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Introduction: Sunflower seeds possess higher oil content than do cereal crop seeds. Storage of sunflower
seeds is accompanied by loss of seed vigor and oxidation of storage and membrane lipids.
Objectives: This study first reported that compound sodium nitrophenolate (CSN), a new plant growth
modulator, improved the germination and seedling emergence of aged sunflower seeds. The present
study provide a future reference as to the potential applications of CSN and the regulation mechanism
of exogenous substances in increasing aged crop seed vigor.
Methods: Phenotypic analysis was performed to investigate the effect of CSN on germination and seed-
ling emergence from naturally- and artificially-aged sunflower seeds. The biochemical and enzyme activ-
ity analysis were conducted to test the CSN-induced effect on glycometabolism, fatty acid and abscisic
acid metabolism. Meanwhile, gene expression analysis was carried out to detect the changes in the tran-
scription level of sunflower seeds during early germination period after CSN treatment.
Results: CSN application significantly increased the germination rate and seedling emergence rate of sun-
flower seeds under natural and artificial aging. Biochemical analysis indicated that, CSN treatment signif-
icantly enhanced the sucrose and fructose contents in aged sunflower seeds during early germination
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period. Moreover, the contents of several different fatty acids in CSN-treated sunflower seeds also signif-
icantly increased. Enzyme activity analysis revealed that CSN treatment remarkably up-regulated the
activities of several critical enzymes related to triacylglycerol hydrolysis. Consequently, the transcription
levels of the above key enzymes-related synthetic genes were also significantly up-regulated in CSN
treatment. Furthermore, CSN treatment significantly decreased abscisic acid (ABA) content through the
regulation of the gene expressions and activities of metabolism related-enzymes.
Conclusion: Taken together, the contribution of CSN to the improvement of aged sunflower seed germi-
nation and seedling emergence might be closely related to the fatty acid, glycometabolism, and ABA
metabolism.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Sunflower (Helianthus annuus L.) originated in North America, is
one of the vital oilseed crops globally [1]. According to the statisti-
cal data from the Food and Agriculture Organization of the United
Nations (UNAFO) in 2015, the global sunflower planting area is
approximately 25.4 million hm2. Additionally, sunflower is also
the third-largest oil crop in China, with the planting area of up to
1.15 million hm2 and the total output of 299 t, only second to oil-
seed rape and peanut [2]. Sunflower has come under the spotlight
in recent years due to its high ornamental, edible and oil values.
Sunflower seed is rich in unsaturated fatty acids (UFAs), multiple
vitamins and trace elements, which can suppress the cholesterol
synthesis in human body. Currently, sunflower oil is the preferred
cooking oil in developed countries [3]. The sunflower production in
China shows an increasing trend on the whole, which increases
from 278,000 tons to 2,899,700 tons from 1978 to 2016 [2].

Seeds are the foundation of agricultural production. The suc-
cessful seed germination and seedling emergence are of para-
mount importance to the plant growth and yield formation of
crops [4]. Seed germination is a complicated process controlled
jointly by a variety of endogenous and exogenous factors [5]. Seed
vigor stands for an integrative seed characteristic determining the
rapid and neat seed emergence capacity in the complicated field
environment [6]. As an important part in seed vigor, seed longevity
is determined by seed genetic and physiological protection poten-
tials, as well s the storage conditions [7]. High vigor seed is closely
related to the high filed emergence and productivity, while low
vigor seed always leads to a decrease of yields. The early seedling
emergence from germinated seed is another critical development
stage. Before the seedling obtains photosynthetic capacity, both
seed germination and seedling emergence are powered by the
energy from the storage material stored in the seed itself [8,9].

