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Abstract

Purpose Epimedium brevicornu Maxim. is a perennial persistent C3 plant of the genus Epimedium Linn. in the fam-
ily Berberaceae that exhibits severe physiological and morphological seed dormancy.We placed mature E. brevicornu
seeds under nine stratification treatment conditions and explored the mechanisms of influence by combining seed
embryo growth status assessment with related metabolic pathways and gene co-expression analysis.

Results We identified 3.9 °C as the optimum cold-stratification temperature of E. brevicornu seeds via a chilling unit
(CU) model. The best treatment was variable-temperature stratification (10/20 °C, 12/12 h) for 4 months followed

by low-temperature stratification (4 °C) for 3 months (4-3). A total of 63801 differentially expressed genes were anno-
tated to 2587 transcription factors (TFs) in 17 clusters in nine treatments (0-0, 0-3, 1-3, 2-3, 3-3, 4-3, 4-2, 4-1, 4-0). Genes
specifically highly expressed in the dormancy release treatment group were significantly enriched in embryo devel-
opment ending in seed dormancy and fatty acid degradation, indicating the importance of these two processes.
Coexpression analysis implied that the TF GRF had the most reciprocal relationships with genes, and multiple interac-
tions centred on zf-HD and YABBY as well as on MYB, GRF, and TCP were observed.

Conclusion In this study, analyses of plant hormone signal pathways and fatty acid degradation pathways revealed
changes in key genes during the dormancy release of £. brevicornu seeds, providing evidence for the filtering of E.
brevicornu seed dormancy-related genes.
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Introduction
Epimedium brevicornu Maxim. is an important peren-
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to approximately 140 CNY per kilogram. E. brevicornu
mainly came from the wild in the past, and artificial cul-
tivation has just started. Seeds are the basic materials for
artificial propagation, which is of great importance. Due
to the considerable market demand and high price, the
wild resources of E. brevicornu were faced with deple-
tion due to excessive manual mining, and the resource
availability became concerning. However, severe seed
dormancy occurs during artificial cultivation, harvested
seeds of E. brevicornu germinate approximately one year
after sowing under natural conditions.

The seed is an important stage in the higher plant life
cycle with respect to its survival as a species [3]. The seed
enters a dormant state to optimize germination over time.
Physiological dormancy (PD) seeds are water-permeable
and have a fully developed embryo with a physiological
inhibiting mechanism that prevents radicle emergence,
morphological dormancy (MD) seeds have an underde-
veloped embryo that needs to grow before germination,
morphophysiological dormancy (MPD) seeds contain an
underdeveloped embryo that is physiologically dormant
[4]. According to previous research in our lab, embryos
of newly harvested E. brevicornu seeds are usually undif-
ferentiated and need more than 6 months for embryo
maturation under natural conditions [5]. Based on the
classification theory of seed dormancy, E. brevicornu
seeds exhibit MPD [6, 7]. This dormancy has been a limit
for large-scale artificial cultivation of E. brevicornu.

Stratification is a common method to release seed
dormancy, but the optimum temperature varies with
the dormancy stage. Low-temperature stratification
can overcome endosperm inhibition and improve the
growth of seed embryos [8]. However, variable-temper-
ature stratification can improve the consistency of seed
germination during low-temperature stratification, and
the promotional effect is proportional to the length of
variable-temperature stratification [9]. Seed dormancy
depends on a network of signalling pathways integrated
by the environment and multiple hormones. White
spruce (Picea glauca) seeds showed significant changes
in abscisic acid (ABA), gibberellin (GA) and indole-
3-acetic acid (IAA) levels during moist chilling strati-
fication, with significant upregulation of the transcript
expression of transport inhibitor response 1 (TIR1),
auxin response factor 4 (ARF4) and auxin/indole-3-ace-
tic acid (Aux/IAA), which are components of the growth
hormone signalling pathway; these changes mediate the
dormancy release of white spruce seeds [10]. Ma et al.
[11] used RNA-seq to examine dormancy release in Epi-
medium pseudowushanense B.L. Guo seeds by search-
ing for candidate genes involved in the metabolism and
signal transduction of ABA and GAs, which is impor-
tant for the study of the physiological and morphological
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dormancy mechanisms of Epimedium seeds. The results
showed that EpNCED1, EpNCED2, EpCYP707A1, and
EpCYP707A2 may be involved in ABA biosynthesis and
catabolism; that EpSnRK2 may be related to ABA sig-
nalling during seed dormancy; that EpGA30ox may be
involved in GA biosynthesis; and that EpDELLA1 and
EpDELLA2 may be related to GA signalling pathways.

Glucose promotes cell division, while sucrose is asso-
ciated with cell maturation and starch synthesis, and the
sugar-responsive pathway usually interacts with the phy-
tohormone pathway [12]. Changes in seed embryo mor-
phology undoubtedly alter the cell wall, and the main
component of hemicellulose in the dicotyledon cell wall
is xyloglucan. Xyloglucan endotransglycosylases (XETs)
incorporate newly synthesized xyloglucan during xylem
and phloem cell growth to control cell wall dissolution,
loosening, and cell expansion [13]. In Arabidopsis, TCH4
has been identified as an XET that responds to regula-
tion by brassinosteroids (BRs) to control cell expansion
[14]. One of the major components of the endosperm
cell wall in cereal seeds is 8-1,3-glucan, and endosperm
weakening is a major feature of endosperm expansion
leading to endosperm rupture [15]. During seed germi-
nation in tobacco and tomato, weakening around the
endosperm tip is closely associated with 8-1,3-glucanase
(EGLC), which causes additional physical dormancy
of the testa, and the promoter of this enzyme-encoding
gene is controlled by ABA [16, 17]. In addition, it has also
been shown that GAs induce the expression of expansin
(EXP) and members of the XET/XTH family to increase
the growth potential of the seed embryo and weaken the
mechanical restraint of the testa and endosperm covering
the radicle to allow seed germination [18]. Thus, even-
tual cell wall disintegration and endosperm weakening to
allow seed germination may require the action of several
enzymes.

