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The Cardiocrinum giganteum is a bulbous plant with extremely high ornamental
and economic values. The study revealed that seeds require an extended period
of variable temperature stratification treatment to overcome dormancy and
initiate germination, yet the molecular mechanisms underlying embryo
dormancy release remain unclear. In this research, transcriptome profiles at
different germination stages of seeds subjected to variable temperature
stratification were systematically analyzed and compared, while the embryo
length of corresponding seed samples was quantitatively measured. The results
demonstrated that within the initial 60 days of stratification, the embryo scarcely
grew. After 90 days of stratification, the embryo elongated conspicuously, and
germination initiated at 130 days of stratification. The transcriptome sequencing
outcomes demonstrated that the differentially expressed genes (DEGs) identified
in the three comparative groups were predominantly associated with plant
hormone signal transduction, carbohydrate metabolic pathways, and
phenylpropanoid biosynthesis metabolic pathways. Notably, genes associated
with auxin, abscisic acid (ABA), brassinosteroid (BR), ethylene, and gibberellin
signaling pathways were significantly upregulated during the stratification period
from 30 d to 60 d, while these genes exhibited varying degrees of significant
differential expression from 90 d to 130 d. Multiple key enzymes in carbohydrate
metabolic pathways exhibited marked upregulation after 90d of stratification.
Notably, B-glucosidase (BGLU) genes associated with polysaccharide hydrolysis
(Cluster-62345.33620, Cluster-62345.31435, and Cluster-62345.35688) showed
6.68-, 5.08-, and 6.85-fold upregulation, respectively, at 130 d of stratification.
Concurrently, the glycolytic pathway was upregulated throughout the process.
The majority of genes involved in phenylpropanoid biosynthesis, particularly
those encoding peroxidases, were activated during stratification. The reliability
and accuracy of 10 genes closely associated with C. giganteum seed germination
were validated using RT-qPCR. The results demonstrated that plant hormone
signal transduction, carbohydrate metabolism pathways, and phenylpropanoid
biosynthesis collectively participate in the post-maturation development and
germination processes of the embryo. The potential roles of certain genes in
these developmental and germination stages require further investigation. These
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findings provide novel insights into the transcriptional regulatory mechanisms
underlying dormancy release in C. giganteum seeds. The candidate genes
identified in this study warrant functional characterization and may contribute
to advancing the understanding of seed dormancy and germination in plants.
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Cardiocrinum giganteum, seed dormancy, alternating temperature stratification,
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1 Introduction

Seed dormancy is a trait formed by plants during their long-
term phylogenetic development for adapting to the environment
and perpetuating their existence, possessing universal ecological
significance (Baskin and Baskin, 2014). Nevertheless, from the
viewpoint of agricultural production, seed dormancy frequently
constitutes a significant impediment to seedling production and
breeding efforts. Therefore, studies on seed dormancy and the
mechanisms of dormancy release are of paramount importance
for agricultural production. The development condition of the
embryo at seed maturity is closely associated with seed dormancy.
For seeds featuring morphophysiological dormancy (MPD), the
embryo is not fully developed when the seeds are disseminated and
has to undergo a considerable period of morphological and
physiological after-ripening before germination (Hilhorst et al,
2010; Baskin and Baskin, 2014; Klupczynska and Pawlowski,
2021), and thus often has an extended dormancy period, posing
significant challenges to seed propagation. Hence, researching the
mechanisms of post-maturation development of plant embryos and
their regulatory techniques holds great significance for the
production of plant seedlings.

Temperature ranks among the most crucial environmental
factors that impact the dormancy and germination of plant seeds.
Once seeds sense environmental temperature signals, they further
trigger the interaction of endogenous hormones, thereby initiating
the physiological process of seed germination (Chen et al, 2020;
Klupczynska and Pawlowski, 2021; Quan et al., 2025). Dormant seeds
are typically categorized into five types: physiological dormancy,
morphological dormancy, morphophysiological dormancy, physical
dormancy (PY), and combinational dormancy (PY + PD) (Baskin
and Baskin, 2004). Among these, physiological dormancy is the most
prevalent type. Stratification under different temperature conditions
is the most effective approach for breaking physiological dormancy
(Baskin and Baskin, 2004; Chen et al, 2020; Yang et al., 2020).
However, the molecular mechanism through which temperature
alleviates seed dormancy remains poorly understood.

The genus Cardiocrinum is conspicuously differentiated from
the genus Lilium by its tall plants and heart-shaped leaves with
reticulate venation (Ma et al., 2022). This genus encompasses three
species: C. giganteum, C. cathayanum, and C. cordatum, among
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which the former two are native to China. C. giganteum (Wall.)
Makino, with its tall and upright plants, large leaves, and white and
fragrant flowers, possesses extremely high ornamental value and has
gained the reputation of “Prince of Lilies” in Europe (Zhao et al.,
2025). The seeds of C. giganteum have medicinal value and are
employed to treat ailments such as cough and asthma (Li et al,
2010; Shou et al., 2018). The bulbs are abundant in nutrients like
starch, crude fiber, and mineral elements, and are frequently
consumed as wild vegetables (Guan et al., 2011).

