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Regulatory function of the
endogenous hormone in the
germination process of
quinoa seeds

Fang Zeng, Chunmei Zheng, Wenxuan Ge, Ya Gao, Xin Pan,
Xueling Ye, Xiaoyong Wu* and Yanxia Sun*

Key Laboratory of Coarse Cereal Processing, Ministry of Agriculture and Rural Affairs, Sichuan
Engineering and Technology Research Center of Coarse Cereal Industrialization, School of Food
and Biological Engineering, Chengdu University, Chengdu, China

The economic and health significance of quinoa is steadily growing on a
global scale. Nevertheless, the primary obstacle to achieving high yields in
quinoa cultivation is pre-harvest sprouting (PHS), which is intricately linked to
seed dormancy. However, there exists a dearth of research concerning the
regulatory mechanisms governing PHS. The regulation of seed germination
by various plant hormones has been extensively studied. Consequently,
understanding the mechanisms underlying the role of endogenous
hormones in the germination process of quinoa seeds and developing
strategies to mitigate PHS in quinoa cultivation are of significant research
importance. This study employed the HPLC-ESI-MS/MS internal standard
and ELISA method to quantify 8 endogenous hormones. The investigation of
gene expression changes before and after germination was conducted using
RNA-seq analysis, leading to the discovery of 280 differentially expressed
genes associated with the regulatory pathway of endogenous hormones.
Additionally, a correlation analysis of 99 genes with significant differences
identified 14 potential genes that may act as crucial "transportation hubs” in
hormonal interactions. Through the performance of an analysis on the
modifications in hormone composition and the expression of associated
requlatory genes, we posit a prediction that implies the presence of a
negative feedback regulatory mechanism of endogenous hormones during
the germination of quinoa seeds. This mechanism is potentially influenced by
the unique structure of quinoa seeds. To shed light on the involvement of
endogenous hormones in the process of quinoa seed germination, we have
established a regulatory network. This study aims to offer innovative
perspectives on the breeding of quinoa varieties that exhibit resistance to
PHS, as well as strategies for preventing PHS.
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1 Introduction

Quinoa (Chenopodium quinoa Willd.), indigenous to the Andes
region of South America, has emerged as a prominent food security
crop in the 21st century (Vilcacundo and Hernandez-Ledesma,
2017). Since the 1980s, quinoa has been introduced to numerous
countries for cultivation due to its exceptional nutritional profile,
earning it the title of “King of Grains” (Navruz-Varli and Sanlier,
2016). Quinoa, a stress-tolerant crop that flourishes in marginal soil
and unstable climates, has emerged as a noteworthy agronomic
plant choice (Nadali et al., 2020; Asher et al., 2022). Its increasing
prominence in the global economy and the pursuit of a balanced
diet can be attributed to the erratic climate patterns brought about
by climate change and the growing emphasis on health (Jarvis et al.,
2017). Quinoa yields in the United States and Canada vary between
840 and 2000 kilograms per hectare (750 to 1800 pounds per acre).
However, the potential for complete yield loss exists due to pre-
harvest sprouting (PHS) (Peterson and Murphy, 2015). Currently,
the majority of research efforts on PHS have been directed towards
understanding the dormancy and germination processes in other
crops such as Arabidopsis thaliana, wheat, rice, and corn, with
limited investigations on PHS in quinoa. It has been demonstrated
that quinoa varieties exhibiting strong dormancy exhibit greater
resistance to PHS, and promoting seed dormancy represents the
most efficacious approach to suppressing PHS (Gallegos, 2022; Xu
et al., 2022).

Abscisic acid (ABA) and gibberellin (GA) exhibit substantial
antagonism in the regulation of seed germination (Barreto et al,
2020; Liu et al., 2020; Sohn et al., 2021; Tai et al,, 2021). Through
ongoing research on a range of endogenous hormones in plants, it
has been revealed that auxin (IAA), jasmonic acid (JA),
brassinosteroid (BR), ethylene (ETH), cytokinin (CKT), in
addition to CKT and salicylic acid (SA), play a significant role in
the regulation of seed germination (Miransari and Smith, 2014; Shu
etal, 2016b; Ali et al., 2022). The relationship between TAA and JA
with ABA in the regulation of seed dormancy has been extensively
studied (Wang et al., 2011; Varshney and Majee, 2021). In a similar
vein, it has been observed that ETH and BR exhibit a correlation
with GA in facilitating the process of seed germination (Ahammed
et al,, 2020; Zhong et al., 2021). Nevertheless, the precise functions
of CTK and SA in seed germination remain ambiguous.With the
global population expanding and the frequency of natural disasters
rising, there is a pressing need for a steady increase in crop yields to
enhance people’s resilience to risks. PHS is one of the main factors
leading to grain yield reduction (Sohn et al, 2021). Despite the
global prevalence of PHS in regions where quinoa is cultivated
(Figure 1), there remains a dearth of scholarly investigation on this
matter, leading to an ambiguity in understanding the regulatory
mechanisms of endogenous hormones in the manifestation of PHS
in quinoa. This study employed quinoa seeds as the focal point of
inquiry to assess the levels of ai-amylase activity, soluble sugars,
soluble protein, and starch throughout the process of germination.
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Furthermore, the quantification of eight endogenous hormones was
accomplished using enzyme-linked immunosorbent assays (ELISA)
and high-performance liquid chromatography electrospray
ionization tandem mass spectrometry (HPLC-ESI-MS/MS)
analysis. Following the completion of RNA-seq analysis, a total of
14 potential genes were identified as pivotal connectors within
diverse hormone regulatory pathways. Ultimately, we established a
comprehensive endogenous hormone regulatory network to
elucidate the germination process of quinoa seed. This regulatory
network differs significantly from that of common grain crops,
which we speculate is due to the structural specificity of quinoa
seeds. This study significantly enhances the comprehension of the
underlying mechanisms pertaining to endogenous hormones in
quinoa seed germination, while also offering valuable insights for
the development of anti-PHS molecular breeding strategies and the
resolution of PHS-related issues in quinoa.

2 Materials and methods
2.1 Plant material

The Quinoa seeds (Cheng Li No. 2) used in this study were
provided by the Key Laboratory of Coarse Cereal Processing, Ministry
of Agriculture and Rural, Chengdu University. This variety, which is
high in protein content at 19.2% and was bred by Chengdu University,
is highly susceptible to PHS (Pan et al,, 2023b). Two sheets of filter
paper were spread in a Petri dish with a diameter of 9 cm, and the
sterilized quinoa seeds were placed in the Petri dish along with an
appropriate amount of sterile water. The Petri dishes were then
incubated in an artificial light-lit incubator at a temperature of (30.0
+ 1.0) °C, with a photoperiod of 16 hours of light and 8 hours of
darkness, and a light intensity of 3000 Lux (Hao et al., 2022). The seeds
were extracted from the incubator at specific time intervals (4 hours, 8
hours, 12 hours, 16 hours, and 20 hours). Subsequently, the seeds were
drained with sterile filter paper to eliminate any surface moisture. The
drained seeds were then transferred into 2 mL EP tubes and rapidly
frozen with liquid nitrogen to prepare material for three biological
replicate experiments. These frozen samples were subsequently stored
in a -80°C refrigerator for further analysis.

2.2 Measurement of relevant indicators
during quinoa seed germination

2.2.1 Determination of germination rate and
water absorption

A total of 100 sterilized quinoa seeds were carefully placed on
sterile filter paper within a Petri dish. Subsequently, 8 mL of sterile
water was added to the Petri dish, and germination experiments were
conducted within an artificial climate chamber. Seed germination was
observed at regular intervals of 4 hours within a 24-hour period, and
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FIGURE 1
PHS of quinoa. (A) Cheng Li No. 2. (B) Cheng Li No. 1. (C) Long Li No. 1.

the number of germinated seeds was documented. The criterion for
germination was the breakthrough of the seed coat by at least 1 mm
(Gao et al., 2023). A total of 1,000 seeds were selected and their mass
was measured using an electronic balance. Subsequently, the seeds were
placed in a petri dish of identical dimensions, immersed in water,
agitated with a glass rod and let stand (Gao et al,, 2023). The seeds were
then removed from the dish at intervals of 4 hours, specifically at 4
hours, 8 hours, 12 hours, 16 hours, 20 hours, and 24 hours after water
absorption. The surface moisture was removed by means of filter paper,
and the corresponding weight was recorded for each time point.
Germination rate (%) = number of germinated seeds/total number of
seeds x 100%. Water absorption rate (%) = [(weight after immersion -
weight before immersion)/weight before immersion] x 100% (Pan
et al., 2023b).

2.2.2 Methods for measuring physiological and
biochemical indicators

The prepared plant material was removed from the refrigerator
at -80°C for the determination of relevant indicators. The content of
soluble protein, starch, and soluble sugar were determined in
accordance with the instructions of the kit provided by Suzhou
Keming Biotechnology Co., Ltd. The activity of a-amylase was
determined according to the instructions of the kit provided by
Shanghai Yuanye Bio-Technology Co., Ltd.

2.3 Determination of plant
hormone content

The samples preserved at a temperature of -80°C were promptly
pulverized into powder using liquid nitrogen, and the ABA, ZT
(Zeatin), IAA, JA, GA3, and SA contents were assessed through the
HPLC-ESI-MS/MS internal standard method (Niu et al., 2014; Liao
etal., 2021). The specific techniques employed for measurement are
provided in Supplementary Text 1. The content of ETH and BR was
determined by Enzyme-linked Immunoassay Kit (Jiangsu Meimian
industrial Co., Ltd) according to the manufacturer’s protocol.
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2.4 Total RNA extraction and construction
of a cDNA library

The total RNA extraction from each quinoa seed sample was
performed using the RNA Easy Fast Plant Tissue Kit (Tiangen Biotech
(Beijing) CO., LTD.) according to the manufacturer’s instructions, with
three biological duplications. The concentration and purity of the RNA
were assessed using the ScanDrop 200 (Analytik Jena AG, Germany).
The integrity of the RNA was evaluated using the RNA Nano 6000
Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). Only RNA samples with a RIN (RNA
integrity number) exceeding 8.0 were utilized for subsequent cDNA
libraries construction. The initial step involved employing fragmented
mRNA as a template and random oligonucleotides as primers to
initiate the synthesis of the first strand of ¢cDNA in the M-MuLV
reverse transcriptase system. The RNA strand was degraded through
the action of RNase H, and the second strand of cDNA was synthesized
using the DNA polymerase I system, with dNTPs serving as the raw
materials. The purified double-stranded cDNA then underwent end
repair, followed by the addition of an adenylate tail and the attachment
of a sequencing linker. Subsequently, cDNA fragments ranging from
250-300 bp were selected using AMPure XP magnetic beads. PCR
amplification was then conducted, and the resulting PCR products
were once again purified using AMPure XP magnetic beads.
Ultimately, the cDNA library was obtained.

