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Abstract

Background Quinoa (Chenopodium quinoa Willd.) is a nutritionally valuable and stress-tolerant crop in which seed
germination plays a critical role in seedling establishment and yield formation. However, the integrated regulatory
mechanisms underlying genotypic variation in germination are not yet fully understood. Most existing studies have
focused on phenotypic traits or single-omics approaches, leaving a knowledge gap in systematic analyses that
combine seed coat architecture, hormone dynamics, transcriptomics, and gene co-expression networks.

Results Phenotypic analysis showed that WT seeds achieved 100% germination at 12 h, while the moderately
germination-defective TF and the severely germination-defective TS mutants reached 92% and 29.33%, respectively.
Seed coat characterization revealed that the palisade layer thickness was 13.31 um in WT, increasing to 16.66 pm in
TF and 20.07 pm in TS. Hormone dynamics monitoring indicated that GA; content in WT peaked at 1.859 ng-g™' at

8 h of imbibition, with a GA;/ABA ratio of 0.53. In contrast, GA; levels in the TS mutant remained below 0.200 ng-g™'
throughout, and the GAs/ABA ratio stayed under 0.05. Transcriptomic and WGCNA analyses identified the Tan module,
positively correlated with germination rate (r=0.89), and the Black module, negatively correlated (r = —0.60), and
screened hub genes within the regulatory network. These results demonstrate that the coordinated actions of seed
coat structure, hormone homeostasis, and transcriptional programming collectively determine the germination
performance of different quinoa genotypes.

Conclusions This study provides multi-dimensional integrated data for deciphering the regulatory mechanisms of
quinoa seed germination, and systematically clarifies how seed coat structure, hormone dynamics, and transcriptional
networks synergistically regulate the germination process. These findings deepen our understanding of the biological
basis of quinoa seed germination and establish a solid foundation for future functional studies and molecular
improvement of germination-related traits in quinoa.
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Introduction

Seed germination marks the initiation of the plant life
cycle and is the first critical stage that determines crop
establishment. Rapid and uniform germination pro-
motes synchronized seedling emergence and optimal
stand establishment, providing a solid foundation for
achieving stable yields [1, 2]. Conversely, delayed or
uneven germination often leads to poor seedling vigor
and reduced competitiveness, particularly in challenging
environments, where early establishment is crucial for
survival [3, 4]. The variation in germination rate among
phenotypes is not random, but functions as a key adap-
tive strategy shaped by environmental heterogeneity [5].
The fast-germinating phenotype can quickly occupy eco-
logical niches in regions with short, favorable conditions,
such as after transient rainfall in arid zones. In contrast,
slow germination acts as a bet-hedging strategy, reduc-
ing the risk of seedling death under sudden drought, low
temperature, or high salinity, by waiting for more stable
conditions [6]. This ecological diversification underscores
the importance of understanding the genetic and physi-
ological determinants of germination rate, especially for
crops such as quinoa, which are cultivated across a wide
range of climatic conditions.

Quinoa (Chenopodium quinoa Willd.) is an annual
pseudo-cereal domesticated in the Andean region 3,000—
5,000 years ago [7]. It is renowned as a “complete food”
due to its exceptionally high protein content, balanced
essential amino acid profile, and rich micro-nutrient
composition [8]. Beyond its nutritional superiority, qui-
noa possesses exceptional tolerance to multiple abiotic
stresses, such as drought and salinity, making it a prime
candidate for cultivation in less fertile and climate-
vulnerable regions [9, 10]. Therefore, ensuring reliable
cultivation is critical to global food security. As a typi-
cal halophyte and stress-tolerant crop, quinoa exhibits
unique physiological and molecular characteristics dur-
ing seed germination, and its germination efficiency is
jointly regulated by genetic, physiological, and environ-
mental factors [11-13]. Compared with conventional
crops, quinoa activates a series of key pathways involved
in osmotic regulation, reactive oxygen species scaveng-
ing, cell wall modification, and energy metabolism at the
early stage of germination, which provides a basis for
maintaining a high germination rate under stress con-
ditions [14]. Multiple studies have shown that the gene
expression during quinoa germination presents obvious
stage-specificity and genotypic differences. For example,
under salt stress, quinoa seeds can rapidly induce the
expression of genes related to ion transport, synthesis
of osmoprotective substances, and antioxidant enzyme
systems, thereby alleviating stress damage [15]. Under
low-temperature germination conditions, quinoa upreg-
ulates genes related to membrane lipid metabolism, sugar
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metabolism, and cold-responsive transcription factors to
maintain cell membrane stability and ensure energy sup-
ply [16].

The morphological characteristics of seed dor-
mancy and germination include the shape and size of
the embryo, as well as the biophysical properties of the
seed coat, endosperm, and other tissues that may confer
dormancy characteristics to the seed coat [17-20]. The
seed coat regulates water uptake and gas exchange, and
imposes mechanical constraints, with its thickness and
structure directly influencing dormancy intensity [6]. In
quinoa, accessions with thicker or more prominent seed
coats consistently exhibited higher dormancy [21].

Seed germination is influenced by internal hormones.
For example, hormones such as gibberellin (GA),
abscisic acid (ABA), ethylene (ET), auxin (AUX), cyto-
kinin (CTK), brassinolide (BR), and jasmonic acid (JA)
are key endogenous factors that regulate seed germina-
tion [22-29]. Hormonal signalling is the second major
regulatory layer and is primarily mediated by the balance
between ABA and GAs. ABA acts as the principal ger-
mination inhibitor, maintaining dormancy, whereas GAs
promote germination by facilitating endosperm weak-
ening and embryo expansion [30]. The dynamic shift in
the ABA-to-GA ratio during imbibition is critical, dor-
mancy release is regulated by ABA catabolism and GA
biosynthesis [31]. The fast-germinating phenotype, as
observed in certain tomato mutants, is often linked to
reduced ABA content or sensitivity [32]. This process is
not controlled by a single pathway, but involves a com-
plex network in which transcription factors interact with
hormonal signals to coordinately regulate seed develop-
ment and dormancy [33, 34].

To address these gaps, we analyzed wild-type (WT)
quinoa and two ethyl-methane sulfate-derived mutants
TF and TS, the moderately germination-defective TF
germinates faster than the severely germination-defec-
tive TS mutant, but both are slower than the wild type.
Our central hypothesis is that differences in germination
speed among these quinoa genotypes arise from the com-
bined effects of seed coat structural properties and dif-
ferential expression of hormone- and metabolism-related
genes, particularly those involved in ABA/GA balance
and starch degradation. The objectives of this study were
to (i) compare the germination phenotypes of WT, TF,
and TS under different conditions; (ii) Characteriza-
tion of seed coat ultrastructural differences among the
three lines; (iii) Construct a gene co-expression network
related to germination efficiency and screen key regula-
tory hubs in quinoa.
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Materials and methods

Experimental materials

Plant materials were provided by Shanxi Jiaqi Seed
Industry Co., Ltd. Taiyuan, China. The wild-type quinoa
variety JQ505 shows normal germination characteristics.
Two mutant lines, designated TF (moderate germination-
defective mutant) and TS (severe germination-defective
mutant), were generated by ethyl methane sulfonate
(EMS) mutagenesis as described previously [35]. TF
germinates faster than TS, but both mutants germinate
more slowly than the wild-type JQ505. Mutant lines have
been propagated for at least three generations under con-
trolled conditions and exhibited stable phenotypes. The
genetic background was confirmed to be identical to that
of the wild type using simple sequence repeat marker
analysis [36].

Before the experiment, seeds were surface-sterilized
by immersion in 75% ethanol for 30s, followed by three
rinses with sterile water. Subsequently, the seeds were
soaked in 0.1% (w/v) mercuric chloride for 5 min and
rinsed thoroughly with sterile distilled water five times
to remove residual disinfectant. The disinfected seeds
were placed in Petri dishes lined with two layers of filter
paper and moistened with 5 mL of sterile distilled water.
Three biological replicates were prepared for each geno-
type (WT, TF, and TS), with 50 seeds per replicate. Seeds
were incubated in a growth chamber at 25 °C under a 16h
light/ 8h dark photoperiod and 90% relative humidity.
These conditions were selected according to optimal ger-
mination parameters reported for quinoa [37].

Seed germination and water absorption rate
determination

Germination was monitored at 0, 4, 8, 12, 24, and 48 h
after sowing, seeds were considered germinated when
the radicle protruded by more than 2 mm, and germina-
tion rate was calculated as the percentage of germinated
seeds relative to the total number of seeds tested. For
water absorption rate determination, seeds were weighed
accurately before sowing and at each monitoring time
point. Surface water was blotted with filter paper prior to
weighing. Water absorption rate was calculated as [(Fresh
weight - Initial weight)/Initial weight] x 100. Three ger-
mination vigor indices were calculated, including time to
50% germination (T5,) via linear interpolation, mean ger-
mination time (MGT) as X£(GixT\)/2G,, and germination
index (GI) as X(G/T\), where G; is the number of germi-
nated seeds at time Ty, and T, is the corresponding incu-
bation time (h).

Seed coat ultrastructure observation

For transmission electron microscopy (TEM), seeds of
WT, TF, and TS were cut transversely at approximately
one-third of the distance from the embryo end. The cut
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seeds were immediately fixed in 2.5% glutaraldehyde
solution (pH 7.2) at 4 °C for 24 h, rinsed in 0.1 M phos-
phate-buffered saline (PBS pH 7.2), and then post-fixed
in 1% osmium tetroxide (OsO,) for 2 h at room tem-
perature. The samples were dehydrated using ethanol
gradient solutions (30%-100%) for 15 min each. Then,
After sequential infiltration (ethanol: resin=3:1, 1:1, 1:3,
each for 2 h), seeds were embedded in Spurr’s resin and
polymerized at 70 °C for 8 h to form solid blocks for
sectioning.

Ultrathin sections (~ 70—90 nm) were obtained using
a Leica EM UC?7 ultramicrotome (Leica Microsystems,
Germany). THE sections were placed on copper grids
and stained with uranyl acetate and lead citrate. The sec-
tions were observed using a Hitachi H-7650 transmis-
sion electron microscope (Hitachi High-Technologies,
Japan) operating at 80 kV. Five fields of view per geno-
type were imaged to ensure representation. TEM images
were analyzed using Image-Pro Plus 6.0 software (Media
Cybernetics, USA). Structural parameters, including the
thickness of the seed coat, epidermis, palisade layer, and
parenchymal cell layer were measured [38]. At least ten
independent measurements were performed for each
parameter.

