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Abstract: Seed priming is a method for improving seed vigor, which can improve seed germinability,
but the disappearance of positive priming effects and decrease of seed longevity during storage
may limit its application. To determine the effect of priming on hot pepper seeds and the time
during which priming effects can be maintained, it is necessary to monitor and study the variability
of primed seeds during storage. In this study, several priming treatments with 3% KNO3, 20%
PEG, or 3% KNO3 + 20% PEG and up to 8 months of storage of primed seeds were conducted
on seeds of pepper strains No.63, No.73, and No.101. Germinability was improved by priming
treatment. The germination percentage of primed seeds did not vary compared to non-primed ones,
seeds germinated quickly and had strengthened emergence, especially for those primed with 3%
KNO3 solution, which germinated significantly faster and the seedlings grew stronger. During the
8-month storage process, the beneficial effects of priming disappear after 6 months, beyond which
the performance of primed seeds is worse than non-primed seeds. After 8 months of storage, the
viability of primed pepper seeds dropped sharply. In general, preservation at −4 ◦C can retain the
priming effects to the greatest degree and prevent the seed from losing viability for up to 6 months.
Resistance to aging differed across varieties, with No.101 pepper seeds more resistant to aging than
the other two varieties, regardless of priming treatment.

Keywords: pepper seeds; seed priming; germinability; preservation; longevity

1. Introduction

Hot pepper (Capsicum spp.) is an important vegetable crop [1]. It has been planted
in more than 20 provinces in China, and its production value ranks first among various
vegetable crops. Pepper is not only suitable for traditional open field cultivation, but is
also an important product of greenhouse production [2]. Protected cultivation has become
an important part of contemporary vegetable production, guaranteeing an annual supply
of vegetables, regardless of season. Industrial production requires consistency of seed
germination and uniformity of seedling emergence. However, the seed coat of pepper
seeds is thick, creating a problem with slow and irregular germination [3]. Seed priming is
a treatment method to improve seed vigor, which can improve the germinability of seeds
by making the seed germinate more quickly, strengthening emergence, and improving
resistance of seedlings [4–14].

Several priming compounds are commonly used to treat seeds for industrial pro-
duction. Polyethylene glycol (PEG) is a macromolecular compound which is difficult to
infiltrate into seeds and does not cause damage to seeds [15]. Priming with PEG can slow
the initial rate of seed absorption, prevent cell damage due to excessive water absorption,
and provide time for cell self-repair to prepare for subsequent germination and seedling
growth. Li et al. [16] found that priming with 20% PEG had the best effect on improving
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the seed vigor of aged pepper seeds, compared with 15% or 25% PEG treatment. How-
ever, PEG initiation has the disadvantages of high cost, poor solution ventilation, and
difficulty in removal from the seed after treatment. The commonly used inorganic salt
potassium nitrate (KNO3) has the advantages of simplicity and easy ventilation. Many
studies have shown that the use of potassium nitrate to induce a variety of crop seeds
can effectively increase seed vigor and promote germination. Zhang et al. [17] found that
KNO3 can promote the germination of pepper seeds of different storage ages (2 or 3 years),
that the best concentration was 0.2–0.3%, and that the time of osmotic adjustment was
12–24 h, which depended on the different storage periods of seeds. Another study in
greenhouse conditions showed that 3% KNO3 priming promoted the emergence of water-
melon (Citrullus lanatus) seedlings, and that the seedlings became stronger [18]. Priming
with 3% KNO3 enhanced eggplant (Solanum melongena) seed vigor and the salt tolerance
of seedlings. The germination percentage, germination index, vigor index, and dry and
fresh seedling weight of primed eggplant seeds were significantly higher than those of the
control, when germinated under Ca (NO3)2 stress [19]. Additionally, 3% KNO3 priming
treatment markedly improved the germination and emergence rates for all seed lots of
two pepper varieties (42 lots of ’YoloWonder’ and 30 lots of ’Anaheim’) in the research of
Bradford et al. [20]. Wu et al. [21] applied 30% PEG and 3% KNO3 for tomato (Solanum
lycopersicum) seed priming. Both of these priming treatments increased the germination
rate and the uniformity of emergence.