Transcription factors (TFs) are major regulatory pro-
teins with sequence-specific DNA- or nucleotide-bind-
ing activity that play key roles in gene regulation during
plant development. Their roles are mediated by interac-
tions with cis-elements and/or other TFs and lead to the
regulation of downstream genes at various developmen-
tal stages or during cellular responses to environmental
factors [19, 20]. R2R3-MYB is a putative seed germina-
tion regulator involved in plant metabolism, develop-
ment, and abiotic stress [21]. The interaction between
MYB and bril-ethyl methanesulphonate suppressor 1
(BES1) in Arabidopsis promotes BR target gene expres-
sion, allowing amplification of the BR signal [22]. In
addition, the interaction between MYB77 and ARF7 is
involved in regulating the growth hormone response,
leading to a significant reduction in the number of lat-
eral roots in plants, and the interaction between MYB
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and HFR1 assists in the accumulation of phytochrome
A (phyA), which plays a role in seedling growth [23, 24].
Transferase complex subunit pseudogene (TCP) has been
shown to be a key player in the biosynthesis of lipids and
phytohormones, such as BRs and jasmonate (JA), and to
control seed germination [25-27]. Loss of function of
knotted-related homeobox (KNOX) resulting in reduced
18:2w-hydroxy fatty acid in the seed cutin alters cuticle
layer permeability and has been shown to help regulate
physical seed dormancy in M. truncatula L. and mung-
bean (Vigna radiata [L.] Wilczek) [28]. The interaction
between KNOX and growth-regulating factor (GRF)-
family TFs is conserved in dicotyledons, and OsGRF3
and OsGRF10 have a repressive effect on OsKN2 in rice,
resulting in reductions in plant internodes and increases
in adventitious root numbers at nodes [29].

E. brevicornu is considered a traditional Chinese medi-
cine with important commercial value; however, its seed
dormancy has been a limiting factor for large-scale arti-
ficial cultivation. In this study, we optimized the method
of seed dormancy release in E. brevicornu, compared the
performance of seeds subjected to different stratifica-
tion treatments in terms of embryo percentage and ger-
mination percentage, and explored the gene expression
patterns under different stratification treatments using
RNA-seq technology. We aimed to reveal the relation-
ship between stratification treatment and seed dormancy
and to explore the key genes that regulate seed dormancy
in E. brevicornu in order to provide effective candidate
genes and a theoretical basis for improving and creating
nondormant superior E. brevicornu germplasm.

Results

A novel chill model applied to the dormancy release of E.
brevicornu seeds

CU confirmation

E. brevicornu is a wide ecological amplitude plant. It
occurs in the temperate and subtropical forests, thickets
and slopes in China [30]. Plants bloom in May to June,
and fruits mature from June to August. As seeds spread
in summer, they would undergo high-low temperature
changes until germination. Thus, we suggest, except for
cold stratification, a variable-temperature process that
simulates natural condition may also help to release
physiological dormancy. So, we firstly monitor germi-
nation percentage in seeds in variable-temperature and
low-temperature stratification.

As shown in Fig. 1, the germination percentage of E.
brevicornu increased with an increasing number of days
under each temperature treatment. At 4 °C, the final ger-
mination percentage of E. brevicornu seeds treated with
chilling for 11 d was 15.56%, while the final germination
percentage of E. brevicornu seeds treated with chilling
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for 104 d was 86.67%. This indicated that the dormancy-
releasing effect of low temperature on E. brevicornu seeds
accumulated gradually with increasing cold treatment
days. The germination percentage reached a maximum of
86.67% after 104 d of chilling at a low temperature of 4
°C. The optimum temperature range was 2-6 °C. Within
this temperature range, the final germination percentage
of E. brevicornu seeds treated with chilling for 56 d was
84.44% at 4 °C, while the final germination percentage of
seeds at 10 °C was only 33.33%. The slope of the curve for
each treatment decreased significantly with increasing
temperature, and the number of days required to reach
the maximum germination percentage increased. During
the same chilling treatment period of 104 d, E. brevicornu
seeds took 1, 23, 49, 56, and 64 d to reach the maximum
germination percentage under the treatments of 2, 4, 6, 8,
and 10 °C, respectively.

Chilling unit can be used to describe the efficiency of
each cold temperature on releasing seed dormancy and
it was studied as follows. In this study, we took the rela-
tive slope value of the chilling-response curves (Fig. 1)
at each temperature as the chilling unit value of each
temperature (unit is CU). A CU model was constructed
to describe the contribution of low temperature to the
chilling unit. From Fig. 2A, the CU fitting function for
the temperatures of 2, 4, and 6 °C was Y = -0.1345X?% +
1.0503X + 6.4583 (R%2=1). The optimum temperature for
E. brevicornu seed dormancy release was 3.90 °C, and the
maximum CU was 8.5087.

We define the chilling accumulation for E. brevicornu
seeds within an hour at a certain temperature as being
equal to the chilling unit for the temperature. Then, the
response curve of between chilling accumulation and
the germination percentage was constructed, which we
named CA model. Using this model, we can develop an
accurate chilling strategy for the dormancy release of E.
brevicornu seeds. The germination percentage was deter-
mined using the equation:

L Al — A2
Germination percentage(%) = ——— — A2

P
1+ (55)

where Al and A2 are the minimum and maximum ger-
mination percentage achieved at a determined number
of germination days, X0 is one-half of the CA required
to achieve the maximum germination percentage, X is
the chilling accumulation, and P is an equation-specific
coefficient.

Figure 2B describes the CA model fitted by a logistic
curve at the optimum cold-stratification temperature of
3.90 °C. The model describes the relationship between
CA and germination percentage at 30, 40, 50, and 60 d
of stratification, with R? values of 0.8856, 0.9254, 0.9206,
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Fig. 1 Dynamic changes in E. brevicornu seed germination at different temperatures. A, B, C, D, and E are the germination percentages of seeds
at 2,4, 6,8 and 10 °C, respectively; F shows the germination percentages of seeds over five temperature gradients

and 0.8907, respectively. From the figure, the X0 values at
the four germination stages were 1005.6468 + 100.5069,
806.6170 + 57.1405, 763.3549 + 42.5319, and 735.7646
+ 47.5271 CA. If the maximum germination percent-
age was reached at 30 d after stratification at 3.90 °C, the
required stratification time was 2 x 1005.6468 CA/ 1 CU
= 2011.2936 h. This resulted in the following CA values:
1613.234, 1526.7098 and 1471.5292 if the maximum ger-
mination percentage was reached at 40, 50, and 60 d after
stratification at 3.90 °C.