Measurement of ABA and GA; content

The samples preserved at a temperature of -80 °C were
promptly pulverized into powder using liquid nitrogen,
and the ABA and GAj; contents were quantified by the
HPLC-ESI-MS/MS internal standard method [39]. Stan-
dard curves were established for quantitative calculation.
The GA3/ABA ratio was calculated to evaluate hormone
balance. Each genotype had three biological replicates.

Exogenous hormone and abiotic stress treatments

Seeds of each genotype were subjected to four exogenous
treatments with distilled water as control. Optimal con-
centrations determined by preliminary experiments were
used including 100 uM ABA, 200 pM GA;, 150mM NacCl,
10% PEG-6000. Experimental design was consistent with
the germination test with three biological replicates per
treatment. Seeds were cultured in Petri dishes saturated
with corresponding treatment solutions. Germination
status was recorded at 0, 4, 8, 12, 24, and 48 h. Germi-
nation rates were calculated and statistically compared
among genotypes and treatments.

Transcriptome sequencing and analysis

For transcriptomic analysis, WT, TF, and TS SEEDS
WERE SAMPLED AT O H, 12 H, and 24 h post-germination,
with three biological replicates per time point. Samples
were immediately frozen in liquid nitrogen and stored at
-80 °C. Total RNA was isolated using the Trizol Reagent
(Invitrogen). Its concentration, quality and integrity were
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assessed via the NanoDrop spectrophotometer (Thermo
Scientific). RNA samples were used for library construc-
tion. mRNA was purified with poly-T oligo-attached
magnetic beads, fragmented, and reverse-transcribed
into cDNA. Libraries were prepared by adaptor ligation,
size selection (400-500 bp, AMPure XP system), and
PCR enrichment, then sequenced on the NovaSeq 6000
platform (Illumina) by Shanghai Personal Biotechnology
Co., Ltd.

Raw reads were filtered with Cutadapt to remove
adapters and low-quality sequences (> 20% adapter over-
lap or mean quality < Q20). Clean reads were aligned
to the quinoa reference genome (Chenopodium quinoa
Willd.,, NCBI build GCF_001683475.1_ASM168347v1)
using HISAT2 v2.2.1 [40]. Read counts were obtained
using FeatureCounts v2.0.1 [41] the expression values
were normalized to FPKM. Differentially expressed genes
(DEGs) were identified using DESeq2 v1.38.3[42]. The
filtering criteria for DEG calling were set as |log2FC| =
1 and adjusted P-value (FDR) < 0.05, which are widely
accepted and robust thresholds in RNA-seq differential
expression analysis to balance the identification of gen-
uine biological differences and reduction of false posi-
tives. Dispersion of gene expression levels was estimated
using the default statistical model in DESeq2, a standard
approach for minimizing technical noise and optimizing
the reliability of differential expression calls. Sequencing
quality was monitored by evaluating base quality distri-
bution, GC content stability, and read error-rate profiles
throughout the analysis.

WGCNA analysis

Prior to WGCNA, sample quality was assessed using
hierarchical clustering. Most samples clustered according
to genotype and time point as expected, but two samples
(A12hTF_Y1 and 12hW_Y2) deviated significantly from
their respective biological replicate groups and showed
low correlation with others. These two outliers were
excluded to ensure network robustness, leaving 19 sam-
ples for downstream analysis.

Weighted gene co-expression network analysis
(WGCNA) was performed using the WGCNA pack-
age in R 4.5.2 [43]. Low-expression genes and non-dif-
ferentially expressed genes were filtered out to reduce
technical noise. The top 80% of genes with the highest
expression variation were retained using the Genefil-
ter package, enriching for biologically responsive genes
and improving network stability. A total of 8000 genes
were used for network construction. The optimal soft-
threshold power ( = 10) was selected using the pickSoft
Threshold function to approximate a scale-free topology.
Genes with similar expression patterns were clustered
into nine modules. Correlations between module eigen-
genes and physiological traits were calculated to identify
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germination-associated modules. Gene Ontology [44]
and KEGG [45] enrichment analyses were performed to
annotate the biological functions of each module. Hub
genes were screened based on module eigengene-based
connectivity (kME), and networks were visualized using
Cytoscape 3.10.4 [46],with highly connected and highly
expressed genes defined as core hub genes. To evaluate
the robustness of module—trait associations, bootstrap
resampling (1000 iterations) was performed, and 95%
BCa confidence intervals were calculated using the R
package boot (v1.3.32).

Validation of gene expression by qRT-PCR

Eight DEGs related to germination were selected for
qRT-PCR validation. Primers were designed using
Primer Premier 5.0 (Premier Biosoft, USA), targeting
100-200 bp amplicons with a melting temperature of ~
60 °C (listed in Table S1). Actin was used as an internal
reference gene. The reaction mixture (20 uL) contained
10 pL SYBR Green Master Mix (TaKaRa, Japan), 2 uL
c¢DNA, 0.5 uL of each primer (10 uM), and 7 pL RNase-
free water. Amplifications were performed on a Bio-Rad
CEX96 real-time PCR system under the following condi-
tions: 95 °C for 30 s, followed by 40 cycles of 95 °C for
5 s and 60 °C for 30 s. Melting curve analysis confirmed
amplification specificity. Relative expression was calcu-
lated using the 27(- AACt) method [47]. Each reaction
was performed in triplicates.

Partial Least Squares Path Modeling (PLS-PM) analysis

To further explore causal and predictive relationships
among seed coat traits, hormone ratio (GA;/ABA),
module eigengenes, and germination rate, partial least
squares path modeling (PLS-PM) was performed using
the plspm package in R. The model included seed coat
traits and hormone ratio as exogenous variables, four
key co-expression modules (MEpink, MEtan, MEblack,
MEgrey) as mediators, and germination rate as the final
endogenous variable. All variables were standardized
prior to analysis. Path coefficients and 95% Cls were esti-
mated using bootstrap resampling with 1000 iterations.
A path was considered significant if its 95% CI did not
include zero. Model performance was evaluated using
the coefficient of determination (R?) for each endogenous
variable.

Statistical analysis

Statistical analyses were performed using R version 4.5.2,
with significance set at P<0.05. All data are presented as
means * standard deviation (SD). For seed coat anatomi-
cal parameters, one-way analysis of variance (ANOVA)
followed by Tukey’s HSD test was used to compare dif-
ferences among genotypes, with distinct letters indicat-
ing significant differences (P<0.05). Pearson correlation
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analysis was conducted to assess the relationship between
water absorption rate and GA;/ABA contents within
each genotype. For transcriptomic data, a heatmap of
the top 300 most variable DEGs was generated using the
pheatmap package, based on row-wise Z-score normal-
ization of averaged biological replicates and hierarchical
clustering.

Results

Seed germination characteristics and water absorption
rate changes

To evaluate the germination characteristics and water
absorption properties of the wild type, TF mutant, and
TS mutants, dynamic changes of germination rate and
water absorption rate were monitored over a 48-hour
period, along with germination vigor indices Ts,, MGT,
and GI. The wild type exhibited the earliest germination
initiation and fastest germination progression, with a
germination rate of 5.00% at 4 h and reaching 100% by
12 h, which was maintained until 48 h. In contrast, the
TF mutant showed a delayed germination process, with
a germination rate of only 3.69% at 4 h, 80.00% at 12 h,
and 92.00% at 48 h. The TS mutant displayed the most
severely retarded germination, with no germination
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Fig. 1 Seed germination characteristics and water absorption rate change
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observed within 4 h. Its germination rate was merely
3.54% at 8 h, 7.33% at 12 h, and only 29.33% even at 48 h
(Fig. 1A).

The water absorption rates increased over time of
all three genotypes, but significant genotypic differ-
ences were observed. The wild type exhibited the high-
est water absorption rate, reaching 31.69% at 4 h and
78.54% at 48 h. In comparison, the TF mutant showed a
lower water absorption capacity, with values of 21.18%
at 4 h and 65.73% at 48 h. Among the three genotypes,
the TS mutant displayed the lowest water absorption
rate, recording only 13.55% at 4 h and 43.56% at 48 h
(Fig. 1B). Consistent with the germination and water
absorption patterns, germination vigor indices also var-
ied distinctly across genotypes. The wild type showed the
shortest T5, (8.85 h) and MGT (6.25 h), along with the
highest GI (32.36). In the TF mutant, Ts, was extended
to 10.23 h, MGT increased to 7.89 h, and GI decreased to
24.89. Notably, the TS mutant exhibited the longest Ts,
(56.54 h) and MGT (36.85 h), accompanied by the lowest
GI (3.65) (Fig. 1C, D, E).
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Seed coat ultrastructure of different genotypic quinoa
seeds
Transmission electron microscopy (TEM) observations
revealed that the quinoa seed coat consists of a thin cuti-
cle, epidermis, palisade layer, and inner parenchymatous
layer (Fig. 2). The wild-type (WT) seed coat displayed
well-defined layers, with a relatively thin palisade layer
and an intact cuticle (Fig. 2A, D, G). In the TF mutant,
the epidermis was thinner, the palisade layer appeared
irregular in structure, and the parenchymatous layer was
thicker (Fig. 2B, E, H). In contrast, the TS mutant exhib-
ited large, irregular intercellular spaces within the pali-
sade layer and a thinner parenchymatous layer (Fig. 2C,
E D).

