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ABSTRACT

Putrescine (Put) as the compound of plant polyamines is catalyzed by arginine decarboxylase (ADC), which is
encoded by two members, ADC1 and ADC2 in Arabidopsis, and ADC2 is mainly responsible for Put biosynth-
esis. Accumulated evidence demonstrates the important function of Put in plant growth and development, but its
role in regulating seed germination under high temperature (HT) has not been reported yet. SOMNUS (SOM) is
the negative regulator for seed germination thermoinhibition by altering downstream gibberellin (GA) and absci-
sic acid (ABA) metabolism. In this study, we found exogenous application of Put obviously alleviated the inhibi-
tion effect of HT on seed germination. Whereas pharmacological inhibition of endogenous Put level reduced seed
germination under HT. Consistently, HT induced the rapid accumulation of Put level, and the adc2 mutant defi-
ciency in Put biosynthesis also showed more sensitivity to HT stress. Furthermore, we found that the Put signal
suppressed the expression of SOM and changed the transcriptional patterns of genes associated with GA/ABA
metabolism. Genetic analysis also revealed SOM was epistatic to ADC2 to alter GA/ABA metabolism. Collectively,
our finding reveals the novel function of Put in controlling seed germination under HT through SOM, and pro-
vides the possibility to develop Put as the innovational regulator for uniform seed germination under HT stress.
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1 Introduction

Seed germination and dormancy is the vital process for plant life span, which is strictly controlled by
endogenous phytohormones and environmental cues [1–8]. Among different phytohormones, gibberellin
acid (GA) and abscisic acid (ABA) are two important hormones to determine seed germination or
dormancy status, GA promotes seed germination whereas ABA induces seed dormancy [5,6]. Genetic
screen experiment also showed a series of mutants deficiency in GA and ABA biosynthesis presented
defect in seed germination [9–12]. Besides GA and ABA biosynthesis, the components for GA/ABA
signal transduction also affect seed germination, for example, the various transcriptional factors ABI3,
ABI4 and ABI5 perceive the ABA stimulation to control germination at different layers [13–17], The
DELLAs protein including GIBBERELLIN INSENSITIVE (GAI), REPRESSOR OF GAL-3 (RGA),
RGA-LIKE1 (RGL1), RGL2, and RGL3, are nucleus-localized negative factors for GA signal that inhibit
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GA response, including seed germination, flowering time and stem elongation, etc. GA triggers the
degradation of DELLAs protein by SLY1 ubiquitin E3 ligase in conjunction with GA receptors GID1a,
GID1b and GID1c [18–20]. Besides GA and ABA, other phytohormones, such as auxin, ethylene and JA
also coordinate seed germination or dormancy directly or indirectly through altering GA and ABA
metabolism [5,21,22]. Apart from the genetic background and hormone signal, environmental factors,
mainly light and temperature, also affect seed germination or dormancy process [3,5]. The phytochrome
phyB in seed perceives the red-light irradiation to stimulate seed germination. The CCCH-type zinc-
finger protein SOMNUS negatively regulates light-dependent seed germination downstream of PIF1 in
Arabidopsis [23,24]. Temperature is another environmental cue to affect seed germination, cold treatment
under low temperature, called as stratification, breaks the seed dormancy through the bHLH transcription
factor SPATULA [25]. Ambient high temperature (HT) also induces seed dormancy, also named seed
germination thermoinhibition, to prevent seed germination under unfavorable environments [26]. HT can
induce the expression of NCDE4 to induce the accumulation of ABA to repress seed germination in
lettuce [27,28]. Our previous study also shows that SOMNUS associates with ABI5 to induce seed
dormancy under HT [29], and MADs-box transcriptional factor AGL67 recruits histone mark reader EBS
to epigenetic activation of SOM expression during HT stress [30]. However, the underlying mechanism
still needs further investigation.

Plant polyamines, including Put (Put), spermidine and spermine, belong to low molecular weight
compounds with nitrogen-containing aliphatic structure, and particulate into a series of basic
physiological and development processes, such as cell division, rhizogenesis, leaf senescence, zygotic,
embryogenesis, etc. [31–34]. There exist two pathways for Putbiosynthesis in planta, one pathway
depends on arginine decarboxylase (ADC), the other is dependent on Orn decarboxylase (ODC) [31,35].
The ADC pathway is catalyzed by three consecutive enzymes including ADC, agmatine iminohydrolase
(AIH), and N-carbamoyl Putamidohydrolase (CPA). The generated Put is then degraded to spermidine
and spermine by spermidine synthetase (SPDS) or spermine synthetase (SPMS) [36]. Because the ODC
activity is not detectable in Arabidopsis, the ADC-dependent pathway is believed as the main route for
Putbiosynthesis, there exist ADC1 and ADC2 encoding ADC enzyme in Arabidopsis genome, the
expression of ADC1 is stable but the expression of ADC2 is frequently changed with environmental
factor, and correlates with endogenous oscillated Put level, thus it is reasonable that ADC2 is mainly
responsible for Put biosynthesis in response to environment stress [37,38].

Our previous study already found the small molecule compounds, such as carbon monoxide (CO), nitric
oxide (NO) or gama-aminobutyric acid, regulate seed germination or dormancy [39–45]. Here we intend to
screen more novel chemicals to enhance seed germination tolerance to ambient HT stress. In this study, we
reported Put can obviously improve seed germination thermotolerance, and the ADC2 is the main enzyme
responsible for Put biosynthesis in Arabidopsis. Furthermore, the combination of physiological, genetic and
biochemical analysis indicates that ADC2-mediated Put signal enhances seed vigor through suppressing
SOM expression and altering its downstream GA/ABA metabolism. Thus, our finding provides
mechanistic evidence for developing Put as the potential growth regulator to uniform seed germination in
modern agriculture production.