There are abundant nutrients in the seeds, mainly including
macromolecules like starch, protein and fat. These macromolecules
are gradually decomposed and utilized during the germination
process [10]. Triacylglycerol is one of the major storage substances
in oilseeds, and the successful decomposition of triacylglycerol is
of crucial importance to the germination of oilseeds like sunflower
seed. During seed germination, the triacylglycerol is directly
hydrolyzed into fatty acids and glycerin by the lipase. Fatty acids
produce CoA-SH through the b-oxidation pathway, which then
forms the oxaloacetic acid through the tricarboxylic acid cycle or
the glyoxylate cycle and finally reversely converts into sucrose
through glycolysis [11]. Glycerin, the other triacylglycerol hydrol-
ysis product, forms the phosphoglyceride under the catalysis of
glycerol-3-P dehydrogenase, and subsequently produces dihydrox-
yacetone phosphate (DHAP) via dehydrogenation and converts into
glucose for the use of seed germination [12]. Sunflower seeds con-
tain much higher contents of triacylglycerol and fatty acid as com-
pared with cereal crop seeds [13,14]. During the seed storage
process, seeds continuously respire to decompose biological mole-
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cules such as saccharides and triacylglycerol, thus reducing seed
longevity and seed vigor. Seed storage process significantly sup-
presses the germination and seedling emergence of sunflower
seeds, and the reductions increase with the increases in storage
time, environmental temperature and humidity [15,16]. The oxida-
tion of the unsaturated fatty acids can easily cause cell membrane
permeability in oilseeds. Meanwhile, the free radicals and perox-
ides produced by oxidation will damage the protein, membrane
structure, cell tissue and DNA, thus causing seed vigor loss [17].
Zhou et al [18] discovered that, the fatty acids catabolism was hin-
dered at the early stage of aged soybean seed germination, which
was the primary cause for the declined soybean seed vigor after
storage. In the traditional agricultural production, the improper
seed storage method or the excessively long storage time signifi-
cantly decreased the sunflower seed vigor, which results in poor
field seedling emergence, thus severely reducing the sunflower
yield and quality [19]. Therefore, it is necessary to develop an
effective approach to improve the germination and seedling emer-
gence abilities of the aged sunflower seeds. Besides, further inter-
preting the molecular mechanisms during the germination and
seedling emergence processes of aged seeds sheds more lights on
the scientific research of sunflower.

Compound sodium nitrophenolate (CSN) is a novel artificially
synthesized modulator for plant growth, which has been exten-
sively used in agricultural production on various crops, including
tomato [20], Chinese chive [21], cotton [22], and Rape [23]. CSN
can promote cellular protoplasmic streaming, break seed dor-
mancy, accelerate rooting and sprouting, improve fruit quality,
and prevent flower and fruit drop [24,25]. However, so far, there
are few studies on the role of CSN in seed vigor regulation, in par-
ticular for seed germination as well as seedling emergence of aged
sunflower seeds. The present study found that CSN had the func-
tion on seed vigor improvement in naturally and artificially aged
sunflower seeds by regulating fatty acid, glycometabolism, and
abscisic acid metabolism. CSN application boosted the triacylglyc-
erol hydrolysis, promoted the conversion of fatty acids to sugars,
and decreased the abscisic acid content during imbibitions of aged
sunflower seeds, and resulted in the improvement of germination
and seedling emergence of aged sunflower seeds. The present
research might provide a future reference as to the potential appli-
cations of CSN and the regulation mechanism of exogenous sub-
stances in increasing aged crop seed vigor.
Materials and methods

Experimental materials

The sunflower (Helianthus annuus L.) seeds were employed in
this study. Hybrid sunflower seeds were produced from parental
inbreds through synchronous hand cross-pollination in the
experimental farm of Zhejiang Academy of Agricultural Science
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(Hangzhou, China). The filled sunflower seeds were harvested to
store for 1, 6, 12, 18 and 24 months, respectively. The sunflower
seeds were stored in the dry airtight container under ambient
temperature.

Accelerated aging test

The accelerated aging test (AAT) was carried out according to
the method of Missaoui and Hill [26] with small modifications.
Sunflower seeds stored for 1 month were used for the AAT. Briefly,
100 seeds of sunflower were put in each seed aged box and incu-
bated at 45 �C and 100% relative humidity for 48 h (the accelerated
aging test condition were determined by preliminary experi-
ments), and then those processed seeds were subjected to 2 days
of drying under ambient temperature prior to germination tests.

Seed germination and seedling emergence tests

Seed germination was carried out after disinfection of 0.1%
sodium hypochlorite solution for 15 min. Fifty seeds of sunflower
were put in each rolled towels, and four duplicates were set. Rolled
towels were immersed in 25 mg�L�1 CSN solution and purified
water, respectively. Subsequently, the rolled towels were incu-
bated at 25 �C in germination chamber under a diurnal cycle of
12 h of light and 12 h of darkness. The number of germinated seeds
were counted every 12 h. Seeds samples were collected at diverse
time points (0, 12, 24, 36, and 48 h) during imbibitions for further
testing.

Fifty sunflower seeds were planted in soil within greenhouses
at 25 �C and the 12 h light/dark cycle. At 7 days later, the seedling
emergence rates, seedlings height, seedlings dry weight, and total
chlorophyll content were determinate based on experimental
requirements.

CSN content measurement

High performance liquid chromatography-mass spectrometry
(HPLC-MS) was performed to determine CSN content of sunflower
seeds by the methods of Zhang et al [27]. With mobile phase of
methanol-10 mM ammonium acetate solution (60:40, v/v), the
mass spectrometry was operated in the positive ion mode of mul-
tiple reaction monitoring.

