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Abstract

Seed priming is an effective method for imparting stress tolerance to plants. This study
aimed to analyze the effects of solid matrix priming (SMP) on cauliflower and broccoli seed
germination and early seedling growth under suboptimal temperature conditions. The SMP
method used in this study included the following steps: (1) mixing seeds with vermiculite and
water at a ratio of 2:3:2.5 (W/w/v) and incubating for 2 days in the dark at 20°C; (2) drying the
SM-primed seed; (3) germinating the SM-primed and the nonprimed seeds at 10, 15, 20,
and 25°C; (4) analyzing the antioxidant enzyme activities of SM-primed and nonprimed ger-
minating broccoli and cauliflower seeds in the early germination stage at 10, 15, 20, and
25°C; and (5) testing the emergence of SM-primed and nonprimed control seeds in the early
spring glasshouse. The results showed that the SMP improved seed germination vigor and
early seedling growth and increased the activities of peroxidase and ascorbate peroxidase
in the germinating cauliflower and broccoli seeds under the suboptimal temperature condi-
tions in the early germination stage compared with nonprimed seeds. It was observed that
the suboptimal temperature conditions (i.e., 10 and 15°C) suppressed SM-primed and non-
primed seed germination and early seedling growth of cauliflower and broccoli. Inside a
greenhouse, the SMP improved the emergence of cauliflower and broccoli seeds during the
early spring season. SMP is an effective method for improving seed germination and the
emergence of cauliflower and broccoli under suboptimal temperature conditions.

Introduction

Cauliflower (B. oleracea L. var. botrytis) and broccoli (B. oleracea var. italica) are important
vegetable species widely cultivated and consumed. Temperature is an important factor that
can affect seed germination and emergence significantly. Cauliflower and broccoli seeds are
often sown in greenhouse, seed beds, or open field in winter or in early spring. Therefore, their
germination and seedling emergence are one of the major concerns of farmers. Seed priming
is a method that can be used to improve seed vigor by enhancing seed germination rate (GR)
and uniformity of emergence [1, 2]. Seed priming is a physiological method that involves seed
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hydration and is effective enough for enhancing seed germination, early seedling growth, and
yield under stressed and nonstressed conditions but is insufficient to allow radical protrusion
[3]. Seed priming activates pre-germinative metabolic events to hasten rapid and uniform seed
germination. Several studies have indicated that seed priming can induce enzyme activities
and increase the production of antioxidants and biosynthesis of carbohydrates, phytohor-
mones, late embryogenesis abundant proteins, and many other proteins, including heat shock
proteins [3-6]. In addition, priming can enhance DNA replication and repair as well as respi-
ratory associated pathways [7]. Seed priming has also been shown to reduce cellular damages
during water imbibition [3]. Consequently, the seedlings derived from primed seeds often
exhibit enhanced tolerance to abiotic stresses [8].

Seed priming is an effective method to improve plant tolerance to low temperatures. For
example, priming seeds with CaCl, can improve wheat and maize chilling tolerance in late-
sown conditions [9]. Seed priming can significantly improve bitter gourd seed germination
vigor (GV) and upregulate the levels of multiple anti-oxidative enzymes [10]. Primed tobacco
seeds with putrescine significantly increased seed GV and seedling biomass compared with
nonprimed control during chilling stresses [11]. Osmopriming has been shown to improve
spinach germination at 5 and 20°C [12]. Demir and Mavi reported that priming watermelon
seeds with KNOj; increased seed emergence and improved seedling growth under greenhouse
conditions in early spring [13]. Seed priming with the incorporation of SA into the KNO; solu-
tion improved the low-temperature performance of eggplant seeds and subsequent seedling
growth [14]. Sorghum seed priming with the inclusion of BA into PEG solution showed an
improvement in germination attributes under low-temperature conditions [15]. Solid matrix
priming (SMP) combined with Trichoderma viride has been shown to improve okra seed
emergence and fruit productivity under low-temperature conditions [16].