2 Materials and Methods

2.1 Arabidopsis Growths and Treatment
All of the used wild-type and mutant seeds are Columbia ecotype, including adc2–1 (Salk_026916C)

from ABRC (Arabidopsis thaliana Resource Center), the som and SOM-GFP line that we used before
[30]. The seedling was germinated and grown on the 1/2 MS (Murashige and Skoog) medium for
2 weeks in plant incubator under white light condition (30 μmol m−2 s−1, 16 h light/8 h dark, 22°C), and
then the plant was cultivated in the soil in the greenhouse (50 μmol m−2 s−1, 16 h light/8 h dark, 22°C)
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and the seeds was harvested in 10–14 weeks of growth. The crossed adc2/som and SOM-GFP/adc2 line were
obtained by artificial pollination. The seeds were harvested at the same time in each batch for seed
germination or dormancy assay. For Put treatment, the filter-sterilized Putas indicated concentration was
added into the medium after autoclaving. For HT treatment, the seeds harvested within one or two
months were used, the seed was soaked in the water for 3 h for imbibition, and then the seeds were
surfaced sterilized and sowed on the 1/2 MS medium, and placed in the growth cabinet at indicated high
temperature for 3 days, and the seed germination percentage was recorded.

2.2 Seed Germination Analyses
The freshly harvested seed was dried for one or two months by silica gel, and seed germination analysis

was performed as previous methods [30,45]. In brief, the dried seed was imbibed for 3 h and surface sterilized
with 5% (v/v) hypochlorite and 0.02% (v/v) Triton X-100 solution for 10–15 min, and the seeds were washed
with sterilized water for three or five times, and then the sterilized seeds were sowed on the 1/2 MS
germination medium supplement with 1% sucrose, and placed in the constant light (50 μmol m−2 s−1) to
initiate seed germination (using 22°C as the control, 28°C to 32°C for HT stress). Seed with radical
protruded from the seed coat was recorded as germination. The germinated seeds were observed with
stereoscope and the germination percentage was calculated. For each germination assay, at least three
biological replicate experiments were performed. Data presented are the means ± SD of three independent
assays with seeds from different plants.

2.3 RT-QPCR
The germinated seeds after different treatments were used for total RNA extract using TRIzol reagent

(Invitrogen). RT-qPCR experiment was manipulated as described method [30]. In brief, the first strand
cDNA was synthesized using 0.5 μg of DNase-treated RNA, moloney murine leukemia virus reverse
transcriptase (Fermentas) and oligo (dT) 18 primer in 20 μL reaction system. Prepared cDNA was diluted
at a different concentration from 2 to10 ng/μL as the templates. The qPCR experiment was prepared in
the SYBR Green I Master Mix on a Roche Light Cycler 480 real-time PCR machine according to the
manufacturer’s instructions. All RT-qPCR experiments were independently performed in triplicate, and
representative results were shown. PP2A was used as an internal control. The information of gene specific
primers information for RT-qPCR is listed as Supplemental Table 1, and gene expression data were
normalized to the expression of PP2A.

2.4 Putcontent Analyses
The Put content was measured using the previous method with minor modifications [36]. After different

treatments, about 100 mg germinated seeds were collected and homogenized in 1 mL of 5%HClO/2N NaOH
solution in chilled mortars and pestles. After the homogenates were incubated in ice-cold water for 1 h, 10 μL
benzoyl chloride was added and vortexes for 10 s, and then incubated for 20 min at room temperature after
adding 2 mL saturated NaCl, 10 μL benzoyl chloride, vortexed for 10 s, and incubation for 20 min at room
temperature, we added 2 mL saturated NaCl. The benzoyl-polyamines were extracted using 2 mL diethyl
ether. After centrifugation at 1 500 g × 5 min, 1 mL of the ether phase was collected, evaporated to
dryness under a stream of warm air, and re-dissolved in 100 μL methanol for assay immediately. Aliquots
of sample were diluted 5 to 20 fold and injected into HPLC, with excitation at 350 nm and emission at
495 nm. The solvent system consisted of methanol: water, run isostatically at 60% to 65% methanol, at a
flow rate of 1 mL/min. Standards were treated in a similar way.

2.5 Statistical Analysis
The obtained results were analyzed using GraphPad Prism8 software. The mean values were calculated,

and statistically significant differences were evaluated using ANOVA analysis followed by Tukey’s test for
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germination assays and qRT-PCR analysis (*P < 0.05; **P < 0.01). Standard deviation (±SD) was also
provided to indicate the variations associated with the particular mean values.

3 Results

3.1 Ambient HT Induces the Accumulation of Put in Imbibed Seed
To understand the role of Put in seed germination under HTstress, we first treated the imbibed seeds with

gradient HT stress, and then measured the content of Put in the seeds. As shown in Fig. 1A, we found
increased HT from 28°C to 34°C treatment gradually increased the content of Put in the germinated seeds
after 24 h of treatment, and reached the maximum level after 32°C treatment, and then obviously dropped
down once the treatment temperature was over 34°C, probably such temperature showed lethal for seed
vigor. The time-course of temperature on Put accumulation in the seed was also measured (Fig. 1B), we
found HT treatment quickly induced the accumulation of Put during the first 24 h and then dropped down
during the following 36 h, suggesting the dynamic biosynthesis of Put in the seed during HT treatment.

