 16 9:1::3 — ?::Z e g Elz ;E’;ﬁ? » |ﬂ‘
835 b2ic P9 2 F BB et ONRERE | ot 7 L 0N e L e T e 0 : 3 0@
836
837 Fig. 1. Phenotypic characteristics and statistical analysis of seed germination under NT and
838 LT conditions for M196 and F266.
839 A. Phenotypic characteristics of dry seeds for M196 and F266.
840 B. Hundred-grain weight of M196 and F266.
841 C. Seeds length of M196 and F266.
842 D. Seeds width of M196 and F266.
843 E. Phenotypic characteristics of seed germination of M196 and F266 under NT.
844 F. Germination rates of M196 and F266 seeds after treatments under NT.
845 G. Length of hypocotyl of M196 and F266 seeds after germination under NT.
846 H. Phenotypic characteristics of seed germination of M196 and F266 under LT.
847 I. Germination rates of M196 and F266 seeds after treatments under LT.
848 J. Length of hypocotyl of M196 and F266 seeds after germination under LT.
849 The error bars indicate the mean = SD of three replicates. Asterisks indicate significant
850 differences: *P < 0.05, **P < (.01, ***P < 0.001, ns, not significant, Student’s t-test.
851
852
853
854
855
856

20



A B

525
M196_N_vs_F266_N
1017 M196_N vs M196_L M196 L vs_F266_L
1847
M196_N_vs_M196_L
T 3909
@ down 212

-

M196_L_vs_F266_L
F 704

1253

357
719
1751

F266_N_vs_F266_L
2536

T T T T T T T 1
O SO
Q" & & & N & L 8
S FL L ¢

Number of genes

C
EEEe I |
Solyc04g0565170.3  Group
Solyc02g077420.3 ™ Eggg:h
Solyc01g090760.4 1 M196_L
~ [ M196_N
| Solyc10g085870.1
Solyc080829802 [ g
Solyc02g090470.4 (1)
| Solyc01g081590.4 I :;
Solyc04g071610.4
22022 =22 3 4 35 4
§|§|§|§|§|§|§§§§§§
857 = == =S L L b = = = L b
Fig. 2. The statistics of DEGs and Venn diagram between the M196 and F266.
A. The bar chart displays the number of DEGs from four comparison groups:
M196 N VS F266 N, M196 L VS F266 L, M196 N VS M196 L, and F266 N VS F266 L.
DEGs were screened based on the criteria of [logoFoldChange| > 1 and P-value < 0.05.
B. The Venn diagram shows the intersection of DEGs identified in four groups of the
M196 N VS F266 N,M196 L VS F266 L,M196 N VS M196 L, and F266 N VS F266 L.
C. Heatmap showing the expression patterns of eight candidate genes selected from the 225 shared
DEGs between M196 and F266 under normal-temperature and low-temperature conditions. The
heatmap was generated using Z-score-normalized FPKM values. Red and blue indicate relatively
high and low expression levels, respectively.
858
859
860
861
862
863
864
865

21



866
867

868
869
870
871
872
873

ovidareductase actiy- L oioredcase aclm’ly— L
 f o a binding S— -
lelrayrole ining i teta:);c:: e E— G
R ‘ranscription regulator actiity- ‘oxdorad.ciase aclivily, acling on peroxda as acceplor IEEEE—_—_—__—
oxicoreductase activiy, acting on pairec donars, with incorporation o redustion of "'De'" ‘5'0"3’85‘ antoxidant actity EEEEEEE——
n Sinding cataiyic oci -
emmase actiity on ion bindig S
oxidoreductase activity, acting cn pevoxice s acosptor- axidorecuctase activity, acting o7 Faired donors, with incorperation o recluction of molecular axygen M
£ ‘ytic actwity £ DNA-Lirding tanscrioion “actor acti ty S
& vllamm dinding: H ranscriplion regu. dtm activly S
5 nt activity- E activty S
s oyrdoxal ')haxpham binding g respense to cxm;m\'n mss-
in B5 binding: L :
pho 1lmfz~u-l|| | it o ¢
2 to oxidative siress-| pmwsysmm IIAx)gcr evell
egolaiin S macomeioa moRbOM process | Iyakoid memirans
regulation of nifregen cempeund mefabolic process- extrinsic oompnnerl of membrare
regulaton of primary metatoiic process | oxideroductase complox 4
regulaticn ¢ metabolic process photosystem I
; e
0 2 34567 3 9 02 4 6 B101214161820222426
C “ice10ipualued D og 0ipvalue]
! - ) oicoreduciase actty IIIE—— W
pervxdase acivily E— »
i 'mg m‘ag oidoreductase actiy, acting on peroide as acceptor- S 9
Py DK o antioxidant achvity -
4 hems birding F—
tatrapyoi bircing S
calalytic activity IR—
‘oxidoreductase actyty, acting on paired denars, witn incarparation or recuction of moacular axygen -
& oxricase iy kg onped orrs. i oo et of o e oxggen . SO ... . .
& hydrola ‘" b g ooy E hexosyliransferase act
o} iron ion bir:
8 oty i 8 gyoosylransierase ach
ransportr zctty inosiol--prasphate synthase ach
. - Sporer achy nutriant resorvoir activity S
faninadenio divaclofide inding o 6 e ey
respose bo iidalive siress | roneeto trisa )
carbohydrats metabolic process- respons pgse tostimulus
anemiaziafe ot inositl biosythetc process -
pomar i photasystem | reacton center-
ot 234:i7891‘|2|]4 """"
054 6 8 0f2titerezs
“logi0{Pvalus} -log10{Pvalue)
8000 5000
POD 15 SOD CAT
ns
* 12 4000 ns
60001 1 _ = —
e ) 5
= = * = #*
2 S —— =500 —
=
2 4000 g <
2 2
-] £ % £ 20004
S S S
2 (&
2000 * =
1
3 1000
0 = 0 0
M196-N F266-N M196-L F266-L M196-N F266-N M196-L F266-L M196-N F266-N M196-1. F266-L