Quantitative measurements of seed layer thickness
revealed significant differences among the WT, TF
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mutant, and TS mutant (Table 1). The overall seed coat
was thickest in the TF mutan (36.20 pm), significantly
exceeding that of the WT (32.35 pm) and the TS mutant
(31.34 pum). The epidermis was thickest in the WT
(9.25 pm), significantly thicker than in the TF (6.78 pm)
and TS (6.75 pm) mutants. In contrast, the palisade
layer was thickest in the T'S mutant (20.07 pum), followed
by the TF mutant (16.66 pm) and the WT (13.31 pm).
Notably, the palisade layer in the TF mutant was sig-
nificantly thicker than that in the WT. Conversely, the
parenchyma/endodermis cell layer was thickest in the TF
mutant (11.78 pm), significantly thicker than that in the
WT (9.82 um), and thinnest in the TS mutant (4.94 pm).
Parenchyma cells were loosely arranged with vis-
ible intercellular spaces in both the WT and TF mutant,

Fig. 2 Transmission electron microscopy (TEM) images of quinoa seed coats from wild type and germination mutants. Panels A, D, G show the wild type;
B, E, H show the TF mutant; and C, F, I show the TS mutant. Scale bars represent: 2 um in A-C, 1 um in D-F, and 500 nm in G-1. Cu: cuticle; Ep: epidermis;

Pl palisade; Pa: parenchyma
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Table 1 Thickness of seed coat layers in wild type and germination mutants of quinoa as observed under transmission electron

microscopy (um)

Genotypes Seed coat Epidermal layer Palisade layer Parenchyma cell layer
Wild type 3235+075b 9.25+£0.57 a 1331+0.60c¢ 9.82+0.54b
TF mutant 3620+ 146 a 6.78+0.80 b 16.66+0.49 b 11.78+0.55a
TS mutant 3134+1.11b 6.75+0.33 b 20.07+053 a 494+1.26¢
Values represent mean *standard error (n=10). Different lowercase letters (a, b, c) within a column indicate statistically significant differences (P<0.05) according
to Tukey’'s HSD
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Fig.3 Changesin endogenous hormone ABA and GA; content during the germination process of (A) wild type, (B) TF mutant, and (C) 7S mutant quinoa
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whereas in the 7S mutant, parenchyma cells adjacent to
the palisade layer were densely packed.

Endogenous hormone content changes

Endogenous GA; and ABA contents in the three geno-
types were quantified during 0—48 h of imbibition (Fig.
3). In wild-type seeds, GA; increased rapidly from
0.038 ng:g™* at 0 h to a peak of 1.859 ng-g™* at 8 h, then
gradually declined and stabilized after 12h; mean-
while, ABA content rose from 2.240 ng-g™* to a peak of
6.504 ng-g™' at 12 h before decreasing to 2.453 ng-g™' by
48 h (Fig. 3A). In the TF mutant, GA; accumulation was
delayed, reaching only 0.799 ng-g™* at 12 h and peaking
at 1.240 ng-g™' at 24 h, which represented 66.7% of the
wild-type peak. Concurrently, ABA levels were slightly
higher than in the wild type, starting at 2.408 ng-g™*,
peaking at 6.806 ng-.g™" (12 h), and declining slowly to
2.684 ng-g™' at 48 h (Fig. 3B). In contrast, the TS mutant
exhibited consistently low GA; levels throughout imbi-
bition, increasing only marginally from 0.007 ng-g™ to

1.102 ng-g™* by 48 h without a distinct peak. Meanwhile,
ABA content remained the highest among the three gen-
otypes, rising from 3.408 ng-g™' to a peak of 7.407 ng-g™*
at 12 h, then decreasing gradually to 3.124 ng-g™ by 48 h
(Fig. 3C). Similarly, the GA;/ABA ratio peaked at 8 h in
the WT, reached a delayed and lower peak at 24 h in the
TF mutant, and remained consistently low throughout
the imbibition period in the TS mutant (Fig. 3D). These
hormone dynamics are consistent with the observed ger-
mination phenotypes across the three genotypes.

Seed germination responses to exogenous hormones and
abiotic stress

To further explore the regulatory role of hormones in
seed germination and their interaction with environ-
mental stress, seeds were treated with 100 pM ABA, 200
UM GA,;, 150 mM NaCl, and 10% PEG-6000, with dis-
tilled water as control (CK) (Fig. S1). Exogenous ABA
suppressed germination, with inhibition intensity nega-
tively correlated with endogenous ABA levels. The WT,
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having the lowest endogenous ABA, was most sensitive,
exhibiting a 37.60% decrease in final germination rate
(62.40% vs. 100.00%). The TF mutant showed a moder-
ate reduction of 33.30% (58.70% vs. 92.00%). In contrast,
the TS mutant, with the highest endogenous ABA, was
least affected, showing only a 6.73% decline (22.60% vs.
29.33%) (Fig. S1A). Exogenous GA; effectively promoted
germination. While the WT displayed accelerated early
germination while maintaining 100% final germination
(same as CK), the TF mutant increased by 6.50% (98.50%
vs. 92.00%). Notably, the TS mutant showed a 16.47%
improvement (45.80% vs. 29.33%), substantially alleviat-
ing its germination defect (Fig. S1B).

NaCl-induced osmotic stress inhibited germination in
all genotypes, with genotype-specific tolerance observed.
The WT exhibited the strongest tolerance, showing only
a 10.50% reduction in final germination rate (89.50%
vs. 100.00% in CK). The TF mutant displayed moderate
sensitivity, with a 13.80% decrease (78.20% vs. 92.00%),
while the TS mutant was the most sensitive, showing a
15.63% decline to 29.33% (Fig. S1C). 10% PEG-6000-sim-
ulated drought stress caused similar but stronger inhi-
bition in the mutants. The WT maintained a high final
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germination rate of 85.30% (14.70% lower than CK). The
TF mutant showed a marked 19.40% reduction (72.60%
vs. 92.00%), and the TS mutant dropped to 15.40%
(Fig. S1D).

Transcriptomic analyses

RNA sequencing yielded over 33 million clean reads per
sample, with Q30 scores exceeding 91.97% and uniquely
mapped reads ranging from 94.41% to 96.21% (Table
§2). These results indicate that the sequencing data were
of high quality and suitable for transcriptomic analyses.
Principal component analysis (PCA) was performed
to evaluate expression patterns across genotypes and
time (Fig. 4A). PC1 and PC2 accounted for 84.0% and
8.3% of the total variance, respectively. A clear separa-
tion was observed from O h to later stages along PCI.
Genotypic differences were observed at each time point.
For example, at 0 h, both TF and TS mutants clustered
closely together and were distinct from WT. By 12 h, WT
samples diverged markedly from both mutants, suggest-
ing gradual, genotype-specific temporal shifts in gene
expression.
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C Venn diagram of DEGs among 4 comparison groups (FDR<0.01 and FC>2). D Hierarchical clustering of the top 300 variable DEGs. Expression values
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Differential gene expression analysis revealed dynamic
transcriptional changes across genotypes and germi-
nation stages (Fig. 4B). At 0 and 12 h, WT, TF, and TS
exhibited 12,377, 13,100, and 13,845 DEGs, respectively.
The TS mutant displayed 14,121 DEGs between 0 h and
24 h and 3,504 DEGs between 12 h and 24 h, suggest-
ing that major transcriptional shifts occurred later in TS
than in WT and TF. Comparative analysis of genotypes
at individual time points revealed differences in gene
expression patterns. At 0 h, 3,151 DEGs were observed
between OhW and OhTE, 3,868 between OhW and OhTS,
and 788 between OhTS and OhTE. At 12 h, the larg-
est number of DEGs was detected between 12hW and
12hTS (5,726), followed by 12hTS vs. 12hTF (3,553) and
12hW vs. 12hTF (2,422). These results indicate that the
distribution of DEGs demonstrated that gene expres-
sion changes were both time-dependent and genotype-
specific. The complete expression profiles with functional
annotations and DEG lists for all pairwise comparisons
are presented in Table S3 and S4, respectively. Venn dia-
gram analysis showed THAT only 78 genes overlapped in
all four comparisons at 12 h (12hW vs. 12hTF, 12hW vs.
12hTS, 12hTS vs. 12TF), and 12 h vs. 24 h of TS (Fig. 4C).
Similarly, only 92 DEGs were shared across genotypic
comparisons (OhW vs. OhTF, OhW vs. OhTS, and OhTS vs.
ORhTF) at 0 h (Fig. S2A). In contrast, 7,238 DEGS WERE
CONSERVED ACROSS TIME-COURSE COMPARISONS (0 H
vs.. 12 h and 0 h vs. 24 h) in all genotypes (Fig. S2B).
To visualize genome-wide expression dynamics, a heat-
map of the top 300 most variable DEGs was generated
(Fig. 4D). Hierarchical cluster analysis shows that quinoa
of different times and different genotypes have different
regulatory genes in the germination response, highlight-
ing the gene-specific and stage-specific nature of gene
expression during germination.

To elucidate the biological mechanisms underlying
the observed germination differences, we performed
functional enrichment analysis and focused on path-
ways directly related to seed reserve mobilization, cell
wall remodeling, and hormone signaling. In WT, DEGs
were primarily enriched in hormone signal transduction
(e.g., abscisic acid response) and carbohydrate metabo-
lism (Fig. 5A), consistent with the active reactivation of
metabolic pathways required for germination initiation.
KEGG analysis confirmed that WT was characterized
by key pathways such as starch and sucrose metabo-
lism and plant hormone signaling (Fig. 5D), reflecting
efficient reserve breakdown and hormonal balance. The
TF mutant, which exhibits intermediate germination,
showed a pronounced enrichment in cell wall modifica-
tion (including “plant-type cell wall” in GO terms) and
carbohydrate metabolism (Fig. 5B). KEGG analysis fur-
ther highlighted enhanced amino sugar and nucleotide
sugar metabolism (Fig. 5E), suggesting that TF is engaged
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in active cell wall loosening and polysaccharide remodel-
ing—processes critical for radicle protrusion—although
this occurs at a slower rate than in WT. In stark contrast,
the severely delayed TS mutant displayed a distinctive
enrichment pattern dominated by ribosomal biogen-
esis and plastid translation (Fig. 5C), with the ribosome
pathway being the most significantly enriched KEGG
term (Fig. 5F). This translational focus, coupled with
the persistence of ABA response pathways and limited
enrichment in starch metabolism, indicates that 7S may
be trapped in a stress-like state, prioritizing protein syn-
thesis over the metabolic reprogramming necessary for
germination. Additionally, pathways related to zeatin and
carotenoid biosynthesis were enriched in TS, implying a
dysregulation in phytohormone homeostasis that further
impedes germination. GO and KEGG enrichment analy-
ses for the direct comparisons (12hW_vs_12hTF, 12hW_
vs_12hTS, and 12hTS_vs_12hTF) are presented in Fig. S3.
Complete enrichment results for all comparisons are pro-
vided in Tables S5 and S6, respectively.