3.2 Exogenous Put Treatments Enhance the Seed Germination Tolerance to Ambient HT Stress
To explore the possible function of Put in controlling seed germination under HT stress, we pretreated

the imbibed seeds with exogenous Put, and then found additional Put obviously enhanced seed germination
under HT stress at 32°C (Fig. 2A). The exogenous Put concentration at 1 μM particularly showed more
efficient to promote seed germination, while the promoting effect of Put over 1 μM partially was not so
obvious as that at 1 μM, though still accelerating seed germination under HT stress (Fig. 2B). ADC is the
main enzyme responsible for Put biosynthesis in planta. DMFA and D-arginine were previously reported
as the special inhibitor of ADC enzyme, which suppressed the biosynthesis of Put. Here we also treated
the imbibed seeds of Col with DMFA and D-arginine, and compared the germination rate of seeds
supplemented with Put, as shown in Fig. 2C, DMFA and D-arginine treatment obviously suppressed the

Figure 1: HT induced the accumulation of Put biosynthesis in germinated seeds. (A) Effects of gradient
ambient temperature on the content of Put in germinated seeds. The germinated seeds of wild-type col
line were incubated under the indicated temperature for 24 h, and the content of Put was measured.
Quantitative analysis is the average of three repeats ± standard error. Asterisks indicate statistical
differences between Col under 22°C and other temperature gradient, as determined using student’s t-test
(*P < 0.05, **P < 0.01). (B) Time-course effect of Put content under HT stress at 22°C and 32°C.
Germinated seeds were incubated under 22°C and 32°C for indicated time and the content of Put was
determined. Quantitative analysis is the average of three repeats ± standard error
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seed germination percentage compared with the those seeds without inhibitor treatment under 28°C or 30°C,
these pharmacological results support the conclusion that Put positively regulates seed germination under HT
stress.

3.3 The Mutant Deficiency in Put Biosynthesis Shows Low Seed Germination under HT at 32°C
Both ADC1 and ADC2 are the important genes responsible for Put biosynthesis in Arabidopsis [38]. To

test their roles during seed germination under HT, we firstly checked the transcriptional levels of ADC1 and
ADC2 in imbibed seeds after HT stress by RT-qPCR analysis. HT treatment indeed induced the expression of
ADC2 but not for ADC1 (Fig. 3A), which is in accordance with the previous result that ADC2 is the inducible
enzyme, and suggests that ADC2 is more important in regulating seed germination under HT stress. To
confirm such hypothesis, we obtained the adc2-null mutant of random T-DNA insertion pools in ABRC.

Figure 2: Put positively regulated seed germination under HT. (A) Additional Put enhanced seed
germination under HT. Imbibed seeds were treated with or without 1 μM Put for 3 days, and the
germination percentage was recorded. Quantitative analysis is the average of three repeats ± standard
error. (B) Dose effect of put on seed germination under HT stress. Wild-type Col seed was treated with
the indicated concentration of Put and incubated under HT at 32°C for 3 days, and seed germination
percentage was calculated. Quantitative analysis is the average of three repeats ± standard error. Asterisks
indicate statistical differences between col and that at different Put concentration, as determined by using
student’s t-test (**P < 0.01). (C) Pharmacological analysis of seed germination under HT. Imbibed seeds
were treated with Put (1 μM), DMFA (100 nM) or D-arginine (1 μM) for 3 days, and seed germination
percentage was calculated. Quantitative analysis is the average of three repeats ± standard error. Asterisks
indicate statistical differences between col at 22°C, 28°C, 32°C and col with different additions, as
determined using student’s t-test (*P < 0.05, **P < 0.01)
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PCR analysis using special primers indicated the T-DNA was located in the first exon to abolish the
functional transcript of ADC2 to inactivate ADC enzyme activity (Fig. 3B).

To confirm the function of ADC2 in promoting seed germination under HT, we compared the seed
germination percentage of adc2-1, adc2-2 and Col line under gradient HT stress. As shown in Fig. 3C,
the seed germination of adc2-1 and adc2-2 was relatively lower than that of wild-type Col line under
gradient HT stress, and probably inactivated the ADC enzyme activity to reduce endogenous Put level.

Figure 3: Evaluating the function of ADC2 in regulating seed germination under HT stress. (A) Time-course
effect of HT on the transcriptional levels of ADC1 and ADC2 under HT stress. Imbibed seeds were incubated
under HT at 32°C for the indicated time, and the transcriptional levels of ADC1 and ADC2 were measured by
RT-QPCR analysis. Quantitative analysis is the average of three repeats ± standard error. (B) Validating the
T-DNA insertion of adc2-1 and adc2-2 by RT-QPCR analysis. The expression level of ADC2was quantitated
by RT-QPCR analysis. PP2Awas used for the loading control. (C) HT seriously suppressed seed germination
of adc2-null mutants. Imbibed seeds of Col, adc2-1/2mutants were incubated under different temperatures as
indicated for 3 days, the seed germination was calculated. Quantitative analysis is the average of three repeats
± standard error. Asterisks indicate statistical differences between Col and adc2-1, adc2-2 at different
temperatures by student’s t-test (**P < 0.01). (D) Put treatment rescued the low germination rate of adc2
mutant under HT stress. The imbibed seeds of Col and adc2-1/2 were treated with or without Put at 1 μM
and incubated under 32°C for 3 days, and the seed germination percentage was calculated. Quantitative
analysis is the average of three repeats ± standard error. Asterisks indicate statistical differences between
Col, adc2-1, adc2-2 under 22°C and 30°C + Put, 32°C + Put, as determined by student’s t-test (*P <
0.05, **P < 0.01)
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Furthermore, we pretreated adc2-1/2 with Put, and found additional Put increased the seed germination of
adc2-1/2 under HT (Fig. 3D). Thus, these experiments suggest that ADC2 mediates the seed germination
under HT through suppressing Put biosynthesis.