The disappearance of the priming effects during storage and the reduced longevity of
primed seeds may limit the application of priming techniques. The longevity of primed
seeds is significantly reduced compared to non-primed seeds [22–25]. Primed sweet corn
(Zea mays) seeds had poorer germination and seedling growth performance after storage for
3 months at 25 ◦C than non-primed seeds [23]. Argerich et al. [22] found that after 6 months
of storage at 30 ◦C, primed tomato seeds exhibited germination delay and low germination
percentage compared to the control. The viability of primed lettuce (Lactuca sativa) seeds
decreased sharply to about 20% within 60 days at 32 ◦C or 70 h at 50 ◦C, both under 75%
relative humidity, while the non-primed control remained at about 100% [24]. Another
paper has also reported that the decline in viability of primed lettuce seeds was greater than
that of non-primed seeds during storage, whether at 38 ◦C or 48 ◦C [25]. When under mild
aging conditions (relative humidity 50%, 45 ◦C), primed lettuce seeds exhibited slower
germination and less neat shoots than the non-primed seeds after 14 days of storage [26].
However, Chiu et al. [23] observed that primed sweet corn seeds exhibited longer longevity
and showed better germination and vigor than non-primed seeds, even after 12 months of
storage at 10 or −80 ◦C.

In total, it is widely believed that seed priming can increase the germination rate,
seedling emergence uniformity, or stress resistance. However, the change in final ger-
mination percentage may vary due to different varieties or seed lots; some could be
improved [27], some were little affected [28], or even slightly reduced [20]. Besides, in dif-
ferent research, the primed seeds behaved differently during the storage; some performed
better than non-primed [23], while another was inferior to control [22], which might be
related to genetic characteristics or the environment [29,30]. The inconsistencies among
these studies lead to the need for further investigation.

At present, seed priming has not yet been commercialized in China, and little research
has been conducted on the storage of primed pepper seeds. In order to determine the
effects of different priming methods on pepper seed vigor, the duration priming effects
can be maintained, and to reduce the decline in the longevity of primed seeds during
storage, it is necessary to monitor and study the change in primed seed vigor across
different storage processes. This information is of important ecological, agricultural, and
economic significance. The purpose of this study was to: (1) explore the effects of different
seed priming solutions on pepper seed vigor; (2) study the effects of storage conditions
(−4 or 25 ◦C, plastic or paper bags) on the germination and seedling growth of pepper
seeds; (3) further understanding of primed pepper seeds losing viability during storage;
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and (4) establishing a preliminary understanding of the relationship between the different
performances among pepper varieties and their self-aging resistance.

2. Materials and Methods
2.1. Test Materials

The materials used in this study were No.63, No.73, and No.101 pepper seeds, pro-
vided by Beijing Biosow Seeds Co., Ltd., Beijing, China. The appearance and seed coat
structure of three pepper varieties were shown in Figure 1. These three hybrids belong to
cavel pepper type, and their fruits are of sheep-horn shape.
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Figure 1. The appearance and seed coat structure of pepper seeds of three varieties, No.63, No.73,
and No.101.

2.2. Treatment Methods
2.2.1. Treatment

We chose the most widely accepted 3% KNO3 priming treatment in seeds of Solanaceae,
such as eggplant [19], tomato [21], and pepper [20,27]: the 20% PEG treatment (proven to
be superior to 15% or 25% in pepper seeds [16]), and 3% KNO3 + 20% PEG (as the priming
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effects of PEG + KNO3 combination treatment on artificially aged rice seeds were better
than those of PEG or KNO3 alone [31]). In short, the seed priming treatments used in this
study were 3% KNO3, 20% PEG, and 3% KNO3 + 20% PEG. No.63, No.73, and No.101
pepper seeds were soaked in priming solution for 48 h in dark conditions at 25 ◦C. After
priming, the seeds were washed several times with distilled water, then dried back to the
original weight at room temperature. From each treatment, 100 seeds were germinated,
with 4 replicates. Non-primed seeds of each variety were used as controls for comparison
with the germinability of primed seeds. The germination percentages on the 7th and
14th day (the final germination percentage) were counted, as well as the fresh weight
of seedlings.