Fig. 3. GO functional annotation and POD, SOD, CAT content.

A. Differentially expressed genes GO annotation classification statistics chart in M196 N VS F266 N.

B. Differentially expressed genes GO annotation classification statistics chart in M196 N VS M196 L.

C. Differentially expressed genes GO annotation classification statistics chart in M196 L VS F266 L.

D. Differentially expressed genes GO annotation classification statistics chart in F266 N VS F266 L.

E. POD content under normal-temperature and low-temperature conditions in M196 and F266 of two
tomato inbred lines.

F. SOD content under normal-temperature and low-temperature conditions in M196 and F266 of two
tomato inbred lines.

G.CAT content under normal-temperature and low-temperature conditions in M196 and F266 of two
tomato inbred lines.

The error bars indicate the mean = SD of three replicates. Asterisks indicate significant differences: *P <

0.05, ns, not significant, Student’s t-test.
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Fig. 4. Classification map of the KEGG and determination of soluble sugar content.

A. Differentially expressed genes KEGG annotation classification statistics chart in M196 N VS F266 N.
B. Differentially expressed genes KEGG
M196 N VS M196 L.

C. Differentially expressed genes KEGG annotation classification statistics chart in M196 L VS F266 L.
D. Differentially expressed genes KEGG annotation classification statistics chart in F266 N VS F266 L.
E. The content of myo-inositol, galactinol, glucose, fructose, and sucrose in dry seeds soaked in clean water
for 8 h in M196 and F266 of two tomato inbred lines.

F. The content of myo-inositol, galactinol, raffinose, glucose, fructose, and sucrose after 6 days of

annotation  classification  statistics chart in

germination under low-temperature conditions in M196 and F266 of two tomato inbred lines.
The error bars indicate the mean = SD of three replicates. Asterisks indicate significant differences: *P <
0.05, **P < 0.01, ***P <(.001, ns, not significant, Student's t-test.
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Fig. 5. Endogenous hormone contents in M196 and M266 and the expression of the genes
related to hormone metabolism.

A. The content of IAA after 3 days of germination under NT and after 6 days of germination
under LT for M196 and F266.

B. The content of GA3 after 3 days of germination under NT and after 6 days of germination
under LT for M196 and F266.

C. FPKM values of genes involved in the auxin signaling pathway after 3 days of germination
under NT and after 6 days of germination under LT for M196 and F266.

D. FPKM values of genes involved in the gibberellin signaling pathway after 3 days of
germination under NT and after 6 days of germination under LT for M196 and F266.

The error bars indicate the mean + SD of three replicates. Asterisks indicate significant
differences: *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant, Student's t-test.
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Fig. 6. Expression dynamics of co-expressed genes and three transcription factor families
HD-Zip, MYB, and bHLH visualized as heatmaps under normal-temperature and low-
temperature conditions.

A. Heatmap showing the expression patterns of co-expressed genes selected from the TFs
shared DEGs between M196 and F266.

B. Heatmap showing the expression patterns of HD-Zip transcription factor family selected
from the TFs shared DEGs between M196 and F266.

C. Heatmap showing the expression patterns of MYB transcription factor family selected from
the TFs shared DEGs between M 196 and F266.

D. Heatmap showing the expression patterns of bHLH transcription factor family selected
from the TFs shared DEGs between M196 and F266.

The heatmap was generated using Z-score-normalized FPKM values. Red and blue indicate
relatively high and low expression levels, respectively.
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Fig. 7. Proposed model for the differential low-temperature germination responses of
tomato inbred lines M196 and F266.