3.4 Put Treatment Suppresses the Expression of SOM and Downstream ABA Biosynthesis
It is reported that SOM acts as the critical regulator to control seed germination under HT [30]. Here we

also monitored the SOM expression in adc-null mutants and Col seed under HT. HT treatment rapidly
induced the expression of SOM in the imbibed Col seeds, and such effect was relatively higher in the
adc2-1 and adc2-2 mutant seeds. Consistently, additional Put treatment also suppressed HT-induced SOM
expression in the imbibed adc2-1 and adc2-2 mutant seeds (Fig. 4A). These data suggest that ADC2-
dependent Put mediates SOM expression under HT stress.

Figure 4: Put regulated seed germination under HT through SOM. (A) ADC2-mediated Put suppressed SOM
expression under HT. The imbibed col, adc2-1, adc2-2 seeds were treated with 1 μM Put under HT at 32°C
for indicated time and the expression of SOMwas measured by RT-qPCR analysis. The PP2Awas used as the
loading control. Asterisks indicate statistical differences between Col and adc2-1, adc2-2 with and without
Put at a different time point, as determined using student’s t-test (**P < 0.01). (B) Effect of Put and its
biosynthesis inhibitor on the expression of SOM. The Col seed was treated with Put (1 μM) and DMFA
(100 nM) under 22°C or 32°C for 3 days, and seed germination percentage was calculated. Quantitative
analysis is the average of three repeats ± standard error. Asterisks indicate statistical differences between
Col, som, SOM-GFP under 22°C and 32°C at different treatments, as determined using student’s t-test
(**P < 0.01). (C) The different expression patterns of genes related to GA/ABA metabolism under HT.
The imbibed seeds of Col, adc2-1, adc2-2 were treated under HT 32°C for 24 h, and the expression
levels of genes related GA metabolism (GA3ox1, GA20ox1, GA2ox1) and ABA metabolism (NCED6,
NCDE9 and CYP707A2) were measured by RT-qPCR analysis. Quantitative analysis is the average of
three repeats ± standard error. Asterisks indicate statistical differences between relative transcript
abundances in Col and adc2-1, adc2-2 at different time point by student’s t-test (*P < 0.05; **P < 0.01)
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The balance of GA/ABA determines the seed germination status, and SOM regulates the expression of
genes associated with GA/ABA metabolism to affect seed germination under HT stress [46]. Here we also
measured the expressions of GA and ABA anabolic genes and GA/ABA catabolic genes included. As shown
in Fig. 4C, HT triggered the expression of GA2ox1, NCED6 and NCED9, as well as suppressed the
expression of GA3ox1, GA20ox1 and CYP707A2, which resulted in the higher level of ABA and lower
GA content to suppress seed germination. However, the expression levels of GA2ox1, NCED6 and
NCED9 in imbibed seeds of acd2-1 and acd2-2 were higher than that in Col seed under HTs, whereas the
expression of GA3ox1, GA20ox1 and CYP707A2 in the acd2-1 and acd2-2 was lower than that in Col
seed, which is in agreement with the lower seed germination of acd2-1/2 subjected to HT stress.

Furthermore, we also checked the effect of Put on the seed germination of sommutant, or the transgenic
line overexpressing SOM-GFP. As the som mutant showed relatively higher seed germination, while SOM-
GFP transgenic line showed lower seed germination under HT stress. Here we pretreated som or SOM-GFP
line with Put and then checked their seed germination under HT stress. Unlike the wild-type Col in Put or Put
inhibitor DMFA treatment promoted or suppressed its seed germination under HT stress, Put or DMFA
treatment did not affect the seed germination of som mutant or SOM-GFP under HT, further supporting
the opinion that Put treatment regulates seed germination through SOM under HT (Fig. 4B).

3.5 Genetic Analyses Reveal Put Acts Upstream of SOM to Regulate Seed Germination
Our above results indicated that Put depends on SOM to control seed germination. To understand the

genetic relationship between SOM and ADC2 during seed germination under HT, we crossed som, SOM-
GFP line with adc2-1 mutant and then checked their seed germination under HT. As shown in Fig. 5, we
found that both of som and adc2/som double mutant showed higher seed germination under HT stress,
whereas both of SOM-GFP and SOM-GFP/adc2 line showed lower seed germination under HT,
indicating that SOM was epistatic to ADC2 to control seed germination under HT stress (Fig. 5A).
Furthermore, pretreatment adc2/som double mutant seed with Put inhibitor also did not alter its seed
germination under HT stress. Thus, these data further confirm the opinion that Put signal enhances seed
germination through SOM under HT stress (Fig. 5A).