2.2.2. Storage after Priming

Primed and non-primed seeds of each variety were stored in three different conditions:
in a plastic bag (Shanghai Huanmao MAN. & Trading Co., Ltd., Shanghai, China) at room
temperature, in a plastic bag in the freezer (BC/BD-272SE, Haier Group Corp, Qingdao,
China) set to −4 ◦C, or in a paper bag (Taizhou Zhengda Shaiwang Factory, Zhejiang,
China) at room temperature. Paper bags easily take up water under refrigerated conditions,
and thus this experimental combination was not used. Seeds were taken for standard
germination tests every two months during the storage period of 8 months. Each time,
100 seeds were used, with 3 replicates.

2.2.3. Accelerated Aging Test

Seeds were placed in a mesh bag in a dry plate. The bottom of the dish was filled with
distilled water (RH 100%) and placed in an oven at 41 ◦C for accelerated aging for 1, 2, 3,
and 4 days. After artificial aging, seeds were dried to their original moisture content (about
10%) on top of filter paper on the laboratory bench (23 ± 1 ◦C) for about 24 h. The seeds
without aging treatment served as the control, which were stored sealed in plastic bags and
kept in the freezer (−4 ◦C) after being obtained from the seed company, with no difference
in germination characteristics compared to post-harvest.

2.3. Data Analysis

All data were analyzed by variance analysis with IBM SPSS Statistics 21.0 (https://
www.ibm.com/support/pages/downloading-ibm-spss-statistics-21?mhsrc=ibmsearch_a&
mhq=spss%2021 (accessed on 21 May 2021)). ANOVA was used to analyze the effect of
three priming treatments and storage conditions on the germinability of three pepper
varieties. All figures were created with Origin 2021 and Microsoft Office 2019.

3. Results
3.1. Effects of Different Priming Treatments on Pepper Seed Vigor

It can be seen from Table 1 that the factor varieties, priming treatments, and the
interaction have extremely significant effects on these germination indexes of pepper seeds,
except that the germination percentage was only significantly affected by varieties. In
general, the main effect appeared to be varieties > treatments > interaction. Through the
results of multiple comparisons, it can be seen that the No.63 pepper seeds germinated faster
and the final germination percentage was higher than that of No.73 and No.101 (Table 2).
When comparing different priming treatments, KNO3 and KNO3 + PEG treatment can
significantly improve the germination rate and the robustness of seedlings for pepper
seeds, but the final germination percentage has no significant effect. However, there was
no significant difference between seeds primed by PEG and non-primed (Table 2).

https://www.ibm.com/support/pages/downloading-ibm-spss-statistics-21?mhsrc=ibmsearch_a&mhq=spss%2021
https://www.ibm.com/support/pages/downloading-ibm-spss-statistics-21?mhsrc=ibmsearch_a&mhq=spss%2021
https://www.ibm.com/support/pages/downloading-ibm-spss-statistics-21?mhsrc=ibmsearch_a&mhq=spss%2021
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Table 1. Two-way ANOVA of priming treatments and varieties on the germinability of pepper seed.

Germination
Indexes Source SS df MS F p-Value

7th day GP Varieties 0.2690 2 0.1345 19.84 ** 8.21 × 10−6

Treatments 0.2285 3 0.0762 11.24 ** 8.46 × 10−5

Varieties × Treatments 0.2612 6 0.0435 6.42 ** 3.88 × 10−4

Error 0.1627 24 0.0068
GP Varieties 0.2145 2 0.1072 84.67 ** 1.34 × 10−11

Treatments 0.0031 3 0.0010 0.8070 0.50
Varieties × Treatments 0.0112 6 0.0019 1.4737 0.23
Error 0.0304 24 0.0013