This study was performed to evaluate the effects of SMP on cauliflower and broccoli seed
germination and early seedling growth under suboptimal temperature conditions, and to
investigate the physiological and biochemical changes in the germinating seeds in the early
germination stage.

Materials and methods
Seed material and experimental treatments

The seeds of cauliflower cv. Husong 85 and broccoli cv. No. 5 Hulv were obtained from the
Shanghai Academy of Agricultural Sciences, Shanghai, China. For SMP, these seeds were
mixed with vermiculite and water at a ratio of 2:3:2.5 (w/w/v) and then incubated for 2 days in
the dark at 20°C. The primed seeds were dried at 25°C for 24 h and then at 30°C for 24 h prior
to further use. Seeds without SMP treatment were used as controls, and the initial moisture
content was 4.2%.

Seed germination test

SM-primed or nonprimed control seeds were placed on two layers of filter paper pre-wetted
with 7 mL of H,O inside plastic boxes (12 x 12 x6 cm’). The plastic box was placed inside a
germination chamber (Zhejiang Top Instrument Co., Ltd.) set at 10, 15, 20, and 25°C for 7
days. Each treatment involved 50 seeds, and the experiment was conducted 3 times using a
complete randomized design. The germinated seeds were counted daily. On the seventh day
after incubation, the fresh weight and root length of 10 germinated seedlings were measured
individually to represent each treatment. The seed GV, GR, vigor index (VI), and mean germi-
nation time (MGT) were calculated as per standard procedures [17].
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Analysis of antioxidant enzyme activities

SM-primed and nonprimed seeds were germinated for 17 h for broccoli and 24 h for cauli-
flower at 10, 15, 20, and 25°C, harvested, and then analyzed for antioxidant enzyme activities.
The harvested SM-primed or nonprimed germinating seeds were ground and extracted in ice-
chilled 50mM potassium phosphate buffer, pH 7.0, with 0.1mM ethylene diamine tetraacetic
acid (EDTA). The extracts were centrifuged at 17,000¢ for 20 min at 4°C. The supernatant of
each sample was collected to determine the enzyme activities.

The superoxide dismutase (SOD) activity was determined as described [18]. The reactions
were conducted in individual tubes and illuminated for 25 min at 25°C. The absorbance was
recorded at 560 nm. The reactions in the tubes without illumination were used as controls.
The catalase (CAT) activity was measured as described previously by Cakmak and Marschner
[19]. The decrease in absorbance at 240 nm for H,O, was measured for each reaction and used
to represent the CAT activity. The peroxidase (POD) activity was determined by measuring
the oxidation of guaiacol in the presence of H,O, and the increase in absorbance at 470 nm
over 1-min intervals. The ascorbate peroxidase (APX) activity was determined as previously
described [20]. The oxidation of ascorbate was induced by H,O,, and the decrease in absor-
bance at 290 nm every 2 min was monitored.

Each treatment had three biological replicates in this study.

Emergence test

The emergence test using SM-primed and nonprimed control seeds was performed in a glass-
house. For each treatment, 2 biological replicates with 50 seeds each were tested in the glass-
house. In this study, the daily minimum air temperature ranged from 3.9 to 11.8°C, and the
daily maximum air temperature ranged from 11.4 to 34.7°C. The seedling emergence was
recorded daily for 16 days, and a seed was considered as emerged when its hypocotyl appeared
above the ground surface. The mean emergence time (MET) and emergence index (EI) were
calculated as described below.

EI =Y (Et/Dt), where Et is the number of emerged seeds in ¢ days and Dt is the number of
the corresponding emergence days.

MET = ) (Et x Dt)/>_Et.

Statistical analysis

The data were analyzed for the statistical differences using SPSS v.16. Duncan’s multiple range
test was used for one-way analysis of variance to determine the difference among different
treatments.