4 Discussions

Accumulated evidence suggests the important function of Put for plant’s growth and development.
There are two genes (ADC1 and ACD2) encoding ADC in Arabidopsis. Both of them affect seed
development, and the double adc1/adc2 mutant is lethal [31,32,38]. It is reported that the expression of
ADC1 is constitutive and ADC2 is inducible by environmental factors such as saline stress or iron
deficiency, etc. [37,38]. Here we also found that ambient temperature did not obviously alter the
expression of ADC1, but could quickly and strongly induce the expression of ADC2, which is in
agreement with the previous study, suggesting the important function of ADC2 for seed germination
tolerance to ambient HT. Consistently, our results showed additional exogenous Put enhanced the seed
germination. On the contrary, suppressing Put biosynthesis by a specific inhibitor aggravated the seed
dormancy, confirming the positive function of Put seed germination under HT stress. We found that the
adc2-1 and adc2-2 mutant showed a lower germination percentage compared with wild-type Col line
under HT stress in particular. As the concentration of GA/ABA and its ratio determined the seed
germination or dormancy status, here we also found that expression levels of GA3ox1, GA20ox1 and
CYP707A2 associated with GA biosynthesis and ABA degradation in adc2 mutants were obviously lower
than that in Col under HT stress, whereas the genes of GA2ox1, NCED6 and NCDE9 associated with GA
degradation or ABA biosynthesis in these lines were upregulated, suggesting that Put regulates seed
germination under HT through altering GA and ABA metabolism.
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As SOM is the vital regulator to control phyB-dependent seed germination, it also participates into the
seed germination regulation in response to HT stress [23,30,46]. SOM affects the genes associated with the
GA and ABA metabolism, subsequently controls seed germination [23]. A series of transcriptional factors
involved in GA/ABA signal transduction, including ABI3, ABI5, DELLA, and light-responsible
transcriptional factor, such as PIF1, binds to the promoter region of SOM to activate its expression [22].
As a result, seed germination of som mutant shows insensitity to HT and far-red light irradiation, while
overexpression SOM reduced seed germination after HT stress or red-light stimulation [23,30,46]. In this
study, we found that Put also repressed the expression of SOM. Similar to the previous study, we found
that Put treatment also altered the expression of genes related to GA/ABA metabolism, including
upregulating GA3ox1, GA20ox1 and CYP707A2 for GA biosynthesis and ABA degradation, and down-
regulating GA2ox1, NCDE6 and NCED9 for GA degradation and ABA biosynthesis, consequently
alleviated HT-induced seed dormancy. On the contrary, Put biosynthesis inhibitor treatment reversed the
effect of Put on these genes’ expression, thus increased seed dormancy. Genetic analysis also revealed
that ADC2 depended on SOM to regulate seed germination under HT, as the adc2/som and som mutant
showed higher seed germination whereas both of SOM-GFP/adc2 and SOM-GFP line displayed lower
seed germination under HT stress, these data suggest that SOM is epistatic to ADC2 for seed germination
under HT.

In conclusion, we reported Put as the novel signal to enhance seed germination tolerance to HT stress.
Based on our study, we proposed a model to illustrate the role of Put in regulating seed germination in
response to HT stress. In Arabidopsis, ADC2 is quickly induced by HT stress for Put biosynthesis, but
such inducible effect is transient and induced Put is degraded during the continuous HT stress, therefore

Figure 5: ADC2 required SOM to regulate seed germination under HT. (A) Genetic analysis of the
relationship of ADC2 and SOM in controlling seed germination under HT. The Col, som, SOM-GFP and
the crossed adc2/som, SOM-GFP/adc2 seeds were incubated under 32°C for 3 days, and seed
germination percentage was calculated. Quantitative analysis is the average of three repeats ±standard
error. Asterisks indicate statistical differences between seed germination in col and other genetic materials
under 32°C, as determined using student’s t-test (**P < 0.01). (B) A proposed model to illustrate the
novel functions of Put in enhancing seed germination tolerance to HT stress. In this model, we propose
that HT induced the transient expression of ADC2 to transiently increase Put content, however, long-term
HT treatment did not sustain the high endogenous Put level. Additional exogenous Put suppressed the
expression of SOM and subsequently altered GA/ABA metabolism to activate seed germination under HT
stress
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additional Put treatment could enhance seed germination through suppressing the negative regulator SOM,
therefore altering downstream GA/ABA metabolism, ultimately lessening the inhibitory effect of HTon seed
germination. Together, our finding shows a new insight into the function of Put during plant response to heat
stress, and proposes the potential application of Put as the plant growth regulator in promoting seed
germination against ambient high temperature (Fig. 5B).

Author Contributions: The authors confirm contribution to the paper as follows: Ping Li and Xiangyang Hu
designed the research and wrote the manuscript together. Shiyan Lu performed all the experiments. Yulan Hu
and Yilin Chen obtained and identified the related materials. Yaru Yang and Yue Jin analyzed the data. All
authors reviewed the results and approved the final version of the manuscript.

Funding Statement: This work was funded by the National Natural Science Foundation of China (Grant No.
32170562).

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the
present study.

References
1. Mukhtar, A., Ahmed, M. S., Kheir, M. Z. M., Shakeel, A., Mirza, H. (2022). Changes in germination and seedling

traits of sesame under simulated drought. Phyton-International Journal of Experimental Botony, 91(4), 713–726.
DOI 10.32604/phyton.2022.018552.

2. Chiwocha, S. D., Cutler, A. J., Abrams, S. R., Ambrose, S. J., Yang, J. et al. (2005). The etr1-2 mutation in
Arabidopsis thaliana affects the abscisic acid, auxin, cytokinin and gibberellin metabolic pathways during
maintenance of seed dormancy, moist-chilling and germination. Plant Journal, 42(1), 35–48. DOI 10.1111/
j.1365-313X.2005.02359.x.

3. Md, P. A., Md, A. I., Khalid, A. K. M., Mominul, I., Sabina, Y. et al. (2021). Potentiality of different seed priming
agents to mitigate cold stress of winter rice seedling. Phyton-International Journal of Experimental Botany, 90(5),
1491–1506. DOI 10.32604/phyton.2021.015822.

4. Finkelstein, R., Reeves, W., Ariizumi, T., Steber, C. (2008). Molecular aspects of seed dormancy. Annual Review of
Plant Biology, 59, 387–415. DOI 10.1146/annurev.arplant.59.032607.092740.

5. Shu, K., Liu, X. D., Xie, Q., He, Z. H. (2016). Two faces of one seed: Hormonal regulation of dormancy and
germination. Molecular Plant, 9(1), 34–45. DOI 10.1016/j.molp.2015.08.010.

6. Shu, K., Zhou, W., Chen, F., Luo, X., Yang, W. (2018). Abscisic acid and gibberellins antagonistically mediate
plant development and abiotic stress responses. Frontiers in Plant Science, 9, 416–424. DOI 10.3389/
fpls.2018.00416.