Available data indicate that the seeds of all three species in the
genus Cardiocrinum possess morphophysiological dormancy (Sun
et al,, 2000; Kondo et al., 2006; Guan et al., 2010; Phartyal et al.,
2012), and they require a lengthy dormant period before
germination. Our previous studies discovered that the complex
variable temperature stratification from high to low temperatures in
the laboratory could effectively facilitate the post-maturation
development of the embryo of C. giganteum and relieve seed
dormancy, shortening the seed dormancy period from 18 months
to approximately 5 months (Guan et al., 2010; Li et al., 2020), which
suggests that temperature is the main factor influencing embryo
dormancy. Although we have carried out a preliminary exploration
of the physiological mechanism of dormancy release in C.
giganteum seeds, the molecular mechanism of seed dormancy
release is still unknown. Based on this, we selected several crucial
time points during the stratification treatment of C. giganteum seeds
for transcriptome analysis, in the hope of providing a basis for
exploring the molecular mechanism of seed germination.

2 Materials and methods
2.1 Plant materials and seed treatments

Eighty mature capsules were collected from ten plants in a
population of C. giganteum growing naturally in a moist subtropical
evergreen broad leaved forest woodland at an altitude of 2200 m
a.s.l. in the Cangshan Mountain of Yunnan Province, China, on 9
November 2020. The capsules harvested from different plants were
combined and were put into non-woven fabric envelopes. The
capsules arrived at Yunnan Agricultural University, Kunming,
Yunnan, China on 10 November 2020 and were allowed to dry
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naturally in a laboratory (approximately 20°C) for five days, during
which time the capsules dehisced. Then, seeds were collected by
hand from the opened capsules and were spread onto porcelain
dishes and allowed to dry naturally again at ambient room
temperature (approximately 20°C) for three days. Undeveloped
seeds were discarded. Only visibly well-developed dry seeds were
put into plastic envelopes and stored in a drying basin with silica gel
at 4°C until used in germination studies.

2.2 Alternating temperature stratification
experiments in the laboratory

For all experiments in the laboratory, seeds were placed in 90-
mm-diameter x10-mm deep plastic Petri dishes on two sheets of
qualitative filter paper moistened with distilled water. Petri dishes
were sealed with parafilm to retard water loss during incubation. The
daily photoperiod was 12 hours in both constant and daily alternating
temperature regimes. In the alternating temperature regimes,
high temperature was given for 12 hours in light each day and low
temperature for 12 hours in darkness. Seeds incubated at 5°C
were kept in constant darkness. The light source was cool white
fluorescent tubes, and photon irradiance (400-700 nm) at seed level
was 10-15 umol m™ S'. Seeds were examined at intervals of 15-20
days. In several laboratory experiments, arrows (—) indicate when
seeds were moved to the next temperature regime in the sequence. At
each observation, seeds with an emerged radicle were recorded and
then removed from the dishes. Water was added to dishes as needed
to keep the filter paper moist.

2.3 Temperature dependence of embryo
growth and of seed germination

On 15 November 2020, three Petri dishes containing 50 seeds
each were placed at the temperature regimes of 25/15°C (60 d) —
15/5°C (60 d) — 5°C (10 d). Ten seeds were chosen at random and
removed from each of the three dishes in each temperature
treatment at 30 day intervals and lengths of the 10 embryos
measured as previously described.

2.4 Statistical analyses of embryo growth
and of seed germination

Statistical analyses were carried out using Microsoft Excel 2010
and SPSS 22.0. Means and standard errors were calculated for
embryo length and for radicle and cotyledon emergence. Percent
value of embryo length and final cumulative percentage of radicle
and of cotyledon emergence for different treatments were analyzed
using either t-test or one-way ANOVA followed by the Tukey test
(P<0.05), if ANOVA showed significant differences. Final
percentage values for radicle and cotyledon emergence were
arcsine square-root transformed for normal distribution before
statistical analysis; non-transformed data are shown in the figures.
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2.5 RNA sample preparation

Seed samples (0.2g per sample) collected from stratification
treatmentat0d, 30d, 60d, 90d, 120 dand 130 d, respectively,
were used as experimental materials. The collected seed samples
were immediately frozen in liquid nitrogen and stored at —80°C for
transcriptome analysis and physiological indicator determination.
Those seed samples collected from the six stages were used for
transcriptome analysis. All seed samples consisted of three
biological replicates at each germination stage.

2.6 RNA extraction and high-throughput
sequencing

After extracting RNA from qualified samples, a total amount of
1.5 pg RNA per sample was used as input material for the RNA
sample preparations. Sequencing libraries were generated using
NEBNext® Ultra'" RNA Library Prep Kit for Ilumina® (NEB,
USA) following manufacturer’s recommendations and index codes
were added to attribute sequences to each sample. The clustering of
the index-coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia) according
to the manufacturer’s instructions. After cluster generation, the library
preparations were sequenced on an Illumina Hiseq platform and
paired-end reads were generated. Transcriptome assembly was
accomplished based on the left.fq and right.fq using Trinity with
min_kmer_cov set to 2 by default and all other parameters set default.

2.7 Gene functional annotation and
differential expression analysis

Gene function was annotated based on the following databases:
Nr (NCBI non-redundant protein sequences); Nt (NCBI non-
redundant nucleotide sequences), Pfam (Protein family), KOG/
COG (Clusters of Orthologous Groups of proteins), Swiss-Prot (A
manually annotated and reviewed protein sequence database), KO
(KEGG Ortholog database), GO (Gene Ontology). Genes with an
adjusted P-value <0.05 found by DESeq were assigned as
differentially expressed. Differential expression analysis of two
samples was performed using the DEGseq (Wang et al., 2010) R
package. Pvalue was adjusted using q value (Storey, 2003).
qvalue<0.005 & |log2(foldchange)|>1 was set as the threshold for
significantly differential expression.