Verification of the chilling models

The obtained CU and CA models were validated using
E. brevicornu seeds from different harvesting years
as experimental materials. As shown in Fig. 3A, R? =
0.8228 between the predicted and actual values of ger-
mination percentage, and the error band increased in
width at low germination percentage (< 30%) and high
germination percentage (> 60%), indicating that the
CA model obtained by logistic fitting was less accu-
rate in predicting lower versus higher germination
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percentage of E. brevicornu seeds. As shown in Fig. 3B,
the actual germination percentages of E. brevicornu
seeds after 30, 40, 50, and 60 d of stratification at the
optimum temperature of 3.90 °C were lower than the
predicted values.

Variable-temperature or low-temperature stratification
alone did not contribute to the dormancy release of E.
brevicornu seeds

As shown in Table 1, the embryo rate of E. brevicornu
seeds without stratification treatment (0-0) was 6.77%,
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Table 1 Effects of different variable-/low-temperature combination treatments on the embryo percentages of E. brevicornu seeds

Embryo percentage (%)

Low-temperature stratification time (m)

0 1 2 3 4
Variable-temperature stratification time (m) 0 6.77 +0.59 6.52+1.10 13.54+10.78 17.20+943 18.21 +£0.90
1 744+0.27 24.73 +28.07 2484 +£15.06 2828 +£17.20 4027 +7.73
2 2145+ 14.65 2221 £561 3501 +£24.18 3487 £11.97 47.10+10.35
3 9.96 +3.02 40.39 £ 22.36 36.71 +15.66 5405+ 1522 5795+ 514
4 17.70 £2.20 6221 £6.65 87.01 £4.89 81.81 £ 1271 91.68+7.14

but the embryo rate reached 18.21% after 4 months of
low-temperature stratification (0-4) and 17.7% after 4
months of variable-temperature stratification (4-0). The
embryo rates of seeds after 2 months of variable-tem-
perature stratification and 2 months of low-temperature
stratification (2-2) or 1 month of variable-temperature
stratification and 3 months of low-temperature strati-
fication (1-3) were 35.01% and 40.39%, respectively.
The embryo rate of seeds treated with 1-1 stratification
increased from 7.44% to 24.73%, and that of seeds treated
with 4-1 stratification increased from 17.70% to 62.21%.
The seed embryos developed rapidly after the seeds were
transferred from variable-temperature stratification to
low-temperature stratification for 1 month. The results
indicated that variable-temperature stratification and
low-temperature stratification alone did not significantly
contribute to seed embryo development and that a com-
bination of variable-temperature and low-temperature
stratification was required to release seed dormancy in
E. brevicornu. To further investigate the effects of dif-
ferent stratification treatments on seed dormancy, we
calculated the germination percentages of seeds under
different treatments. Figure S1 shows the germination
percentages of all variable-temperature-low-tempera-
ture stratification combinations at different temperature
gradients. The germination percentage of E. brevicornu
seeds in the 4-3 stratification combination was the high-
est among all temperature gradients, reaching 90.0% at
39 d under the 4 °C treatment, followed by the 3-3 and
2-3 stratification combinations.

Clustering analysis divided the nine treatment com-
binations into three major clusters according to tran-
scriptome data (Fig. 4A). Cluster I included 1-3, 2-3,
3-3 and 4-2, cluster II included 4-1 and 4-3, cluster III
included 4-0, 0-0, and 0-3. Three major groups were
formed according to the growth status of the seed
embryos with dashed lines (Fig. 4B). Group I included
4-0, 0-0, and 0-3, corresponding to Fig. 4B-a, B-b, and
B-c, respectively. Group II included 1-3, 2-3, and 3-3,
corresponding to Fig. 4B-d, B-e, and B-f, respectively.

Group III included 4-1, 4-2, and 4-3, corresponding
to Fig. 4B-g, B-h, and B-i, respectively. The results of
transcriptome data clustering were not consistent with
those of embryo percentage grouping. This indicated
possible post-transcriptional and translational mecha-
nisms of regulation of gene expression might exist here,
which need further study.

Different seed structures can be distinguished
through safranin O-fast green staining. Nonlignified
cells appear green from fast green staining, and ligni-
fied cells appear magenta from safranin O staining.
As seen from the figure, the proembryonal cells of E.
brevicornu seeds in the 0-0, 0-3, and 4-0 treatments
developed into globular embryos, still at the early stage
of seed embryo development; the endosperm occu-
pied the vast majority and clearly developed into two
parts, with the part near the embryo being the small
embryo cells (SEM) and most of the part away from
the embryo differentiating into the large embryo cells
(HEM) (Fig. 4Bb). In the microstructure of 1-3, 2-3, and
3-3 cotyledon embryos at the early stage (Fig. 4Be), the
SEM inclusions gradually disappeared and formed a
clear cavity, while the HEM inclusions remained clearly
visible and the cotyledon (CO) started to develop. In
the 4-2 and 4-3 treatments, most of the seed embryos
developed to the late stage of cotyledon embryo or ger-
mination, and the microstructure showed that the SEM
completely disappeared and degenerated into a layer
of cells surrounding the embryo, the HEM cell layer
thinned at the embryo root, and the cotyledons elon-
gated further (Fig. 4Bh).

The first principal component (PC1) explained
16.617% of the characteristics of the original dataset,
from which it was found that the 4-0 and 0-3 treat-
ments (which involved only low- or variable-temper-
ature stratification), as well as the control treatment
(0-0), were significantly separated from the other
treatments. The second principal component (PC2)
explained 9.684% of the characteristics of the original
dataset. According to the second principal component,
the separation between the control treatment (0-0) and
the other treatments was significant (Figure S2).
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Transcriptome sequencing results reveal the dormancy
release mechanism of E. brevicornu seeds

Differentially expressed gene (DEG) filtering

To investigate the dormancy release mechanism of E.
brevicornu seeds under different stratification treat-
ments, we selected nine treatments (0-0, 0-3, 1-3, 2-3,
3-3, 4-3, 4-2, 4-1, 4-0) for transcriptome sequencing,
with three replicates per treatment, and seeds without
stratification treatments were used as controls (0-0).
In total, we obtained 191.54 Gb of clean data, and the
data for each sample reached 6 Gb. The Q30 base per-
centage was at least 88%. These statistics suggested that
the quality and amounts of the generated reads were
sufficient for transcriptome analysis (Table S1). The
clean data for 27 samples were assembled using Trinity,
resulting in 513793 transcripts and 433387 unigenes.
The N50 and mean length of the assembled transcripts
were 794 bp and 575 bp, respectively. For the uni-
genes, the N50 and mean length were 884 bp and 637
bp, respectively (Table S2). A total of 71,990 DEGs
(|log2(fold change)| > 1 and FDR < 0.05) were obtained
by two-by-two comparisons of seeds from the nine
stratification treatments of E. brevicornu (Figure S3).