7. Vishal, B., Kumar, P. P. (2018). Regulation of seed germination and abiotic stresses by gibberellins and abscisic
acid. Frontiers in Plant Science, 9, 838–853. DOI 10.3389/fpls.2018.00838.

8. Matilla, A. J. (2020). Seed dormancy: Molecular control of its induction and alleviation. Plants, 9(10), 1402–1408.
DOI 10.3390/plants9101402.

9. Tzatzani, T., Basdeki, E., Ladikou, E., Sotiras, M. N., Panagiotakis, G. et al. (2020). Seed germination traits of
loquat (Eriobotrya japonica Lindl.) as affected by various pre-sowing treatments (Cutting of cotyledons,
removal of perisperm, moist chilling and/or exogenous application of gibberellin). Phyton-International
Journal of Experimental Botany, 89(3), 645–656. DOI 10.32604/phyton.2020.010532.

10. Ali, F., Qanmber, G., Li, F., Wang, Z. (2021). Updated role of ABA in seed maturation, dormancy, and
germination. Journal Advanced Research, 35, 199–214. DOI 10.1016/j.jare.2021.03.011.

11. Kozaki, A., Aoyanagi, T. (2022). Molecular aspects of seed development controlled by gibberellins and abscisic
acids. International Journal of Molecular Sciences, 23(3), 1876–1891. DOI 10.3390/ijms23031876.

1888 Phyton, 2022, vol.91, no.9

http://dx.doi.org/10.32604/phyton.2022.018552
http://dx.doi.org/10.1111/j.1365-313X.2005.02359.x
http://dx.doi.org/10.1111/j.1365-313X.2005.02359.x
http://dx.doi.org/10.32604/phyton.2021.015822
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092740
http://dx.doi.org/10.1016/j.molp.2015.08.010
http://dx.doi.org/10.3389/fpls.2018.00416
http://dx.doi.org/10.3389/fpls.2018.00416
http://dx.doi.org/10.3389/fpls.2018.00838
http://dx.doi.org/10.3390/plants9101402
http://dx.doi.org/10.32604/phyton.2020.010532
http://dx.doi.org/10.1016/j.jare.2021.03.011
http://dx.doi.org/10.3390/ijms23031876


12. Li, P., Ni, H. H., Ying, S. B., Wei, J. L., Hu, X. Y. (2020). Teaching an old dog a new trick: Multifaceted strategies
to control primary seed germination by DELAY OF GERMINATION 1 (DOG1). Phyton-International Journal of
Experimental Botany, 89(1), 1–12. DOI 10.32604/phyton.2020.09817.

13. Penfield, S., Li, Y., Gilday, A. D., Graham, S., Graham, I. A. (2006). Arabidopsis ABA INSENSITIVE4 regulates
lipid mobilization in the embryo and reveals repression of seed germination by the endosperm. Plant Cell, 18(8),
1887–1899. DOI 10.1105/tpc.106.041277.

14. Skubacz, A., Daszko-Golec, A., Swskazarejko, I. (2016). The role and regulation of ABI5 (ABA-insensitive 5) in
plant development, abiotic stress responses and phytohormone crosstalk. Frontiers in Plant Science, 7, 1884–
1901. DOI 10.3389/fpls.2016.01884.

15. Chandrasekaran, U., Luo, X., Zhou, W., Shu, K. (2020). Multifaceted signaling networks mediated by abscisic acid
insensitive 4. Plant Communications, 1(3), 100040–100050. DOI 10.1016/j.xplc.2020.100040.

16. Chen, B., Fiers, M., Dekkers, B. J. W., Maas, L., van Esse, G. W. et al. (2021). ABA signalling promotes cell
totipotency in the shoot apex of germinating embryos. Journal Experimental Botany, 72(18), 6418–6436. DOI
10.1093/jxb/erab306.

17. Sano, N., Marion-Poll, A. (2021). ABA metabolism and homeostasis in seed dormancy and germination.
International Journal of Molecular Sciences, 22(10), 5069–5095. DOI 10.3390/ijms22105069.

18. He, D. N., Deng, G. L., Ying, S. B., Yang, W. J., Wei, W. J. et al. (2020). Carbon monoxide signal breaks primary
seed dormancy by transcriptional silence of DOG1 in Arabidopsis thaliana. Phyton-International Journal of
Experimental Botany, 89(3), 633–643. DOI 10.32604/phyton.2020.010498.

19. Tyler, L., Thomas, S. G., Hu, J., Dill, A., Alonso, J. M. et al. (2004). Della proteins and gibberellin-regulated seed
germination and floral development in Arabidopsis. Plant Physiology, 135(2), 1008–1019. DOI 10.1104/
pp.104.039578.

20. Piskurewicz, U., Jikumaru, Y., Kinoshita, N., Nambara, E., Kamiya, Y. et al. (2008). The gibberellic acid signaling
repressor RGL2 inhibits Arabidopsis seed germination by stimulating abscisic acid synthesis and ABI5 activity.
Plant Cell, 20(10), 2729–2745. DOI 10.1105/tpc.108.061515.

21. Corbineau, F., Xia, Q., Bailly, C., El-Maarouf-Bouteau, H. (2014). Ethylene, a key factor in the regulation of seed
dormancy. Frontiers in Plant Science, 5, 539–552. DOI 10.3389/fpls.2014.00539.

22. Shuai, H. W., Meng, Y. J., Luo, X. F., Chen, F., Qi, Y. et al. (2016). The roles of auxin in seed dormancy and
germination. Yi Chuan, 38(4), 314–322. DOI 10.16288/j.yczz.15-464.