2.8 gRT-PCR validation

Total RNA was extracted from C. giganteum seeds at different
stages of variable temperature stratification using a Total RNA
Extraction Kit. Reverse transcription was performed following the
manufacturer’s instructions (Nuoweizhiyuan Biotechnology Co., Ltd.,
Beijing, China). The hormone signal transduction pathways in
Arabidopsis thaliana were curated using the Plant Metabolic
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Network (PMN, https://www.plantcyc.org/). Homologous genes in C.
giganteum were identified through local BLAST alignment of
Arabidopsis-related gene sequences, complemented by domain
analysis using the program and sequence similarity assessments.
Gene-specific primers for QRT-PCR were designed using the NCBI
online primer design tool. Expression levels of hormone signal
transduction pathway genes in C. giganteum under variable
temperature stratification treatment were quantified via qRT-
PCR. The relative expression levels were calculated using the 2
—AACT method, and statistical significance of the data was
evaluated by independent t-tests in SPSS software (version XX;
IBM Corp.).

3 Result

3.1 Effect of temperature on embryo
growth and radicle emergence

In the temperature-sequence 25/15°C (60 d) —15/5°C (60 d)
— 5°C (60 d), embryos hardly grew during the first temperature
regime (i.e., 25/15°C) but began to grow rapidly in the second
regime (i.e., 15/5°C), reaching 43.3% of their full length by 90 d,
and reaching 94.9% of their full length by the end of the second
regime (120 d). Embryos continued growing rapidly in the third
regime (i.e., 5°C), and they became fully elongated by 130 d, by
which time radicles had emerged from 21.3% of the seeds (Figure 1).

3.2 The results of transcriptome
sequencing

To comprehensively investigate gene expression dynamics and
associated metabolic regulatory pathways during seed development

0d

150

60d 90d

10.3389/fpls.2025.1591781

and germination in C. giganteum, RNA-seq was performed using
the Illumina HiSeq 4000 platform. Sequencing targeted samples
collected at distinct temporal phases of variable temperature
stratification. Given the exceptionally large genome size of C.
giganteum, we employed high-depth sequencing (=8 Gb per
sample) to ensure robust transcriptome coverage. A total of 166
Gb of high-quality data was generated across 18 biological
replicates, yielding 1,107,551,906 clean reads. Individual samples
averaged 9.2 Gb of sequencing data and 61,530,661 clean reads,
providing sufficient resolution for downstream analyses of low-
abundance transcripts.

Following the acquisition of high-quality clean reads, de novo
transcriptome assembly was performed using Trinity (v2.14.0),
generating 202,773 unigenes with an N50 of 982 bp. The assembled
unigenes exhibited a maximum length of 36,573 bp and an average
length of 805 bp (Figure 2), with 43,420 (21.4%) unigenes exceeding
1,000 bp and 12,414 (6.1%) surpassing 2,000 bp in length. Assembly
completeness was rigorously evaluated via BUSCO (Benchmarking
Universal Single-Copy Orthologs; embryophyta_odbl0 database).
The results demonstrated 79.6% complete single-copy orthologs,
with only 9.1% (Figure 3) missing homologs, confirming high
assembly integrity. This robust transcriptomic resource provides a
reliable foundation for downstream gene expression profiling and
functional annotation analyses.

The assembled transcripts were functionally annotated through
BLASTx homology searches against seven major databases: NCBI
non-redundant protein (Nr), nucleotide (Nt), Pfam, KOG/COG,
Swiss-Prot, KEGG, and Gene Ontology (GO). Annotation results
revealed 49,414 unigenes matched to the Nr database, 71,259 to
Swiss-Prot, and 76,726 to GO terms. Additionally, 40,182 unigenes
showed significant homology to KOG/COG entries. Collectively,
108,971 unigenes (53.74% of total assembled sequences) received
annotations in at least one database, with cross-database annotation
statistics detailed in Table 1.

120d 130d

-~

100

50

Embryo length (%)

0 1 1

30

60

T T
90 120 130

Day affter stratification (d)

FIGURE 1

Growth dynamics of Cardiocrinum giganteum embryos. The red arrow refers to the embryo (EN), and the green arrow refers to the radicle (RA).
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FIGURE 2
Length distribution profiling of unigenes and transcripts in the C. giganteum transcriptome assembly.
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FIGURE 3
Benchmarking universal single-copy orthologs (BUSCO) evaluation of the C. giganteum transcriptome assembly.
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TABLE 1 Annotation results of unigenes in the transcriptome of
C. giganteum.

Ppercentage of

Number of
Database : annotated
annotated Unigenes : °
Unigenes(%)
NR 49414 2436
NT 56508 27.86
KEGG 36486 17.99
SwissProt 71259 35.14
PFAM 76726 37.83
GO 76726 37.83
KOG 40182 19.81
All 10047 4.95
Databases ’
At
tleast 108971 53.74
one Database
Total
; 202773 100
Unigenes

Homology analysis of the 49,414 Nr-annotated unigenes
revealed significant sequence similarity to distantly related species
(Figure 4). The highest homology was observed with Quercus suber
(European cork oak; 45.4%, 40,569 sequences), followed by Elaeis
guineensis (oil palm; 7.5%, 6,705 sequences) and Phoenix dactylifera
(date palm; 6.1%, 5,478 sequences). This phylogenetic discrepancy
likely stems from the scarcity of genomic data from closely related
species within the C. giganteum family in public databases. The
absence of high-quality reference genomes from taxonomically
proximate species forced cross-family homology matching,
directly contributing to the suboptimal annotation rate (53.74%)
observed in this transcriptome study.