Quantification of various sugars

Total soluble sugar content in sunflower seeds was determined
through anthrone-H2SO4 colorimetry by the method of Zhu et al
[28]. The resorcinol method was used to measure sucrose level
and the absorbance (OD) value at 480 nm was adopted for sucrose
content estimation [29]. The fructose determination was per-
formed with the method of Cai et al [30]. HPLC was performed to
determine glucose content in sunflower seed by the method of
Bailly [31].

ATP and energy charge analysis

ATP and energy charge were determined by HPLC, as described
by Emami and Kempken [32] with minor modifications. Data of
ATP and energy charge analysis were expressed as means of four
replicate determinations.

Fatty acid content measurement

The fatty acid extraction was performed with the method of
Zhou et al [18] with small modification. Sunflower seeds were
ground into powders and used to extract fatty acids. In brief, after
3

adding 2 ml n-hexane into the grinded sunflower seeds (50 mg in
each tube), the sample was subjected to ultrasonic extraction
(40 kHz) for 15 min, then standing for 3 h under ambient temper-
ature. Then the solution was centrifuged at 10,000 rpm and 4 �C for
10 min. Afterwards, supernatants were collected, followed by 30 s
of vortex oscillation after the addition of 3 ml methanolic potas-
sium hydroxide solution (Me-OH, 0.4 M). Subsequently, upper liq-
uid layer was transferred into the 5 ml bottle and diluted with n-
hexane until 5 ml. The extract was added to a gas
chromatograph-mass spectrometer (GC–MS) system using the
0.22 lm filter (organic phase). Afterwards, fatty acids were identi-
fied and quantified by the method of Yang et al [33].

Assay of fatty acid, glycometabolism, abscisic acid and gibberellin
metabolism-related enzymes activity

The activities of triacylglycerol lipase (LIPG), glycerol-3-P dehy-
drogenase (GPDH), CoA-SH oxidase (ACX), phosphoenolpyruvate
carboxykinase (PCK), invertase (INV), 9-cis-epoxycarotenoid dioxy-
genase (NCED) activity, zeaxanthin epoxidase (ZEP), abscisic acid
aldehyde oxidase (AAO), abscisic acid �80-hydroxylases (ABA8ox),
GA3-oxidase (GA3ox), GA20-oxidase (GA20ox), and GA2-oxidase
(GA2ox) were detected with enzyme-linked immune kit (Mlbio,
Shanghai, China) according to the protocol of manufacturer. Briefly,
sunflower seeds were extracted in 1 ml of extraction buffer and
then centrifuged at 15,000 rpm for 15 min. Add 10 ll supernatant
of enzyme extraction and 40 ll Sample Dilution in each testing
sample well and after incubation at 37 �C for 30 min, removed
the solution. Afterwards, washed five times by filling each well
with 50 ll Wash Buffer. Then 50 ll conjugate reagent was added
and repeated the incubation and wash process. Subsequently,
50 ll Chromogen Solution A and 50 ll Chromogen Solution B were
added to each well for chromogenic reaction. The color change was
measured spectrophotometrically at a wavelength of 450 nm with
enzyme mark instrument. The activities of fatty acid and gly-
cometabolism metabolism-related enzymes in seeds were then
measured by comparing the O.D. of the samples to the standard
curve.

Abscisic acid and gibberellin determination

ABA and GA were extracted from sunflower seeds in accordance
with the method of Huang et al [34] The HPLC system equipped
with an ultraviolet detector and reverse-phase (C18) column (6.0
mm � 120 mm, 5 mm particle size, Shim-Pack CLC-ODS) was used
for identification and quantification of ABA and GA levels in the
extracting solution. The mobile phase consisted of methanol/water
(64:36, v/v) was ran at the 1.0 ml�min�1 flow rate. The ABA and GA
analysis were performed with four biological replications.

Real-Time Quantitative PCR

The RNA extraction and reverse-transcription of each seeds
sample was carried out using PrimeScriptTM RT reagent Kit
(Vazyme, Nanjing, China). The qPCR protocol was performed on a
CFX96 Touch Real-Time PCR instrument (Biorad) with the ChamQ
SYBR qPCR Master Mix (Vazyme, Nanjing, China). Primers applied
in this study were listed in Supporting Information Table S1.
18srRNA was used as the internal control. Calculations of the fold
change of expression (FC) were determined according to
FC = EDCt, where E corresponds to the mean value of the amplifi-
cation efficacy of the gene, DCt is the difference between the mean
Ct values of all of the biological replicates between the two sam-
ples that are being compared. All data were expressed as the mean
SD after normalization.
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Statistical analyses

The Statistical Analysis System (SAS) software was used for data
statistical analysis by one-way analysis of variance (ANOVA). The
data was test for normality and homoscedasticity before ANOVA.
In addition, multiple comparisons were accomplished by the least
significant difference of p < 0.05 (LSD0.05). The percentage data
were subjected to arcsintrans formation prior to statistical com-
parison according to ŷ=arcsin [sqrt (x/100)].