To investigate the molecular mechanism of variable-
temperature stratification on release from physiological
dormancy in Epimedium, we selected five comparison
groups, 0-0 vs. 4-0, 0-3 vs. 1-3, 0-3 vs. 2-3, 0-3 vs. 3-3,
and 0-3 vs. 4-3, for which the total number of DEGs
was 2525. To investigate the molecular mechanism of
low-temperature stratification on release from physio-
logical dormancy in Epimedium, we selected four com-
parison groups, 4-0 vs. 4-1, 4-0 vs. 4-2, 4-0 vs. 4-3, and
0-0 vs. 0-3, for which the total number of DEGs was
3340 (Fig. 5A).

To identify the biological pathways with which these
DEGs may be associated, we annotated the 2525 and
3340 DEGs with the KEGG database (Fig. 5B). The
DEGs in both comparison groups of variable tempera-
ture and low-temperature stratification were signifi-
cantly enriched in plant hormone signal transduction
(ko04075), starch and sucrose metabolism (ko00500),
metabolic pathways (ko01100) and secondary metabolite
biosynthesis (ko01110), and the results of the enrichment
analysis imply the importance of plant hormone signal
transduction and starch-sucrose metabolism pathways
for the dormancy release of E. brevicornu seeds.
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Fig.5 Analysis of DEGs between variable-temperature stratification and low-temperature stratification groups. (A) Venn diagram analysis of DEGs.
a.Venn diagram analysis of 5 variable-temperature stratification groups; b. Venn diagram analysis of 4 low-temperature stratification groups. (B)

DEG KEGG enrichment analysis graph. a. KEGG enrichment analysis of 5 variable-temperature stratification groups; b. KEGG enrichment analysis of 4
low-temperature stratification groups. (C) K-means clustering analysis of DEGs. a. K-means clustering analysis of 5 variable-temperature stratification
groups; b. K-means clustering analysis of 4 low-temperature stratification groups. The annotated genes were aligned against Kyoto Encyclopedia

of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/), and obtained the appropriate copyright permission to modify the KEGG image

depicted in Fig. 5
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By K-means clustering analysis, we obtained 5 and 6
clusters across samples in the two stratified comparison
groups (Fig. 5C). Among them, clusters 2 and 5 showed
the expected DEG accumulation pattern associated with
the dormancy release of E. brevicornu seeds: the expres-
sion of DEGs gradually increased as the degree of dor-
mancy diminished. Cluster 2 contained 1151 genes, and
cluster 5 contained 1764 genes.

Analysis of plant hormone signal transduction
and starch-sucrose metabolism pathways
Interestingly, gene expression in cluster 2 and cluster 5
increased with dormancy release, and the results of the
enrichment analysis implied the importance of plant hor-
mone signal transduction and starch-sucrose metabolism
pathways for dormancy release in E. brevicornu seeds.
Therefore, we performed a detailed analysis of phytohor-
mone and starch-sucrose metabolism-related genes in
cluster 2 and cluster 5.

The accumulation patterns of 1330 and 1585 DEGs
detected in cluster 2 and cluster 5, respectively, were
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consistent with the degree of dormancy release in
E. brevicornu seeds. Among them, 42 and 33 DEGs
belonged to the plant hormone signal transduction path-
way (Fig. 6A), and 40 and 32 DEGs belonged to the starch
and sucrose metabolism pathway (Fig. 6B). A total of 42
significant DEGs were identified in plant hormone sig-
nal transduction pathways in the variable-temperature
stratification group (Fig. 6A). Four enzyme-encoding
genes, including the auxin transporter gene AUXI, the
auxin receptor gene TIR1, the early auxin response gene
AUX/IAA, and ARF, were identified in the IAA path-
way. Three enzyme-encoding genes, including the histi-
dine-containing phosphotransfer protein gene (AHP), a
two-component response regulator ARR-B-family gene
(B-ARR), and a two-component response regulator ARR-
A-family gene (A-ARR), were identified in the cytokinin
(CTK) pathway. DELLA was identified in the GA path-
way. Two enzyme-encoding genes were identified in the
ABA pathway, including the abscisic acid receptor PYR/
PYL-family gene PYR/PYL and the PP2C gene. The gene
encoding the enzyme mitogen-activated protein kinase
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Fig. 6 Expression of each hormone-related transcript in E. brevicornu seeds of different treatment groups. (A) Expression of each hormone-related
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6 (MPK®6) was identified in the ethylene (Eth) pathway.
Four enzyme-encoding genes, including BR-insensitive
1 (BRI1), BRI1 kinase inhibitor 1 (BKI1), TCH4, and
cyclin D3 (CYCD3), were identified in the BR pathway.
Two enzyme-encoding genes, including JA ZIM domain-
containing protein (JAZ) and the TF MYC2, were iden-
tified in the JA pathway. Two enzyme-encoding genes,
including the regulatory protein NPR1 and pathogenesis-
related protein 1 (PR-1), were identified in the salicylic
acid (SA) pathway.

A total of 33 significant DEGs were enriched in plant
hormone signalling pathways in the low-temperature
stratification group (Fig. 6B). Five enzyme-encoding
genes whose expression differed in the low-tempera-
ture treatment compared to the variable-temperature
treatment included ARF in the IAA pathway, the CTK
receptor CRE1 in the CTK pathway, the serine/threo-
nine-protein kinase CTR1 in the Eth pathway, and BR-
signalling kinase (BSK) and brassinazole-resistant 1/2
(BZR1/2) in the BR pathway.