2.5 lllumina sequencing and
data processing

After conducting a quality inspection of the library, Illumina
sequencing was performed on the pooled libraries, which were
selected based on optimal concentration and desired data volume.
The raw data obtained from each sample was processed using the fastp
software (Chen et al., 2018) followed by alignment of the clean data to
the quinoa reference genome sequence (https://www.cbrc kaust.edu.sa/
chenopodiumdb) using the HISAT2 software (Kim et al., 2015). The
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transcript assembly for each sample was performed utilizing the
StringTie software (Pertea et al, 2015), followed by merging the
genome annotation of the assembled transcript for each sample. The
GftCompare software (Pertea and Pertea, 2020) was employed to
compare the annotations of all the sample transcripts with the
reference genome annotation files. This enabled the extraction of
unannotated transcripts from the reference genome and the
identification of predicted new transcripts with a length of less than
100 and less than 2 exons. The gene expression levels were estimated by
calculating the FPKM value of each gene utilizing StringTie (Pertea
et al,, 2015). The identification of differentially expressed genes (DEGs)
was performed using the DESeq2 package in the R programming
language (version 4.2.2), employing a model based on the negative
binomial distribution (Love et al,, 2014). The criteria for DEGs
identification were set as [log2 (fold change)| > 1 and padj < 0.05.

2.6 Functional annotation and pathway
enrichment analysis

To elucidate the function of the unigene, an extensive search
was performed across various databases (Altschul et al, 1997),
including Nr (NCBI non-redundant protein sequences), Swiss-Prot
(Annotated Protein Sequence Database), KOG (Clusters of Protein
homology), GO (Gene Ontology), and KEGG (Kyoto Encyclopedia
of Genes and Genomes). Additionally, KEGG was utilized for
further analysis of the biochemical pathways associated with the
differential genes. The enrichment test and analysis of GO terms
and KEGG pathways were conducted using the ClusterProfiler
package of R language (v 4.2.2) (Yu et al,, 2012).

2.7 qRT-PCR analysis

The quantification of endogenous hormone regulatory gene
expression levels during the germination of quinoa seeds was
conducted through the utilization of quantitative real-time
polymerase chain reaction (qQRT-PCR). The process involved the
extraction and purification of RNA, followed by reverse transcription
into complementary DNA (cDNA) using the FastKing RT Kit (With
gDNase) FastKing cDNA (Tiangen Biotech (Beijing) CO., LTD.) as per
the manufacturer’s instructions. The specific genes and corresponding
primers employed in this study can be found in Supplementary
Table 1. The qTOWER3 G Real-Time PCR System (Analytik Jena
AG, Germany) was employed to perform the qRT-PCR reactions,
which were replicated three times. The qRT-PCR program consisted of
a pre-denaturation step at 95°C for 30 seconds, followed by 40 cycles of
denaturation at 95°C for 5 seconds, and annealing/extension at 60°C
for 30 seconds. The reference gene employed was Actin gene (ACT),
and the relative gene expression levels were determined using the
2724€T method (Livak and Schmittgen, 2001).
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2.8 Statistical analysis

The data collected in this study was organized using Excel 2016
software. Significance difference analysis was conducted using the
one-way ANOVA and Tukey test methods of SPSS 19.0 software,
with a significance level set at P < 0.05. The correlation analysis was
performed using R language (v 4.2.2), and the resulting data was
visualized using GraphPad Prism 9 and Cytoscape (v 3.7.1)
software. All the experiments were repeated three times, and the
results were calculated in x + n. The RNA-seq data was submitted to
the NCBI SRA database (accession number: PRJNA1028334).

3 Results

3.1 Dynamic changes in indicators related
to quinoa seed germination

The morphology of quinoa seeds underwent changes during the
germination, as depicted in Figure 2A. The rate of water absorption by
the seeds exhibited a significant and rapid increase within the initial 8
hours (P < 0.05), reaching a rate of 47.45% at the 8-hour mark. Despite
this heightened water absorption rate within 8 hours, the germination
rate remained low at a mere 1/300. During the 8-20 hour period, the
water absorption rate decelerated, while the germination rate
experienced a significant increase (P < 0.05), ultimately reaching
100% at the 20-hour mark, as depicted in Figure 2B. Furthermore,
the activity of o-amylase exhibited a consistent increase, with respective
activities of 0.025 U/mg and 0.053 U/mg at 0 hours and 16 hours, as
depicted in Figure 2C. This rise in o-amylase activity triggers the
decomposition of starch within the seeds, resulting in a reduction in
starch content (Figure 2D). Additionally, the total content of soluble
protein displayed a decreasing trend, measuring 33.422 mg/g and
19.133 mg/g at 0 hours and 20 hours, respectively (Figure 2E). The
soluble sugar content exhibited a decline followed by an increase, with
contents of 14.279 mg/g and 21.455 mg/g at 8 hours and 16 hours,
respectively (Figure 2F). Through data analysis, it is evident that quinoa
seeds undergo an initial imbibition phase lasting from 0 to 8 hours,
during which energy is accumulated for germination. Subsequently, the
later stage of germination may involve a gradual balance between
internal material synthesis and metabolism.

3.2 Changes in the endogenous hormone
contents during seed germination

3.2.1 Changes in GAz;, ETH and BR content

Figure 3A depicts a notable augmentation in GAj; content
during the seed swelling stage, reaching a maximum of 1.638 ng/g
at the 4-hour mark. Subsequently, the GA; content gradually
diminished, displaying a fluctuating pattern of change and an
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FIGURE 2

Dynamic changes in germination with quinoa seeds. (A) Progress of quinoa seed germination at 30°C from 0 hours to 24 hours. (B-F) Plots of water
absorption and germination, a-amylase activity, starch content, soluble protein content, and soluble sugar content during germination of quinoa
seeds. Different treatments marked with different lowercase letters showed significant difference (P < 0.05), while error bars represent the mean +

standard (n=3).
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FIGURE 3

Changes in endogenous hormone content during the germination process of quinoa seeds. (A-H) represents the changes in endogenous hormone
content of GAz, ETH, BR, ABA, IAA, JA, ZT, and SA during the germination process of quinoa seeds. Different treatments marked with different
lowercase letters showed a significant difference (P < 0.05), while error bars represent the mean + standard (n=3).
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overall decrease in content. In contrast, the endogenous hormone
ETH exhibited a consistent increase throughout seed germination,
with contents of 2.941 ng/g at 0-hour and 4.034 ng/g at 20-hour
(Figure 3B). The highest content of BR in dried seeds was
determined to be 1.087 ng/g. Interestingly, it displayed a rapid
decrease during the initial absorption phase of 0-4 hours, followed
by a gradual increase. The BR content reached its lowest point at
0.942 ng/g at the 4-hour mark, but subsequently rose to 0.992 ng/g
by the 12-hour mark (Figure 3C).

3.2.2 Content changes in ABA, IAA, and JA

The alterations in ABA, TAA, and JA content during
germination showed remarkable similarities, with a consistent
pattern of initial increase followed by subsequent decrease
(Figures 3D-F). The dried seeds had the lowest contents of ABA,
TAA, and JA, measuring at 2.328 ng/g, 3.436 ng/g, and 1.090 ng/g,
respectively. During the germination phase spanning of 8-20 hours,
the contents of ABA, IAA, and JA experienced an initial rise before
subsequently diminishing. At the 12-hour mark, the content of
ABA, TAA, and JA peaked at 6.198 ng/g, 25.469 ng/g, and 3.812 ng/
g, respectively. We found that there was a significant positive
correlation between the decline in ABA, IAA, and JA levels and
the enhanced seed germination rate.

3.2.3 Content changes in CTK and SA

Prior to germination of quinoa seeds, there was a noticeable
increase in the endogenous ZT content. Specifically, at the 8-hour
and 12-hour, the ZT content reached 0.599 ng/g and 0.655 ng/g,
respectively. Subsequently, as the process of seed germination
progressed, there was a significant decrease in the ZT content,
with a recorded value of 0.214 ng/g at the 20-hour mark
(Figure 3G). In numerous investigations on stress resistance, it
has been observed that SA has a stimulating effect on seed
germination under stressful conditions (Lee and Park, 2014; Yan
et al,, 2023). Remarkably, our research demonstrates that the SA
content tends to increase during the germination process
(Figure 3H). Specifically, the SA content at 0 hours and 20 hours
was measured at 9.445 ng/g and 69.592 ng/g, respectively, with a
difference of 60.147 ng/g.

3.3 lllumina sequencing results
and assembly

After the cDNA library has been constructed and assessed for
quality, Illumina sequencing is conducted by combining various
libraries based on the desired effective concentration and target data
volume. The raw sequencing data for each sample is subjected to
quality control using the fastp software (Chen et al., 2018). After the
assembly procedure, a total of 37.10 G clean reads was obtained,
demonstrating a GC content of 44.32% and a Q30 value of
92.80% (Table 1).