Results

Natural aging remarkably inhibited sunflower seed germination and
seedling emergence

After storage for 6, 12, 18 and 24 months, the germination and
seedling emergence capacities of sunflower seeds were determined
12 months6 months

24 months18 months

A B

C D

E

GF

6 months12 months

18 months24 months

H

Storage time (months)

I

6                    12               18            24

Fig. 1. Natural aging remarkably suppressed sunflower seed germination and seedling em
process (48 h). Sunflower seeds after 6, 12, 18 and 24 months of storage were used for ana
post-sowing). (F) The seedling emergence phenotypes for different samples (A–D) after g
rates of different samples (A–D) (at 5 days post-sowing). (H) Typical images for sunflowe
in (H). Four biological replicates each with 50 seeds for each treatment were set in seed ge
were indicative of significant differences (p < 0.01, Lsd) across treatments.

4

(Fig. 1). The result showed that the germination rates of sunflower
seeds in long-term storage (18 and 24 months) were remarkable
lower than those in short-term storage. At 7 days of germination
time, the germination rates of sunflower seeds stored for 6 and
12 months were 95% and 85%, respectively, while those after stor-
age for 18 months was only 53%. After storage for 24 months, 85%
of sunflower seeds lost the germination ability (Fig. 1A–E).

Thereafter, the present study analyzed the effect of storage pro-
cess on the seedling emergence of sunflower seeds. Consistently,
the sunflower seedling emergence rate decreased with the increase
in storage time. The seedling emergence rates of sunflower seeds
stored for 6 and 12 months were 91% and 78%, respectively; while
those after storage for 18 months was only 38%. After storage for
24 months, all the sunflower seeds lost the seedling emergence
capacity (Fig. 1FG). Moreover, it should be pointed out that, the
seedling emergence rate of sunflower seeds after storage for
6 months was lower than the germination rate, and a similar rule
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was also observed in sunflower seeds after storage for 12, 18 and
24 months. Particularly, after storage for 24 months, the seedling
emergence rate of sunflower seeds was 0%, although its germina-
tion rate reached 15%. We also investigated seedling height and
confirmed the inhibiting effect of natural aged process on sun-
flower seedling growth (Fig. 1HI). To sum up, the above results
indicated that, the natural aging process apparently reduced the
sunflower seed vigor and seedling emergence capacity.

CSN treatment promoted germination and seedling emergence of aged
sunflower seeds

In the preliminary experiment, several extensively used plant
growth regulators in agricultural production were screened, and
their effects on improving the post-storage germination and seed-
ling emergence capacities of sunflower seeds were determined.
According to the results, compound sodium nitrophenolate (CSN)
application improved the germination and seedling emergence
capacities of the naturally aged sunflower seeds (Fig. 2). Exogenous
CSN significantly enhanced the germination rate of sunflower
seeds after storage for 18 months. At 7 days after germination,
5

the germination rate of untreated sunflower seeds was only 55%,
while those in CSN-treatment was as high as 79% (Fig. 2AB).
Besides, CSN treatment also improved the seedling emergence of
naturally aged sunflower seeds, for CSN-treated seeds, the seedling
emergence rate was 68%, which doubled that of 34% for the
untreated sunflower seeds (Fig. 2CD). The data on the effect of
CSN on seedling height was consistent with the effect on seedling
emergence (Fig. 2EF).

Given that CSN treatment promotes seed vigor of naturally aged
sunflower seeds, the present study further analyzed the impact of
CSN on the germination and seedling emergence of fresh sunflower
seeds (storage for 1 month). The results indicated that CSN treat-
ment had no significant effect on the germination and seedling
emergence processes of fresh sunflower seeds (Supporting Infor-
mation Fig. S1). Thus, it was suggested that the promotion effect
of CSN on sunflower seed vigor was only reflected in the aged
seeds, but not the fresh seeds.