Results and discussion
Effects on seed germination and early seedling growth

The results showed that GV and VI of nonprimed broccoli seeds at 25°C were about 85.3%
and 27.1, respectively, and the MGT of the nonprimed broccoli seeds was about 1.8 days. At
20, 15, and 10°C, however, the averaged GV of the nonprimed broccoli seeds reduced to
46.7%, 0%, and 0%, respectively, and the averaged VI reduced to 21.4, 13.7, and 1.1, respec-
tively. In addition, these seeds germinated slower (Fig 1A, 1C, 1E and 1G). The averaged GR of
the nonprimed broccoli seeds reduced to 10.7% at 10°C. In contrast, the SM-primed broccoli
seeds showed alleviated reductions of seed vigor under the lower-temperature conditions com-
pared with the nonprimed control seeds. The GRs of the SM-primed broccoli seeds were simi-
lar to those of the nonprimed seeds at 25, 20, and 15°C, and were maintained at 87.3% at 10°C.
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Fig 1. Effects of SMP on cauliflower and broccoli seed germination at 10, 15, 20, and 25°C. (A and B) Germination
vigor, (C and D) germination rate, (E and F) vigor index, and (G and H) mean germination time. The nonprimed (NP)
and SM-primed (SMP) seeds were germinated on wet filter papers inside plastic boxes for 7 days at 10, 15, 20, and
25°C, respectively. Different small letters indicate significant differences between the treatments (P < 0.05).

https://doi.org/10.1371/journal.pone.0275073.9001

The VIs of the SM-primed broccoli seeds were significantly higher than those of the non-
primed broccoli seeds, and the MGTs of the SM-primed broccoli seeds were significantly
shorter than those of the nonprimed seeds at all assayed temperatures. The GV, GR, and VI of
both SM-primed and nonprimed broccoli and cauliflower seeds reduced and the MGT was
prolonged with the decrease in germination temperature. The SM-primed and nonprimed
cauliflower seeds also showed similar trends. The GV of cauliflower seeds was 0%, 0%, and
6.7% at 10, 15, and 20°C, respectively. After SMP, the GV increased to 7.3%, 48.0%, and 60.0%,
respectively. The GR of SM-primed cauliflower seeds was 55.3% at 10°C, while the nonprimed
seeds did not germinate (Fig 1B, 1D, 1F and 1H).

The root length and fresh weight of both SM-primed and nonprimed broccoli and cauli-
flower seedlings reduced with the decrease in germination temperature. The root length and
fresh weight of both SM-primed and nonprimed broccoli and cauliflower seedlings at 10 and
15°C significantly reduced compared with those at 20 and 25°C. The SMP was found to be
effective in promoting root length and fresh weight compared with the nonprimed seeds at 10
and 15°C (Fig 2).

Effects on antioxidant enzyme activities in germinating seeds

In this study, the SOD activities in the SM-primed germinating broccoli seeds at 25°C were
significantly higher than those in the nonprimed germinating broccoli seeds. At 20, 15, and
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Fig 2. Effects of SMP on the early growth of cauliflower and broccoli seedlings at 10, 15, 20, and 25°C. (A and B)
Root length, and (C and D) fresh weight. The seeds of cauliflower and broccoli were germinated as described in Fig 1.

https://doi.org/10.1371/journal.pone.0275073.9002
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10°C, the SOD activities in the SM-primed germinating broccoli seeds were similar to those in
the nonprimed germinating broccoli seeds. The SOD activities in the SM-primed germinating
cauliflower seeds at 25 and 20°C were similar to those in the nonprimed germinating cauli-
flower seeds (Fig 3A and 3B). The POD activities in the SM-primed germinating broccoli
seeds were consistently higher than those in the nonprimed germinating broccoli seeds, espe-
cially at 10, 15, and 20°C. In the nonprimed germinating cauliflower seeds, the POD activity
was always low. The POD activities in the SM-primed germinating cauliflower seeds declined
from 25 to 15°C, and were similar to those in the nonprimed germinating cauliflower seeds at
10°C (Fig 3C and 3D). The CAT activities in the SM-primed germinating cauliflower and
broccoli seeds were always higher than those in the nonprimed germinating cauliflower and
broccoli seeds except for SM-primed germinating cauliflower seeds at 10°C (Fig 3E and 3F).
The APX activities in the SM-primed germinating cauliflower and broccoli seeds at 15, 20, and
25°C were significantly higher than those in the nonprimed germinating cauliflower and broc-
coli seeds, but were similar to those in the nonprimed germinating cauliflower and broccoli
seeds at 10°C (Fig 3G and 3H).