Nr species classification

3.1%5 50,

8 Quercus suber
O FElaeis guineensis
O Phoenix dactylifera

FIGURE 4

Species distribution map of the Nr annotation of the transcriptome of C. giganteum.
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Based on Gene Ontology (GO) annotation, the transcripts were
categorized into 46 functional subclasses spanning three primary
GO categories: biological process, cellular component, and
molecular function (Figure 5A). KEGG pathway enrichment
analysis identified 36,486 genes annotated to 132 distinct
metabolic pathways. Key pathways associated with C. giganteum
seed germination and development included: Ribosome (4,906
genes), Carbon metabolism (1,887), Protein processing in
endoplasmic reticulum (1,407), Plant-pathogen interaction (669),
Glycolysis (702), Fatty acid metabolism (600), Starch and sucrose
metabolism (389), Glycerolipid metabolism (275), and ABC
transporters (196).This comprehensive functional annotation
provides a critical foundation for elucidating molecular
mechanisms underlying seed vigor and metabolic regulation in C.
giganteum. The curated transcriptome resource enables targeted
investigation of candidate genes governing dormancy release and
germination physiology.3.3 Differentially expressed genes (DEGs)
during post-maturation embryonic development in C.
giganteum (Figure 5B).

3.3 Differentially expressed genes during
post-maturation embryonic development
in C. giganteum

In this experiment, six distinct time points for the post-
maturation development of the embryo were established, namely
0d,304d,60d,90d, 120 d, and 130 d following the stratification of
C. giganteum seeds for investigation. However, as indicated by all
the gene expression heat maps assembled in this study (Figure 6),
the gene expression profiles during the alternating temperature
stratification at 30 d and 60 d were similar, and those at 120 d and
130 d were also comparable. To further elucidate the significant
alterations of C. giganteum seeds in different germination processes,

O Asparagus officinalis
O Musa acuminata
O other
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FIGURE 5
Classification of GO annotation and KEGG metabolic pathway annotation of
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unigenes genes in the transcriptome of C. giganteum. (A) GO

annotation of unigenes in the transcriptome of C. giganteum; (B) KEGG metabolic pathway annotation of unigenes genes in the transcriptome of

C. giganteum.

this study selected 0 d, 60 d, 90 d, and 130 d for further analysis. The
expression quantities of C. giganteum seed samples at the four
stages of alternating temperature stratification (0 d, 60 d, 90 d, and
130 d) were compared (Figures 7A-C). Using a significance level of
P<0.05 and a fold change of |log2FoldChange|>1 as the screening
criteria, the numbers of differentially expressed genes between each
sample were obtained. As depicted in Figure 7, the numbers of up-
regulated and down-Regulated genes were 8,838 up and 5,177 down
at 60d vs 0d, 8,560 up and 4,179 down at 90d vs 60d, and 2,212 up
and 2,736 down at 130d vs 90d (Figure 7D), indicating that a
considerable number of genes were significantly differentially
expressed in the early stage of C. giganteum seed germination.
Principal Component Analysis (PCA) of the 12 samples across
four time points (Figure 8A) revealed high correlations among the
three biological replicates within each time point, with replicate
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samples exhibiting strong similarity in expression patterns. Samples
from the four distinct time points demonstrated significant
differential expression, displaying divergent expression profiles.
Gene expression patterns were tightly associated with seed
stratification time; for example, gene expression profiles at 90 d
and 130 d of alternating temperature stratification showed close
similarity. Dynamic comparative analysis and Venn diagram
intersection of significantly up- and down-regulated genes
identified 66 upregulated genes and 13 downregulated genes
(Figures 8B, C). Among the 66 upregulated genes, many were
enriched in pathways related to development, hormone signal
transduction, and carbohydrate metabolism, including Epidermis-
specific secreted glycoprotein EP1, Aquaporin, Gibberellin-
regulated protein 6, and Granule-bound starch synthase 1
(GBSS1). These genes exhibited sustained upregulation during the

frontiersin.org


https://doi.org/10.3389/fpls.2025.1591781
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al.

10.3389/fpls.2025.1591781

Cluster analysis of differentially expressed genes
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FIGURE 6
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Heatmap analysis of globulin gene expression during the process of variable temperature stratification

stratification-to-germination process in C. giganteum seeds
(Supplementary Table S1).

Through conducting KEGG pathway enrichment analysis on
the differentially expressed genes, we discovered that as the
stratification process of C. giganteum seeds persisted, multiple
pathways were significantly enriched. For example, Plant
hormone signal transduction, Starch and sucrose metabolism,
Fructose and mannose metabolism, and Amino sugar and
nucleotide sugar metabolism were significantly differentially
expressed in the later stages of seed embryo development (90 d,
120 d, 130 d) (Figure 8D). Meanwhile, Phenylpropanoid
biosynthesis also exhibited a significant upward trend.
Nevertheless, at the initial stage of seed stratification treatment,
Plant hormone signal transduction, Starch and sucrose metabolism,
and Amino sugar and nucleotide sugar metabolism were
significantly down-regulated at 60 d.
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3.4 Analysis of gene expression trends
during seed germination in C. giganteum

As stratification progressed during the alternating temperature
stratification of C. giganteum seeds, seed development was initiated.
To investigate temporal sequential expression patterns of
differentially expressed genes (DEGs), we conducted expression
trend analysis using STEM software on samples collected at six time
phases (0 d, 30 d, 60 d, 90 d, 120 d, and 130 d). Clustering analysis
revealed that the DEGs were partitioned into 20 distinct profiles
(Figure 9), delineating global expression dynamics across the
stratification treatment timeline. Notably, Profile 19 encompassed
32,143 genes exhibiting continuous upregulation at all six time
points. Among these, lipid-transfer protein-encoding genes
(Cluster-62345.49884 and Cluster-62345.49886) displayed 1,869-
fold and 8,216-fold upregulation, respectively, from 0 d to 90 d.
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Differential gene expression profiles derived from pairwise comparisons of stratification time points. (A—C) the volcano plots of differential gene
expression in the three comparison phases; (D) indicates the number of significantly differentially expressed genes in the three phases.