Weighted correlation network analysis

After filtering to retain biologically informative and
highly variable genes, a total of 8000 genes were used
for WGCNA. Sample clustering was performed to
remove outliers that could distort network topology,
and two outlier samples were excluded. The remain-
ing 19 samples formed consistent clusters (Fig. S4). The
selection of appropriate soft-threshold power is a criti-
cal step in constructing a weighted gene co-expression
network. A soft-threshold power of 10 was chosen based
on the criterion that it achieved a scale-free topology fit
index (R*)>0.8, while the mean connectivity plateaued
at approximately 305 (Fig. S5). These results confirm
that the resulting network exhibits scale-free distribu-
tion properties. Using the selected soft-threshold power
(B=10), a gene co-expression network was constructed
and a clustering dendrogram was generated according to
the correlation of gene expression patterns (Fig. 6). Ulti-
mately, nine distinct gene modules were identified, each
represented by a unique colour. The lightcyan module
contained the highest number of genes (3,822), whereas
the midnightblue module comprised the fewest (113
genes) (Tables S7).

Given the relatively small sample size (n=19), boot-
strap analysis of module membership yielded low Jac-
card indices (mean<0.1), indicating inherent variability
in co-expression module boundaries under small-sam-
ple conditions. However, focused robustness analysis of
module—trait associations yielded strong support for key
modules (Fig. S6A). Bootstrap resampling (1,000 itera-
tions) revealed that the 95% confidence intervals for
correlations between eigengenes and germination rate
did not include zero for MEpink, MEtan, MEblack, and
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MEgrey. These results demonstrate that the associations
of these four modules with germination rate are statisti-
cally robust and not driven by sampling variation.

The correlation of each characterized gene with sam-
ple treatment conditions was calculated, and two gene
co-expression modules were identified (at |r|=0.50,
p<0.05) (Fig. S6B). The Tan module (r=0.89, p =8e-08)
was positively correlated with the germination rate,
and the Black module (r=-0.60, p=0.004) was nega-
tively correlated with the germination rate. To explore
the functional classification and metabolic pathways
of the responsive genes in different germination rates,
we performed GO analysis of the genes in the Tan and
Black modules. The genes in the Tan module were clas-
sified into 207 significantly enriched GO terms, includ-
ing 74 Biological processes, 1 Cellular components, and
132 Molecular functions, which were mainly enriched
in organic substance catabolic process (GO:1901575),
macromolecule catabolic process (GO:0009057), extra-
cellular region (GO:0005576), acyltransferase activity

(GO:0016746), and hydrolase activity (GO:0016798)
(Fig. 7A; Table S8). The genes in the Black module were
classified into 1571 significantly enriched GO terms,
including 1021 Biological processes, 312 Cellular compo-
nents, and 431 Molecular functions, which were mainly
enriched in organelle organization (GO:0006996), plastid
organization (G0O:0009657), microtubule (GO:0005874),
hydrolase activity (GO:0016813), ribonucleoside bind-
ing (GO:0032549) (Fig. 7B; Table S9). The Tan module
focuses on Pentose and glucuronate interconversions
(ko00040), Protein processing in endoplasmic reticu-
lum (ko04141), Fatty acid biosynthesis (ko00061), and
Ascorbate and aldarate metabolism (ko00053) were
enriched (Fig. 7C; Table S10). The Black module was
mainly enriched in Cysteine and methionine metabo-
lism (ko00270), Citrate cycle (TCA cycle) (ko00020), and
Starch and sucrose metabolism (ko00500) (Fig. 7D; Table
S11).

Scatter plots of GS and MM values were plotted for
the Tan (Fig. 8A) and Black modules (Fig. 8B). Key genes
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were identified by applying thresholds of |GS| > 0.9
and [MM| > 0.9, resulting in the selection of 345 piv-
otal genes from the Tan module (Fig. 8C). Additionally,
using more stringent criteria with |GS| > 0.7 and |[MM]|
> 0.8, 42 key genes were screened from the Black module
(Fig. 8D). The analysis network in Cytoscape 3.10.4 was
subsequently used to select the top degree-ranked genes
as hub genes. Finally the Tan module identified genes
LOC110718639, LOCI110725170, and LOCI110739356.
The Black module identified genes LOCI110730561,
LOC110735467, LOCI110690478, and LOCI110705465.
Protein sequence comparison of hub genes from the
identified modules was performed using the PlantTFDB
database. The results revealed that the core genes in the
Tan module belong to the C2H2, MYB, and bZIP tran-
scription factor families. In contrast, the core genes in the
Black module were classified into the FAR1, GeBP, and
MYB transcription factor families. Functional annotation

of these key candidate genes was further conducted
through the TAIR database (Table S12).

Gene expression validation by qRT-PCR analysis

To validate the RNA-seq data, eight differentially
expressed genes involved in seed storage, starch degrada-
tion, GA and ABA signaling, and transcriptional regula-
tion were selected for qRT-PCR analysis across the three
genotypes at multiple time points after imbibition (Fig.
§7). Overall, the expression patterns of these target genes
measured by qRT-PCR showed strong concordance with
the transcriptome data, confirming the reliability and
accuracy of the RNA-sequencing results.

Integrated regulatory model of quinoa seed germination

To systematically clarify the regulatory relationships
among seed coat traits, hormone balance, transcriptional
modules, and seed germination, we integrated Pearson
correlation analysis, partial least squares path modeling
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Fig. 7 GO enrichment and KEGG enrichment analyses of Tan and Black module, respectively

(PLS-PM), and a schematic regulatory model to validate
and visualize the core mechanisms.

Pearson correlation analysis was performed to assess
the relationship between water absorption rate and GA;/
ABA contents in each genotype during germination (Fig.
S8). Water absorption rate was significantly positively
correlated with GA; content in TF (r=0.92, p =0.010) and
TS mutants (r=0.96, p=0.003), but not in WT (r=0.18,
p=0.737). No significant correlations between water
absorption rate and ABA content were observed in any
genotype. These results indicate GA; may promote water
uptake in TF and TS mutants, while ABA has no direct
effect on water absorption.

PLS-PM analysis identified significant direct regula-
tory paths linking seed coat traits, hormone balance, and
transcriptional modules to germination (Fig. S9; Table
S13). Seed coat traits exerted a significant positive effect
on MEpink ($=0.66) and a significant negative effect
on MEblack (B = -0.57). The GA;/ABA hormone ratio
showed a strong positive influence on MEtan (f=0.91)
and a negative effect on MEblack (f = -0.51). In turn,
MeEtan significantly promoted germination rate ( =0.95),
whereas MEpink, MEblack, and MEgrey showed no
significant direct effects on germination. The model

exhibited strong explanatory power, with R* = 0.861 for
germination rate, indicating high reliability of the inte-
grative framework. R* values for the four modules were
0.645 (MEpink), 0.917 (MEtan), 0.772 (MEblack), and
0.054 (MEgrey), respectively (Table S14). These results
support a mechanistic regulatory model in which seed
coat traits modulate germination primarily through the
pink and black modules, while the GA;/ABA ratio regu-
lates germination mainly via the tan module. The high
explanatory power confirms that the integrated model
captures the major determinants of quinoa seed germi-
nation. A schematic model summarizing the regulatory
framework of quinoa seed germination is shown in Fig.
$10. This model illustrates how the integration of struc-
tural, hormonal, and transcriptional programs deter-
mines germination efficiency in quinoa.

Discussion

Association between seed coat structure and germination
characteristics

The seed coat structure of quinoa, through the coordi-
nated specialization of its multiple tissue layers, plays a
crucial role in the physical and metabolic regulation of
seed dormancy and germination [48]. As the primary
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interface between the seed and the external environment,
the structure and composition of the seed coat directly
influence water penetration and gas exchange [49]. The
results of this study demonstrate that wild-type seeds
germinated earliest and at the fastest rate, while also
exhibiting the highest water absorption rate. This is con-
sistent with their relatively thin palisade layer (13.31 pm)
and intact cuticle structure (Fig. 2; Table 1). In contrast,
the TF mutant displayed an overall thickening of the seed
coat (36.20 pm), particularly a significant increase in
the parenchyma tissue layer (11.78 um). This structural
alteration likely increased resistance to water penetra-
tion, leading to delayed germination and reduced water
absorption (Fig. 1A, B). Although the total seed coat
thickness of the TS mutant was comparable to that of the
WT, its palisade layer was abnormally thickened (20.07
pum) and contained irregular intercellular spaces. Simul-
taneously, its parenchyma tissue layer was extremely
thin (4.94 um). This structural imbalance likely severely
hindered uniform water absorption and embryo hydra-
tion, resulting in extremely delayed germination and a
low final germination rate. These findings are consistent
with previous studies in various plant species, in which
the palisade layer has been regarded as a key structural
layer related to mechanical constraint. Anatomically,

thicker palisade layers are often associated with delayed
radicle emergence, possibly by influencing water and gas
permeability [41, 50, 51]. In quinoa, palisade layer thick-
ness has been reported to correlate with seed dormancy
intensity by affecting water uptake and ABA leaching [6,
52]. Although these structural observations support the
notion that the palisade layer may function as a mechani-
cal barrier, biochemical evidence such as lignin and
suberin deposition remains to be further characterized in
future investigations.

Beyond its role as a physical barrier, the parenchyma
tissue layer also plays a critical metabolic regulatory func-
tion. As a living cellular tissue, this layer is essential for
nutrient storage and transport to the developing embryo
[53, 54]. The well-developed parenchyma tissues in WT
and TF mutants likely facilitate the efficient transport of
carbohydrates, amino acids, and hormone precursors,
thereby meeting the metabolic demands of early germi-
nation [55, 56]. In contrast, the notably thinner paren-
chyma tissue in the 7'S mutant suggests limited nutrient
transport capacity, which may constrain the energy sup-
ply to the growing radicle [57, 58]. Consequently, the TS
mutant exhibits a restrictive seed coat structure charac-
terized by both a strong physical barrier and insufficient
metabolic support. The role of parenchyma tissue in
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symplastic nutrient transport has been demonstrated in
other species [59, 60], and its reduction in the 7S mutant
provides a structural explanation for the observed germi-
nation delay. Furthermore, the combination of a thick-
ened palisade layer and a thin parenchyma layer in the
TS mutant may not only impede the diffusion of water
and oxygen but also disrupt the exchange of germina-
tion inhibitors and promotive signals [2, 61]. These ultra-
structural features highlight the crucial role of seed coat
architecture and its physical constraints in regulating the
timing of germination.