Sucrose is a synthetic precursor of starch in develop-
ing seeds [31]. The expression of genes related to starch
and sucrose metabolic pathways is shown in Fig. 7. The
morphological dormancy of E. brevicornu seeds was
gradually released as the stratification time increased.
Sucrose synthase (SUS, EC:2.4.1.13) in seeds is usually
associated with starch accumulation and can indirectly
promote relatively highly efficient starch biosynthesis
by increasing the levels of the source of UDP-glucose
(UDPG) [32, 33]. Meanwhile, glucose 6-phosphate is
regulated by two enzymes, phosphoglucomutase (pgm,
EC:5.4.2.2) and glucose-1-phosphate adenylyltrans-
ferase (glgC, EC:2.7.7.27), for the progressive synthesis of
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ADP-glucose (ADPG) and amylose. Increasing the con-
centrations of hexoses such as UDPG and ADPG induces
the lengthening of long straight-chain starch chains by
granule-bound starch synthase (WAXY, EC:2.4.1.242)
and eventually by 1,4-a-glucan branching enzyme (glgB,
EC:2.4.1.18), which synthesize amylose into starch, and
the transcript levels of both enzymes were highest in the
4-3 treatment. During starch metabolism, the enzyme
glycogen phosphorylase (glgP, EC:2.4.1.1) exerts feedback
regulation, causing glycogen to be catabolized to a-glu-
cose-1P upon accumulation of starch content.

Much glucose needs to be stored prior to starch syn-
thesis to stimulate cell reproduction and delay differen-
tiation [34], and as seed dormancy is released, glucose
synthesis activity increases. UDPG generates 1,3-B-glu-
can as a major component of the cell wall via 1,3--glu-
can synthase, which in turn synthesizes glucose from
glucan endo-1,3-8-D-glucosidase (EGLC, EC:3.2.1.39).
The transcript expression of p-glucosidase gradually
increased with the stratification time of E. brevicornu
seeds and was highest under 4-3 stratification. The
enzyme B-fructofuranosidase (SacA, EC:3.2.1.26) cat-
abolizes sucrose directly into glucose, and its transcript
level peaked under 2-3 stratification along with the dor-
mancy release of E. brevicornu seeds. Starch was also
decomposed with stratification time due to activation
of isoamylase (ISA, EC:3.2.1.68) and w-amylase (AMY,
EC:3.2.1.1) to produce soluble oligosaccharides, which
were then instantly catabolized by S-amylase into malt-
ose and eventually by the enzyme 4-a-glucanotransferase
(malQ, EC:2.4.1.25) gene into glucose. As shown in the
figure, S-amylase transcript levels remained low in the
4-0 treatment, verifying the speculation that a single
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Fig. 7 Analysis of starch and sucrose metabolic pathways during dormancy release in E. brevicornu seeds. a. Differential expression analysis of 5
variable-temperature comparison groups; b. Differential expression analysis of 4 low-temperature comparison groups
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variable-temperature stratification did not release the
dormancy of E. brevicornu seeds.

Analysis of metabolic pathways of embryo development
ending in seed dormancy and fatty acid degradation

during dormancy

To explore more deeply and systematically the DEGs
associated with the dormancy release of E. brevi-
cornu seeds, we clustered 71990 DEGs, 57011 of which
were excluded due to unclear expression patterns. The
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resulting total of 14979 genes are displayed in Fig. 5.
These genes were divided into 17 clusters (Fig. 8A).
Among them, clusters 1, 2, 3, 7, 11, 12, 13, 14, and 16
contained genes that were individually highly expressed
in different stratification treatments, and cluster 5 con-
tained genes that were coexpressed in the combined var-
iable-temperature-low-temperature stratification. Fifteen
of the 17 clusters were significantly enriched with genes,
while cluster 12 and cluster 17 did not have significantly
enriched genes (Fig. 8B). Cluster 2 contained the most
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genes, which were individually highly expressed in the
4-0 treatment, while cluster 1 contained the fewest genes,
which were individually highly expressed in the 4-2 treat-
ment. Cluster 2 contained the most TFs, and cluster 1
contained the fewest TFs.

The genes in cluster 5 were co-highly expressed in the
combined variable-temperature-low-temperature strati-
fication. To illustrate the effect of combined stratification
in relieving E. brevicornu seed dormancy, we analysed the
biological pathways associated with cluster 5 and found
that two pathways, embryo development ending in seed
dormancy and fatty acid degradation, were significantly
enriched.

As shown in Fig. 9A, a total of 35 genes associated
with embryo development ending in seed dormancy
(GO:000573) were selected. The transcript levels of these
genes were significantly higher in the combination strati-
fication than in the treatment groups that were treated
only with low or variable temperature. Among them
was BRI, which senses and combines with BR; sterol
l4a-demethylase (CYP51, EC:1.14.14.154), which is
involved in the biosynthesis of phytosterols and BRs [35];
thiamine phosphate phosphatase (rsgA, EC:3.1.3.100),
which is involved in the regulation of endogenous GA
content and is commonly expressed in actively growing
and elongating plant tissues [36]; 3-oxoacyl- synthase II
(fabF, EC:2.3.1.179), which is associated with a-linolenic
acid metabolism; pyruvate dehydrogenase E2 compo-
nent (DLAT, EC:2.3.1.12), which is associated with the
first step of fatty acid biosynthesis; and acyl-CoA oxidase
(ACOX1, 3, EC:1.3.3.6), which is the main enzyme of the
fatty acid B-oxidation pathway.

A total of six genes related to fatty acid degrada-
tion (ko00071) were filtered, as shown in Fig. 9B. Fatty
acid degradation begins with long-chain acyl-CoA
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synthetase (ACSL, EC:6.2.1.3), which activates the
transformation of free fatty acids into acyl-CoA; this
step is followed by a B-oxidation cycle that serially
breaks down acetate units [37]. The expression of alco-
hol dehydrogenase (adh, EC:1.1.1.1), which is involved
in fatty acid B-oxidation, and ACOX1 was significantly
higher in the combined stratification treatment groups
(1-3, 2-3, 3-3, 4-1, 4-2, 4-3) than in the treatment
groups that were stratified only by variable tempera-
ture or low temperature (0-3, 4-0) versus the control
group (0-0) (Fig. 9B). Oxidation of hexadecanoic acid to
acetyl-CoA, followed by butanoate metabolism, glyoxy-
late and dicarboxylate metabolism, and citrate metab-
olism pathways, provided energy for the dormancy
release of E. brevicornu seeds (Fig. 9C).