These findings suggest that stored lipids in the seeds undergo
progressive transport and degradation to supply energy for
germination during this process

Furthermore, Profile 0 encompassed 18,581 genes exhibiting a
sustained downregulation pattern, most notably the globulin gene
family, which encodes major seed storage proteins. Among these, 30
genes showed progressive downregulation throughout the
stratification period, particularly between 120 d and 130 d. As
shown in Figure 6, Cluster-62345.34414 and Cluster-62345.34338
were downregulated by 3.34-fold and 4.14-fold, respectively, at 120
days post-germination (120 d). Following subsequent low-
temperature induction at 130 d, their expression decreased more
markedly to 11.6-fold and 22.9-fold downregulation. These results
demonstrate that low-temperature treatment beyond 120 d
significantly suppressed globulin gene expression, thereby
feedback-regulating and promoting seed germination.
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3.5 Significantly differentially expressed
genes associated with phytohormone
signal transduction pathways during seed
germination in C. giganteum

Phytohormones play pivotal roles in seed germination. In this
study, we identified 96 significantly differentially expressed genes
(SDEGs) associated with hormone signaling transduction pathways.
Among these, 46 genes were significantly expressed (FPKM=1) and
functionally linked to key components of auxin, abscisic acid
(ABA), brassinosteroid (BR), ethylene, and gibberellin (GA)
signaling pathways. At 0 d of stratification treatment, these genes
showed no significant expression. From 30 d to 60 d, multiple genes
exhibited initial upregulation, while pronounced differential
expression emerged across these genes from 90 d to 130 d. For
instance, in the auxin signaling pathway, ARF (Auxin Response
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Factor), GH3, and IAA genes were markedly upregulated after 90 d
of stratification. Within the ABA signaling pathway, PP2C
displayed an upward expression trend at 30 d, 60 d, and 90 d,
whereas SnRK2 and PYL exhibited sustained upregulation from 90
d to 130 d (Figure 10). Furthermore, DELLA-encoding genes in the
GA signaling pathway demonstrated a progressive upregulation
pattern during the stratification process of Cardiocrinum
giganteum seeds.

3.6 Carbohydrate metabolism during seed
germination in C. giganteum

KEGG enrichment analysis revealed significant enrichment of
starch and sucrose metabolism, fructose and mannose metabolism,
and amino sugar and nucleotide sugar metabolism pathways in C.
giganteum seeds at 90 d, 120 d, and 130 d of stratification (Figure 11).
Subsequent analysis of gene expression patterns across these three
metabolic pathways demonstrated marked upregulation of multiple
rate-limiting enzymes post-90d stratification. Notably, Beta-
fructofuranosidase (INV), Hexokinase (HK), Fructokinase (FRK),
Beta-glucosidase (BGLU), and Sucrose synthase (SUS) exhibited
significant transcriptional activation during this phase.

In this study, Beta-glucosidase (BGLU) genes (Cluster-
62345.33620, Cluster-62345.31435, and Cluster-62345.35688)
associated with polyhydroxy hydrolysis exhibited progressive
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upregulation during stratification, reaching 6.68-, 5.08-, and 6.85-fold
increases, respectively, at 130 d. Concurrently, activation of the
glycolytic pathway was observed throughout the process, suggesting
that BGLU enzymes likely catalyze the conversion of storage
polysaccharides into glucose to fuel germination via glycolysis.
Notably, stigma/stylar cysteine-rich adhesin genes (Cluster-
62345.50062, Cluster-62345.49889, and Cluster-62345.49890),
typically linked to pollen tube growth and adhesion, also showed
marked upregulation. Specifically, Cluster-62345.49889 displayed a
1,464-fold increase at 90 d compared to 0 d, escalating to 5,573-fold
upregulation after 130 d of low-temperature induction, implicating its
potential regulatory role in germination. Furthermore, multiple gene
families within the phenylpropanoid biosynthesis pathway—including
BGLU, cinnamyl alcohol dehydrogenase (CAD), mannitol
dehydrogenase, and peroxidase (PER)—exhibited significant
differential expression. These findings collectively indicate that BGLU
enzymes not only participate in phenylpropanoid biosynthesis but also
play a critical role in carbohydrate metabolism (Figure 11).

3.7 The effect of the phenylpropanoid
biosynthesis pathway on seed germination
in C. giganteum

The phenylpropanoid biosynthesis pathway plays a critical role in
plant growth and development. In this study, multiple enzyme-
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Hierarchical clustering analysis of temporally ordered expression patterns during alternating temperature stratification.

encoding genes within this pathway exhibited sustained upregulation
during the stratification of C. giganteum seeds. Key genes, including
those encoding 4-coumarate-CoA ligase (4CL), Beta-glucosidase
(BGLU), caffeoyl-CoA O-methyltransferase (CCOAOMT), cinnamyl
alcohol dehydrogenase (CAD), mannitol dehydrogenase, and
peroxidase (PER), demonstrated significant transcriptional activation
starting at 60 d of stratification treatment (Figure 12). Their expression
levels progressively increased throughout the treatment timeline,
indicating that phenylpropanoid metabolism is actively involved in
regulating seed germination in C. giganteum.