Effects on seed emergence

The emergence test using SM-primed and nonprimed broccoli and cauliflower seeds was per-
formed in an early spring greenhouse. In the greenhouse, the daily minimum air temperature
ranged from 3.9 to 11.8°C, and the daily maximum air temperature ranged from 11.4 to
34.7°C. The SM-primed cauliflower and broccoli seeds emerged earlier and had a higher emer-
gence percentage than the nonprimed cauliflower and broccoli seeds (Table 1 and Fig 4). For
example, the emergence percentages of the nonprimed broccoli and cauliflower seeds were
45% and 21%, respectively, while the emergence percentages of the SM-primed broccoli and
cauliflower seeds were 77 and 50%, respectively (Table 1). A similar trend was observed for the
EI between the SM-primed and nonprimed cauliflower and broccoli seeds. The MET of the
SM-primed broccoli and cauliflower seeds significantly reduced compared with that of the
nonprimed broccoli and cauliflower seeds.

Seed priming is a widely adopted method to minimize the damages caused by low tempera-
tures during seed germination [10-13, 21-23]. SMP is accomplished by mixing seeds with a
solid or semi-solid material and a specified amount of water. During SMP, water is slowly pro-
vided to the seeds, and thus slow or controlled imbibition occurs, allowing the repair mecha-
nisms to operate [1]. In the present study, we determined that cauliflower and broccoli seed
germination and seedling growth under suboptimal temperatures (10 and 15°C) could be sig-
nificantly improved using SMP. Increased oxidative stress is one of the rapid responses under
low-temperature conditions. This is associated with increased production of reactive oxygen
species (ROS) [23, 24]. Antioxidant enzymes have been shown to scavenge the ROS induced
by stresses and various physiological processes during seed development, storage, and germi-
nation [25-27]. Our data showed that the POD and APX activities of SM-primed broccoli and
cauliflower seeds were generally higher than those of the nonprimed ones when germinated
for 17 h for broccoli and 24 h for cauliflower. This finding agreed with previous reports and
further confirmed that the priming treatment could improve seed germination performance
and increase the activities of multiple antioxidant enzymes. For example, the activities of anti-
oxidant enzymes of primed bitter gourd seeds germinated at suboptimal temperatures
increased [10]. SMP treatment also improved the germination of okra seeds at a suboptimal
temperature (15°C) inside the laboratory and reduced the days needed to germinate from 12
to 8.5 days [16]. Hydropriming, osmopriming, and SMP were also reported to enhance the
activities of multiple antioxidant enzymes in okra seeds [28]. Primed spinach seeds exhibited a
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Fig 3. Effects of SMP on four antioxidant enzymes activities in the germinating cauliflower and broccoli seeds
incubated at 10, 15, 20, and 25°C. (A and B) Superoxide dismutase (SOD) activity, (C and D) peroxidase (POD)
activity, (E and F) catalase (CAT) activity, and (G and H) ascorbate peroxidase (APX) activity. In this experiment,
cauliflower and broccoli seeds were germinated as described in Fig 1. The activities of SOD, POD, CAT, and APX in
the nonprimed (NP) and SM-primed (SMP) germinating seeds were determined 17 h after incubation for broccoli and
24 h after incubation for cauliflower. Each treatment had three biological replicates in this study.

https://doi.org/10.1371/journal.pone.0275073.9003

greater increase in APX activity and the accumulation of AsA and GSH, which assisted in early
seed germination and seedling establishment, compared with nonprimed control seeds. An early
reduction of the CAT activity was observed during germination (0-5 days), followed by a signifi-
cant increase by 10 days of germination. The primed seeds generally had greater CAT activity
than the unprimed controls during the later stage of germination (10-15 days of germination)
under normal and chilling conditions. The SOD activity was suppressed during germination [29].
In our study, SM-primed germinating broccoli and cauliflower seeds had greater CAT activity
than the nonprimed controls, with only one exception (SM-primed cauliflower seeds at 10°C).
The changes in SOD activities in SM-primed broccoli and cauliflower seeds were also somewhat
complicated compared with those in nonprimed controls. This might be because both SM-primed
and nonprimed germinating broccoli and cauliflower seeds are exiting the protective systems
present in dry seeds and CAT and SOD activities might be suppressed in the early germination
stage; also, the CAT isoform pattern might vary with physiological conditions [29-31]