Gene coexpression analysis

In this study, coexpression analysis of 4709 DEGs in
cluster 5 with 230 TFs was performed to infer the recip-
rocal regulatory relationships between genes. To ensure
strong interconnections among genes, the top 100 pairs
of reciprocal relationships with absolute values of cor-
relation coefficients > 0.96 were screened for in-depth
analysis.

Figurel0 shows the core network of coexpression
analysis, which included 11 TFs and 69 genes. In this
network, GRF TFs had the most interactions, interact-
ing with 12 genes. Next were BAF and MYB TFs, which
interacted with 9 genes. The others were AUX/IAA and
ARF, YABBY, C3H and KNOX, HD-Zip and zf-HD, and
TCP, which had interactions with 8, 6, 5, 4, and 3 genes,
respectively. The TFs zf-HD and YABBY also interacted
with each other, as did MYB, GRF and TCP, with corre-
lation coefficients greater than 0.98 (Figure S4).
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and the red nodes represent the TFs that play a major role

Methods

Sampling and stratification

E. brevicornu seeds were sampled from May to August
2020 in Zhuoni County (Gannan Tibetan Autono-
mous Prefecture, Gansu Province, N34°30'53.75",
E103°34/28.60"). After artificially removing impurities
and drying the seeds in the shade, seeds with full and
uniform growth traits were selected and stored at 4 °C.
Before stratification, the seeds were surface disinfected
with 75% ethanol for 60 s and washed with distilled water.
Then, the seeds were disinfected with 1% NaClO solution
for 15 min. Finally, the seeds were rinsed under distilled
water until no NaClO remained. The seed samples were
stratified with 1:7 (v/v) wet sand (80% moisture content)
in the germination box. The mixture was cultivated in a
dark growth chamber at 10 °C/20 °C (12 h/12 h) for vari-
able-temperature stratification for 0~4 months and then
transferred to 4 °C for low-temperature stratification for
0~4 months (25 treatments in total).

Hereafter, the treatments are described as “months
of variable-temperature stratification - months of low-
temperature stratification (i.e., “4-3” indicates variable-
temperature stratification for 4 months followed by
low-temperature stratification for 3 months).

Chilling unit (CU) and chilling accumulation (CA)
confirmation

After 4 months of variable-temperature stratifica-
tion, seeds were placed in temperature-gradient seed
germination beds with 3 mm of vermiculite substrate
with a moisture content of 85%. The sterilized seeds
were evenly placed on vermiculite at temperatures of 2,
4, 6, 8, and 10 °C, and each temperature gradient was
repeated three times. The seeds were removed after
11, 28, 41, 56, 67, 78, 89, and 104 d of treatment; trans-
ferred to a 4 °C growth chamber; and observed daily
for germination under dark conditions. The germina-
tion percentage was recorded daily for a total of 64 d.
Germination was characterized by breakthrough of the
seed coat by the radicle.

The final germination percentage at each temperature
was used for polynomial fitting, and the relative value
compared to the highest relative value in the fitted equa-
tion was named the chilling unit (CU), which was defined
as the chill acquired over 1 h at that temperature. The fit-
ted curve of the CU value under the temperature gradi-
ent was considered the CU model. The obtained CU at
each temperature was substituted for each treatment to
obtain the chilling accumulation (CA = CU * hour). The
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response curve of CA versus germination percentage
under different treatments was considered the CA model.

Verification of the chilling models

E. brevicornu seeds were sampled in July 2017 from
Zhuoni County (Gannan Tibetan Autonomous Prefec-
ture, Gansu Province, N34°30'53.75", E103°34/28.60")
and placed in germination beds at 5 temperature gra-
dients of 2, 3, 3.9, 5, and 6 °C, with 15 seeds per treat-
ment; three replications were performed. The seeds of
each treatment group of E. brevicornu were removed at
20, 30, 38, 55, 75, 84, 93, and 102 d and transferred to a 4
°C growth chamber. Seed germination was observed daily
under dark conditions. The germination percentage was
recorded daily for 64 d.

Measurement of the embryo length of seeds

Twenty seeds per treatment were randomly selected and
then dissected longitudinally. Seed length and embryo
length were measured using a Moticam 3000 (Motic
China Group Co., Ltd. ), and the embryo length:seed
length ratio was calculated using the following formula:

Embryo ratio = Embryo length(cm) /Seed length(cm)

Observation of seed microstructure

Paraffin sectioning was used for microstructural obser-
vation of seeds [38]. Ten to twenty seeds in each treat-
ment were immersed in formalin acetate alcohol (FAA)
mixed fixative and vacuumed for 6~8 min. The samples
were dehydrated in gradient ethanol and xylene, embed-
ded in wax, and then sliced with a Leica RM2256 into 8
um serial slices. Then, the slices were dewaxed in gradi-
ent xylenol and ethanol and stained with Safranin O-Fast
Green. Finally, the sections were sealed with Canadian
gum and then observed and photographed under an
Olympus microscope.

RNA extraction and detection

E. brevicornu seeds from 4-0, 4-1, 4-2, 4-3, CK, 0-3, 1-3,
2-3, and 3-3, a total of nine treatment combinations,
were selected as test materials. Ten to 15 seeds were ran-
domly selected from the above treatments, immediately
frozen in liquid nitrogen and stored at -80 °C until RNA
extraction. Total RNA extraction was performed using an
RNAprep Pure Plant Total RNA Extraction Kit (Tiangen),
and each treatment was repeated three times.

Agarose gel electrophoresis was performed to analyse
the sample RNA integrity and the presence of DNA con-
tamination. A NanoPhotometer spectrophotometer was
used to detect RNA purity (OD260/280 and OD260/230
ratio), and a Qubit 2.0 fluorometer was used to accu-
rately quantify the RNA concentration. An Agilent 2100
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bioanalyzer was used for accurate detection of RNA
integrity.