The core regulatory role of endogenous hormone
homeostasis in seed germination

Hormones function as pivotal molecular switches in
seed germination, with the antagonistic balance between
GA; and ABA serving as the core mechanism regulat-
ing germination initiation and progression [48, 62—64].
The results of this study indicate significant differences
among the three genotypes in the dynamics of GA; and
ABA contents as well as their ratios (Fig. 3), which closely
align with their germination phenotypes. In wild-type
seeds, GA; rapidly accumulated and peaked during the
early imbibition stage (8 h), concurrently with the high-
est GA3/ABA ratio. This rapid hormonal reprogramming
is directly associated with their efficient germination ini-
tiation. In contrast, the TF mutant exhibited delayed and
dysregulated hormone dynamics: the GA; accumulation
peak occurred later and was lower in magnitude, while
the ABA peak was higher and degraded more slowly,
resulting in a delayed and sustained lower GA;/ABA
ratio. This provides a physiological explanation for its
delayed germination. The TS mutant displayed the most
severe hormonal imbalance, characterized by persistently
low GA; levels throughout imbibition, coupled with the
highest basal and peak ABA levels. Consequently, the
GA;/ABA ratio remained extremely low. This typical
“high ABA, low GA” hormonal profile is closely associ-
ated with phenotypes of deep dormancy or strong germi-
nation inhibition [65].

It is noteworthy that while changes in absolute hor-
mone levels are important, recent research increasingly
emphasizes the critical role of hormone signal perception
and transduction efficiency [66]. For instance, the abun-
dance and activity of core components in the ABA sig-
naling pathway, such as PYL/PYR/RCAR receptors, PP2C
phosphatases, and SnRK2 kinases, as well as the degrada-
tion rate of DELLA proteins in the GA signaling pathway,
may directly influence seed sensitivity to hormones [54].
The exogenous hormone treatment experiments in this
study provide supportive phenotypic evidence. Exoge-
nous GA; significantly alleviated the germination defects
of the T'S mutant, while different genotypes showed dis-
tinct sensitivities to exogenous ABA inhibition, with
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sensitivity negatively correlated with their endogenous
ABA levels (Fig. S1A, B). These results imply that the
impaired germination in the TS mutant may be related
to insufficient endogenous GA, biosynthesis and poten-
tially reduced efficiency in GA signaling. Meanwhile, the
relatively high endogenous ABA level in the TS mutant
may cause partial saturation or feedback regulation in
the ABA response, thus weakening its sensitivity to exog-
enous ABA. Additionally, crosstalk among GA, ABA, and
other hormones such as IAA, BRs, and ETH has been
recognized as an important regulatory module in fine-
tuning seed germination [25, 67]. Since gene expression
changes underlying these hormone-induced phenotypic
responses were not examined in the present study, future
investigations combining hormone quantification with
expression analysis of core GA/ABA signaling compo-
nents will help to further clarify the detailed hormonal
regulatory mechanisms underlying germination differ-
ences in quinoa.

Transcriptomic insights into the multi-layered gene
expression regulatory network

Transcriptomic analysis provides molecular-level expla-
nations for the observed phenotypic differences [68].
Principal component analysis revealed that the germina-
tion process is accompanied by extensive transcriptional
reprogramming, with genotypic differences becom-
ing more pronounced over time (Fig. 4A). Differential
expression gene analysis indicated that the 7'S mutant
exhibited far fewer transcriptional changes between 0
and 12 h compared to the WT and TF mutants, whereas
a substantial number of DEGs emerged between 12 and
24 h (Fig. 4B). This suggests that key transcriptional acti-
vation events associated with germination are severely
delayed in the T'S mutant, aligning with its sluggish phys-
iological initiation process.

GO and KEGG enrichment analyses revealed distinct,
germination-related metabolic and signaling programs
across genotypes (Fig. 5). In WT, DEGs were strongly
enriched in plant hormone signal transduction, MAPK
signaling pathway, and cell wall metabolism, consistent
with efficient activation of cell elongation, division, and
germination-promoting stress responses that support
rapid and normal germination [69, 70]. By contrast, the
moderately germination-defective TF mutant exhibited
prominent enrichment in carbohydrate and lipid metab-
olism, which likely represents a compensatory meta-
bolic strategy to mobilize energy reserves and synthesize
structural components required for delayed but progres-
sive germination [71]. The severely impaired 7S mutant
displayed a unique profile marked by enrichment in pho-
tosynthesis- and ribosome-related pathways. Enhanced
photosynthesis-related gene expression suggests dis-
rupted energy homeostasis, redox balance, and carbon
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metabolism, which collectively impair germination vigor
[72]. Meanwhile, enrichment of ribosomal pathways indi-
cates either globally repressed metabolic activity associ-
ated with deep germination arrest or an active inhibitory
mechanism that restricts translation. Together, these
expression patterns reveal broad dysregulation of energy,
hormone, and translational programs, which likely con-
tribute to the severe germination defects in TS [73].
Future studies integrating proteomic and functional vali-
dation will be required to establish causal relationships.

Weighted gene co-expression network analysis fur-
ther identified gene modules that were significantly
positively correlated (Tan module) and negatively cor-
related (Black module) with germination rate (Figs. 6
and 7). Genes within the Tan module were enriched in
functions related to macromolecule catabolism and the
extracellular region, which are highly relevant to key
events during seed germination such as the hydrolysis of
stored reserves and cell wall loosening to facilitate radicle
emergence [74, 75]. In contrast, the Black module was
associated with organelle organization and microtubule
function, and its upregulation may correspond to a state
of germination inhibition or dormancy maintenance [76].
Hub genes from key modules were indentified by com-
bining WGCNA connectivity and biological relevance to
seed germination (Table S12). These hubs include multi-
ple transcription factor families, such as MYB, bZIP, and
FAR], all of which have been widely reported to regu-
late seed germination via GA/ABA signaling and stress
responses [77]. For the MYB family, rice R3-MYB tran-
scription factors OsTCLI and OsTCL2 modulate ABA
synthesis, metabolism, and signal transduction, thus con-
trolling endogenous ABA levels and seed germination
process under abiotic stress [78]. MYB genes identified
here may function similarly in regulating quinoa germi-
nation through ABA-dependent pathways. bZIP family
members, such as ABI5 and ABFs, act as core repressors
of germination in ABA signaling [79, 80]. As phyA path-
way components, FAR1/FHY3 integrate light and ABA
signals by activating ABI5 to inhibit germination [81].
The identification of these hub genes provides important
targets for further investigation into the key regulatory
nodes controlling germination in quinoa.

Limitations and future perspectives

This study reports the first integrated analysis of quinoa
seed germination, combining seed coat electron micros-
copy, hormone profiling, transcriptomics, and WGCNA
to unravel the coordinated roles of seed coat structure,
hormone regulation, and transcriptional networks, while
nominating key hub genes for functional validation.
However, several limitations should be acknowledged.
First, transcriptomic profiling was limited to three time
points, restricting resolution of transcriptional dynamics
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during critical early (2-8 h) and later (24—48 h) germina-
tion phases. Future work should adopt denser temporal
sampling to capture the full spectrum of transcriptional
reprogramming. Second, despite stable germination
phenotypes, the causal EMS-induced mutations in the
TF and TS mutants remain uncharacterized, preclud-
ing distinction between primary genetic effects and
secondary regulatory responses. Positional cloning or
whole-genome resequencing will be critical to establish
definitive genotype—phenotype links. Third, while GA,
and ABA dynamics were quantified, the contributions
of other germination-relevant hormones (e.g., ethylene,
cytokinins) were not assessed; multi-hormone profil-
ing is needed to elucidate complex hormonal crosstalk.
Fourth, ultrastructural differences in the seed coat were
observed, but their association with biochemical com-
ponents such as lignin and cutin remains untested. Sys-
tematic biochemical and structural characterization of
the seed coat will facilitate quantitative models link-
ing these traits to germination efficiency. Finally, the
functional significance of candidate hub genes required
experimental validation through genetic approaches such
as gene editing, overexpression, and complementation
assays in quinoa. Integrating these efforts with proteomic
and metabolomic data will further enable the construc-
tion of a multi-layered regulatory network from genes to
phenotypes.

Conclusion

In summary, this study systematically demonstrates that
germination variation among quinoa genotypes results
from the integration of seed coat architecture, endog-
enous hormone dynamics, stress response capacity,
and genome-wide transcriptional regulation. The wild-
type displayed coordinated structural and physiological
characteristics that support efficient germination. The
TF mutant exhibited adaptive structural and metabolic
modifications associated with delayed germination. In
contrast, the TS mutant showed impaired germination,
which can be attributed to altered seed coat morphology,
disrupted hormone homeostasis, and delayed transcrip-
tional activation. These findings contribute to a more
comprehensive understanding of the regulatory mecha-
nisms underlying quinoa seed germination and provide
a basis for further molecular studies aimed at improving
germination-related traits.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512870-026-08676-7.

Supplementary Material 1.
Supplementary Material 2.

Supplementary Material 3.



https://doi.org/10.1186/s12870-026-08676-7
https://doi.org/10.1186/s12870-026-08676-7

Huang et al. BMC Plant Biology (2026) 26:1556

Supplementary Material 4.
Supplementary Material 5.
Supplementary Material 6.
Supplementary Material 7.
Supplementary Material 8.
Supplementary Material 9.
Supplementary Material 10.
Supplementary Material 11.

Supplementary Material 12.

Supplementary Material 13.

Acknowledgements

We sincerely acknowledge Xiangyun Wu for providing the experimental
materials. We sincerely acknowledge Paisennuo Gene Technology Co., Ltd.
(Nanjing) for providing transcriptome sequencing and data analysis services.
We thank the anonymous reviewer for the constructive scientific review of this
manuscript.