The Pearson correlation coefficient was calculated to evaluate the
correlation between different samples based on their gene expression
levels. The resulting Pearson correlation coefficients for three
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biological replicates surpassed 0.933, indicating a robust association
among these replicates (Figure 4A). A total of 29210 genes were
found to be expressed in all samples. To identify genes with
differential expression, a significance analysis was performed using
the DESeq2 (Love et al, 2014) package, employing a screening
criterion of |log2 (fold change)| > 1 and padj < 0.05. In our study,
a total of 1236 downregulated differentially expressed genes and 2113
upregulated differentially expressed genes were identified (Figure 4B).

3.4 Unigene function annotation

The GO database annotation revealed that among the 29,210
single genes of quinoa, 952 GO terms were assigned, with 96 of
them being associated with plant hormones (Supplementary table
2). Notably, the analysis revealed a significant enrichment of GO
terms related to the regulation of hormone levels, with a
considerable number of genes involved, as illustrated in
Figure 4C. To further explore the involvement of hormone-
related metabolic pathways in different stages of quinoa seed
germination, the expected sequencing of individual gene
biochemical pathways was subjected to additional analysis using
the Kyoto Encyclopedia of Genes and Genomes (KEGG). A total of
22,503 individual genes were comprehensively annotated in the
KEGG database and classified into 366 distinct signaling pathways
(Supplementary Table 3).

Figure 4D visually represents the 20 biochemical pathways with the
lowest padjs values for enrichment analysis. Among the KEGG
enrichment pathways examined, the plant signal transduction
pathways associated with the synthesis of plant hormones,
specifically the ABA biosynthetic pathway (map ko00906), TAA
biosynthesis pathway (map ko00380), GA biosynthetic pathway
(map ko00904), ETH biosynthesis pathway (map ko00270), BR
biosynthesis pathway (map ko00905), JA biosynthetic pathway (map
ko00592), CKT biosynthesis pathway (map ko00908), and the SA
biosynthetic pathway (map ko00360), exhibited significant enrichment.
Therefore, the findings have demonstrated the significant involvement
of plant endogenous hormones in the regulatory mechanisms
governing the process of quinoa seed germination.

3.5 Identification of genes associated with
the hormone regulatory network

A total of 280 gene sequences associated with the plant
hormone pathway were identified through the application of
transcriptome sequencing KEGG single hormone signaling
pathway data. Out of these, 99 gene sequences exhibited a [log2
(fold change)| > 1, as indicated in Supplementary Table 4. Heat
maps were generated to visualize the expression patterns of these
genes, as shown in Figure 5A. Additionally, Figure 5B illustrates 39
gene sequences with a |log2 (fold change)| > 2. Among the 99
differentially expressed genes with a |log2 (fold change)| > 1, 65
genes exhibited increased expression while 34 genes displayed
decreased expression, as depicted in Figure 5C.
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TABLE 1 Sequencing raw Data and Filtered data quality statistics.

10.3389/fpls.2023.1322986

Sample Length Reads Bases Q20 (%) Q30 (%) GC (%)
Sequencing raw Data quality statistics

4h-1 150 45183914 6777587100 97.322 92.633 44,894
4h-2 150 42802694 6420404100 97.155 92.332 44.596
4h-3 150 43988100 6598215000 96.904 91.838 44.982
12h-1 150 42155318 6323297700 97.141 92.290 43.793
12h-2 150 42334706 6350205900 97.200 92.450 44.178
12h-3 150 42846718 6427007700 97.055 92.100 44.174
Filtered data quality statistics

4h-1 143 44976220 6471473929 97.711 93.119 44.782
4h-2 143 42579486 6115274362 97.571 92.855 44.475
4h-3 143 43707740 6267867480 97.380 92.428 44.854
12h-1 144 41924370 6041239782 97.552 92.804 43.688
12h-2 144 42093168 6068680002 97.606 92.956 44.071
12h-3 144 42607348 6132486797 97.470 92.619 44.071

As shown in Figure 5D and Figure 5E, a significant proportion of
the differentially upregulated genes were found to be associated with
ABA, GA, and TAA, accounting for 15.63%, 17.19%, and 35.94%
respectively. Specifically, ABA and IAA exhibited 5 differential genes
each, meeting the criterion of [log2 (fold change)| > 2, while GA had 7
differential genes satisfying the same condition. Among the down-
regulated differential genes, ABA, GA, and IAA related genes
accounted for a substantial proportion, representing 29.41%, 20.59%,
and 17.65% respectively. We employed [log2 (fold change)| > 2 as the
screening threshold to identify 10 ABA-related genes, 7-GA related
genes, and 6-IAA related genes. This observation suggests that ABA,
GA, and IAA may act as the principal regulatory hormones in the
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germination of quinoa seeds. Furthermore, the presence of other
endogenous hormones in the regulation of differentially expressed
genes indicates the involvement of multiple endogenous hormone-
related genes in the germination process of quinoa seeds.

3.6 Quantitative analysis

The R.4.4.2 software was utilized to evaluate the correlation among
99 differential genes, leading to the discovery that a majority of these
genes exhibited significant correlations (P < 0.05). Notably, 14
differential genes displayed degrees exceeding 55 (Figure 6). Given
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the process of quinoa seed germination, it is reasonable to speculate
that these genes play crucial roles as central “transportation hubs” in
hormonal interactions. Consequently, these 14 differentially expressed
genes were chosen for qRT-PCR validation. The expression levels of the
14 genes examined exhibited statistically significant differences (P <
0.05) between the pre-germination (4 hours) and post-germination (12
hours) stages. These expression patterns were consistently in line with
the findings from transcriptome sequencing, as depicted in Figure 7.
Specifically, at the 12-hour stage, a noteworthy decrease in gene
expression was observed for NCED-1 and PP2C-2 compared to the
4-hour stage. Conversely, the expression of the remaining 12 genes
demonstrated a significant increase (P < 0.05). The gene expression
level of TGA-2, GA20x-2, MYBP-6, CTR1-1, TCH4-1, SAUR-1, and
PP2C-2 demonstrated a statistically significant augmentation at the 12-
hour (P < 0.0001), with TCH4-I exhibiting a nearly tenfold increase.

4 Discussion

4.1 a-Amylase promotes starch hydrolysis
to provide energy for seed germination

Along with the water absorption of seeds, the internal storage
compounds, including starch and protein, are degraded by various

10.3389/fpls.2023.1322986

hydrolases leads to the formation of sugars, thereby facilitating the
development of the seed radicle and germ (Sano et al, 2022). The
germination of quinoa seeds exhibited a consistent increase in o
amylase activity, which is in accordance with the observed pattern of o
amylase activity during the germination of African finger millet
following water absorption (Gimbi and Kitabatake, 2009). The
synthesis and release of o-amylase from the paste layer, induced by
GAs, facilitates the conversion of starch molecules within the
endosperm into readily sugars, thereby providing nourishment for
the embryo’s growth (Brown et al,, 2018). The findings of our study
provide clear evidence of a strong correlation between the starch and o-
amylase activity in quinoa seeds during the process of germination.
Moreover, we observed a significant decrease in the starch content of
quinoa seeds throughout germination, which can be attributed to the
gradual hydrolysis of starch into glucose and other substances by
amylase. We speculate that the initial decrease and subsequent increase
in soluble sugar content in quinoa seeds during germination are also
linked to this phenomenon. The findings are consistent with those of
Anna-Sophie Hager (Hager et al, 2014). Additionally, our results
indicate a general decline in the overall soluble protein content of
quinoa seeds during the germination process. This phenomenon could
potentially be attributed to the heightened enzymatic activity of
proteolytic enzymes observed during the process of seed germination
(Gupta et al., 2021).
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FIGURE 7

Expression profiles of hormone regulation-related genes in ‘Cheng Li No. 2' seeds. (A) TGA-2 (AUR62035261, transcription factor TGA). (B) GA2ox-2
(AUR62011753, gibberellin 2beta-dioxygenase [EC:1.14.11.13]). (C) MYBP-4 (AUR62013046, transcription factor MYB, plant). (D) MYBP-6 (AUR62024678). (E)
MYBP-2 (AUR62015573). (F) BIN2-1 (AUR62024576, glycogen synthase kinase 3 beta [EC:2.7.11.26]). (G) EBF1-2 (AUR62011878, ethylene-responsive
transcription factor 1). (H) CTR1-2 (AUR62041011, serine/threonine-protein kinase CTR1 [EC:2.7.11.1]). (I) CTR1-1 (AUR62042936). (J) ABF-5 (AUR62039213,
ABA responsive element binding factor). (K) TCH4-1 (AUR62008061, xyloglucosy! transferase TCH4 [EC:2.4.1.207]). (L) SAUR-1 (AUR62006917, SAUR family
protein). (M) PP2C-2 (AUR62001731, protein phosphatase 2C [EC:3.1.3.16]). (N) NCED-1 (AUR62002735, 9-cis-epoxycarotenoid dioxygenase [EC:1.13.11.51]).
Data represent mean + SD, n = 3. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.001, vs. Control (4 hours).
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4.2 Effects of plant endogenous hormones
during quinoa seed germination

The intricate hormone regulatory networks observed in
germinated plant seeds involve the antagonistic and synergistic
interactions of endogenous hormones (Miransari and Smith, 2014;
Shahzad et al,, 2016). Previous research has indicated that GA;
undergoes a transformation from a bound to a free state and it plays
a vital role in promoting seed germination (Li et al., 2019a). Our
results showed that a significant increase (P < 0.05) in the
endogenous GA; content of quinoa seeds within the first four
hours of water absorption, indicating the potential for substantial
GA; production during the initial stages of seed germination. The
o-amylase activity and the soluble proteins content additionally
confirmed the notion that GA; mainly affects the germination of
quinoa seeds in the initial stage of water absorption. ETH has also
been reported to play a certain role in promoting seed germination
(Ahammed et al., 2020). Our results demonstrated a general
increase in ETH content during seeds germination, it is plausible
to speculate that enhanced ETH synthesis may contribute to
breaking the dormancy of quinoa seeds and subsequently
facilitating germination. Exogenous ABA can inhibit the output of
BR regulatory signals, consequently inhibiting BR-GAs-induced
seed germination (Zhang et al, 2009; Xiong et al, 2021). We
observed that the dried quinoa seeds exhibited a high content of
BR and the BR content experienced a sharp decline to the lowest
level 4 hours before seed germination, followed by a subsequent
increase. Consequently, we speculated that the sudden reduction in
BR content during the initial phase of quinoa seed germination may
be attributed to the inhibition of BR synthesis by ABA, as well as the
substantial depletion of stored BR during the seed swelling stage.