FW Varieties 0.0050 2 0.0025 153.47 ** 2.12 × 10−14

Treatments 0.0019 3 0.0006 38.98 ** 2.20 × 10−9

Varieties × Treatments 0.0004 6 0.0001 4.32 ** 4.29 × 10−3

Error 0.0004 24 0.0000
SVI Varieties 0.0018 2 0.0009 51.35 ** 2.13 × 10−9

Treatments 0.0010 3 0.0003 18.44 ** 2.02 × 10−6

Varieties × Treatments 0.0001 6 0.0000 1.32 0.29
Error 0.0004 24 0.0000

SL Varieties 5.6674 2 2.8337 219.05 ** 2.45 × 10−31

Treatments 0.2927 3 0.0976 7.54 ** 1.86 × 10−4

Varieties × Treatments 0.5983 6 0.0997 7.71 ** 2.05 × 10−6

Error 0.9314 72 0.0129
RL Varieties 24.6907 2 12.3454 25.08 ** 5.44 × 10−9

Treatments 23.2404 3 7.7468 15.74 ** 5.75 × 10−8

Varieties × Treatments 56.5064 6 9.4177 19.13 ** 3.43 × 10−13

Error 35.4457 72 0.4923

Notes: GP: germination percentage; FW: fresh weight; SVI: simple vigor index; SL: seeding length; RL: root length.
Simple vigor index = fresh weight × germination percentage. ** indicates significance at p < 0.01.

Table 2. The Tukey multiple comparison test result for the mean separations of different germination
indexes at the 0.05 level.

Factors Levels 7th Day GP (%) GP (%) FW (g) SVI SL (cm) RL (cm)

Varieties No.63 70.5 a 84.7 a 0.0531 b 0.0452 b 0.97 c 4.21 b
No.73 50.3 b 70.0 b 0.0468 c 0.0328 c 1.07 b 4.51 b
No.101 54.8 b 67.0 b 0.0743 a 0.0496 a 1.56 a 5.48 a

Treatments Non-primed 52.9 b 73.3 a 0.0555 b 0.0400 b 1.14 b 4.75 b
KNO3 67.6 a 74.0 a 0.0703 a 0.0515 a 1.27 a 5.52 a
PEG 48.7 b 75.3 a 0.0511 b 0.0384 b 1.15 b 4.60 bc
KNO3 + PEG 65.1 a 72.9 a 0.0555 b 0.0402 b 1.25 a 4.05 c

Notes: Means associated with different letters for each germination index in the same factors are significantly
different at the 5% level according to the Tukey multiple comparison test. GP: germination percentage; FW: fresh
weight; SVI: simple vigor index; SL: seeding length; RL: root length.

As the variety factor and the interaction were extremely significant, we needed to fur-
ther analyze the specific performance of different priming treatments in different varieties,
so we conducted the one-way ANOVA for priming treatments. Seed priming significantly
increased the germinability of pepper seeds, though this effect varied across varieties
(Table 3). Some were significantly improved, while only No.63 seeds showed a germination
rate significantly lower after PEG priming. KNO3 had the best priming effect with the
7th day germination percentage for No.63, No.73, and No.101 primed seeds increased by
5.2%, 55.5%, and 24.9%, respectively. No.73 pepper seeds with PEG and KNO3 + PEG
priming also increased their 7th day germination percentage, by 28.7% and 55.5%, respec-
tively. However, these priming treatments had no significant effect on the final germination
percentage of pepper seeds. The germination percentage of No.101 pepper seeds increased
(from 65.3 to 72.7%), when primed by PEG, but this increase was not significant.
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Table 3. Effects of priming with KNO3, PEG, and KNO3 + PEG on germination of three varieties of
pepper seeds.