Besides seed germination and enzymatic activity assays in the laboratory, we also conducted
assays inside the early spring glasshouse. The result showed that the SM-primed cauliflower
and broccoli seeds emerged earlier and at a higher emergence percentage compared with the
nonprimed cauliflower and broccoli control seeds. The improvement in the emergence of SM-
primed seeds might be attributed to the fact that SMP enhanced the POD and APX activities
and increased the seed germination potential in the early stage of germination, resulting in
increased stress tolerance in germinating seeds. Thus, upon sowing, SM-primed seeds could
rapidly imbibe and revive the seed metabolism; also, a renewal of the antioxidant system might
be initiated, resulting in a higher GR and faster seedling growth [29, 32]. Consequently, we
concluded that the SMP could improve the overall performance of seeds, including faster and
more uniform seed germination and better emergence percentage under suboptimal tempera-
tures (10-15°C). Further analyses of the changes in the physiological and molecular pathways
in the SM-primed and nonprimed seeds might help reveal the mechanism controlling seed
germination and early seedling growth.

Conclusions

Our results showed that the GV, GR, VI seedling fresh weight, and root length of cauliflower
and broccoli seed reduced, especially the seed GR at 10°C, under suboptimal temperature con-
ditions (i.e., 10 and 15°C). It was also observed that the SMP treatment increased GV and VI

Table 1. Effects of SMP on cauliflower and broccoli seed emergence.

Seeds

Broccoli

Cauliflower

* days

¥, significant at P <0.05.

https://doi.org/10.1371/journal.pone.0275073.t001

Mean emergence time (day)” Emergence index Emergence percentage (%)
11.5 2.0 45.0
7.1 5.8" 77.0*
13.4 0.8 21.0
8.3* 3.4* 50.0"
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Fig 4. Images of emergences of nonprimed (NP) or solid matrix primed (SMP) cauliflower and broccoli seeds. (A)
Emergence of broccoli seeds. (B) Emergence of cauliflower seeds. Images were taken 16 days after sowing. The
emergence test using nonprimed control seeds and SM-primed seeds of cauliflower and broccoli was performed in a
glasshouse. For each treatment, 2 biological replicates with 50 seeds each were sown in a glasshouse.

https://doi.org/10.1371/journal.pone.0275073.g004

but decreased MGT compared with that shown by the nonprimed control seeds. In addition,
SMP increased the activities of POD and APX in the SM-primed germinating cauliflower and
broccoli seeds in the early germination stage. The SM-primed cauliflower and broccoli seeds
also showed a better emergence percentage under the suboptimal temperature conditions in
the early spring greenhouse. Therefore, we recommended SMP as a useful method to improve
seed germination and emergence of cauliflower and broccoli seeds under suboptimal tempera-
ture conditions.

Acknowledgments

The authors would like to thank Dr. X.S. Ding for his help in improving the language of this
manuscript.

Author Contributions

Data curation: Yan Jun, Huang Zhi-wu, Wan Yan-Hui.
Project administration: Zhu Wei-Min.

Writing - original draft: Wu Ling-Yun.

Writing - review & editing: Wu Ling-Yun.

References

1. JishaKC, Vijayakumari K, Puthur JT. Seed priming for abiotic stress tolerance: an overview. Acta Phy-
siologiae Plantarum. 2013; 35:1381-1396.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275073  October 3, 2022 9/11


https://doi.org/10.1371/journal.pone.0275073.g004
https://doi.org/10.1371/journal.pone.0275073

PLOS ONE

SMP improves seed germination and early growth

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Paparella S, Arajo SS, Rossi G, Wijayasinghe M, Carbonera D, Balestrazzi A. Seed prming: state of the
art and new perspectives. Plant Cell Reports. 2015; 34:1281-1293.