The ABA content typically decreases gradually during the
germination process in seeds of sorghum, soybean, and rice
(Benech Arnold et al., 2006; Gosparini et al., 2007; Xiao et al,,
2018). However, our findings reveal a contrasting trend in quinoa
seeds, where the ABA content increases during swelling, resembling
the behavior observed in Anemone rivularis var. flore-minore and
desia polycarpa Maxim seeds (Yanmei et al., 2018; Ge et al., 2020).
Additionally, our results demonstrate that the contents of IAA and
JA in quinoa seeds are consistent with those of ABA during the
germination. This further verified the synergistic effect of IAA, JA,
and ABA in inhibiting seed germination (Liu et al., 2013; Pan et al,,
2020). The change in ABA content in desia polycarpa Maxim seeds
during germination exhibited a similar trend to the findings of our
study. However, the change in TAA and GAj; contents differed from
our results (Yanmei et al, 2018). Our study suggests that the
fluctuations in endogenous levels of IAA and JA during the
germination process of quinoa seeds align with those observed in
rice seeds, while the alterations in ABA content exhibit
inconsistency (Xiao et al., 2018). The hormone content during the
process of germination can differ among seeds of different species,
and different quinoa varieties may exhibit either primary or
physiological dormancy, or may not exhibit any dormancy at all
(Baskin and Baskin, 2007; McGinty et al, 2021). In order to
enhance resilience to particular natural calamities, it is plausible
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that a feedback regulatory mechanism exists for the negative
regulation of germination hormones within quinoa seeds, thereby
augmenting their synthesis during the initial phases of germination
and impeding the process.

Our study showed a significant positive correlation (P < 0.01)
between ZT content and ABA during quinoa seed germination, and
SA content exhibited the highest throughout all time periods of
quinoa seed germination. The roles of ZT and SA in the regulation of
seed germination have been a subject of controversy (Miransari and
Smith, 2014; Anaya et al., 2018; Tuan et al., 2019; Yan et al., 2023).
Previous research has suggested that SA can impede seed germination
by inhibiting the activity of o-amylase induced by GAs in the cells of
the pasteurized layer. Conversely, SA has also been found to promote
seeds germination under stressful conditions (Xie et al., 2007; Lee and
Park, 2014). Based our research findings, we propose a research
question: is there a correlation between the tolerance of quinoa
towards environmental stress and the internal regulatory function
of SA?

4.3 Hormone related regulatory factors in
the germination process of quinoa

GA counteracts the inhibitory impact of the DELLA protein on
seed germination by binding to the plant gibberellin receptor GID1 and
degrading DELLA (Yoshida and Ueguchi-Tanaka, 2014). The results of
our study showed that the expression of DELLA (I-2) and GIDI-2
during the process of quinoa seed germination is concomitant with an
upregulation in the expression of GIDI-1. This suggests that GIDI-1
within the gene GIDI (I-2) may play a major role in regulating quinoa
germination. In contrast, in rice, gibberellic acid triggers seed
germination by activating the transcription factor GAMYB, which in
turn influences amylase (AMY) activity (Washio, 2003). Notably, only
MYBP-4 and MYBP-6 in quinoa seeds showed a significant positive
correlation with AMY-1 (P < 0.05). Therefore, we speculated that the
transcription factors MYBP-4 and MYBP-6 could interact with AMY to
promote the germination of quinoa seeds. To our surprise, a notable
decrease in the expression of the GA200x regulatory gene GA200x (1-2)
was observed during quinoa seed germination, whereas a significant
increase in the expression of the GA2ox regulatory gene GA2ox (1-2)
was observed (P < 0.05). GA20ox] and GAZ20x9 are responsible for
governing the synthesis and metabolism of GA within seeds, thereby
exerting control over seed germination and dormancy (Fukazawa et al,,
2021; Xing et al,, 2023). Concurrently, ABA triggers the transcription of
the GA 2-oxidase 7 gene (GA20x7) and stabilizes the ABI4 protein,
leading to GA degradation and the induction of seed dormancy (Shu
et al,, 2016a). These findings imply that the regulatory mechanisms
governing GA synthesis and degradation during quinoa seed
germination may exhibit species-specific characteristics. In relation to
BR, it was observed that the expression level of the regulatory genes
BIN2-1 (Brassinosteroid insensitive 2, BIN2) and BRII-I
(Brassinosteroid insensitive 1, BRI1) were significantly higher at the
12-hour. The correlation coefficients between BRII-1 and the quinoa
GA synthesis gene GA20ox-1 were -0.886, while the coefficients
between BRII-I and the GA catabolism genes GAZ20x-1 and GAZ2ox-
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2 were 1 and 0.880, respectively. These findings suggest that BR may
also affect the ABF genes during quinoa seed germination through the
involvement of the two regulators, BIN2-1 and BRII-1. These
regulators influence the functioning of ABF genes and promote GA
synthesis via BRI1, thereby promoting seed germination. This result is
consistent with the reported conclusion that BR can promote seed
germination by attenuating ABA on seed germination and promoting
GA; synthesis (Hu and Yu, 2014; Zhao et al,, 2018; Kim et al., 2019;
Zhong et al,, 2021). We also found that the BR-regulated pathway
effector TCH4-1 (Xyloglucosyl transferase) was significantly increased
nearly 9-fold in expression during germination of quinoa (P < 0.0001),
but its specific regulatory role needs to be investigated in depth. The
regulatory pathways of ABA and GA were observed to interact with the
ETH pathway, leading to an elevation in ETH production, which was
correlated gradual accumulation of ACC-synthase (ACS) transcripts
and the activity of ACC-oxidase (ACO) (Wang et al.,, 2005; Rzewuski
and Sauter, 2008; Corbineau et al,, 2014). With the germination of
quinoa seeds in our study, the expression level of gene ACO-1 was also
extremely significantly increased (P < 0.0001). This discovery has led us
to suggest a plausible correlation between the heightened endogenous
ETH content and the increased expression of ACO-I genes. In
Arabidopsis thaliana, it has been observed that ethylene response
factor 12 (ERF12) could bind to the promoter region of the dormant
key gene delay of germination 1 (DOGI), thereby exerting inhibitory
effects on the expression of DOGI. This interaction, known as
“Ethylene response 1 (ETR1)-ERF12-Topless (TPL)-DOGI”, has been
identified as a negative regulator of the seed dormancy pathway (Li
et al,, 2019b). ETR1 has been also found to engage in co-regulation of
ethylene’s signaling pathway through its interaction with the
Constitutive triple response 1 (CTRI) (Ju et al,, 2012). In this study,
a comprehensive analysis was conducted on 10 differential sequences
linked to the pathway under investigation in quinoa seeds. The
expression levels of ETR (I-2), CTRI (I-2), and ERFI (I-2), found to
be significantly augmented, while the genes associated with DOGI (1-6)
exhibited reduced expression. Our findings suggest the existence of a
potential negative regulation of quinoa seed dormancy, referred to as
“ETR-CTR1-ERF-DOGI”, which exhibits similarities to the
germination process of Arabidopsis thaliana.

ABA receptors (PYR/PYL/RCAR) interact with and suppress the
activity of PP2C (Protein phosphatase 2C, a negative regulator of ABA
signaling), leading to the activation of Sucrose non-fermenting 1-
related protein kinases (SnRKs). This activation subsequently
enhances the regulatory effect of downstream ABRE-binding protein
(AREB)/ABRE-binding Factor (ABF) transcription factors, which
ultimately inhibits seed germination (Carrera-Castano et al., 2020).
Overexpression of 9-cis-epoxycarotenoid dioxygenase 6 (NCED6) in
seeds results in an increased ABA content during the imbibition period,
consequently promoting seed dormancy (Martinez-Andujar et al,
2011). In our study, we observed a down-regulation of the gene
NCED-1 during the germination of quinoa seeds, which may be
attributed to the short dormancy period of quinoa (McGinty et al,
2021). Additionally, we found significant increases (P < 0.05) in the
differential sequences of three key components involved in the ABA
early sensing and signaling pathway: SNRK2 (1-2), PYR/PYL (I-2), and
PYR/PYL-4. Conversely, we noted significant decreases (P < 0.05) in
the expression of PYR/PYL-2 and PP2C (1-6). Therefore, we speculated
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that the regulatory mechanism of ABA in quinoa seed germination is
species-specific. IAA is another endogenous plant hormone, apart from
ABA, that has been recently discovered to induce seed dormancy. IAA
can indirectly stimulate the expression of abscisic acid insensitive 3
(ABI3) through ARF10 and ARF16, which are auxin responsible
factors, ARFs (Liu et al,, 2013). Additionally, the ARF2 mutant arf2
exhibited heightened sensitivity to ABA during seed germination,
providing further evidence for the regulatory role of ARF2 in ABA
signaling. This regulation is achieved through the interaction of ARF2
with its target gene HB33, ultimately influencing seed germination
(Wang et al,, 2011). During the process of quinoa seed germination, a
notable positive correlation (P < 0.01) was observed between the ARF
(I-3) genes and the ABF (I-5) genes. Furthermore, the expression levels
of these genes exhibited a significant increase (P < 0.05) upon seed
germination. The inhibitory effect of ABA on seed germination is
weakened by the auxin signaling inhibitor Aux/IAA8 through the
suppression of ABI3 expression (Hussain et al, 2020). Our study
reveals that a decrease in TIRI-1 (Transport inhibitor response 1)
expression leads to an increase in JAA-2 and TAA (4-7) expression,
which may enhance the inhibitory influence on the “ARF-ABF”
pathway. Both ABA and JA can inhibit seed germination, and their
interconnection can be facilitated by the involvement of PYL6
(RCARY9) and MYC2 (Aleman et al,, 2016; Pan et al., 2023a). During
the process of quinoa germination, we found 15 distinct genes
associated with JA regulation of seed germination, and among them,
6 genes exhibited significant differences (P < 0.05). Notably, the
correlation coefficients between PYR/PYL-1 and PYR/PYL-2, as well
as MYC2-1, were found to be 0.829. This suggests that the interaction
between ABA and JA in quinoa may also be mediated through the
participation of PYL6 and MYC2. The JA signaling receptor F-box
protein coronatine insensitive 1 (COI1) initially forms a complex called
SCF™ (Skp1/Cullin1/E-box protein COI1) by binding to the proteins
SKP1 and Cullinl. This complex then interacts with the JAZ inhibitor,
leading to the degradation of the JAZ1 protein and ubiquitination of
the 26S proteasome. Consequently, downstream JA transcription
factors are activated, enabling the regulation of JA response events
(Devoto et al., 2002; Pan et al., 2020). The JAZ protein, in turn, inhibits
the transcriptional activity of ABI3 and abscisic acid insensitive 5
(ABI5). However, the introduction of exogenous ABA can degrade the
JAZ protein and facilitate seed germination (Ju et al, 2019; Pan et al,
2020). During the process of quinoa germination, our study revealed a
significant increase in the upregulation of JAZ-1 (P < 0.0001) and
ABFI-5 (P < 0.05). Additionally, a negative correlation was observed
between the decrease in JAZ-2 expression and ABFI-5 (P < 0.05).
Meanwhile, the expression levels of the positive regulators JARI-I and
COI1-1, which are involved in the JA regulatory pathway, was also
found to be enhanced. Moreover, the regulatory signals of ABA
exhibited the potential to amplify the functionality of the allene
oxide cyclase (AOC) in the JA synthesis pathway (Wang et al,
2020). Therefore, we postulated that the significant increase of AOC
(1-2) (P < 0.05) expression in quinoa resulted in the increase of
endogenous JA content during quinoa seed germination,
consequently impeding the germination process.