3.8 Verification of gene fluorescence
quantification

To further elucidate the gene expression dynamics during C.
giganteum seed germination, we selected 10 significantly upregulated
genes for validation via quantitative reverse transcription PCR (qRT-
PCR). These genes encode enzymes critical to germination physiology:
abscisic acid receptor PYL2-like, sucrose synthase A, beta-glucosidase
1-like, fructokinase-2, peroxidase 63 precursor, plasma membrane
intrinsic protein, gibberellin-regulated protein 6-like isoform XI,
tonoplast intrinsic protein, granule-bound starch synthase,
cytochrome P450 90B1, and aquaporin PIP2-6. qRT-PCR results
corroborated transcriptomic data, showing pronounced upregulation
of these genes at 90 d post-stratification under alternating temperatures

Frontiers in Plant Science

(Figure 13). This confirms their functional significance in C. giganteum
seed germination, with most genes implicated in starch/sucrose
metabolism and hormone signaling transduction pathways.

4 Discussion

4.1 The effect of alternating temperature
stratification on the seed germination of C.
giganteum

Our experimental findings demonstrate that temperature plays a
decisive role in breaking seed dormancy in C. giganteum. Under
natural conditions, C. giganteum seeds require 17-18 months
spanning autumn-winter-spring-summer-winter-spring seasons to
complete dormancy release and germination (Guan et al, 2010). As
proposed by Baskin and Baskin (2004), morphologically dormant
seeds typically exhibit underdeveloped embryos that are either
undifferentiated or partially differentiated (with distinguishable
cotyledons and radicles), requiring continued embryonic growth and
organ differentiation prior to germination. At dispersal, C. giganteum
embryos measure (1.06 = 0.07) mm in length (Li et al., 2020), lacking
discernible differentiation of radicles, cotyledons, hypocotyls, or
plumules. This indicates that embryonic development remains
incomplete at seed maturity—the primary cause of dormancy—
necessitating prolonged alternating temperature regimes for full
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Expression profiles of key phytohormone signaling pathway genes during seed germination in C. giganteum.

embryogenesis. These characteristics confirm that C. giganteum seeds
exhibit morphological dormancy (MD). During sequential
stratification treatments [25/15°C(60 d)—15/15°C(60 d)—5°C],
C. giganteum embryos gradually differentiated under warm (25/15°
C) to moderate (15/15°C) temperatures but required subsequent low-
temperature exposure (5°C) to complete physiological after-ripening.
This multi-phase requirement establishes C. giganteum seed
dormancy as morphophysiological dormancy (MPD), the most
complex dormancy category requiring both morphological and
physiological maturation.
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4.2 The regulatory role of plant hormones
on the seed germination of C. giganteum

Phytohormones serve as critical regulators of seed germination,
with endogenous plant hormones such as auxin, gibberellins (GA),
and abscisic acid (ABA) being intimately associated with this
process. The transition from seed dormancy to germination
competence is governed by the dynamic equilibrium between
ABA and GA levels. A reduced ABA/GA ratio facilitates
dormancy release and promotes germination, with these
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hormones exerting antagonistic effects to modulate the germination
process (Bewley et al., 2013). Emerging evidence suggests that an
ABA-repressor complex may coordinate the suppression of ABA
signaling to initiate germination in seeds (Nonogaki, 2020). Abscisic
acid (ABA) maintains seed dormancy through a gene regulatory
network mediated by ABA-insensitive (ABI) transcription factors.
Conversely, gibberellins (GA) promote germination via GA-
signaling pathway components such as SLYI and GIDI.
Environmental stressors—including drought and elevated
temperatures—induce ABA biosynthesis to reinforce dormancy.
Under low-temperature conditions, DOGI1-mediated signaling
enhances ABI3 expression while negatively regulating GA
biosynthesis. Furthermore, auxin signaling modulates ABA
homeostasis through ARFs (Auxin Response Factors) under the
post-transcriptional control of miR160, thereby upregulating ABA
biosynthetic and signaling genes (Reed et al., 2022). In Arabidopsis
studies, the core mechanism of seed dormancy is mediated by ABA
signaling through phosphorylation-dependent activation of kinases,
SnRK2 family members, and transcription factors such as ABI5
(Umezawa et al., 2004, 2009; Nakashima et al., 2009). DELAY OF
GERMINATION 1 (DOGI), a central regulator of seed dormancy,
suppresses germination by inactivating AHGI-PP2C phosphatase
activity (Neée et al., 2017; Nishimura et al., 2018; Nonogaki, 2020).

In this study, genes encoding ARFs, AUXI, GH3, and IAA
family components within the auxin signaling transduction
pathway exhibited progressive upregulation with prolonged
stratification duration. Similarly, BRII and BSK in the
brassinosteroid (BR) signaling pathway showed gradual

transcriptional activation as stratification time increased.

4.3 Sugar metabolism plays a pivotal role in
the seed germination of C. giganteum

The carbohydrate metabolism involving the internal stored

substances of seeds plays a crucial role in seed germination. For
example, through the delay of starch and other metabolite
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degradation at low temperatures, it influences glycolysis and
several other metabolic processes, thereby suppressing the
germination of Fengdan’ seeds of Paeonia lactiflora (Ren et al,
2018). In Castanea henryi seeds, granule-bound starch synthase
(GBSS) and sucrose synthase (SUSY) serve as key regulators of
sucrose-starch interconversion, with GBSS likely governing starch
biosynthesis. B-amylase (BAM), a critical starch-degrading enzyme,
and SUSY, which catalyzes sucrose cleavage into UDP-glucose and
fructose during germination, coordinately drive carbohydrate
mobilization to fuel embryonic growth (Winter et al., 1997; Zhao
et al., 2018; Liu et al., 2020).