Authors’ contributions

JX.Huang : Conceptualization, Formal analysis, Data curation. Y.L. Zhang :
Formal analysis, Investigation, Data curation. X.H. Yang : Data curation, Formal
analysis. C.Q. Yang : Investigation, Data curation. Y. Zhao : Investigation,

Data curation. LY. Shi: Investigation, Data curation. AX. Ren : Software,
Visualization. PC. Ding : Software, Visualization. X.Y. Wu : Resources (provision
of study materials). H. Noor : Writing — review & editing. S. Anwar: Data
generation and analysis, and Writing/revision of the original draft. ZQ. Gao :
Conceptualization, Supervision. M. Sun : Conceptualization, Supervision. L.H. Li
: Conceptualization, Validation, Supervision.

Funding

This work was funded by the project of Shanxi Province key lab construction
(Z135050009017-2-8), the Postdoctoral Special Grant Project of Shanxi
Province (Project Code: 6K255520003379; Postdoctoral No.: 388883),

the Scientific Research Project of Shanxi Province Outstanding Doctoral

Work Award Fund (SXBYKY2022022), and the Scientific and Technological
Innovation Programs of Shanxi Agricultural University (2021BQ82). Key
Program of Shanxi Key R&D Plan (202102140601007). Taigu District Functional
Agriculture Industry Four-chain Integration Service Platform Construction
Program (2306-140726-89-03-431428).

Data availability

The raw sequencing data supporting the findings of this study have been
deposited in the NCBI Sequence Read Archive (SRA) under the BioProject
accession number PRINA1344799 (https://www.ncbi.nlm.nih.gov/bioproject/
PRINA1344799).

Data availability
The plant materials used in this study were provided by Shanxi Jiaqi
Agricultural Technology Co,, Ltd. Taiyuan, China.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
'College of Agriculture, Key Laboratory of Sustainable Dryland Agriculture
of Shanxi Province, Shanxi Agricultural University, Taiyuan 030031, China

Page 16 of 18

2Shanxi Provincial Key Laboratory of Crop Ecology and Efficient Water &
Nutrient Use, Jinzhong, China

3College of Agronomy, Qingdao Agricultural University, Qingdao
266109, China

“Shanxi Jiagi Agri-Tech Co,, Ltd,, Taiyuan 030006, China

°Department of Botany, Government College Women University,
Faisalabad, Pakistan

Received: 6 December 2025 / Accepted: 27 March 2026
Published online: 02 April 2026

References

1. Weitbrecht K, Muller K, Leubner-Metzger G. First off the mark: early seed
germination. J Exp Bot. 2011;62(10):3289-309. https://doi.org/10.1093/jxb/err
030.

2. Nonogaki H, Bassel GW, Bewley JD. Germination-Still a mystery. Plant Sci.
2010;179(6):574-81. https://doi.org/10.1016/j.plantsci.2010.02.010.

3. Toderich K, Kravtsova T, Gasimova K, Alizade V, Yakovleva O, Ozturk M. Seed
Heteromorphism and Germination in Chenopodium Quinoa Willd. Related to
Crop Introduction in Marginalized Environments. Pak J Bot. 2023;55(4):1459—
75. https://doi.org/10.30848/Pjb2023-4(37).

4. Donohue K, de Casas RR, Burghardt L, Kovach K, Willis CG, Germination. Post-
germination Adaptation, and Species Ecological Ranges. Annu Rev Ecol Evol
S.2010;41:293-319. https://doi.org/10.1146/annurev-ecolsys-102209-144715.

5. Thomas TH. Seeds. Ecology, Biogeography, and Evolution of Dormancy and
Germination. Edited by Carol C. Baskin and Jerry M. Baskin. Plant Growth
Regul. 2000;31(3):226-226.

6. Ceccato D, Bertero D, Batlla D, Galati B. Structural aspects of dormancy in
quinoa (Chenopodium quinoa): importance and possible action mechanisms
of the seed coat. Seed Sci Res. 2015;25(3):267-75. https://doi.org/10.1017/50
96025851500015x.

7. Pearsall DM. Plant domestication and the shift to agriculture in the Andes.
The handbook of South American archaeology. Springer; 2008. pp. 105-20.

8. Tabatabaeil, Alseekh S, Shahid M, Leniak E, Wagner M, Mahmoudi H, Thushar
S, Fernie AR, Murphy KM, Schmockel SM, et al. The diversity of quinoa mor-
phological traits and seed metabolic composition. Sci Data. 2022;9(1):323.
https://doi.org/10.1038/541597-022-01399-y.

9. Jacobsen S-E. The worldwide potential for quinoa (Chenopodium quinoa
Willd). Food Rev Int. 2003;19(1-2):167-77.

10. Tapia ME. The long journey of Quinoa: who wrote its history. State ART Rep
Quinoa. 2015;3:1-605.

11. ZhaoJ, He Y, Zhang H, Wang Z. Advances in the molecular regulation of seed
germination in plants. Seed Biology. 2024;3(1):0-0. https://doi.org/10.48130/s
eedbio-0024-0005.

12. Rajjou L, Duval M, Gallardo K, Catusse J, Bally J, Job C, Job D. Seed germina-
tion and vigor. Annu Rev Plant Biol. 2012;63(1):507-33.

13.  Penfield S. Seed dormancy and germination. Curr Biol. 2017;27(17):R874-8.

14. Huang L, Zhang L, Zhang P, Liu J, Li L, Li H,Wang X, Bai Y, Jiang G, Qin P. Com-
parative transcriptomes and WGCNA reveal hub genes for spike germination
in different quinoa lines. BMC Genomics. 2024;25(1):1231. https://doi.org/10.1
186/512864-024-11151-y.

15. Yan H, Nie'Y, Cui K, Sun J. Integrative Transcriptome and Metabolome Profiles
Reveal Common and Unique Pathways Involved in Seed Initial Imbibition
Under Artificial and Natural Salt Stresses During Germination of Halophyte
Quinoa. Front Plant Sci. 2022;13:853326. https://doi.org/10.3389/fpls.2022.853
326.

16. FuR, Liang X, LiJ, Song Y, Yi K, Nie W, Ma L, Li J, Li M, Wang X, et al. Compara-
tive Transcriptomic Analyses Reveal Key Pathways in Response to Cold Stress
at the Germination Stage of Quinoa (Chenopodium quinoa Willd. Seeds
Plants (Basel). 2025;14(8). https://doi.org/10.3390/plants14081212.

17. Chahtane H, Kim W, Lopez-Molina L. Primary seed dormancy: a temporally
multilayered riddle waiting to be unlocked. J Exp Bot. 2017;68(4):857-69.
https://doi.org/10.1093/jxb/erw377.

18. SteinbrecherT, Leubner-Metzger G. The biomechanics of seed germination. J
Exp Bot. 2017;68(4):765-83. https://doi.org/10.1093/jxb/erw428.

19. Holloway T, Steinbrecher T, Pérez M, Seville A, Stock D, Nakabayashi K, Leub-
ner-Metzger G. Coleorhiza-enforced seed dormancy: a novel mechanism to
control germination in grasses. New Phytol. 2021,229(4):2179-91. https://doi.
0rg/10.1111/nph.16948.


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1344799
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1344799
https://doi.org/10.1093/jxb/err030
https://doi.org/10.1093/jxb/err030
https://doi.org/10.1016/j.plantsci.2010.02.010
https://doi.org/10.30848/Pjb2023-4(37)
https://doi.org/10.1146/annurev-ecolsys-102209-144715
https://doi.org/10.1017/S096025851500015x
https://doi.org/10.1017/S096025851500015x
https://doi.org/10.1038/s41597-022-01399-y
https://doi.org/10.48130/seedbio-0024-0005
https://doi.org/10.48130/seedbio-0024-0005
https://doi.org/10.1186/s12864-024-11151-y
https://doi.org/10.1186/s12864-024-11151-y
https://doi.org/10.3389/fpls.2022.853326
https://doi.org/10.3389/fpls.2022.853326
https://doi.org/10.3390/plants14081212
https://doi.org/10.1093/jxb/erw377
https://doi.org/10.1093/jxb/erw428
https://doi.org/10.1111/nph.16948
https://doi.org/10.1111/nph.16948

Huang et al. BMC Plant Biology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2026) 26:1556

Walker M, Perez M, Steinbrecher T, Gawthrop F, Pavlovic |, Novak O, Tarkowska
D, Strnad M, Marone F, Nakabayashi K; et al. Molecular mechanisms and
hormonal regulation underpinning morphological dormancy: a case study
using Apium graveolens (Apiaceae). Plant J. 2021;108(4):1020-36. https://doi.
0rg/10.1111/tpj.15489.

Gomez-Ramirez A, Lopez-Santos C, Cantos M, Garcia JL, Molina R, Cotrino

J, Espinos JP, Gonzalez-Elipe AR. Surface chemistry and germination
improvement of Quinoa seeds subjected to plasma activation. Sci Rep.
2017;7(1):5924. https://doi.org/10.1038/541598-017-06164-5.

Pan J,HuY, Wang H, Guo Q Chen'Y, Howe GA, Yu D. Molecular Mechanism
Underlying the Synergetic Effect of Jasmonate on Abscisic Acid Signaling
during Seed Germination in Arabidopsis. Plant Cell. 2020;32(12):3846-65.
https://doi.org/10.1105/tpc.19.00838.

Han C, Yang P. Studies on the molecular mechanisms of seed germination.
Proteomics. 2015;15(10):1671-9. https://doi.org/10.1002/pmic.201400375.
Holdsworth MJ, Bentsink L, Soppe WJJ. Molecular networks regulating Ara-
bidopsis seed maturation, after-ripening, dormancy and germination. New
Phytol. 2008;179(1):33-54. https://doi.org/10.1111/j.1469-8137.2008.02437 x.
Liu X, Zhang H, Zhao Y, Feng Z, Li Q, Yang HQ, Luan S, Li J, He ZH. Auxin
controls seed dormancy through stimulation of abscisic acid signaling by
inducing ARF-mediated ABI3 activation in Arabidopsis. Proc Natl Acad Sci U S
A.2013;110(38):15485-90. https://doi.org/10.1073/pnas.1304651110.