Through an examination of the expression patterns of CKT-related
genes, namely TacZOG, TaGLU, and TaARRI2, in embryonic tissues
of both dormant and non-dormant genotypes, it was determined that
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CKT possesses the ability to regulate seed dormancy (Tuan et al,, 2019).
In our study, the expression levels of the ARR-A-1 and ARR-B-1 genes,
which are link to CKT, exhibited a significant increase (P < 0.05) during
quinoa seed germination, indicating that ARR may serve as a positive
regulator in this process. SA also has a significant effect on seed
germination, but the regulatory pathways of seed dormancy and
germination have not been thoroughly studied (Anaya et al, 2018;
Yan et al,, 2023). And to our surprise, the expression of TGA-2 in the
SA-regulated pathway exhibited a substantial ten-fold increase (P <
0.0001) following quinoa germination. Quinoa, being a quintessential
example of a crop resilient to environmental stress, holds significant
promise for research in the regulation of seed germination by SA. As a
typical representative crop of tolerant to environmental stress, SA
regulation of quinoa seed germination has great research potential.
Drawing upon the aforementioned regulatory genes and alterations in
hormone content, a comprehensive network of endogenous hormones
during the 4-12 hour period of quinoa seed germination was
established (Figure 8).
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4.4 The structural specificity of quinoa seeds may affect the
specificity of hormone regulationThe endosperm plays a crucial role
in seed germination. During seed water absorption and expansion,
diverse enzymes are activated by changes in endogenous hormone
levels. These enzymes facilitate the breakdown of energy storage
compounds, thereby supplying the essential energy required for
embryonic growth (Yan et al, 2014; McGinty et al, 2021). The
paraffin sections reveal significant differences in seed structure
between quinoa, a distinct heterotetraploid plant variety, and
conventional crop seeds such as rice, wheat, and corn. The embryos
of rice, wheat, and corn are enveloped by the endosperm, while quinoa
endosperm is enveloped by the embryos (Figure 9). Hence, it is
postulated that the dissimilarity in seed structure potentially
underlies the susceptibility of quinoa towards PHS.

The seed coat of quinoa is a barrier for the release of endogenous
ABA, and the sensitivity of seeds to ABA is influenced by this factor, or
they are not sensitive to ABA (Ceccato et al,, 2015). The quinoa cultivar
“Qaidam Red-1” has brown seed color, and its endogenous ABA
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FIGURE 8

Regulatory network of plant hormone functions during the germination process of quinoa seeds. ABA receptors (PYR/PYL/RCAR) bind to and inhibit
the activity of PP2C, leading to the activation of SnRKs and subsequent increase the expression of downstream transcription factor ABF, thereby
inhibits seed germination. The up-regulation of AOC by ABA promotes the increase of synthesis of JA, and the expression of JA receptors JARL and
COI1 is upregulated as a result. These receptors, in turn, impact the regulatory genes of JAZ protein, and the degree of ubiquitination of JAZ protein
influences its inhibitory effect on ABF gene expression. The upregulation of the IAA response gene ARF has the potential to impact the expression of
the ABF gene. Simultaneously, the expression of the auxin influx facilitator AUXI is enhanced, while the expression of TIR1 downstream is reduced.
TIR1 plays a role in ubiquitinating AUX/IAA protein, thereby reducing the inhibitory effect of AUX/IAA on the "ARF-ABF" interaction. In the BR signaling
regulatory pathway, the GSK3 kinase BIN2 negatively regulates ABF, leading to a diminished effect of ABF on the GA2ox decomposition regulatory
gene. Additionally, the BR receptor kinase BRI1 regulatory gene influences the content of GA through GA20ox. Further research is required to
confirm the ability of the transcription factor BZR1/2 to bind to the promoters of GA20ox1 and other GA synthesis genes, thereby inducing GA
expression. GA plays a crucial role in seed germination by regulating the expression of the receptor gene GI/D1, leading to the ubiquitination of
DELLA protein. Besides, GA promotes seed germination by activating the transcription factor regulatory gene MYBP. Furthermore, the synthesis of
ethylene promotes the upregulation of ACO expression in the ethylene synthesis pathway, specifically ACC-oxidase, resulting in an increase in ETH
content. ETH, in turn, inhibits the expression of the ABA synthesis gene NCED. ETH has a negative regulatory effect on the expression of its receptor
gene ETR, leading to the promotion of CTR1 and ERF1/2 expression, inhibition of the dormant regulatory gene DOGI expression, and subsequent
facilitation of seed germination. The potential positive regulatory roles of genes ARR in the CTK regulatory pathway and genes TGA in the SA
regulatory pathway in quinoa seed germination require additional verification. Black arrows denote positive regulation, while bars represent negative
regulation. Red and green arrows are employed to signify increased and decreased gene expression, respectively.
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Seed internal structure diagram of Cheng Li No. 2.

content decreases gradually during germination, which is different
from “Cheng Li No. 2”7, whose seed color is black (Hao et al., 2022). In
addition to seed coat structure and seed coat color, the inconsistent
germination rates of different quinoa varieties may also be caused by
differences in seed inflorescence and perianth (Vilcacundo and
Hernandez-Ledesma, 2017; Wu et al, 2019; Pan et al, 2023b).
Previous studies have indicated that the endogenous hormones ABA,
IAA, and JA exert inhibitory effects on seed germination, while GAs,
ETH, and BR stimulate seed germination. However, the specific
regulatory mechanisms governing the influence of SA and CTK on
seed germination necessitate further comprehensive investigation.
(Penfield, 2017; Yanmei et al., 2018; Ahammed et al., 2020; Barreto
et al,, 2020; Xiong et al., 2021; Ali et al., 2022). Our results of this study
showed that the alterations in endogenous hormone levels and
associated regulatory genes during the germination process of quinoa
seeds differ significantly from those observed in conventional crop
seeds, except for ETH, BR, CTK, and SA. Following 4-12 hours of seed
germination, the levels of endogenous ABA, IAA, and JA, along with
the expression levels of numerous documented negative regulatory
genes associated with seed dormancy, exhibited a noteworthy increase
(P < 0.05). Conversely, the expression levels of genes associated with
GA; content and GAs synthesis demonstrated a significant decrease (P
< 0.05).

Plant hormones are closely related to endosperm, and we
speculate that the results of hormones such as ABA in quinoa
germination may be related to the specific structure of quinoa seeds,
a conclusion to be explored in further studies.

5 Conclusion

The results of this study offer empirical support for the notion that
the hormonal regulation process during quinoa seed germination
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exhibits distinct characteristics that are species-specific. This
discovery holds considerable implications for the cultivation and
progress of quinoa cultivars with resistance to PHS, while also
providing valuable insights in this research field. This study shows
that quinoa seed germination is intricately linked to energy substances,
including o-amylase, endogenous hormones, and soluble sugars. By
analyzing the regulatory roles of eight different types of plant
endogenous hormones during quinoa seed germination, it was found
that the levels of various endogenous hormones showed continuous
fluctuations during quinoa seed germination, which suggests that the
regulation of quinoa seed germination involves the influence of
multiple hormones. The network of endogenous hormones
regulating seed germination in quinoa is complex and different from
traditional crops. The analysis of transcriptome sequencing data
unveiled a total of 99 genes that exhibited differential expression in
relation to hormone-regulated pathways governing quinoa seed
germination. Out of these, 73 genes demonstrated statistically
significant differential expression (P < 0.05). Among the significant
genes, 14 may serve as pivotal elements within the regulatory network
governing quinoa seed germination, as they exhibit close associations
with this process. Additionally, diverse quinoa varieties exhibited
distinct alterations in hormone content, and disparities were also
observed in the seed structure of quinoa when compared to
conventional crops.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: Bioproject accession
number: PRJNA1028334.