Rakshit A, Singh HB. Adances in seed priming || Stimulating plant tolerance against abiotic stress
through seed priming. Springer. Singapore. 2018.

Chen K, Arora R. Priming memory invokes seed stress-tolerance. Environmental Experimental Botany.
2013; 94:33-45.

Varier A, Vari AK, Dadlani M. The subcellular basis of seed priming. Current Science. 2010; 99:450—
456.

Wojtyla t, Lechowska K, Kubala S, Garnczarska M. Molecular processes induced in primed seeds-
increasing the potential to stabilize crop yields under drought conditions. Journal of Plant Physiology.
2016; 203:116-126. https://doi.org/10.1016/}.jplph.2016.04.008 PMID: 27174076

Thornton JM, Collins ARS, Powell AA. The effect of aerated hydration on DNA synthesis in embryos of
Brassica oleracea L. Seed Science Research. 1993; 3:195-199.

Hossain MA, Liu F, Burritt D, Fujita M. Priming-Mediated Stress and Cross-Stress Tolerance in Crop
Plants. Elsevier Inc. Amsterdam. 2020.

Farooq M, Aziz T, Basra SMA, Wahid A, Cheema MA. Exploring the Role of Calcium to Improve Chilling
Tolerance in Hybrid Maize. Journal of Agronomy&Crop Science. 2010; 194:350-359.

Wang HY, Chen CL, Sung JM. Both warm water soaking and matriconditioning treatments enhance
anti-oxidation of bitter gourd seeds germinated at sub-optimal temperature. Seed Science&Technology.
2003; 31:47-56.

Xu S, HuJ, LiY,MaW, Zheng Y, Zhu S. Chilling tolerance in Nicotiana tabacum induced by seed prim-
ing with putrescine. Plant Growth Regulation. 2011; 63:279-290.

Chen K, Arora R, Arora U. Osmopriming of spinach (Spinacia oleracea L. cv. Bloomsdale) seeds and
germination performance under temperature and water stress. Seed Science&Technology. 2010;
38:45-57.

Demir I, Mavi K. The effect of priming on seedling emergence of differentially matured watermelon
(Citrullus lanatus (Thunb.) Matsum and Nakai) seeds. Scientia Horticulturae. 2004; 102:467—-473.

Zhang Y, Liu H, Shen S, Zhang X. Improvement of eggplant seed germination and seedling emergence
at low temperature by seed priming with incorporation SA into KNO3 solution. Frontiers of Agriculture in
China. 2011; 5:534-537.

Tiryaki I, Buyukcingil Y. Seed priming combined with plant hormones: influence on germination and
seedling emergence of sorghum at low temperature. Seed Science&Technology. 2009; 37:303-315.

Pandita VK, Anand A, Nagarajan S, Seth R, Sinha SN. Solid matrix priming improves seed emergence
and crop performance in okra. Seed Science&Technology. 2010; 38:665-674.

Wu L, Huo W, Yao D, Li M. Effects of solid matrix priming (SMP) and salt stress on broccoli and cauli-
flower seed germination and early seedling growth. Scientia Horticulturae. 2019; 255:161-168.

Giannopolitis CN, Ries SK. Superoxide dismutases: I. Occurrence in higher plants. Plant Physiology.
1977; 59:309-314. https://doi.org/10.1104/pp.59.2.309 PMID: 16659839

Cakmak I, Marschner H. Magnesium deficiency and high light intensity enhance activities of superoxide
dismutase, ascorbate peroxidase, and glutathione reductase in bean leaves. Plant Physiology. 1992;
98:1222-1227. https://doi.org/10.1104/pp.98.4.1222 PMID: 16668779

Nakano Y, Asada K. Hydrogen Peroxide is Scavenged by Ascorbate-specific Peroxidase in Spinach
Chloroplasts. Plant Cell Physiology. 1981; 22:867-880.