To further confirm the regulatory effect of CSN on the vigor of
aged sunflower seeds, we adopted the accelerated aging test
(AAT) to obtain the artificial aged sunflower seeds. The germina-
tion rate and seedling emergence rate of AAT-treated sunflower



Without 
AAT 

AAT
+CSN

AAT
+H2O

A

0

20

40

60

80

100

bb
b

b

b

b
c

c

c

c c

aa

a

a

a
a

 Without AAT
 AAT+H2O
 AAT+CSN

G
er

m
in

at
io

n 
R

at
e 

(%
)

Imbibition Time (h)

0

20

40

60

80

100

H2O
AAT

b

c

a

Se
ed

lin
g 

em
er

ge
nc

e 
(%

)

AAT

B

DC

H2OCSN

AAT
Without  

AAT

Without  
AAT

H2O CSN
AAT

0 12 24 36 48 60 72 84

Without CNS

Without CNS0

3

6

9

12

15

c

AAT
H2O

AAT

a

Se
ed

lin
g 

he
ig

ht
 (c

m
)

b

E F

CSN

CSN

CSN

Fig.3. CSN improved seed germination and seedling emergence of artificially aged sunflower seeds. (A) Typical images of different samples of sunflower seeds during
imbibitions (48 h after sowing). Without AAT: healthy seeds without accelerated aging test (AAT); AAT + H2O: AAT seeds with H2O; AAT + CSN: AAT seeds with compound
sodium nitrophenolate (CSN) treatment. Scale bar, 10 mm. (B) Time courses of germination rates of different samples (A) are presented. (C) Typical images of seedling
emergence. Scale bar, 200 mm. (D) The seedling emergence rate for (C) was displayed. (E) Typical images of sunflower seeding height. Scale bar, 200 mm. (F) Quantitative
analysis on the seedling height shown in (F). Four biological replicates each with 50 seeds for each treatment were set in seed germination and seedling emergence tests. The
asterisk (*) or diverse lowercase(s) on top of the bars were indicative of significant differences (p < 0.01, Lsd) across treatments. Exogenous CSN at 25 mg�L�1 was employed.

Y. Huang, S. Cai, X. Ruan et al. Journal of Advanced Research 33 (2021) 1–13
seeds were significantly lower than those of the non-aged seeds
(Fig. 3). Consistent with the CSN effect on promoting germination
of natural aged sunflower seeds, exogenous CSN also improved
the germination and seedling emergence capacities of artificial
aged sunflower seeds. The germination rate and seedling emer-
gence rate of AAT + CSN treatment were 1.31 and 1.40 folds of
those in AAT + H2O treatment, respectively (Fig. 3BD). Exogenous
CSN also increased the seedling characteristic of AAT-aged seeds,
with the seedling height of CSN-treated AAT-aged seeds being
1.5-fold that of AAT-aged seeds without CSN treatment (Fig. 3EF).
To further verify the relationship between CSN treatment and
improved sunflower seed vigor, the CSN content in imbibitions
sunflower seeds was measured (Supporting Information
Table S2). The results showed that CSN treatment significantly
increased the CSN content in AAT-aged sunflower seeds during
imbibitions time. After clarifying the role of CSN in promoting
the germination and seedling emergence of naturally and artifi-
cially aged sunflower seeds, only artificially aged seeds were used
in subsequent experiments.
6

CSN treatment increased the contents of soluble sugars, ATP and
energy charge in aged sunflower seeds during imbibitions time

The seed storage substances are the major sources of energy
during early seed germination and seedling emergence, and
sucrose, glucose and fructose are the main nutrients produced by
the decomposition of storage substances. To further analyze the
mechanism of CSN in promoting the germination and seedling
emergence of aged sunflower seeds, this study determined the
contents of soluble sugar, sucrose, glucose and fructose in sun-
flower seeds at the early germination stage (0–48 h) (Fig. 4). The
results revealed that, CSN treatment remarkably improved the sol-
uble sugar, sucrose and fructose contents in the AAT-treated sun-
flower seeds at the early germination stage, especially at 12 and
24 h after germination. While no significant difference in glucose
content was detected between AAT + H2O and AAT + CSN treat-
ments (Fig. 4). Furthermore, significant increased ATP content
and energy charge were observed in AAT + CSN sunflower seeds
as compared with AAT + H2O treatment (Supporting Information
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Fig. S2). The above findings revealed that CSN accelerated aged
sunflower seed germination and seedling emergence through ele-
vating soluble sugar and ATP levels.
CSN increased several fatty acids contents in aged sunflower seeds
during imbibitions

As is well-known, in the seed germination and early seedling
emergence processes of oilseed crop, hydrolysis of triacylglycerol
(oil) produced glycerol and fatty acids, while they are thus con-
verted into diverse soluble sugars through gluconeogenesis
[35,36]. For understanding the reasons responsible for the
increased soluble sugar levels in AAT-aged sunflower seeds after
CSN treatment, we measured the contents of several fatty acids
during sunflower seed imbibitions.