Author contributions

FZ: Conceptualization, Data curation, Formal analysis,
Methodology, Software, Visualization, Writing - original draft,
Writing - review & editing. CZ: Data curation, Software, Validation,
Visualization, Writing - review & editing. WG: Data curation,
Software, Validation, Visualization, Writing — review & editing. YG:
Data curation, Software, Validation, Visualization, Writing — review &
editing. XP: Data curation, Software, Validation, Visualization, Writing
- review & editing. XY: Formal analysis, Writing — review & editing,
Data curation, Software. XW: Formal Analysis, Funding acquisition,
Resources, Validation, Visualization, Writing — original draft, Writing
- review & editing, Conceptualization, Data curation. YS: Formal
analysis, Software, Writing - review & editing, Funding acquisition,
Methodology, Resources, Validation, Visualization, Writing -
original draft.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1322986
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zeng et al.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The author
expresses gratitude to the Sichuan Province Science and Technology
Program (Grant 2022YFQO0041) and the Project of Sichuan
Provincial Administration of Traditional Chinese Medicine
(2023MS273) for their generous financial assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

References

Ahammed, G. ., Gantait, S., Mitra, M., Yang, Y., and Li, X. (2020). Role of ethylene
crosstalk in seed germination and early seedling development: A review. Plant Physiol.
Biochem. 151, 124-131. doi: 10.1016/j.plaphy.2020.03.016

Aleman, F.,, Yazaki, J., Lee, M., Takahashi, Y., Kim, A. Y., Li, Z,, et al. (2016). An ABA-
increased interaction of the PYL6 ABA receptor with MYC2 Transcription Factor: A putative
link of ABA and JA signaling. Sci. Rep. 6, 28941. doi: 10.1038/srep28941

Ali, F,, Qanmber, G,, Li, F,, and Wang, Z. (2022). Updated role of ABA in seed maturation,
dormancy, and germination. J. Advanced Res. 35, 199-214. doi: 10.1016/j.jare.2021.03.011

Altschul, S. F., Madden, T. L., Schiffer, A. A., Zhang, J., Zhang, Z., Miller, W., et al.
(1997). Gapped BLAST and PSI-BLAST: a new generation of protein database search
programs. Nucleic Acids Res. 25 (17), 3389-3402. doi: 10.1093/nar/25.17.3389

Anaya, F., Fghire, R., Wahbi, S., and Loutfi, K. (2018). Influence of salicylic acid on
seed germination of Vicia faba L. under salt stress. J. Saudi Soc. Agric. Sci. 17 (1), 1-8.
doi: 10.1016/j.jssas.2015.10.002

Asher, A., Dagan, R,, Galili, S., and Rubinovich, L. (2022). Effect of row spacing on
quinoa (chenopodium quinoa) growth, yield, and grain quality under a mediterranean
climate. Agriculture 12 (9), 1-12. doi: 10.3390/agriculture12091298

Barreto, L. C., Herken, D. M. D,, Silva, B. M. R., Munne-Bosch, S., and Garcia, Q. S.
(2020). ABA and GA(4) dynamic modulates secondary dormancy and germination in
Syngonanthus verticillatus seeds. Planta 251 (4), 86. doi: 10.1007/s00425-020-03378-2

Baskin, J. M., and Baskin, C. C. (2007). A classification system for seed dormancy.
Seed Sci. Res. 14 (1), 1-16. doi: 10.1079/ssr2003150

Benech Arnold, R. L., Fenner, M., and Edwards, P. J. (2006). Changes in
germinability, ABA content and ABA embryonic sensitivity in developing seeds of
Sorghum bicolor (L.) Moench. induced by water stress during grain filling. New Phytol.
118 (2), 339-347. doi: 10.1111/j.1469-8137.1991.tb00986.x

Brown, L. K, Wiersma, A. T., and Olson, E. L. (2018). Preharvest sprouting and o-amylase
activity in soft winter wheat. J. Cereal Sci. 79, 311-318. doi: 10.1016/j.jcs.2017.11.016

Carrera-Castano, G., Calleja-Cabrera, J., Pernas, M., Gomez, L., and Onate-Sanchez,
L. (2020). An updated overview on the regulation of seed germination. Plants (Basel) 9
(6), 703. doi: 10.3390/plants9060703

Ceccato, D., Bertero, D., Batlla, D., and Galati, B. (2015). Structural aspects of dormancy in
quinoa (Chenopodium quinoa): importance and possible action mechanisms of the seed
coat. Seed Sci. Res. 25 (3), 267-275. doi: 10.1017/s096025851500015x

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34 (17), i884-i890. doi: 10.1093/bioinformatics/bty560

Corbineau, F.O., Xia, Q., Bailly, C., and El-Maarouf-Bouteau, H. (2014). Ethylene, a
key factor in the regulation of seed dormancy. Front. Plant Sci. 5 (539). doi: 10.3389/
fpls.2014.00539

Frontiers in Plant Science

14

10.3389/fpls.2023.1322986

reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1322986/

full#supplementary-material

SUPPLEMENTARY TEXT 1
The contents of ABA, ZT, IAA, JA, GAs, and SA were determined by HPLC-ESI-
MS/MS internal standard method.

SUPPLEMENTARY TABLE 1
List of specific primer sequences

SUPPLEMENTARY TABLE 2
96 GO team related to plant hormones.

SUPPLEMENTARY TABLE 3
366 enrichment pathways of KEGG.

SUPPLEMENTARY TABLE 4
The 99 gene sequences meet the criteria of |log2 (fold change)| > 1

Devoto, A., Nieto-Rostro, M., Xie, D., Ellis, C., Harmston, R., Patrick, E., et al. (2002).
COI1 links jasmonate signalling and fertility to the SCF ubiquitin-ligase complex in
Arabidopsis. Plant J. 32 (4), 457-466. doi: 10.1046/j.1365-313x.2002.01432.x

Fukazawa, J., Miyamoto, C., Ando, H., Mori, K., and Takahashi, Y. (2021). DELLA-GAF1
complex is involved in tissue-specific expression and gibberellin feedback regulation of
GA200x1 in Arabidopsis. Plant Mol. Biol. 107 (3), 147-158. doi: 10.1007/s11103-021-01195-z

Gallegos, C. O. (2022). Evaluation of preharvest sprouting in a diverse panel of quinoa
(Chenopodium quinoa Willd.) (Washington State, USA: Washington State University).

Gao, Y., Pan, X, Zeng, F., Zheng, C., Ge, W., Sun, Y., et al. (2023). The identification
of suitable internal reference genes in quinoa seeds subjected to abscisic acid and
gibberellin treatment. J. Seed Sci. 45, €202345034. doi: 10.1590/2317-1545v45274637

Ge, W, Bu, H,, Wang, X,, Xia, Y., Martinez, S. A., Wang, X, et al. (2020). Changes in
endogenous hormone contents during seed germination of Anemone rivularis var.
flore-minore. Global Ecol. Conserv. 24, €01200. doi: 10.1016/j.gecco.2020.01200

Gimbi, D. M., and Kitabatake, N. (2009). Changes in alpha-and beta-amylase
activities during seed germination of African finger millet. Int. J. Food Sci. Nutr. 53
(6), 481-488. doi: 10.1080/09637480220164361

Gosparini, C. O., Busilacchi, H. A., Vernieri, P., and Morandi, E. N. (2007).
Endogenous abscisic acid and precocious germination of developing soybean seeds.
Seed Sci. Res. 17 (3), 165-174. doi: 10.1017/s0960258507785872

Gupta, S., Sathe, S. K., Su, M., and Liu, C. (2021). Germination reduces black gram
(Vigna mungo) and mung bean (Vigna radiata) vicilin immunoreactivity. LWT Food
Sci. Technol. 135, 110217. doi: 10.1016/j.lwt.2020.110217

Hager, A.-S., Mikinen, O. E,, and Arendt, E. K. (2014). Amylolytic activities and
starch reserve mobilization during the germination of quinoa. Eur. Food Res. Technol.
239 (4), 621-627. doi: 10.1007/s00217-014-2258-0

Hao, Y., Hong, Y., Guo, H., Qin, P., Huang, A., Yang, X,, et al. (2022). Transcriptomic
and metabolomic landscape of quinoa during seed germination. BMC Plant Biol. 22 (1),
237. doi: 10.1186/s12870-022-03621-w

Hu, Y., and Yu, D. (2014). BRASSINOSTEROID INSENSITIVE2 interacts with
ABSCISIC ACID INSENSITIVES5 to mediate the antagonism of brassinosteroids to
abscisic acid during seed germination in Arabidopsis. Plant Cell 26 (11), 4394-4408.
doi: 10.1105/tpc.114.130849

Hussain, S., Kim, S. H., Bahk, S., Ali, A., Nguyen, X. C,, Yun, D. ], et al. (2020). The
auxin signaling repressor IAA8 promotes seed germination through down-regulation
of ABI3 transcription in arabidopsis. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00111

Jarvis, D. E., Ho, Y. S,, Lightfoot, D. J., Schmoéckel, S. M., Li, B, Borm, T. J. A, et al.
(2017). The genome of Chenopodium quinoa. Nature 542 (7641), 307-312.
doi: 10.1038/nature21370

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1322986/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1322986/full#supplementary-material
https://doi.org/10.1016/j.plaphy.2020.03.016
https://doi.org/10.1038/srep28941
https://doi.org/10.1016/j.jare.2021.03.011
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1016/j.jssas.2015.10.002
https://doi.org/10.3390/agriculture12091298
https://doi.org/10.1007/s00425-020-03378-2
https://doi.org/10.1079/ssr2003150
https://doi.org/10.1111/j.1469-8137.1991.tb00986.x
https://doi.org/10.1016/j.jcs.2017.11.016
https://doi.org/10.3390/plants9060703
https://doi.org/10.1017/s096025851500015x
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.3389/fpls.2014.00539
https://doi.org/10.3389/fpls.2014.00539
https://doi.org/10.1046/j.1365-313x.2002.01432.x
https://doi.org/10.1007/s11103-021-01195-z
https://doi.org/10.1590/2317-1545v45274637
https://doi.org/10.1016/j.gecco.2020.e01200
https://doi.org/10.1080/09637480220164361
https://doi.org/10.1017/s0960258507785872
https://doi.org/10.1016/j.lwt.2020.110217
https://doi.org/10.1007/s00217-014-2258-0
https://doi.org/10.1186/s12870-022-03621-w
https://doi.org/10.1105/tpc.114.130849
https://doi.org/10.3389/fpls.2020.00111
https://doi.org/10.1038/nature21370
https://doi.org/10.3389/fpls.2023.1322986
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zeng et al.