Library preparation and transcriptome sequencing

A total amount of 1 ug of RNA per sample was used as
input material for RNA library preparation. Sequencing
libraries were generated using an NEBNext® Ultra™
RNA Library Prep Kit for Illumin® (NEB, USA) follow-
ing the manufacturer’s recommendations, and index
codes were added to attribute sequences to each sample.
Briefly, mRNA was purified from total RNA using poly-T
oligo-attached magnetic beads. Fragmentation was car-
ried out using divalent cations under elevated tempera-
ture in NEBNext First Strand Synthesis Reaction Buffer
(5X). First-strand cDNA was synthesized using random
hexamer primers and M-MuLV Reverse Transcriptase
(RNase H). Second strand cDNA synthesis was subse-
quently performed using DNA Polymerase I and RNase
H. Remaining overhangs were converted into blunt ends
via exonuclease/polymerase activity. After adenylation of
the 3’ ends of DNA fragments, NEBNext Adaptor with a
hairpin loop structure was ligated to prepare for hybridi-
zation. To preferentially select cDNA fragments 250~300
bp in length, the library fragments were purified with an
AMPure XP system (Beckman Coulter, Beverly, USA).
Then, 3 pl of USER Enzyme (NEB, USA) was used with
size-selected, adaptor-ligated cDNA at 37 °C for 15 min
followed by 5 min at 95 °C before PCR. PCR was per-
formed with Phusion High-Fidelity DNA polymerase,
universal PCR primers, and Index (X) Primer. Finally, the
PCR products were purified (AMPure XP system), and
library quality was assessed on an Agilent Bioanalyzer
2100 system.

Clustering and sequencing

Clustering of the index-coded samples was performed on
a cBot Cluster Generation System using a TruSeq E Clus-
ter Kit v3-cBot-HS (Illumina) according to the manufac-
turer’s instructions. After cluster generation, the library
preparations were sequenced on an Illumina platform,
and 150 bp paired-end reads were generated.

Data analysis

Fastp v0.19.3 was used to perform quality control on the
raw data to generate clean reads. Trinity 2.11.0 was used
to assemble transcripts from the clean reads. The coding
sequences (CDSs) of the transcripts obtained by Trinity
assembly were predicted using TransDecoder (https://
github.com/TransDecoder/) to obtain the amino acid
sequences corresponding to the transcripts. The redun-
dant transcript sequences were compared with the Kyoto
Encyclopedia (KEGG), Nonredundant (NR), Swiss-Prot,
Gene Ontology (GO), Clusters of Orthologous Groups
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(COG)/euKaryotic Orthologous Groups (KOG) and
Trembl databases using DIAMOND, and the amino acid
sequences were compared with the Pfam database using
HMMER to obtain the transcripts for gene function
annotation. The expression of transcripts was calculated
using RSEM, and then the fragments per kilobase of tran-
script per million mapped reads (FPKM) value of each
transcript was calculated based on the transcript length.
Differential expression analysis between the two groups
was performed using DESeq2 v1.22.1, and the P value
was corrected by the Benjamini & Hochberg method.
The fixed P values as well as the |log2(fold change)| val-
ues were used as thresholds for significant differential
expression. Enrichment analysis was performed based
on the hypergeometric test; for KEGG analysis, hyper-
geometric distribution tests were performed to identify
pathways, while for GO analysis, the tests identified GO
terms. Gene coexpression analysis results were plotted
using Cytoscape v3.9.1.

Discussion

Role of IAA in the dormancy release of E. brevicornu seeds
Auxins play key roles in major aspects of plant growth
and developmental processes, including apical domi-
nance, tropic responses, vascular differentiation, embryo
patterning, and root-and-shoot structuring [39]. Auxin
regulates cell elongation by inducing rapid acidification
of the cell wall, affecting the activity of ion channels for
cell expansion and affecting the expression and activity of
genes encoding cell wall components [40, 41].

Aux/IAA plays a central role in auxin signalling
[42]. Two Aux/IAA proteins have been reported to be
involved in seed development in Arabidopsis [43]. Tran-
script accumulation of many GmIAA genes has also been
detected at various stages of soybean seed development
(globular-stage [Gs] seeds, heart-stage [Hs] seeds, and
cotyledon-stage [Cs] seeds) [44]. The interaction of ARFs
and Aux/IAA is a key regulator of auxin-regulated gene
expression [45]. Intracellular IAA stimulates the activ-
ity of ARFs, whose DNA-binding domains bind to and
regulate the expression of auxin-responsive elements
(AuxREs) in the Aux/IAA and small auxin-upregulated
RNA (SAUR) promoters [46, 47]. In addition to auxin,
various other hormones regulate SAUR expression,
such as BR, GA, and ABA. SAUR participates in auxin-
regulated cell elongation and expansion through an acid
growth mechanism by inhibiting the activity of the type
2C protein phosphatase (PP2C) family and thereby regu-
lating the PM H-ATPase phosphorylation state [48]. The
transcript levels of multiple SAUR genes increased with
increasing time of variable-temperature stratification,
suggesting that SAUR may be a key gene by which var-
iable-temperature stratification releases seed dormancy
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in E. brevicornu. At low concentrations of auxin, Aux/
IAA inhibits the auxin response by binding to ARF, lead-
ing to repression of the target ARF TF. Direct binding of
IAA to TIR1 promotes the interaction between SCFT/*!
and Aux/IAA to degrade AUX/IAA, which releases ARF
[39, 49]. ARF10 and ARF16 are required for the forma-
tion of the root cap in a redundant pattern [50]. Seven
ZmARF genes (ZmAREFs 1, 10, 13, 14, 18, 22, and 25) are
constitutively expressed in the developing embryo, sug-
gesting that maize ARF genes may be involved in seed
development and germination [51]. Therefore, we suggest
that the interactions among the auxin signalling pathway
components (ARF, AUX/IAA, SAUR and TIR1) relieve
the dormancy of E. brevicornu seeds during stratification.

The interaction of IAA with ABA is necessary to main-
tain seed dormancy. ABA acts through the PYR/RCAR-
PP2C-SnRK?2 signalling cascade [52]. ABA-insensitive 3
(ABI3), a major component downstream of ABA signal-
ling, is activated by ARF10/16 to stimulate ABA signal-
ling and thus control seed dormancy [53]. Although PYR/
PYL and PP2C transcript levels were increased, whether
the increases indicate that cascade signalling is used to
maintain E. brevicornu seed dormancy during stratifica-
tion requires further investigation.