Varieties Treatments 7th Day GP (%) GP (%) FW (g) SVI SL (cm) RL (cm)

No.63 Non-primed 77.3 a 84.0 a 0.0484 b 0.0407 b 0.97 b 4.34 a
KNO3 81.3 a 86.0 a 0.0639 a 0.0556 a 0.91 bc 3.70 b
PEG 28.0 b 84.0 a 0.0468 b 0.0394 b 0.87 c 4.51 a
KNO3 + PEG 82.0 a 84.7 a 0.0534 b 0.0451 b 1.13 a 4.27 ab

No.73 Non-primed 37.3 c 70.7 a 0.0430 b 0.0304 b 1.03 bc 5.60 a
KNO3 58.0 a 70.7 a 0.0547 a 0.0387 a 1.21 a 5.00 ab
PEG 48.0 b 69.3 a 0.0440 b 0.0304 b 0.93 c 4.00 bc
KNO3 + PEG 58.0 a 69.3 a 0.0457 b 0.0317 b 1.10 b 3.44 c

No.101 Non-primed 44.0 b 65.3 a 0.0750 b 0.0490 ab 1.41 b 4.31 c
KNO3 63.3 a 65.3 a 0.0932 a 0.0603 a 1.69 a 7.87 a
PEG 56.7 ab 72.7 a 0.0624 c 0.0455 b 1.64 a 5.29 b
KNO3 + PEG 55.3 ab 64.7 a 0.0676 bc 0.0438 b 1.51 ab 4.44 c

Notes: Means associated with different letters in the same cultivar are significantly different at the 5% level
according to the Tukey multiple comparison test. GP: germination percentage; FW: fresh weight; SVI: simple
vigor index; SL: seeding length; RL: root length.

For No.63 pepper seeds, the average fresh weight of seedlings after KNO3 priming
was heavier than that of the non-primed, the root length was significantly shorter, while the
lateral roots and root hairs were more numerous, and the cotyledon was further developed
(Table 3, Figure 2). The seedling length of No.63 peppers primed by KNO3 + PEG was
significantly increased. For No.73 peppers, the three priming treatments significantly
increased the 7th day germination percentage and enhanced the growth characteristics of
the seedlings. The KNO3 priming effect was strongest, with average fresh seedling weight
and simple vigor index significantly higher than that of the control. When primed with
PEG or KNO3 + PEG, the taproot of the seedlings was significantly shorter, but the lateral
roots were significantly increased compared to the control, and the root hairs were more
developed. For No.101 peppers, priming with KNO3 or with KNO3 + PEG had significant
effects on the seedlings. The average fresh weight and the simple vigor index of seedlings
primed by KNO3 were significantly increased. The seedling and root length both increased
significantly, and the seedlings appeared to be heavier. Priming effects of KNO3 + PEG
were slightly less than those of KNO3, but also significantly increased the quality of No.101
pepper seedlings.
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In general, considering all varieties, the priming effects of KNO3 were much better
than PEG treatment and slightly better than KNO3 + PEG treatment. Besides, pepper
varieties with lower initial vigor (No.73 and No.101) gained the most from priming repair
processes, manifested in more significantly increased germination rate and seedling growth,
compared with the more advantageous variety, No.63.

3.2. Influence of Different Storage Conditions on Germination and Early Seedling Growth of
Primed Pepper Seeds

From the three-way ANOVA, the varieties factor always had extremely significant
effects on 7th day germination percentage and final germination percentage, throughout the
whole storage period. When stored for the sixth month, the treatments, storage conditions,
and interactions began to significantly affect the 7th day germination percentage (represent-
ing the priming benefits), while the final germination percentage (indicating seed viability)
was significantly affected in the 8th month of storage (Tables S1 and S3). Meanwhile, the
primed seeds of No.101 could maintain the priming benefit better during storage, and
the plastic bag (−4 ◦C) was the best preservation condition (Tables S2 and S4). As the
variety factor was always extremely significant, further analysis of specific performance for
different priming treatments of different varieties in several storage conditions was still
needed, which can also help to conveniently and intuitively monitor the priming benefit
and longevity disappearance process of primed seeds for each pepper variety.

Germination of pepper seeds after 0, 2, 4, 6 and 8 months of storage under differ-
ent conditions was tested (Figure 3). Compared with primed seeds that were not stored
(0 month), the 7th day germination percentage of primed pepper seeds exhibited a down-
ward trend over time. The exception was No.63 seeds primed by PEG, which showed an
upward trend until the 4th month, and then a downward trend.