Ju, C., Yoon, G. M., Shemansky, J. M., Lin, D. Y., Ying, Z. I, Chang, J., et al. (2012).
CTR1 phosphorylates the central regulator EIN2 to control ethylene hormone signaling
from the ER membrane to the nucleus in Arabidopsis. Proc. Natl. Acad. Sci. 109 (47),
19486-19491. doi: 10.1073/pnas.1214848109

Ju, L, Jing, Y., Shi, P., Liu, J., Chen, J,, Yan, ], et al. (2019). JAZ proteins modulate
seed germination through interaction with ABI5 in bread wheat and Arabidopsis. New
Phytol. 223 (1), 246-260. doi: 10.1111/nph.15757

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with
low memory requirements. Nat. Methods 12 (4), 357-360. doi: 10.1038/nmeth.3317

Kim, S. Y., Warpeha, K. M., and Huber, S. C. (2019). The brassinosteroid receptor
kinase, BRI1, plays a role in seed germination and the release of dormancy by cold
stratification. J. Plant Physiol. 241, 153031. doi: 10.1016/j.jplph.2019.153031

Lee, S., and Park, C.-M. (2014). Modulation of reactive oxygen species by salicylic
acid in Arabidopsis seed germination under high salinity. Plant Signaling Behav. 5 (12),
1534-1536. doi: 10.4161/psb.5.12.13159

Li, X,, Chen, T, Li, Y., Wang, Z., Cao, H., Chen, F,, et al. (2019b). ETR1/RDO3
regulates seed dormancy by relieving the inhibitory effect of the ERF12-TPL complex
on DELAY OF GERMINATIONT1 expression. Plant Cell 31 (4), 832-847. doi: 10.1105/
tpc.18.00449

Li, J. Z.,, Li, M. Q.,, Han, Y. C,, Sun, H. Z,, Dy, Y. X,, and Zhao, Q. Z. (2019a). The
crucial role of gibberellic acid on germinationof drought-resistant upland rice. Biol.
plantarum 63, 529-535. doi: 10.32615/bp.2019.049

Liao, X., Hong, Y., and Chen, Z. (2021). Identification and quantification of the
bioactive components in Osmanthus fragrans roots by HPLC-MS/MS. J. Pharm. Anal.
11 (3), 299-307. doi: 10.1016/j.jpha.2020.06.010

Liu, J., Guo, X., Zhai, T., Shu, A., Zhao, L., Liu, Z., et al. (2020). Genome-wide
identification and characterization of microRNAs responding to ABA and GA in maize
embryos during seed germination. Plant Biol. 22 (5), 949-957. doi: 10.1111/plb.13142

Liu, X, Zhang, H., Zhao, Y., Feng, Z., Li, Q,, Yang, H. Q, et al. (2013). 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. 110 (38),
15485-15490. doi: 10.1073/pnas.1304651110

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2-AACT method. Methods 25 (4), 402-408.
doi: 10.1006/meth.2001.1262

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

Martinez-Andujar, C., Ordiz, M. I, Huang, Z., Nonogaki, M., Beachy, R. N., and
Nonogaki, H. (2011). Induction of 9-cis-epoxycarotenoid dioxygenase in Arabidopsis
thaliana seeds enhances seed dormancy. Proc. Natl. Acad. Sci. 108 (41), 17225-17229.
doi: 10.1073/pnas.1112151108

McGinty, E. M., Murphy, K. M., and Hauvermale, A. L. (2021). Seed dormancy and
preharvest sprouting in quinoa (Chenopodium quinoa willd.). Plants (Basel) 10 (3),
458. doi: 10.3390/plants10030458

Miransari, M., and Smith, D. L. (2014). Plant hormones and seed germination.
Environ. Exp. Bot. 99, 110-121. doi: 10.1016/j.envexpbot.2013.11.005

Nadali, F., Asghari, H. R., Abbasdokht, H., Dorostkar, V., and Bagheri, M. (2020).
Improved quinoa growth, physiological response, and yield by hydropriming under
drought stress conditions. Gesunde Pflanzen 73 (1), 53-66. doi: 10.1007/s10343-020-
00527-1

Navruz-Varli, S., and Sanlier, N. (2016). Nutritional and health benefits of quinoa
(Chenopodium quinoa Willd.). J. Cereal Sci. 69, 371-376. doi: 10.1016/j.jcs.2016.05.004

Niu, Q., Zong, Y., Qian, M., Yang, F., and Teng, Y. (2014). Simultaneous quantitative
determination of major plant hormones in pear flowers and fruit by UPLC/ESI-MS/
MS. Anal. Methods 6 (6), 1766-1773. doi: 10.1039/c3ay41885¢

Pan, X, Gao, Y., Zeng, F., Zheng, C., Ge, W., Wan, Y., et al. (2023b). Evaluation of
pre-harvest sprouting (PHS) resistance and screening of high-quality varieties from
thirty-seven quinoa (Chenopodium quinoa willd.) resources in chengdu plain. Phyton
(0031-9457) 92 (10), 2921-2936. doi: 10.32604/phyton.2023.029853

Pan, ], Hu, Y., Wang, H,, Guo, Q. Chen, Y., Howe, G. A, et al. (2020). Molecular
mechanism underlying the synergetic effect of jasmonate on abscisic acid signaling during
seed germination in arabidopsis. Plant Cell 32 (12), 3846-3865. doi: 10.1105/tpc.19.00838

Pan, J., Wang, H,, You, Q., Cao, R, Sun, G,, Yu, D,, et al. (2023a). Jasmonate-
regulated seed germination and crosstalk with other phytohormones. J. Exp. Bot. 74 (4),
1162-1175. doi: 10.1093/jxb/erac440

Penfield, S. (2017). Seed dormancy and germination. Curr. Biol. 27 (17), R874-R878.
doi: 10.1016/j.cub.2017.05.050

Pertea, G., and Pertea, M. (2020). GFF utilities: gffRead and gffCompare.
F1000Research 9, 304. doi: 10.12688/f1000research.23297.1

Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T.-C., Mendell, J. T., and
Salzberg, S. L. (2015). StringTie enables improved reconstruction of a transcriptome
from RNA-seq reads. Nat. Biotechnol. 33 (3), 290-295. doi: 10.1038/nbt.3122

Peterson, A. J., and Murphy, K. M. (2015). Quinoa cultivation for temperate North
America: Considerations and areas for investigation. Quinoa: Improvement Sustain.
Production 20 (3), 173-192. doi: 10.1002/9781118628041.ch10

Frontiers in Plant Science

15

10.3389/fpls.2023.1322986

Rzewuski, G., and Sauter, M. (2008). Ethylene biosynthesis and signaling in rice.
Plant Sci. 175 (1-2), 32-42. doi: 10.1016/j.plantsci.2008.01.012

Sano, N., Lounifi, I, Cueff, G., Collet, B., Clément, G., Balzergue, S., et al. (2022).
Multi-omics approaches unravel specific features of embryo and endosperm in rice
seed germination. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.867263

Shahzad, R, Waqas, M., Khan, A. L., Asaf, S., Khan, M. A, Kang, S.-M., et al. (2016).
Seed-borne endophytic Bacillus amyloliquefaciens RWL-1 produces gibberellins and
regulates endogenous phytohormones of Oryza sativa. Plant Physiol. Biochem. 106,
236-243. doi: 10.1016/j.plaphy.2016.05.006

Shu, K., Chen, Q., Wu, Y, Liu, R., Zhang, H., Wang, P., et al. (2016a). ABI4 mediates
antagonistic effects of abscisic acid and gibberellins at transcript and protein levels.
Plant J. 85 (3), 348-361. doi: 10.1111/tpj.13109

Shu, K., Liu, X.-D., Xie, Q., and He, Z.-H. (2016b). Two faces of one seed: hormonal
regulation of dormancy and germination. Mol. Plant 9 (1), 34-45. doi: 10.1016/
j.molp.2015.08.010

Sohn, S.-I, Pandian, S., Kumar, T. S., Zoclanclounon, Y. A. B., Muthuramalingam, P.,
Shilpha, J., et al. (2021). Seed dormancy and pre-harvest sprouting in rice—An updated
overview. Int. J. Mol. Sci. 22 (21), 11804. doi: 10.3390/ijms222111804

Tai, L., Wang, H.-J., Xu, X.-J., Sun, W.-H,, Ju, L, Liu, W.-T,, et al. (2021). Pre-harvest
sprouting in cereals: genetic and biochemical mechanisms. J. Exp. Bot. 72 (8), 2857
2876. doi: 10.1093/jxb/erab024

Tuan, P. A, Yamasaki, Y., Kanno, Y., Seo, M., and Ayele, B. T. (2019).
Transcriptomics of cytokinin and auxin metabolism and signaling genes during seed
maturation in dormant and non-dormant wheat genotypes. Sci. Rep. 9 (1), 3983.
doi: 10.1038/541598-019-40657-9

Varshney, V., and Majee, M. (2021). JA shakes hands with ABA to delay seed
germination. Trends Plant Sci. 26 (8), 764-766. doi: 10.1016/j.tplants.2021.05.002

Vilcacundo, R., and Hernandez-Ledesma, B. (2017). Nutritional and biological value
of quinoa (Chenopodium quinoa Willd.). Curr. Opin. Food Sci. 14, 1-6. doi: 10.1016/
j.cofs.2016.11.007