23. Kim, D. H., Yamaguchi, S., Lim, S., Oh, E., Park, J. et al. (2008). SOMNUS, a CCCH-type zinc finger protein in
Arabidopsis, negatively regulates light-dependent seed germination downstream of PIL5. Plant Cell, 20(5), 1260–
1277. DOI 10.1105/tpc.108.058859.

24. Park, J., Lee, N., Kim, W., Lim, S., Choi, G. (2011). ABI3 and PIL5 collaboratively activate the expression of
SOMNUS by directly binding to its promoter in imbibed Arabidopsis seeds. Plant Cell, 23(4), 1404–1415. DOI
10.1105/tpc.110.080721.

25. Penfield, S., Josse, E. M., Kannangara, R., Gilday, A. D. (2005). Cold and light control seed germination through
the bHLH transcription factor SPATULA. Current Biology, 15(22), 1998–2006. DOI 10.1016/j.cub.2005.11.010.

26. Buijs, G. (2020). A perspective on secondary seed dormancy in Arabidopsis thaliana. Plants, 9(6), 749–758. DOI
10.3390/plants9060749.

27. Huo, H., Dahal, P., Kunusoth, K., McCallum, C. M., Bradford, K. J. (2013). Expression of 9-cis-
EPOXYCAROTENOID DIOXYGENASE4 is essential for thermoinhibition of lettuce seed germination but not
for seed development or stress tolerance. Plant Cell, 25(3), 884–900. DOI 10.1105/tpc.112.108902.

28. Bertier, L. D., Ron, M., Huo, H., Bradford, K. J., Michelmore, R. W. (2018). High-resolution analysis of the
efficiency, heritability, and editing outcomes of CRISPR/cas9-induced modifications of NCED4 in lettuce
(Lactuca sativa). G3-Genes Genomes Genetics, 8(5), 1513–1521. DOI 10.1534/g3.117.300396.

29. Chang, G. X., Wang, C. T., Kong, X. X., Chen, Q., Yang, Y. P. et al. (2018). AFP2 as the novel regulator breaks
high-temperature-induced seeds secondary dormancy through ABI5 and SOM in Arabidopsis thaliana.
Biochemical and Biophysical Research Communications, 501(1), 232–238. DOI 10.1016/j.bbrc.2018.04.222.

Phyton, 2022, vol.91, no.9 1889

http://dx.doi.org/10.32604/phyton.2020.09817
http://dx.doi.org/10.1105/tpc.106.041277
http://dx.doi.org/10.3389/fpls.2016.01884
http://dx.doi.org/10.1016/j.xplc.2020.100040
http://dx.doi.org/10.1093/jxb/erab306
http://dx.doi.org/10.3390/ijms22105069
http://dx.doi.org/10.32604/phyton.2020.010498
http://dx.doi.org/10.1104/pp.104.039578
http://dx.doi.org/10.1104/pp.104.039578
http://dx.doi.org/10.1105/tpc.108.061515
http://dx.doi.org/10.3389/fpls.2014.00539
http://dx.doi.org/10.16288/j.yczz.15-464
http://dx.doi.org/10.1105/tpc.108.058859
http://dx.doi.org/10.1105/tpc.110.080721
http://dx.doi.org/10.1016/j.cub.2005.11.010
http://dx.doi.org/10.3390/plants9060749
http://dx.doi.org/10.1105/tpc.112.108902
http://dx.doi.org/10.1534/g3.117.300396
http://dx.doi.org/10.1016/j.bbrc.2018.04.222


30. Li, P., Zhang, Q. L., He, D. N., Zhou, Y., Ni, H. H. et al. (2020). AGAMOUS-LIKE67 cooperates with the histone
mark reader EBS to modulate seed germination under high temperature. Plant Physiology, 184(1), 529–545. DOI
10.1104/pp.20.00056.

31. Alcázar, R., Marco, F., Cuevas, J. C., Patron, M., Ferrando, A. et al. (2006). Involvement of polyamines in plant
response to abiotic stress. Biotechnology Letters, 28(23), 1867–1876. DOI 10.1007/s10529-006-9179-3.

32. Yamaguchi, K., Takahashi, Y., Berberich, T., Imai, A., Takahashi, T. et al. (2007). A protective role for the
polyamine spermine against drought stress in Arabidopsis. Biochemical and Biophysical Research
Communications, 352(2), 486–490. DOI 10.1016/j.bbrc.2006.11.041.

33. Groppa, M. D., Benavides, M. P. (2008). Polyamines and abiotic stress: Recent advances. Amino Acids, 34(1), 35–
45. DOI 10.1007/s00726-007-0501-8.

34. Shi, H., Chan, Z. (2014). Improvement of plant abiotic stress tolerance through modulation of the polyamine
pathway. Journal of Integrative Plant Biology, 56(2), 114–121. DOI 10.1111/jipb.12128.

35. Kamiab, F., Tavassolian, I., Hosseinifarahi, M. (2020). Biologia futura: The role of polyamine in plant science.
Biologia Futura, 71(3), 183–194. DOI 10.1007/s42977-020-00027-3.

36. Hanfrey, C., Sommer, S., Mayer, M. J., Burtin, D., Michael, A. J. (2001). Arabidopsis polyamine biosynthesis:
Absence of ornithine decarboxylase and the mechanism of arginine decarboxylase activity. Plant Journal,
27(6), 551–560. DOI 10.1046/j.1365-313x.2001.01100.x.

37. Urano, K., Yoshiba, Y., Nanjo, T., Ito, T., Yamaguchi-Shinozaki, K. et al. (2004). Arabidopsis stress-inducible gene
for arginine decarboxylase AtADC2 is required for accumulation of putrescine in salt tolerance. Biochemical and
Biophysical Research Communications, 313(2), 369–375. DOI 10.1016/j.bbrc.2003.11.119.