As suggested GA-MS analysis, the AAT treatment evidently
decreased the total fatty acid, unsaturated fatty acid and saturated
fatty acid contents. It was worth noting that the content of total,
saturated, and unsaturated fatty acids were significantly increased
in AAT + CSN seeds compared with AAT + H2O seeds at 24 h and
48 h of imbibitions time (Fig. 5). Subsequently, we test the changes
in the main fatty acid content in sunflower seeds, such as the stea-
ric, palmitic, oleic, linolenic and linoleic acids (Supporting Informa-
tion Fig. S3). The results showed that CSN treatment increased the
contents of oleic and linoleic in aged sunflower seeds during imbi-
bitions. By contrast, the palmitic content of AAT + CSN seeds was
significant lower than those in AAT + H2O seeds. While no signifi-
cant difference in stearic acid and linolenic acids contents were
detected between AAT + CSN and AAT + H2O treatments.
7

CSN increased the activities of several key enzymes which are involved
in fatty acid and glycometabolism metabolism in aged sunflower seeds
during imbibitions time

Given that CSN application increased levels of soluble sugars
and fatty acids during aged sunflower seeds imbibitions, the CSN
function in activities of several critical enzymes related to triacyl-
glycerol conversion into sugars and fatty acids was examined
(Fig. 6). AAT treatment significantly lowered the activities of tria-
cylglycerol lipase (LIPG), glycerol-3-P dehydrogenase (GPDH),
CoA-SH oxidase (ACX), phosphoenolpyruvate carboxykinase
(PCK) and invertase (INV) in sunflower seeds during early germina-
tion time. By contrast, remarkably up-regulated activities of tria-
cylglycerol lipase, glycerol-3-P dehydrogenase, and PCK were
detected in AAT + CSN seeds compared with AAT + H2O treatment
at 12 h, 24 h, 36 h, and 48 h of imbibitions time. Moreover, CSN
application also enhanced the CoA-SH oxidase activity in AAT-
treated seeds at 12 h, 24 h, and 36 h of imbibitions time. These
results were in consistent with the positive effect of CSN on con-
tents of fatty acid and soluble sugar in AAT-treated sunflower
seeds during imbibitions.

CSN increased the transcriptional levels of fatty acid and
glycometabolism metabolism-related genes in aged sunflower seeds
during imbibitions

The qPCR analysis revealed that the transcriptional levels of
HaLIPG1, HaLIPG3, HaGPDH1, HaGPDH3, HaACX3, HaPCK2, HaINV1,
HaINV2, and HaINV3 were decreased in AAT-treatment seeds as
compared with seeds without AAT treatment. By contrast, CNS
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treatment significantly enhanced the transcriptional levels of
HaLIPG1, HaLIPG3, HaGPDH1, and HaGPDH3. Similarly, the gene
expressions of HaACX3 and HaPCK2 in AAT + CSN seeds were signif-
icantly higher than those in AAT + H2O. Besides, CSN application
remarkably increased the transcriptional levels HaINV1 and
HaINV3 in AAT-aged sunflower seeds (Fig. 7).

CSN decreased abscisic acid content in aged sunflower seeds during
imbibitions

It was found that AAT treatment significantly enhanced the ABA
content of sunflower seeds during early germination. CSN applica-
tion significantly decreased the ABA content in AAT-aged sun-
flower seeds at 0–42 h of imbibitions time (Fig. 8A).
Subsequently, we further test the effects of CSN on the activities
of several key enzymes involved in the ABA metabolism, namely
9-cis-epoxycarotenoid dioxygenase (NCED), zeaxanthin epoxidase
(ZEP), abscisic acid aldehyde oxidase (AAO), and ABA-80-
hydroxylases (ABA8ox). The enzyme activity analysis revealed that
activities of NCED and AAO in AAT-aged sunflower seeds were sig-
nificant lower than those in imbibed fresh seeds (Fig. 8BD).
Besides, AAT treatment significantly decreased ABA8ox activity of
sunflower seeds at 24 h, 36 h, and 48 h of imbibitions time
(Fig. 8E). In contrast, CSN treatment markedly decreased NCED
activity and increased ABA8ox activity in AAT-treated sunflower
seeds at most of the time points (Fig. 8BE). While no significant dif-
ference in ZEP activity of sunflower seeds were observed among
treatments during early imbibitions time (Fig. 8C).