Roles of BRs in the dormancy release of E. brevicornu seeds
BRs help to promote seed germination and control the
direction and rate of cell division [54, 55]. In addition,
BRs have been shown to have additional nontranscrip-
tional effects on vascular organization, thereby altering
the mechanical properties of the cell wall [56]. BRs are
also involved in the regulation of carbohydrates [57].
BRI1 is involved in cell division and elongation as a
restricted and conserved component of the BR-binding
complex [58]. In rice, OsBRI1 participates in organ devel-
opment through the control of cell division and elon-
gation [54]. GhBRI1 mRNA expression is significantly
higher in rapidly elongating cells of cotton hypocotyls
than in mature roots [59]. BRs reverse the inhibition
of seed germination by ABA and exhibit an accessory
function in the promotion of cell expansion and seed
germination by GAs [60]. In the current study, the tran-
script level of CYP51, also identified as being involved
in embryo development ending in seed dormancy entry,
was significantly higher in the combined stratification
than in the variable-temperature or low-temperature
stratification and peaked in the 4-3 treatment (Fig. 9A).
CYP51 encodes obtusifoliol 14c-demethylase, an enzyme
involved in the synthesis of phytosterols [61]. Sterols
are structural components of cell membranes and act as
biosynthetic precursors of BRs, playing important roles
in membrane fluidity and permeability [62]. It has been
shown that CYP51G1-Sc functions as a biologically active
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signalling lipid molecule in embryogenesis and that most
of the seed embryos of Arabidopsis mutant plants stop
developing at an early heart-type embryo stage [63].
When the BR content is high, BRs are sensed and
bound by BRIL. This activates the BRI1/BAK1 kinase
complex, thereby inhibiting downstream blockers of BR
signalling, including the GSK3-like kinase protein BR-
insensitive 2 (BIN2, EC:2.7.11.1). Inhibition of BIN2 leads
to the accumulation of nonphosphorylated BZR1/2-fam-
ily TFs that regulate the expression of BR target genes
[64]. Gallego et al. [65] showed that the physical interac-
tion between BZR1 and DELLAs is the molecular basis
of BR-GA crosstalk, and it has been found that BZR1
promotes seed germination by accelerating endosperm
rupture via promotion of cell elongation in the plumular
axis-radicle transition zone. The levels of several BKI1
transcripts in E. brevicornu seeds increased with increas-
ing stratification time, and although BKI1 is a negative
regulator of BR signalling whose activity is maintained at
a low level, some studies have shown that this low activity
still allows the expression of BR biosynthetic genes [66].

Role of energy (starch and fatty acid) supply

in the dormancy release of E. brevicornu seeds
Mobilization of energy reserves is essential for seed ger-
mination. Energy is stored mostly in the form of lipids
and starch in the embryos of dicotyledons. In cereals,
mainly amylases and glucanases digest the starch pre-
sent in the endosperm to form glucosyl that serves as the
energy source for seed germination [67]. In rape seeds,
both starch and lipids are synthesized in the plastid, and
the degradation of starch provides the nearest carbon
source for the rapid synthesis of lipids [68]. Lipids are
mostly present in dicotyledons as triacylglycerols (TAGs),
which provide the carbon skeleton and energy for seed
development through fatty acid oxidation, the glyoxylate
cycle, the partial tricarboxylic acid cycle, and gluconeo-
genesis [69]. The mitochondrial pyruvate dehydrogenase
complex (mtPDC) is the main entry point for carbon
into the tricarboxylic acid cycle, catalysing the oxida-
tive decarboxylation of pyruvate to produce acetyl-CoA,
CO2, and NADH, with DLAT forming its core structure
[70]. Yu et al. [71] reported reduced carbon flux into the
TCA cycle in m132, an Arabidopsis DLAT mutant, which
resulted in severely diminished ATP production and dis-
rupted cell division. ACSL is a key regulator of fatty acid
B-oxidation located in the peroxisome that is involved in
seed dormancy release and germination processes [72]. A
total of five ACSL transcripts during E. brevicornu strati-
fication were highly expressed in the combined stratifica-
tion group but weakly expressed in the low-temperature
stratification (0-3) and variable-temperature stratifica-
tion (4-0) groups, suggesting that combined stratification
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better stimulates fatty acid S-oxidation to provide energy
for seed dormancy release (Fig. 9B).

Roles of TF interactions in the dormancy release of E.
brevicornu seeds

Two sets of reciprocal regulatory relationships among
putative genes had correlation coefficients greater than
0.98: 1) zf-HD and YABBY and 2) MYB, GRF, and TCP
(Figure S4). The homology domain (HD) family par-
ticipates in plant and animal development by regulating
protein-protein interactions and other domains/motifs
with regulatory functions [73]. zf-HD is involved in plant
development and stress responses, and its expression is
also significantly correlated with Eth, ABA, and MeJA [74,
75]. Both TCP and GRF positively affect cell expansion
and proliferation [76, 77]. The transcript levels of GRFs
are usually negatively regulated by miR396, and TCP4
directly regulates miRNA396 to influence the expression
levels of certain GRFs to regulate different cell prolifera-
tion pathways [78, 79]. Direct interactions between TCP
and MYB TFs may lead to functional redundancy [80].
AtTCP14 is expressed in the vascular tissue of the seed
radicle; this protein induces the expression of germina-
tion-related genes and activates the growth potential of
the seed embryo [25]. MYB activates lignin biosynthesis
in fibres and/or vessels, regulates the deposition of the
cell wall components cellulose and xylan, and has been
shown to play a role in the ABA signalling cascade as a
positive regulator of the ABA response during seed ger-
mination [81, 82]. The interaction of TCP3 with R2R3-
MYBs increases the flavonol content and negatively
regulates the auxin response, resulting in a decrease in
auxin content and transport ability [83]. Auxin has a lim-
iting effect on seed germination, and its content gradu-
ally decreases with the gradual release of dormancy [84,
85]. Therefore, we speculate that the interaction among
the three TFs may play a role in restricting IAA transport
during seed stratification in E. brevicornu, leading to dor-
mancy release, after which cell proliferation leads to seed
embryo elongation that is accompanied by cell wall disin-
tegration and results in seed germination.

Conclusion

We have revealed the regulatory mechanisms of sucrose
and starch metabolism, plant hormone signalling,
embryo development, and fatty acids in the dormancy
release process of E. brevicornu seeds. In addition, our
gene coexpression analysis revealed possible interactions
between sugar and hormone signalling, providing new
insights into the mechanism of dormancy release in E.
brevicornu seeds.
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