Under low-temperature (16 °C), F266 exhibits stronger antioxidant defense, enhanced
accumulation of galactinol, raffinose, and sucrose, and stronger IAA- and GAs-related
responses, which are associated with earlier germination and greater hypocotyl elongation. In
contrast, the relatively weaker responses in M196 are associated with delayed germination and
shorter hypocotyls. Candidate DEGs potentially associated with low-temperature germination
were identified by transcriptome analysis. Solid arrows represent measured or associated
responses supported by this study, whereas dashed arrows indicate potential associations that
have not been functionally validated. Red and green arrows indicate changes in M196 and
F266, respectively, with upward and downward arrows representing relatively higher and

lower levels or expression, respectively.
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Table 1

The top 10 pathways were analyzed by GO-GSEA across four groups of M196 and F266 varieties.

Group ID Description 1) Description
GO:0008270  zinc ion binding GO:0003700 dna-binding transcription
factor activity
M196- GO:0043232 intracellular non- (GO:0005198 structural molecule activity
N membrane-bounded
organelle
\& GO:0043228 non-membrane- GO:0140110 transcription regulator activity
bounded organelle
F266- GO:0005840 ribosome GO0:0044260 cellular macromolecule
N metabolic process
GO:0003735 structural constituent of GO:0050896 response to stimulus
ribosome
GO:0006950 response to stress GO:0016684 oxidoreductase activity, acting
on peroxide as acceptor
M196- GO:0020037 heme binding GO:0004601 peroxidase activity
N
Vs GO:0050896 response to stimulus GO:0016209 antioxidant activity
M196- GO:0046906 tetrapyrrole binding GO:0005507 copper ion binding
L
GO:0006979 response to oxidative GO:0006396 rna processing
stress
GO:0006979 response to oxidative GO:0016757 glycosyltransferase activity
stress
M196- GO:0016209 antioxidant activity GO:0000786 nucleosome
L
Vs GO:0016684 oxidoreductase activity, G0O:0020037 heme binding
acting on peroxide as
acceptor
F266- GO:0004601 peroxidase activity GO:0044815 dna packaging complex
L
GO:0046906 tetrapyrrole binding GO0:0043531 adp binding
GO:0006979 response to oxidative GO:0004601 peroxidase activity
stress
F266- GO:0020037 heme binding G0:0016209 antioxidant activity
N
Vs GO:0006950 response to stress GO:0050896 response to stimulus
F266- GO:0046906 tetrapyrrole binding GO:0016746 acyltransferase activity
L
GO:0016684 oxidoreductase activity, GO:0016747 acyltransferase activity,

acting on peroxide as
acceptor

transferring groups other than
amino-acyl groups
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Table 2

The top 10 pathways were analyzed by KEGG-GSEA across four groups of M196 and F266

varieties.
Group ID Description 1D Description
sly03010 ribosome sly00195  photosynthesis
M196- sly03008 ribosome biogenesis in sly00909 sesquiterpenoid and triterpenoid
N eukaryotes biosynthesis
Vs sly00196 photosynthesis - antenna sly00940 phenylpropanoid biosynthesis
proteins
F266-N sly03040 spliceosome sly03018 rna degradation
sly00941 flavonoid biosynthesis sly03015 mrna surveillance pathway
sly03008 ribosome biogenesis in sly03013 nucleocytoplasmic transport
eukaryotes
M196- sly00940 phenylpropanoid sly00909 sesquiterpenoid and triterpenoid
N biosynthesis biosynthesis
\] sly00196 photosynthesis - antenna sly03015 mrna surveillance pathway
proteins
M196- sly00195 photosynthesis sly00710 carbon fixation in photosynthetic
L organisms
sly03018 rna degradation sly03020 rna polymerase
sly00940 phenylpropanoid sly00195  photosynthesis
biosynthesis
M196- sly04075 plant  hormone  signal sly00280 wvaline, leucine and isoleucine
L transduction degradation
Vs sly00410 beta-alanine metabolism sly04626 plant-pathogen interaction
F266-L  sly00710 carbon fixation in sly00500 starch and sucrose metabolism
photosynthetic organisms
sly00100 steroid biosynthesis sly03008 ribosome biogenesis in
eukaryotes
sly00940 phenylpropanoid sly00941 flavonoid biosynthesis
biosynthesis
F266-N sly03008 ribosome Dbiogenesis in sly00195 photosynthesis
eukaryotes
Vs sly00196 photosynthesis - antenna sly00945 stilbenoid, diarylheptanoid and
proteins gingerol biosynthesis
F266-L.  sly03013 nucleocytoplasmic transport  sly03018 rna degradation
sly03040 spliceosome sly03015 mrna surveillance pathway
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