Hu'Y, Yu D. BRASSINOSTEROID INSENSITIVE2 interacts with ABSCISIC ACID
INSENSITIVES to mediate the antagonism of brassinosteroids to abscisic acid
during seed germination in Arabidopsis. Plant Cell. 2014;26(11):4394-408.
https://doi.org/10.1105/tpc.114.130849.

Wang L, Hua D, He J, Duan Y, Chen Z, Hong X, Gong Z. Auxin Response Fac-
tor2 (ARF2) and its regulated homeodomain gene HB33 mediate abscisic
acid response in Arabidopsis. PLoS Genet. 2011;7(7):21002172. https://doi.org
/10.1371/journal.pgen.1002172.

WangV, LiL, YeT, Zhao S, Liu Z, Feng YQ, Wu Y. Cytokinin antagonizes ABA
suppression to seed germination of Arabidopsis by downregulating ABI5
expression. Plant J. 2011;68(2):249-61. https://doi.org/10.1111/}.1365-313X.20
11.04683.x.

Jurdak R, Launay-Avon A, Paysant-Le Roux C, Bailly C. Retrograde signal-

ling from the mitochondria to the nucleus translates the positive effect of
ethylene on dormancy breaking of Arabidopsis thaliana seeds. New Phytol.
2021,229(4):2192-205. https://doi.org/10.1111/nph.16985.

Nambara E, Okamoto M, Tatematsu K, Yano R, Seo M, Kamiya Y. Abscisic

acid and the control of seed dormancy and germination. Seed Sci Res.
2010;20(2):55-67. https://doi.org/10.1017/50960258510000012.

Sano N, Marion-Poll A. ABA Metabolism and Homeostasis in Seed Dormancy
and Germination. Int J Mol Sci. 2021;22(10). https://doi.org/10.3390/ijms2210
5069.

Yang R, Chu Z, Zhang H, Li Y, Wang J, Li D, Weeda S, Ren S, Ouyang B, Guo YD.
The mechanism underlying fast germination of tomato cultivar LA2711. Plant
Sci. 2015;238:241-50. https://doi.org/10.1016/j.plantsci.2015.06.012.

Sun X, Shantharaj D, Kang X, Ni M. Transcriptional and hormonal signal-

ing control of Arabidopsis seed development. Curr Opin Plant Biol.
2010;13(5):611-20. https://doi.org/10.1016/j.pbi.2010.08.009.

Gong D, He F, Liu J, Zhang C, Wang Y, Tian S, Sun C, Zhang X. Understanding
of Hormonal Regulation in Rice Seed Germination. Life (Basel). 2022;12(7).
https://doi.org/10.3390/1ife12071021.

Talebi AB, Talebi AB, Shahrokhifar B. Ethyl methane sulphonate (EMS) induced
mutagenesis in Malaysian rice (cv. MR219) for lethal dose determination. Am
JPlant Sci. 2012,3(12):1661-5.

Romero M, Mujica A, Pineda E, Ccamapaza Y, Zavalla N. Genetic identity
based on simple sequence repeat (SSR) markers for Quinoa (Chenopodium
quinoa Willd). Ciencia E Investigacion Agrar. 2019;46(2):166-78. https://doi.or
9/10.7764/rciav45i2.2144.

Fernando E, Cecilia P, Miriam B, Juan G, Gonzalez A. Effect of NaCl on germi-
nation, growth and soluble sugar. Bot Acad Sin. 2000;12:27-34.

Yan D, Duermeyer L, Leoveanu C, Nambara E. The functions of the endo-
sperm during seed germination. Plant Cell Physiol. 2014;55(9):1521-33.
https://doi.org/10.1093/pcp/pcu08s.

Niu QF, Zong Y, Qian MJ, Yang FX, Teng YW. Simultaneous quantitative deter-
mination of major plant hormones in pear flowers and fruit by UPLC/ESI-MS/
MS. Anal Methods. 2014;6(6):1766-73. https://doi.org/10.1039/c3ay41885e.
Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome align-
ment and genotyping with HISAT2 and HISAT-genotype. Nat Biotechnol.
2019;37(8):907-15. https://doi.org/10.1038/541587-019-0201-4.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

Page 17 of 18

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose

program for assigning sequence reads to genomic features. Bioinformatics.
2014;30(7):923-30. https://doi.org/10.1093/bioinformatics/btt656.

Love MI, Huber W, Anders S. Moderated estimation of fold change and dis-
persion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550. https:/
/doi.org/10.1186/513059-014-0550-8.

Zhang, Qu X, Li X, Ren M, Tong Y, Wu X, Sun Y, Wu F, Yang A, Chen S. Com-
prehensive transcriptome and WGCNA analysis reveals the potential function
of anthocyanins in low-temperature resistance of a red flower mutant
tobacco. Genomics. 2023;115(6):110728. https://doi.org/10.1016/j.ygeno.202
3.110728.

LuY, Rosenfeld R, Simon |, Nau GJ, Bar-Joseph Z. A probabilistic generative
model for GO enrichment analysis. Nucleic Acids Res. 2008;36(17):e109.
https://doi.org/10.1093/nar/gkn434.

Du J, Li M, Yuan Z, Guo M, Song J, Xie X, Chen Y. A decision analysis model for
KEGG pathway analysis. BMC Bioinf. 2016;17(1):407. https://doi.org/10.1186/s
12859-016-1285-1.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T. Cytoscape: a software environment for inte-

grated models of biomolecular interaction networks. Genome Res.
2003;13(11):2498-504. https://doi.org/10.1101/gr.1239303.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods.
2001;25(4):402-8. https://doi.org/10.1006/meth.2001.1262.

Yamauchi Y, Ogawa M, Kuwahara A, Hanada A, Kamiya Y, Yamaguchi S. Activa-
tion of gibberellin biosynthesis and response pathways by low temperature
during imbibition of Arabidopsis thaliana seeds. Plant Cell. 2004;16(2):367-78.
https://doi.org/10.1105/tpc.018143.

Debeaujon I, Leon-Kloosterziel KM, Koornneef M. Influence of the testa on
seed dormancy, germination, and longevity in Arabidopsis. Plant Physiol.
2000;122(2):403-14. https://doi.org/10.1104/pp.122.2.403.

Bewley JD, Bradford K, Hilhorst H. Seeds: physiology of development, germi-
nation and dormancy. Springer Science & Business Media; 2012.

Molina |, Li-Beisson Y, Beisson F, Ohlrogge JB, Pollard M. Identification of an
Arabidopsis feruloyl-coenzyme A transferase required for suberin synthesis.
Plant Physiol. 2009;151(3):1317-28. https://doi.org/10.1104/pp.109.144907.
Aguero-Martinez PF, Cardozo L, Gomez CA, Lopez-Spahr D, Baskin CC, Bertero
D, Galindez G, Curti R. Variation in Thickness of Embryo Covering Structures
and Their Role in the Regulation of Seed Physiological Dormancy of Cheno-
podium hircinum (Amaranthaceae). Plants (Basel). 2024;13(19). https://doi.or
9/10.3390/plants13192832.

Sukhorukov AP, Zhang M. Fruit and seed anatomy of Chenopodium and
related genera (Chenopodioideae, Chenopodiaceae/Amaranthaceae): impli-
cations for evolution and taxonomy. PLoS ONE. 2013;8(4):¢61906. https://doi.
0rg/10.1371/journal.pone.0061906.

Fincher GB. Revolutionary Times in Our Understanding of Cell Wall Biosynthe-
sis and Remodeling in the Grasses. Plant Physiol. 2009;149(1):27-37. https://d
0i.org/10.1104/pp.108.130096.

Radchuk V, Borisjuk L. Physical, metabolic and developmental functions of
the seed coat. Front Plant Sci. 2014;5:510. https://doi.org/10.3389/fpls.2014.0
0510.

Van Dongen JT, Ammerlaan AM, Wouterlood M, Van Aelst AC, Borstlap AC.
Structure of the developing pea seed coat and the post-phloem transport
pathway of nutrients. Ann Bot. 2003;91(6):729-37. https://doi.org/10.1093/a0
b/mcg066.

Wu GL, Liu QL, Teixeira da Silva JA. Ultrastructure of pericarp and seed
capsule cells in the developing walnut (Juglans regia L.) fruit. S Afr J Bot.
2009;75(1):128-36. https://doi.org/10.1016/j.5a}b.2008.09.001.

Dekkers BJ, Pearce S, van Bolderen-Veldkamp RP, Marshall A, Widera P, Gilbert
J, Drost HG, Bassel GW, Muller K, King JR, et al. Transcriptional dynamics of two
seed compartments with opposing roles in Arabidopsis seed germination.
Plant Physiol. 2013;163(1):205-15. https://doi.org/10.1104/pp.113.223511.
Borisjuk L, Rolletschek H, Radchuk R, Weschke W, Wobus U, Weber H. Seed
development and differentiation: a role for metabolic regulation. Plant Biol.
2004;6(04):375-86.

Graeber K, Nakabayashi K, Miatton E, Leubner-Metzger G, Soppe WJ. Molecu-
lar mechanisms of seed dormancy. Plant Cell Environ. 2012;35(10):1769-86.
Haughn G, Chaudhury A. Genetic analysis of seed coat development in
Arabidopsis. Trends Plant Sci. 2005;10(10):472-7.