Our findings revealed that prolonged alternating-temperature
stratification of C. giganteum seeds induced upregulation of
numerous carbohydrate metabolism-associated genes, triggering
the synthesis or activation of critical hydrolases. These enzymes
facilitate energy mobilization through enzymatic hydrolysis of
storage reserves to fuel germination (Zhao et al., 2021). Notably,
[-glucosidase gene expression increased significantly, catalyzing the
conversion of macromolecules (starch, sucrose) into glucose.
Sucrose metabolism was governed by two key enzymes: sucrose-
phosphate synthase (SPS) and sucrose synthase (SUSY), which
respectively regulate sucrose biosynthesis and catabolism. In
Idesia polycarpa seeds, substantial upregulation of SPS and SUSY
genes during later germination stages drove massive sucrose
synthesis, followed by its enzymatic cleavage into glucose and
fructose via SUSY-mediated catalysis (Zhang et al, 2024). The
expression levels of key enzyme genes involved in starch and
sucrose metabolism were strongly correlated with dynamic
changes in starch and soluble sugar contents within seeds. In
Castanea henryi seeds, most genes associated with starch and
soluble sugar biosynthesis exhibited decreasing expression trends,
while those linked to degradation pathways showed increasing
expression patterns (Liu et al, 2020). Imbibition of Zea mays
seeds in the presence of the o-galactosidase inhibitor 1-
deoxygalactonojirimycin resulted in significantly elevated raffinose
and galactitol accumulation compared to aqueous controls,
correlating with reduced germination rates (Zhang et al.,, 2021).
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Significant differential expression of phenylpropanoid biosynthesis pathway genes during seed germination in C. giganteum.

Raffinose family oligosaccharides (RFOs), which accumulate during 4.4 Pheny[propa noid biosynthesis pathway
late seed development and undergo hydrolysis during germination, genes p[ay a critical regu[atory role in the

are proposed to maintain sucrose homeostasis while contributingto  seed germ ination of C. giga nteum
reducing sugar pools that energize germination (Gu et al., 2019).

Differential expression of carbohydrate metabolism-related genes It is widely recognized that phenylpropanoid biosynthesis exerts
(DEGs) critically regulates germination initiation and a positive regulatory effect on seed germination through
establishment, though their precise regulatory networks remain to ~ multifaceted mechanisms (Yan et al., 2020). The phenylpropanoid
be fully elucidated. pathway, a complex secondary metabolic route involving multiple
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Validation of 10 candidate differentially expressed genes (DEGs) by qRT-PCR.

gene families. This study analyzed differentially expressed genes
(DEGs) associated with the phenylpropanoid biosynthesis pathway
to delineate their functional roles in dormancy release of
Cardiocrinum giganteum seeds. KEGG pathway analysis revealed
significant enrichment of multiple DEGs in phenylpropanoid
biosynthesis, suggesting this pathway may function pivotally in
alternating-temperature stratification-induced dormancy
alleviation. Wang et al. (2024) reported congruent findings,
demonstrating that phenylpropanoid biosynthesis plays a critical
role in seed germination of Suaeda glauca. During dormancy
release, most differentially expressed genes (DEGs) associated
with this pathway—including SgPER3, SgPER4, SgPERI2,
SgCNMT, and SgBGH3BI17—exhibited significant upregulation.
Tong et al. (2021) demonstrated that bruceine D inhibits Bidens
pilosa L. seed germination by suppressing key enzymatic activities
in the phenylpropanoid biosynthesis pathway. Notably,
phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase
(C4H), and 4-coumarate-CoA ligase (4CL) genes exhibited
temporal expression fluctuations, while caffeic acid O-
methyltransferase (COMT) showed significant downregulation
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during bruceine D treatment - a regulatory pattern consistent
with our current observations. Peroxidases (PERs), core
enzymatic components of the phenylpropanoid biosynthesis
pathway, exhibited progressive upregulation (PERI2, PERI7,
PER42) during dormancy alleviation in treated C. giganteum
seeds. This regulatory pattern correlated with a concurrent
decline in reactive oxygen species (ROS) levels and subsequent
germination initiation, paralleling observations in low-temperature
stress-delayed germination responses of Zea mays seeds (Meng
et al,, 2022). B-Glucosidases (BGLUs) mediate the regulatory shift
from activation to suppression of phenylpropanoid biosynthesis-
associated genes (Shao et al, 2022). Our investigation revealed
substantial upregulation of BGLU-related differentially expressed
genes (DEGs) during C. giganteum seed dormancy release, with
concomitant involvement in carbohydrate metabolism. As reported
by Sukanya Luang et al. (Luang et al.,, 2013), the rice
(Oryza sativa) Os9BGlu31—a glycoside hydrolase family 1 (GHI)
transglycosidase—catalyzes glucosyl transfer among phenolic acids,
phytohormones, and flavonoids. We thus hypothesize that
BGLUs may coordinate the metabolic equilibrium between
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phenylpropanoids, flavonoids, and carbohydrates. Elucidating the
sophisticated regulatory network governing phenylpropanoid
biosynthesis during C. giganteum dormancy alleviation will
provide critical theoretical foundations for developing dormancy-
breaking strategies.