With an increase in storage time, the germinability of the primed pepper seeds began
to decrease. After 6 months, the 7th day germination percentage of primed seeds decreased
clearly, with some treatments performing worse than non-primed seeds (Figure 3). The
germination percentage of non-primed seeds did not change significantly during storage.
After 8 months of storage, the 7th day germination percentage of No.63 and No.73 primed
seeds had been reduced to less than 50% of the non-primed control. For No.101 seeds, this
sharp decline was only observed in the paper bag at room temperature (25 ◦C) treatment.
Comparing the three storage conditions, the plastic bag at −4 ◦C best minimized the
disappearance of priming benefits. In this treatment for the No.73 and No.101 KNO3
primed pepper seeds, the 7th day germination percentage of the seeds was similar to that
of the non-primed seeds after 8 months. At room temperature, germination percentage was
maintained up to 6 months.

Compared with unprimed seeds, the final germination percentage of primed seeds
showed a decreasing trend over time during storage (Figure 4). No.73 seeds primed by
KNO3 + PEG began to decline most quickly, by the second month. The germination
percentage of No.63 and No.73 primed pepper seeds declined sharply after storage for
6 months, and primed seeds in paper bags at room temperature showed the sharpest
decline, with many of them reaching less than 20% of the original germination percentage.
However, the primed seeds put in plastic bag at room temperature or −4 ◦C degrees
showed a higher germination percentage. For No.101 pepper seeds, the germination
percentage of the primed seeds also decreased with an increase in storage time, but this
decrease trend was not as obvious as for the other two varieties. After 8 months of storage,
the germination percentage remained above 50% of the original germination percentage.
KNO3 primed seeds showed a minimal reduction of only 10% after 8 months of storage.
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over time. GP: germination percentage. (a–c) the germination percentages for No.63 pepper seeds;
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The decrease in the 7th day germination percentage for primed seeds during the
storage reflected the disappearance of priming benefits, and the change of final germination
percentage represented the impact on the longevity of primed seeds. It can be concluded
from Figures 3 and 4 that when the storage time exceeded 6 months, not only did the
priming benefits of primed pepper seeds disappear but also the viability was affected,
under different storage conditions, especially for the preservation using paper bags at room
temperature. In addition, among the three varieties, No.101 pepper seeds performed best.
After 8 months of storage, even if the priming effect disappeared, there was no significant
difference in the final germination rate between primed seeds and the control, except that
they were preserved in plastic bags at −4 ◦C after PEG priming and in paper bags at room
temperature after KNO3 and PEG priming (Table S5).
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Figure 4. The final germination percentage of primed pepper seeds in different storage conditions
over time. GP: germination percentage. (a–c) the germination percentages for No.63 pepper seeds;
(d–f) the germination percentages for No.73 pepper seeds; (g–i) the germination percentages for
No.101 pepper seeds. (a,d,g) 3% KNO3 priming; (b,e,h) 20% PEG priming; (c,f,i) 3% KNO3 + 20%
PEG priming. The light-shaded area around the curve represents the standard error.

Effects of priming and storage duration on the growth of pepper seedlings were
observed in all three varieties. When primed seeds were stored, average seedling fresh
weight (Figure 5) and the simple vigor index (Figure 6) both decreased over time for all
treatments. With an increase in storage time, seedling growth characteristics decreased.
This decrease was reduced for primed seeds stored in plastic bags at −4 ◦C for less than
6 months. Similarly, No.101 pepper seeds performed better than the other two varieties,
with a slighter decrease trend.
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Figure 5. Average fresh weight of seedlings from primed pepper seeds under different storage
conditions. FW: fresh weight. (a–c) the fresh weight for No.63 pepper seeds; (d–f) the fresh weight
for No.73 pepper seeds; (g–i) the fresh weight for No.101 pepper seeds. (a,d,g) 3% KNO3 priming;
(b,e,h) 20% PEG priming; (c,f,i) 3% KNO3 + 20% PEG priming. Different letters in the same cultivar
for each treatment denote the difference between the storage duration of a storage condition at the
5% level.