Sheteiwy M, Shen H, Xu J, Guan Y, Song W, Hu J. Seed polyamines metabolism induced by seed prim-
ing with spermidine and 5-aminolevulinic acid for chilling tolerance improvement in rice (Oryza sativa L.)
seedlings. Environmental Experimental Botany. 2017; 137:58-72.

Guan YJ, Hu J, Wang XJ, Shao CX. Seed priming with chitosan improves maize germination and seed-
ling growth in relation to physiological changes under low temperature stress. Journal of Zhejiang Uni-
versity Science B. 2009; 10(6):427—433. https://doi.org/10.1631/jzus.B0820373 PMID: 19489108

Imran M, Mahmood A, Neumann G, Boelt B. Zinc seed priming improves spinach germiantion at low
temperature. Agriculture. 2021; 11:271-283.

Allen DJ, Ort DR. Impacts of chilling temperatures on photosynthesis in warm-climate plant Trends.
Plant Science. 2001; 6:36—42.

Bailly C. Active oxygen species and antioxidant in seed biology. Seed Science Research. 2004; 14:93—
107.

Blokhina O, Virolainen E, Fagerstedt KV. Antioxidants, Oxidative Damage and Oxygen Deprivation
Stress: a Review. Annals of Botany. 2003; 91:179—194. https://doi.org/10.1093/aob/mcf118 PMID:
12509339

PLOS ONE | https://doi.org/10.1371/journal.pone.0275073  October 3, 2022 10/11


https://doi.org/10.1016/j.jplph.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27174076
https://doi.org/10.1104/pp.59.2.309
http://www.ncbi.nlm.nih.gov/pubmed/16659839
https://doi.org/10.1104/pp.98.4.1222
http://www.ncbi.nlm.nih.gov/pubmed/16668779
https://doi.org/10.1631/jzus.B0820373
http://www.ncbi.nlm.nih.gov/pubmed/19489108
https://doi.org/10.1093/aob/mcf118
http://www.ncbi.nlm.nih.gov/pubmed/12509339
https://doi.org/10.1371/journal.pone.0275073

PLOS ONE

SMP improves seed germination and early growth

27.

28.

29.

30.

31.

32.

Bowler C, Montagu MV, Inze D. Superoxide Dismutase and Stress Tolerance. Annual Review of Plant
Physiology and Plant Molecular Biology. 1992; 43:83-116.

Sharma AD, Rathore SVS, Srinivasan K, Tyagi RK. Comparison of various seed priming methods for
seed germination, seedling vigour and fruit yield in okra (Abelmoschus esculentus L. Moench). Scientia
Horticulturae. 2014; 165:75-81.

Chen K, Arora R. Dynamics of the antioxidant system during seed osmopriming, post-priming germina-
tion, and seedling establishment in Spinach(Spinacia oleracea). Plant Science. 2011; 180:212—220.
https://doi.org/10.1016/j.plantsci.2010.08.007 PMID: 21421363

Bailly C, Bogatek-Leszczynska R, COme D, Corbineau F. Changes in activities of antioxidant enzymes
and lipoxygenase during growth of sunflower seedlings from seeds of different vigour. Seed Science
Research. 2002; 12:47-55.

Bailly C, Leymarie J, Lehner A, Rousseau S, COme D, Corbineau F. Catalase activity and expression in
developing sunflower seeds as related to drying. Journal of Experimental Botany. 2004; 55:475—-483.
https://doi.org/10.1093/jxb/erh050 PMID: 14739269

Arif M, Jan MT, Marwat KB, Khan MA. Seed priming improves emergence and yield of soybean. Paki-
stan Journal of Botany. 2008; 40(3):1169-1177.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275073  October 3, 2022 11/11


https://doi.org/10.1016/j.plantsci.2010.08.007
http://www.ncbi.nlm.nih.gov/pubmed/21421363
https://doi.org/10.1093/jxb/erh050
http://www.ncbi.nlm.nih.gov/pubmed/14739269
https://doi.org/10.1371/journal.pone.0275073