For GA, it was significantly lowered by AAT treatment during
sunflower seed imbibitions time (Supporting Information Fig. S4).
AAT treatment remarkably decreased the activities of GA3ox and
GA20ox of sunflower seeds at 24 h, 36 h, and 48 h of imbibitions
time. While exogenous CNS made no significant effect on GA con-
tent and activities of GA3ox, GA20ox, and GA2ox in AAT-treatment
seeds during early germination time.
8

CSN regulated the transcriptional levels of abscisic acid metabolism-
related genes in aged sunflower seeds during imbibitions

The qPCR analysis revealed that the transcriptional levels of
HaNCED1, HaNCED2, HaNCED3, and HaAAO were increased in
AAT-treatment seeds as compared with seeds without AAT treat-
ment (Fig. 8F). AAT treatment also down-regulated the transcrip-
tional levels of HaABA8ox1 and HaABA8ox3 of sunflower seeds at
24–48 h of imbibitions time. It was worth noting that the effect
of CNS application on ABA metabolism-related gene expression
was opposite to that of AAT treatment. CNS treatment significantly
decreased the expressions of HaNCED1, HaNCED3, and HaAAO; By
contrast, CNS significantly up-regulated the expressions of HaA-
BA8ox1 and HaABA8ox3 in AAT-treatment sunflower seeds during
imbibitions time. Such result conformed to the CSN impact on
the activities of AAO, NCED, and ABA8ox in AAT-aged sunflower
seeds in the imbibitions process.
Discussion

Seed germination is a complicated process under the control of
various exogenous and endogenous factors [5]. In the present
study, the germination and seedling emergence were significantly
inhibited in both natural aged and artificially aged sunflower
seeds. Typically, the blocked triacylglycerol conversion into soluble
sugars, along with the elevated ABA content, might be the impor-
tant reason for the decrease of germination and seedling emer-
gence in aged sunflower seeds. The germination test and
phenotypic analysis revealed that the plant growth regulator CSN
effectively alleviated the inhibition of naturally aging and artifi-
cially aging on germination and early seedling emergence of sun-
flower seeds. That CSN contributes to improved germination and
seedling emergence of aged sunflower seeds might be related with
the metabolism of fatty acid, glycometabolism, and abscisic acid.
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CSN positively affected germination and early seedling emergence of
aged sunflower seeds

Seeds are the foundation of agricultural production. The suc-
cessful seed germination and seedling emergence are of para-
mount importance to the plant growth and yield formation of
crops [37]. The reduced seed vigor showed positive correlation
with the storage period [38–40]. In traditional agriculture, crop
seeds are susceptible to aging due to poor preservation environ-
ment and long preservation time, thus affecting the agricultural
production. Consequently, enhancing the germination and seedling
emergence capacities of the aged seeds is a worthy objective of
concern in agricultural production.

Hydrated graphene ribbon application boost aged wheat seed
germination by enhancing the catabolism of starch and triglyc-
erides [41]. Mahakham et al [42] developed a nanopriming tech-
nology for boosting seed germination of aged rice seeds using
phytosynthesized silver nanoparticles. Besides, ultrasonic treat-
ment was proved had the function on germination improvement
in tall fescue and Russian wildrye aged seeds [43]. Interestingly,
a biomaterial was recently developed on the basis of trehalose
9

and silk fibroin, which effectively boosts seed germination and
alleviates soil salinity [44]. However, most of these studies focused
germination rather than seedling emergence of the aged seeds, and
suggested that there were divergent mechanisms underlying the
effects improving germination of aged seeds.

Compound sodium nitrophenolate (CSN) is a highly efficient
plant growth regulator first discovered by Asahi Kagaku Kogyo
Co., Ltd (Japan) in the 1960s. Its effective components are sodium
ortho-nitrophenolate, sodium para-nitrophenol and 5-
nitroguaiacol sodium salt. In 1997, CSN was approved by the US
Environmental Protection Agency into the American Green Food
Project, and it was designated as the Green Food Project-
recommended plant growth regulator by the Food and Agriculture
Organization of the United Nations (FAO). Several studies have
showed that CSN has a wide range of biological functions on plant
growth and development regulation, such as flower differentia-
tion, fruit development, senescence, and seed germination [20–
23]. This work extended the actual applications of CSN, suggesting
that CSN might alleviate the suppression of naturally and artifi-
cially aging on sunflower seed germination and seedling
emergence.
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CSN promoted the hydrolysis of triacylglycerol to sugars in aged
sunflower seeds

As is well known, soluble sugars represent the major energy for
plant seeds at the early germination stage, which mainly includes
sucrose and fructose [12]. For oilseeds, such as soybean and sun-
flower, the catabolism of triglyceride plays an important role in
providing energy for seed germination and seedling emergence.
Triglyceride can be decomposed into fatty acid and glycerin under
the catalysis of LIPG, and GPDH catalyzed the hydrolysis of glycerol
to form CoA-SH [45]. SDP1 (Sugar-Dependent 1) encoding triacyl-
glycerol lipase, and a blocked triacylglycerol hydrolysis and
arrested germination phenotype was detected in sdp6 mutant
seeds of Arabidopsis [46]. ACX is responsible for encoding the
acyl-CoA oxidase, which participates in fatty acid b-oxidation pro-
cess. PCK is in charge of catalyzing oxaloacetate conversion into
phosphoenolpyruvate, which represents the rate-limiting step in
the metabolic pathway [47,48]. Fructose and sucrose were the
end-products of triacylglycerol hydrolysis, which provided the
energy and ATP necessary for supporting plant seed germination
and seedling emergence [49,50].