38. Zhu, X. F., Wang, B., Song, W. F., Zheng, S. J., Shen, R. F. (2016). Putrescine alleviates iron deficiency via NO-
dependent reutilization of root cell-wall Fe in Arabidopsis. Plant Physiology, 170(1), 558–567. DOI 10.1104/
pp.15.01617.

39. Bai, X., Yang, L., Tian, M., Chen, J., Shi, J. et al. (2011). Nitric oxide enhances desiccation tolerance of recalcitrant
antiaris toxicaria seeds via protein S-nitrosylation and carbonylation. PLoS One, 6(6), e20714. DOI 10.1371/
journal.pone.0020714.

40. Bai, X. G., Chen, J. H., Kong, X. X., Todd, C. D., Yang, Y. P. et al. (2012). Carbon monoxide enhances the chilling
tolerance of recalcitrant Baccaurea ramiflora seeds via nitric oxide-mediated glutathione homeostasis. Free
Radical Biology and Medicine, 53(4), 710–720. DOI 10.1016/j.freeradbiom-ed.2012.05.042.

41. Jia, Y., Li, R., Yang, W., Chen, Z., Hu, X. (2018). Carbon monoxide signal regulates light-initiated seed
germination by suppressing SOM expression. Plant Science, 272, 88–98. DOI 10.1016/j.plantsci.2018.04.009.

42. Li, R., Jia, Y., Yu, L., Yang, W., Chen, Z. et al. (2018). Nitric oxide promotes light-initiated seed germination by
repressing PIF1 expression and stabilizing HFR1. Plant Physiology and Biochemistry, 123, 204–212. DOI
10.1016/j.plaphy.2017.11.012.

43. Zhang, Q. L., He, D. N., Ying, S. B., Lu, S. Y., Wei, J. L. et al. (2020). GABA enhances thermotolerance of seeds
germination by attenuating the ROS damage in Arabidopsis. Phyton-International Journal of Experimental
Botany, 89(3), 619–631. DOI 10.32604/phyton.2020.010379.

44. Li, X. L., Lu, S. Y., Yang, Y. R., Wei, W. J., Li, P. (2021). The BHLH transcriptional factor PIF4 competes with the
r2r3-MYB transcriptional factor MYB75 to fine-tune seeds germination under high glucose stress. Phyton-
International Journal of Experimental Botany, 90(5), 1387–1400. DOI 10.32604/phyton.2021.016362.

45. Wei, W. J., Hu, Y. L., Yang, W. J., Li, X. L., Li, P. (2021). S-nitrosoglutathion reductase activity modulates the
thermotolerance of seeds germination by controlling ABI5 stability under high temperature. Phyton-
International Journal of Experimental Botany, 90(5), 1075–1087. DOI 10.32604/phyton.2021.016134.

46. Lim, S., Park, J., Lee, N., Jeong, J., Toh, S. et al. (2013). ABA-insensitive3, ABA-insensitive5, and DELLAs
interact to activate the expression of SOMNUS and other high-temperature-inducible genes in imbibed seeds in
Arabidopsis. Plant Cell, 25(12), 4863–4878. DOI 10.1105/tpc.113.118604.

1890 Phyton, 2022, vol.91, no.9

http://dx.doi.org/10.1104/pp.20.00056
http://dx.doi.org/10.1007/s10529-006-9179-3
http://dx.doi.org/10.1016/j.bbrc.2006.11.041
http://dx.doi.org/10.1007/s00726-007-0501-8
http://dx.doi.org/10.1111/jipb.12128
http://dx.doi.org/10.1007/s42977-020-00027-3
http://dx.doi.org/10.1046/j.1365-313x.2001.01100.x
http://dx.doi.org/10.1016/j.bbrc.2003.11.119
http://dx.doi.org/10.1104/pp.15.01617
http://dx.doi.org/10.1104/pp.15.01617
http://dx.doi.org/10.1371/journal.pone.0020714
http://dx.doi.org/10.1371/journal.pone.0020714
http://dx.doi.org/10.1016/j.freeradbiom-ed.2012.05.042
http://dx.doi.org/10.1016/j.plantsci.2018.04.009
http://dx.doi.org/10.1016/j.plaphy.2017.11.012
http://dx.doi.org/10.32604/phyton.2020.010379
http://dx.doi.org/10.32604/phyton.2021.016362
http://dx.doi.org/10.32604/phyton.2021.016134
http://dx.doi.org/10.1105/tpc.113.118604


Supplement Information

Supplement Table 1: Primer sequences used for semi-quantitative RT-PCR

Gene name Forward primer Reverse primer

PP2A TATCGGATGACGATTCTTCGTGCAG GCTTGGTCGACTATCGGAATGAGAG

GA3ox1 CCGAAGGTTTCACCATCACT CCCCAAAGGAATGCTACAGA

GA3ox2 TAGATCGCATCCCATTCACA TGGATAACTGCTTGGGTTCC

GA2ox2 AATAACACGGCGGGTCTTCAAATCT TCCTCGATCTCCTTGTATCGGCTAA

NCED6 ACCGGGTCGGATATAAATTGGGTTG CCCGGGTTGGTTCTCCTGATTC

NCED9 AACCGCCGCTATGGTTTTAGACG CCAGTCACCGGAAGGTTATGCAC

CYP707A2 ATGGGGTTGCCTTACATCGGAGA TGGCTTGAACAAGTGAGCTTTGCT

SOM ATGGATGTCGTTTGTACGGAACATCAA TCAAGTCAAGAGATCATTGACCCATCC

ADC1 GTGACAGCGACGGAAAGATC AGGTCCATCGCTCTGCAATA

ADC2 GAGGAAGCTGCGTCAATCTG GTCAATCCCCAAACCACCAC
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