3.3. Comparison of Self-Aging Resistance of Three Varieties of Pepper Seeds

The dissimilar performance for primed seeds of three pepper varieties seeds during
storage encouraged us to further explore. Hence, the artificial accelerating aging experiment
(41 ◦C, RH 100%) was carried out for 1, 2, 3, and 4 days. The germination percentages of
No.63 and No.73 pepper seeds were affected by the accelerated aging test, first decreasing
and then increasing (Figure 7). No.63 began to rebound on day 4 of aging, and No.73
on day 2. However, there was no significant difference in the germination percentage of
No.101 pepper seeds at different aging times. Additionally, the average fresh seedling
weight of No.101 peppers was much heavier than that of the other two varieties, although it
declined with increasing aging days until the 4th day (Figure 8). The average fresh weight
of No.63 pepper seeds dropped significantly to below 50% of the control. The average fresh
weight of No.73 pepper seeds after aging did not change, and average weight was much
lower than that of the other two varieties. In general, the germinated seeds of No.101 had
higher vigor, which was consistent with the results of seed priming and storage.
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Figure 6. Simple vigor index of seedlings from primed pepper seeds under different storage condi-
tions. SVI: simple vigor index = average fresh weight × germination percentage. (a–c) the simple
vigor index for No.63 pepper seeds; (d–f) the simple vigor index for No.73 pepper seeds; (g–i) the
simple vigor index for No.101 pepper seeds. (a,d,g) 3% KNO3 priming; (b,e,h) 20% PEG priming;
(c,f,i) 3% KNO3 + 20% PEG priming. Different letters in the same cultivar for each treatment denote
the difference between the storage duration of a storage condition at the 5% level.
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4. Discussion

Seed priming not only promotes seed germination more quickly and orderly, but
also has great significance for breeding strong seedlings. Previous studies found that for
most horticultural plant seeds, the effect of priming treatment is primarily reflected in the
increase in seed germination rate and emergence uniformity, with the effect on the final
germination percentage of seeds not obvious [4–7,20,32–34]. The results of the current
study were similar. No.73 and No.101 non-primed seeds germinated slowly, compared
with the No. 63 variety, making priming effects more obvious, as the slower lots would
presumably have suffered greater deterioration and would, therefore, gain the most from
priming repair processes, which was consistent with the research of Bradford et al. [20]. It
might also be caused by the thinner seed coat of No.73 and No.101, which was conducive
to the infiltration of the priming solutions to obtain more priming benefits. In addition, the
commonly used KNO3 and PEG priming have advantages, but they also have deficiencies.
For example, No.63 seeds primed by PEG had a lower germination rate than non-primed
seeds, because PEG has high viscosity and is not easy to remove [3]. The residual amount
of PEG may have controlled the slow water absorption of the seeds. To explore the practical
value and priming effects, this experiment used the previously mentioned two primers as
well as PEG + KNO3 combination solution. The results showed that the combination of two
reagents had a better priming effect than PEG priming, but was slightly inferior to KNO3
priming. However, since the production of KNO3 is expensive and is further increasing
due to the increase in the price of oil, to save costs, especially for large-scale industrial
applications, investigation into whether an intermediate concentration between 0.3 and
3% could still be effective should be conducted in future research. In future experiments,
different combined concentrations of PEG and KNO3 can be further optimized to reduce
costs and simplify operations.