4.5 The impact of lipid transfer proteins on
seed germination

Numerous studies have indicated that lipid transfer proteins
(LTPs) play a role in influencing the development and germination
of plant seeds. In research on rice, upon knockout of the lipid
transfer protein OsLTPLI18, the seeds of the osltpl18 mutant
exhibited a thinner phenotype. Specifically, the thousand - grain
weight and grain thickness of the plants were significantly reduced,
and the seed vigor of osltpl18 seeds declined notably (Li et al.,
2023b). In the OsLTPL36 RNAI lines, seed germination was
impeded, and the seedlings were frail. The lipid transfer protein

10.3389/fpls.2025.1591781

OsLTPL36 is of vital significance for seed quality, seed
development, and germination in rice (Wang et al., 2015). In rice,
OsLTPL23 potentially influences rice seed germination and the
early growth of seedlings by modulating endogenous ABA
homeostasis (Li et al.,, 2023a). In Arabidopsis thaliana, LTPG15
participates in the export of suberin monomers in the seed coat,
thereby influencing the permeability of the Arabidopsis seed coat
(Lee and Suh, 2018). It remains to be further investigated how lipid
transfer proteins affect the seed development and germination of
C. giganteum.

4.6 Temperature serves as a pivotal
environmental regulator governing seed
germination in C. giganteum

Temperature serves as a critical environmental synchronizer of
seed dormancy and germination, mediating plant developmental
alignment with seasonal climatic shifts (Kendall and Penfield,
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Regulation model of the dormancy release of C. giganteum seeds induced by alternating temperatures.
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2012). Seed dormancy constitutes an adaptive strategy to
suboptimal environments, manifesting as arrested germination
under unfavorable thermal regimes. Viable seeds exposed to
thermal extremes (e.g. supraoptimal temperatures) may undergo
germination competency loss, thereby inducing secondary
dormancy (Hilhorst et al., 2010; de Vries et al, 2021). As a
primary environmental determinant of dormancy depth,
temperature fluctuations as subtle as 1°C within thermosensitive
thresholds can determine dormancy status (Springthorpe and
Penfield, 2015). Seeds developing under extreme temperatures
typically exhibit enhanced dormancy phenotypes (Toh et al,
2008; Penfield and MacGregor, 2016). In rice (Oryza sativa),
high-temperature and drought stresses promote abscisic acid
(ABA) accumulation through induced expression of 9-cis-
epoxycarotenoid dioxygenases (NCEDs), consequently suppressing
germination (Liu et al., 2019; Suriyasak et al., 2020), NCEDs serve as
multifunctional regulators mediating seed dormancy, vegetative growth,
abiotic stress tolerance, and leaf senescence (Huang et al., 2018).

4.7 Annotation of unigenes in the C.
giganteum transcriptome

In this study, a total of 108,971 genes were annotated in at least
one database, accounting for 53.74% of all assembled Unigenes. This
finding suggests that nearly half of the unigenes remained
unannotated, implying that their functions could not be resolved.
The relatively low annotation rate might be attributed to the scarcity
of gene libraries of species closely related to C. giganteum in existing
databases. However, despite the fact that a substantial number of
genes lack functional annotations, we did succeed in measuring the
expression sequences and expression levels of these genes. This
information is not without significance for deciphering their roles
in dormancy. Instead, it indicates the potential existence of novel
genes that are likely associated with dormancy, thereby necessitating
further in - depth investigation. To enhance the gene annotation rate,
we put forward the following recommendations: It is advisable to
relax the criteria for gene alignment in order to identify potential
homologous genes and utilize their functions as references.

5 Conclusions

This study pioneers the application of transcriptomic
approaches to investigate regulatory mechanisms underlying post-
maturation developmental processes in C. giganteum embryos. We
conducted comprehensive analysis of transcriptome profiles across
four distinct embryonic development stages, proposing an
alternating-temperature-induced dormancy release model
(Figure 14). Following 30-day thermal cycling treatment,
phytohormone signaling pathways—including auxin, abscisic acid
(ABA), brassinosteroid (BR), ethylene, and gibberellin—exhibited
coordinated activation through upregulated genes such as PP2C in
ABA signaling. Core regulators (ARF, GH3, IAA, SnRK2, PYL,
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DELLA) orchestrated the thermoregulatory modulation of embryo
maturation and germination competence. Following 90 days of
alternating-temperature treatment, multiple genes including
Epidermis-specific secreted glycoprotein EPI, Aquaporin,
Gibberellin-regulated protein 6, GBSSI, Beta-fructofuranosidase
(INV), Hexokinase (HK), Fructokinase (FRK), Beta-glucosidase
(BGLU), and Sucrose synthase (SUS) were identified as critical
regulators during Cardiocrinum giganteum seed germination.
Aquaporin PIP and TIP isoforms synergistically modulated
cellular osmotic regulation throughout seed maturation and
germination, facilitating embryonic development (Mangrauthia
et al., 2016; Zaghdoud et al., 2023; O’Lone et al., 2024).
Concurrently, starch and sucrose metabolism pathway genes
provided essential energy substrates for Cardiocrinum giganteum
seed germination. At 120 days post-treatment, low-temperature
induction upregulated key phenylpropanoid-related genes
including 4-coumarate-CoA ligase (4CL), BGLU, caffeoyl-CoA O-
methyltransferase (CCOAOMT), cinnamyl alcohol dehydrogenase
(CAD), mannitol dehydrogenase, and peroxidase (PER), facilitating
embryonic growth. By approximately 130 days of alternating-
temperature treatment, seeds completed morphological and
physiological post-maturation processes, with lipid-transfer
protein (LTP) potentially mediating cellular membrane
remodeling. This study advances our understanding of embryonic
developmental regulation in C. giganteum while proposing
innovative strategies for dormancy manipulation and breeding
cycle acceleration.
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