In the present research, natural aging and artificial accelerated
aging significantly reduced the sunflower seed germination and
seedling emergence capacities, while exogenous CSN effectively
mitigated the suppression on sunflower seed vigor after the aging
process. Subsequent analysis suggested that, AAT treatment signif-
icantly suppressed the activities of several key enzymes (LIPG,
GPDH, ACX, PCK and INV) and abundance of related genes expres-
sions involved in the triacylglycerol hydrolysis pathway. Consis-
tently, the contents of fatty acids, soluble sugars and ATP in AAT-
aged sunflower seeds significantly decreased. The inhibition of
conversion of triacylglycerol into sucrose by AAT treatment as
reported in this study was in agreement with the findings obtained
by Zhou et al [18] who reported that the blockage of fatty acid cat-
abolism was the main reason for the poor seed vigor in aged soy-
bean seeds. In contrast, CSN treatment remarkably promoted the
conversion of triacylglycerol into sucrose and eventually main-
tained the energy supply at the early seed germination process.
10
Moreover, it was worth noting that CSN treatment significantly
decreased palmitic content in sunflower seeds during imbibitions.
While the contents of oleic and linoleic were enhanced by CNS
treatment. The relationship between seed fatty acid content and
seed vigor has been studied in soybean and sweet pepper. Bachleda
et al [51] reported that the oleic acid content was significantly and
negatively correlated with seed vigor in soybean (Glycine max).
Besides, a positive correlation between linoleic acid content and
germination ability was detected in sweet pepper; while higher
level of palmitoleic acid in seed leading to decreased seed vigor
[48]. It was proposed that the changes of different fatty acids con-
tent might be related to the regulation of CSN on germination abil-
ity of aged sunflower seeds.

CSN decreased the abscisic acid content in aged sunflower seeds

Abscisic acid (ABA) and Gibberellin (GA) are two important
phytohormones that play important roles during seed dormancy
and germination [52–54]. For instance, GA can break seed dor-
mancy and induce seed germination. It is shown that GA can acti-
vate the endogenous hydrolase activity of seeds to promote the
decomposition of stored substances and weaken barrier tissues
(such as endosperm and endosperm cap), thus inducing seed ger-
mination [55]. In contrast, high concentration of ABA induces seed
dormancy that suppresses seed germination [56,57]. Gibberellin
(GA) and ABA metabolism is closely related to the seed aging pro-
cess. Lin et al [58] reported that the natural aged process dramat-
ically increased the ABA content and decreased the GA content in
rice seeds. After storage, seeds with lower seed vigor had higher
ABA content while lower GA content. However, whether the regu-
lation of CSN on germination of aged-sunflower seeds is related to
the GA and ABA metabolism has not been reported. In this study,
AAT treatment significantly increased ABA content of sunflower
seeds during imbibitions time, closely associated with the remark-
ably increased activities of ABA biosynthesis enzymes (NCED and
AAO) and decreased activity of inactivation enzyme ABA8ox.
Exogenous CSN weakened the induction of ABA content by AAT,
notably, only associated with the regulation of NCED and ABA8ox
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enzymes. Besides, AAT treatment down-regulated the activities of
GA biosynthesis enzymes (GA3ox and GA20ox), and thereby sup-
pressed GA accumulation in sunflower seeds during imbibitions.
However, CSN treatment made no significant effect on GA content
in AAT-treated sunflower seeds during imbibitions time. It was
proposed that GA metabolism might not play a crucial role in the
regulation of CSN on sunflower seed germination.

Conclusions

To sum up, this study revealed that, the CSN application could
improve the germination and seedling emergence capacities of
naturally and artificially aged sunflower seeds. During the germi-
nation process of aged sunflower seeds, exogenous CSN enhanced
the hydrolysis rate of triacylglycerol into fatty acids and glycerin.
Meanwhile, it promoted the conversion of fatty acids and glycerin
into sucrose and fructose. Moreover, CSN treatment reduced the
ABA content by regulating the activities and genes expressions of
11
NCED and ABA8ox in aged sunflower seeds (Fig. 9). On the one
hand, the present study revealed that the fatty acid, gly-
cometabolism, and abscisic acid metabolism are crucial to the ger-
mination and seedling emergence of aged sunflower seeds. On the
other hand, it provided theoretic and practical basis for using CSN
to enhance safety production for sunflower.
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