Wang, Y., Hou, Y., Qiu, J., Wang, H., Wang, S., Tang, L., et al. (2020). Abscisic acid
promotes jasmonic acid biosynthesis via a ‘SAPK10-bZIP72-AOC’ pathway to
synergistically inhibit seed germination in rice (Oryza sativa). New Phytol. 228 (4),
1336-1353. doi: 10.1111/nph.16774

Wang, L., Hua, D,, He, J., Duan, Y., Chen, Z., Hong, X,, et al. (2011). Auxin Response
Factor2 (ARF2) and its regulated homeodomain gene HB33 mediate abscisic acid response
in Arabidopsis. PloS Genet. 7 (7), €1002172. doi: 10.1371/journal.pgen.1002172

Wang, N. N,, Shih, M.-C,, and Li, N. (2005). The GUS reporter-aided analysis of the
promoter activities of Arabidopsis ACC synthase genes AtACS4, AtACS5, and AtACS7
induced by hormones and stresses. J. Exp. Bot. 56 (413), 909-920. doi: 10.1093/jxb/
eri083

Washio, K. (2003). Functional dissections between GAMYB and dof transcription
factors suggest a role for protein-protein associations in the gibberellin-mediated
expression of the RAmylA gene in the rice aleurone. Plant Physiol. 133 (2), 850—
863. doi: 10.1104/pp.103.027334

Wu, Q., Bai, X, Zhao, W., Shi, X,, Xiang, D., Wan, Y., et al. (2019). Investigation into
the underlying regulatory mechanisms shaping inflorescence architecture in
Chenopodium quinoa. BMC Genomics 20 (1), 685. doi: 10.1186/s12864-019-6027-0

Xiao, H.-M., Cai, W.-],, Ye, T.-T., Ding, J., and Feng, Y.-Q. (2018). Spatio-temporal
profiling of abscisic acid, indoleacetic acid and jasmonic acid in single rice seed during
seed germination. Analytica Chim Acta 1031, 119-127. doi: 10.1016/j.aca.2018.05.055

Xie, Z., Zhang, Z. L., Hanzlik, S., Cook, E., and Shen, Q. J. (2007). Salicylic acid
inhibits gibberellin-induced alpha-amylase expression and seed germination via a
pathway involving an abscisic-acid-inducible WRKY gene. Plant Mol. Biol. 64 (3),
293-303. doi: 10.1007/s11103-007-9152-0

Xing, M. Q., Chen, S. H., Zhang, X. F,, and Xue, H. W. (2023). Rice OsGA20x9
regulates seed GA metabolism and dormancy. Plant Biotechnol. J. 21 (12), 2411-2413.
doi: 10.1111/pbi.14067

Xiong, M., Chu, L., Li, Q., Yu, J., Yang, Y., Zhou, P., et al. (2021). Brassinosteroid and
gibberellin coordinate rice seed germination and embryo growth by regulating glutelin
mobilization. Crop J. 9 (5), 1039-1048. doi: 10.1016/j.¢j.2020.11.006

Xu, F,, Tang, J., Wang, S., Cheng, X., Wang, H., Ou, S., et al. (2022). Antagonistic
control of seed dormancy in rice by two bHLH transcription factors. Nat. Genet. 54
(12), 1972-1982. doi: 10.1038/s41588-022-01240-7

Yan, D., Duermeyer, L., Leoveanu, C., and Nambara, E. (2014). The functions of the
endosperm during seed germination. Plant Cell Physiol. 55 (9), 1521-1533.
doi: 10.1093/pcp/pcu089

Yan, M., Mao, J., Wu, T., Xiong, T., Huang, Q., Wu, H,, et al. (2023). Transcriptomic
analysis of salicylic acid promoting seed germination of melon under salt stress.
Horticulturae 9 (3), 375. doi: 10.3390/horticulturae9030375

Yanmei, W., Lijun, W., Bing, Y., Zhen, L., and Fei, L. (2018). Changes in ABA, IAA,
GA3, and ZR Levels during Seed Dormancy Release in Idesia polycarpa Maxim from
Jiyuan. Polish J. Environ. Stud. 27 (4), 1833-1839. doi: 10.15244/pjoes/78041

Yoshida, H., and Ueguchi-Tanaka, M. (2014). DELLA and SCL3 balance gibberellin
feedback regulation by utilizing INDETERMINATE DOMAIN proteins as
transcriptional scaffolds. Plant Signaling Behav. 9 (9), €29726. doi: 10.4161/psb.29726

frontiersin.org


https://doi.org/10.1073/pnas.1214848109
https://doi.org/10.1111/nph.15757
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1016/j.jplph.2019.153031
https://doi.org/10.4161/psb.5.12.13159
https://doi.org/10.1105/tpc.18.00449
https://doi.org/10.1105/tpc.18.00449
https://doi.org/10.32615/bp.2019.049
https://doi.org/10.1016/j.jpha.2020.06.010
https://doi.org/10.1111/plb.13142
https://doi.org/10.1073/pnas.1304651110
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1073/pnas.1112151108
https://doi.org/10.3390/plants10030458
https://doi.org/10.1016/j.envexpbot.2013.11.005
https://doi.org/10.1007/s10343-020-00527-1
https://doi.org/10.1007/s10343-020-00527-1
https://doi.org/10.1016/j.jcs.2016.05.004
https://doi.org/10.1039/c3ay41885e
https://doi.org/10.32604/phyton.2023.029853
https://doi.org/10.1105/tpc.19.00838
https://doi.org/10.1093/jxb/erac440
https://doi.org/10.1016/j.cub.2017.05.050
https://doi.org/10.12688/f1000research.23297.1
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1002/9781118628041.ch10
https://doi.org/10.1016/j.plantsci.2008.01.012
https://doi.org/10.3389/fpls.2022.867263
https://doi.org/10.1016/j.plaphy.2016.05.006
https://doi.org/10.1111/tpj.13109
https://doi.org/10.1016/j.molp.2015.08.010
https://doi.org/10.1016/j.molp.2015.08.010
https://doi.org/10.3390/ijms222111804
https://doi.org/10.1093/jxb/erab024
https://doi.org/10.1038/s41598-019-40657-9
https://doi.org/10.1016/j.tplants.2021.05.002
https://doi.org/10.1016/j.cofs.2016.11.007
https://doi.org/10.1016/j.cofs.2016.11.007
https://doi.org/10.1111/nph.16774
https://doi.org/10.1371/journal.pgen.1002172
https://doi.org/10.1093/jxb/eri083
https://doi.org/10.1093/jxb/eri083
https://doi.org/10.1104/pp.103.027334
https://doi.org/10.1186/s12864-019-6027-0
https://doi.org/10.1016/j.aca.2018.05.055
https://doi.org/10.1007/s11103-007-9152-0
https://doi.org/10.1111/pbi.14067
https://doi.org/10.1016/j.cj.2020.11.006
https://doi.org/10.1038/s41588-022-01240-7
https://doi.org/10.1093/pcp/pcu089
https://doi.org/10.3390/horticulturae9030375
https://doi.org/10.15244/pjoes/78041
https://doi.org/10.4161/psb.29726
https://doi.org/10.3389/fpls.2023.1322986
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zeng et al.

Yu, G, Wang, L.-G,, Han, Y., and He, Q.-Y. (2012). clusterProfiler: an R package for
comparing biological themes among gene clusters. OMICS: A J. Integr. Biol. 16 (5),
284-287. doi: 10.1089/0mi.2011.0118

Zhang, S., Cai, Z., and Wang, X. (2009). The primary signaling outputs of
brassinosteroids are regulated by abscisic acid signaling. Proc. Natl. Acad. Sci. 106
(11), 4543-4548. doi: 10.1073/pnas.0900349106

Frontiers in Plant Science

16

10.3389/fpls.2023.1322986

Zhao, X., Dou, L., Gong, Z., Wang, X., and Mao, T. (2018). BES1 hinders ABSCISIC
ACID INSENSITIVES and promotes seed germination in Arabidopsis. New Phytol. 221
(2), 908-918. doi: 10.1111/nph.15437

Zhong, C., Patra, B., Tang, Y., Li, X,, Yuan, L., Wang, X, et al. (2021). A
transcriptional hub integrating gibberellin-brassinosteroid signals to promote seed
germination in Arabidopsis. J. Exp. Bot. 72 (13), 4708-4720. doi: 10.1093/jxb/erab192

frontiersin.org


https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1073/pnas.0900349106
https://doi.org/10.1111/nph.15437
https://doi.org/10.1093/jxb/erab192
https://doi.org/10.3389/fpls.2023.1322986
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Regulatory function of the endogenous hormone in the germination process of quinoa seeds
	1 Introduction
	2 Materials and methods
	2.1 Plant material
	2.2 Measurement of relevant indicators during quinoa seed germination
	2.2.1 Determination of germination rate and water absorption
	2.2.2 Methods for measuring physiological and biochemical indicators

	2.3 Determination of plant hormone content
	2.4 Total RNA extraction and construction of a cDNA library
	2.5 Illumina sequencing and data processing
	2.6 Functional annotation and pathway enrichment analysis
	2.7 qRT-PCR analysis
	2.8 Statistical analysis

	3 Results
	3.1 Dynamic changes in indicators related to quinoa seed germination
	3.2 Changes in the endogenous hormone contents during seed germination
	3.2.1 Changes in GA3, ETH and BR content
	3.2.2 Content changes in ABA, IAA, and JA
	3.2.3 Content changes in CTK and SA

	3.3 Illumina sequencing results and assembly
	3.4 Unigene function annotation
	3.5 Identification of genes associated with the hormone regulatory network
	3.6 Quantitative analysis

	4 Discussion
	4.1 α-Amylase promotes starch hydrolysis to provide energy for seed germination
	4.2 Effects of plant endogenous hormones during quinoa seed germination
	4.3 Hormone related regulatory factors in the germination process of quinoa

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