There was no definitive conclusion on the effect of priming on seed longevity. It was
reported that priming treatment can control Okra seed deterioration during storage [35],
while in other research, the storage life of primed tomato seeds was reduced [22]. Alvarado
and Bradford [36] also showed that tomato seeds primed by KNO3 had faster loss of vigor
and viability than non-primed seeds. Demir and Okcu [37] found that the benefits from
treatment persisted only for four months when pepper seeds were stored at 5 ◦C. The
decline in viability and vigor of primed seeds may occur during storage, which can limit
the large-scale adoption of priming. Based on the results of this study, the primed pepper
seeds deteriorated and lost longevity faster than that of non-primed seeds, which confirms
the reported results in previous studies [25].
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The accelerated aging test is widely used to detect seed vigor and storability. High
vigor seeds are more resistant to aging and show a higher germination percentage, while
low vigor seeds show increasing aging and reduced vigor, with an associated decrease in
germination percentage. The change in the primed pepper seeds of the three varieties dur-
ing storage was different. The No.101 pepper seeds performed better, and the germinability
of the seeds after 8 months of storage decreased least compared with the other two varieties.
This may be related to the stronger anti-aging ability of the pepper seed itself. As reported
previously, the rate of aging is strongly influenced by genetic factors (seed quality) and
environmental (storage condition), and low relative humidity and low temperature might
correspond to the optimal storage conditions to improve seed life span [29]. Furthermore,
it was reported that prolonged storage increased the peroxidation of unsaturated fatty acid,
then degraded the cell membrane, causing leakage from the cellular membrane, which
resulted in reduced seed longevity [35]. These aspects may have contributed to the fact that
the viabilities of primed pepper seeds were affected to different degrees among varieties,
under different storage conditions and duration, in this study.

In summary, the germinability of primed seeds was improved to a certain extent,
with priming effects maintained for a certain period. However, the specific storage time
should be determined based on the aging resistance of test seeds, priming treatment, and
preservation conditions, and not as a fixed value, which is in accordance with the results
found by Hussain et al. [38]. This study indicates that the priming effect on pepper seeds
can be maintained for about 6 months, and that primed seeds can be preserved in sealed
plastic bags at a low temperature for the maintenance of the best priming effects and
viability. Seed companies can reasonably arrange seed treatment time and preservation
conditions and regularly monitor changes in seed vigor.

5. Conclusions

In this work, pepper seeds of varieties No.63, No.73, and No.101 were primed in
different ways, and unprimed seeds were used as controls. We also explored whether
primed seeds can be stored and determined what kind of storage conditions maintain the
priming effects to the greatest extent, reduce the loss of seed longevity, and result in the
longest storage time for primed seeds. The following specific conclusions can be drawn
from this study:

• Treatment with PEG, KNO3, and a mixed solution of both was able to improve the
germinability of pepper seeds, where germination was rapid and emergence was neat,
but there were no significant effects on the final germination percentage. KNO3 solu-
tion had the best priming effects, as the seed germination percentage was significantly
improved when primed by 3% KNO3 for 48 h, and the seedlings were also stronger.

• Pepper variety with lower initial vigor (non-primed seeds germinated slowly) gained
the most from priming repair processes, manifested in more significantly increased
germination rate and seedling growth.

• The priming effect on pepper seeds can be maintained for about 6 months, for all
three varieties, and primed seeds can be preserved in sealed plastic bags at a low
temperature (−4 ◦C) for maintenance of the best priming effects and viability.

• After 8 months of storage, the primed pepper seeds deteriorated and lost longevity
faster than that of non-primed seeds, which was also related to the different aging
resistance of different varieties. The viability of primed seeds for the variety with
strong aging resistance dropped more lightly.

• The specific storage time should be determined based on the aging resistance of test
seeds, priming treatment, and preservation conditions, and not as a fixed value.

This comprehensive study for pepper seed priming and the variability of primed
seeds during storage can help to address the inconsistencies in previous studies, as well as
provide a reference for seed companies or farmers to reasonably arrange seed treatment
time and preservation conditions and regularly monitor changes in seed vigor.
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conditions; Table S2: The Tukey multiple comparison test result for the mean separations of 7th
days germination percentage during the storage at the 0.05 level; Table S3: Three-way ANOVA
of priming treatments on the final germination percentage for three pepper varieties in different
storage conditions; Table S4: The Tukey multiple comparison test result for the mean separations of
germination percentage during the storage at the 0.05 level; Table S5: Different growth indexes of
primed pepper seeds in different storage conditions over time.
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