Shu K, Liu XD, Xie Q, He ZH. Two Faces of One Seed: Hormonal Regulation of
Dormancy and Germination. Mol Plant. 2016;9(1):34-45. https://doi.org/10.10
16/.molp.2015.08.010.


https://doi.org/10.1111/tpj.15489
https://doi.org/10.1111/tpj.15489
https://doi.org/10.1038/s41598-017-06164-5
https://doi.org/10.1105/tpc.19.00838
https://doi.org/10.1002/pmic.201400375
https://doi.org/10.1111/j.1469-8137.2008.02437.x
https://doi.org/10.1073/pnas.1304651110
https://doi.org/10.1105/tpc.114.130849
https://doi.org/10.1371/journal.pgen.1002172
https://doi.org/10.1371/journal.pgen.1002172
https://doi.org/10.1111/j.1365-313X.2011.04683.x
https://doi.org/10.1111/j.1365-313X.2011.04683.x
https://doi.org/10.1111/nph.16985
https://doi.org/10.1017/S0960258510000012
https://doi.org/10.3390/ijms22105069
https://doi.org/10.3390/ijms22105069
https://doi.org/10.1016/j.plantsci.2015.06.012
https://doi.org/10.1016/j.pbi.2010.08.009
https://doi.org/10.3390/life12071021
https://doi.org/10.7764/rcia.v45i2.2144
https://doi.org/10.7764/rcia.v45i2.2144
https://doi.org/10.1093/pcp/pcu089
https://doi.org/10.1039/c3ay41885e
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.ygeno.2023.110728
https://doi.org/10.1016/j.ygeno.2023.110728
https://doi.org/10.1093/nar/gkn434
https://doi.org/10.1186/s12859-016-1285-1
https://doi.org/10.1186/s12859-016-1285-1
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1105/tpc.018143
https://doi.org/10.1104/pp.122.2.403
https://doi.org/10.1104/pp.109.144907
https://doi.org/10.3390/plants13192832
https://doi.org/10.3390/plants13192832
https://doi.org/10.1371/journal.pone.0061906
https://doi.org/10.1371/journal.pone.0061906
https://doi.org/10.1104/pp.108.130096
https://doi.org/10.1104/pp.108.130096
https://doi.org/10.3389/fpls.2014.00510
https://doi.org/10.3389/fpls.2014.00510
https://doi.org/10.1093/aob/mcg066
https://doi.org/10.1093/aob/mcg066
https://doi.org/10.1016/j.sajb.2008.09.001
https://doi.org/10.1104/pp.113.223511
https://doi.org/10.1016/j.molp.2015.08.010
https://doi.org/10.1016/j.molp.2015.08.010

Huang et al. BMC Plant Biology

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

(2026) 26:1556

Finch-Savage WE, Leubner-Metzger G. Seed dormancy and the control of
germination. New Phytol. 2006;171(3):501-23. https://doi.org/10.1111/j.146
9-8137.2006.01787 x.

Staswick PE, Serban B, Rowe M, Tiryaki |, Maldonado MT, Maldonado MC, Suza
W. Characterization of an Arabidopsis Enzyme Family That Conjugates Amino
Acids to Indole-3-Acetic Acid. Plant Cell. 2005;17(2):616-27. https://doi.org/10
.1105/tpc.104.026690.

Nee G, Kramer K, Nakabayashi K, Yuan B, Xiang Y, Miatton E, Finkemeier

I, Soppe WJJ. DELAY OF GERMINATIONT requires PP2C phosphatases of

the ABA signalling pathway to control seed dormancy. Nat Commun.
2017;8(1):72. https://doi.org/10.1038/541467-017-00113-6.

Ye L, Wang X, Valle-Delgado JJ, Vainonen JP, Wopereis |, Kesari KK, Takahashi J,
Sierla M, Mahonen AP. Cambium LBDs promote radial growth by regulating
PLL-mediated pectin metabolism. Nat Plants. 2025;11(12):2565-80. https://do
1.0rg/10.1038/541477-025-02151-1.

Corbineau F, Xia Q, Bailly C, El-Maarouf-Bouteau H. Ethylene, a key factor in
the regulation of seed dormancy. Front Plant Sci. 2014;5:539.

Chen X, Zhang J, Zhang C, Liu L, Cai H, Gu L, Wang J, Yang M. Character-

istics and Molecular Mechanism of Slow Vegetative Growth in Hexaploid
Transgenic Poplar 741 Withan Insect-Resistance Gene. Plant Biotechnol J.
2025;23(10). https://doi.org/10.1111/pbi.70265.

Fabregas N, Yoshida T, Fernie AR. Bidirectional crosstalk between plant hor-
mone signaling and metabolism. Plant Physiol. 2025. https://doi.org/10.1093/
plphys/kiaf630.

Zhao C, Lin X, Liu Z, Cai W. Linking cell wall and phytohormone signaling.
Plant Horm. 2025;1(1). https://doi.org/10.48130/ph-0025-0022.

Qian W, Zhu Y, Chen Q Wang S, Chen L, Liu T, Tang H, Yao H. Comprehensive
metabolomic and lipidomic alterations in response to heat stress during seed
germination and seedling growth of Arabidopsis. Front Plant Sci. 2023;14-
2023. https://doi.org/10.3389/fpls.2023.1132881.

Gu D,WangY, Zhao M, Chen H,Wu S, Jin X, Deng L, Ji R, Xu J, Zheng F, et

al. Phytochrome B stabilizes the KNOX transcription factor BP/KNAT1 to
promote light-initiated seed germination in Arabidopsis thaliana. Plant Com-
mun. 2025;6(11). https://doi.org/10.1016/j.xplc.2025.101517.

Wen D, Xu H, He M, Zhang C. Proteomic analysis of wheat seeds produced
under different nitrogen levels before and after germination. Food Chem.
2021,340:127937. https://doi.org/10.1016/j.foodchem.2020.127937.

74.

75.

76.

77.

78.

79.

80.

81.

Page 18 of 18

Feenstra AD, Alexander LE, Song Z, Korte AR, Yandeau-Nelson MD, Nikolau
BJ, Lee YJ. Spatial Mapping and Profiling of Metabolite Distributions during
Germination. Plant Physiol. 2017;174(4):2532-48. https://doi.org/10.1104/pp.
17.00652.

Zhang, Xia Y. Quercetin enhances tomato seed germination via phenyl-
propanoid-dependent regulation of ROS, hormone signaling, and starch
hydrolysis. Plant Physiol Biochem. 2026;230:110590. https://doi.org/10.1016/j.
plaphy.2025.110590.

Choi SR, Blum TB, Giono M, Roy B, Vakonakis |, Schmid D, Oelgarth N, Ranga-
nathan A, Gossert AD, Shivashankar GV, et al. Structural basis of microtubule-
mediated signal transduction. Cell. 2026;189(2):461-e477416. https://doi.or
9/10.1016/j.cell.2025.11.011.

Vishal B, Kumar PP. Regulation of Seed Germination and Abiotic Stresses by
Gibberellins and Abscisic Acid. Front Plant Sci. 2018,9-2018. https://doi.org/1
0.3389/fpls.2018.00838.

YiY, Lin C, Peng X, Zhang M, Wu J, Meng C, Ge S, Liu Y, Su Y. R3-MYB proteins
OsTCL1T and OsTCL2 modulate seed germination via dual pathways in rice.
Crop J. 2023;11(6):1752-61.

Zhu CC, Wang CX, Lu CY,Wang JD, Zhou Y, Xiong M, Zhang CQ, Liu QQ, Li
QF. Genome-Wide Identification and Expression Analysis of OsbZIP09 Target
Genes in Rice Reveal Its Mechanism of Controlling Seed Germination. Int J
Mol Sci. 2021;22(4). https://doi.org/10.3390/ijms22041661.

Wang WQ, Xu DY, Sui YP, Ding XH, Song XJ. A multiomic study uncovers a
bZIP23-PER1A-mediated detoxification pathway to enhance seed vigor in
rice. Proc Natl Acad Sci U S A. 2022;119(9). https://doi.org/10.1073/pnas.2026
355119.

Tang W, Ji Q Huang Y, Jiang Z, Bao M, Lin WR, FAR-RED ELONGATED.
HYPOCOTYL3 and FAR-RED IMPAIRED RESPONSET transcription factors
integrate light and abscisic acid signaling in Arabidopsis. Plant Physiol.
2013;163(2):857-66.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1111/j.1469-8137.2006.01787.x
https://doi.org/10.1111/j.1469-8137.2006.01787.x
https://doi.org/10.1105/tpc.104.026690
https://doi.org/10.1105/tpc.104.026690
https://doi.org/10.1038/s41467-017-00113-6
https://doi.org/10.1038/s41477-025-02151-1
https://doi.org/10.1038/s41477-025-02151-1
https://doi.org/10.1111/pbi.70265
https://doi.org/10.1093/plphys/kiaf630
https://doi.org/10.1093/plphys/kiaf630
https://doi.org/10.48130/ph-0025-0022
https://doi.org/10.3389/fpls.2023.1132881
https://doi.org/10.1016/j.xplc.2025.101517
https://doi.org/10.1016/j.foodchem.2020.127937
https://doi.org/10.1104/pp.17.00652
https://doi.org/10.1104/pp.17.00652
https://doi.org/10.1016/j.plaphy.2025.110590
https://doi.org/10.1016/j.plaphy.2025.110590
https://doi.org/10.1016/j.cell.2025.11.011
https://doi.org/10.1016/j.cell.2025.11.011
https://doi.org/10.3389/fpls.2018.00838
https://doi.org/10.3389/fpls.2018.00838
https://doi.org/10.3390/ijms22041661
https://doi.org/10.1073/pnas.2026355119
https://doi.org/10.1073/pnas.2026355119

	﻿Deciphering germination rate differences in quinoa genotypes via integrated phenotypic, structural, and transcriptomic approaches
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experimental materials
	﻿Seed germination and water absorption rate determination
	﻿Seed coat ultrastructure observation
	﻿Measurement of ABA and GA﻿3﻿ content
	﻿Exogenous hormone and abiotic stress treatments
	﻿Transcriptome sequencing and analysis
	﻿WGCNA analysis
	﻿Validation of gene expression by qRT-PCR
	﻿Partial Least Squares Path Modeling (PLS-PM) analysis
	﻿Statistical analysis

	﻿Results
	﻿Seed germination characteristics and water absorption rate changes
	﻿Seed coat ultrastructure of different genotypic quinoa seeds
	﻿Endogenous hormone content changes
	﻿Seed germination responses to exogenous hormones and abiotic stress
	﻿Transcriptomic analyses
	﻿Weighted correlation network analysis
	﻿Gene expression validation by qRT-PCR analysis
	﻿Integrated regulatory model of quinoa seed germination

	﻿Discussion
	﻿Association between seed coat structure and germination characteristics
	﻿The core regulatory role of endogenous hormone homeostasis in seed germination
	﻿Transcriptomic insights into the multi-layered gene expression regulatory network
	﻿Limitations and future perspectives

	﻿Conclusion
	﻿References


