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ABSTRACT

Allantoin as the metabolite of purine catabolism can store and remobilize nitrogen for plant growth and devel-
opment. However, emerging evidence suggests it also contributes to plant tolerance to stress response through
altering abscisic acid (ABA) and reducing reactive oxygen species (ROS) level. 1-CYS PEROXIREDOXIN
(PER1) is a seed-specific antioxidant that enhances seed longevity through scavenging ROS over-accumulation.
High temperature (HT) suppresses seed germination and induces seed secondary dormancy, called as seed ger-
mination thermoinhibition. However, the mechanism that allantoin and PER1 regulate seed germination thermo-
inhibition remains unknown. In this study, we reported that allantoin treatment enhances seed germination under
HT stress. Consistently, the aln mutants displayed higher seed germination, as well as more accumulation of
endogenous allantoin, than that of wild-type control. Further biochemical and genetic analyses showed that allan-
toin reduces ABA content under HT, and allantoin targets PER1 to efficiently scavenge HT-induced ROS accu-
mulation, meanwhile, the function of allantoin requires PER1 during seed gemination thermotolerance.
Collectively, our finding proposes a novel function of allantoin in enhancing seed germination tolerance to
HT, and uncovers the underlying mechanism by which allantoin regulates seed germination through altering
ABA metabolism and PER1-mediated ROS level under HT stress.
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1 Introduction

Plant seed as the main food resource, provides us the energy during human civilization, and the seed
production, or crop yield is important for the sustainable agriculture development. Seed germination
under favorable condition or dormancy during seed mature to avoid pre-harvest sprouting is also essential
for seed quality [1–4]. Seed germination or dormancy is strictly controlled by endogenous
phytohormones and environmental factors. Among various phytohormones, gibberellin acid (GA) and
abscisic acid (ABA) determine seed germination or dormancy status. GA promotes seed germination,
whereas ABA induces seed dormancy [4–8]. Accordingly, a series of mutants deficiency in ABA
biosynthesis show less seed dormancy, while mutants with low GA biosynthesis ability show higher seed
dormancy. Besides GA/ABA biosynthesis, the component for GA/ABA perception and signal
transduction also contribute to seed germination. For example, the transcriptional factors ABI3, ABI4 and
ABI5 negatively regulate seed germination [9–14], the DELLAs proteins including GIBBERELLIN
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INSENSITIVE (GAI), REPRESSOR OF GAL-3 (RGA), RGA-LIKE1 (RGL1), RGL2 and RGL3, repress
GA response to delay seed germination. However, GA treatment induces the degradation of DELLAs
through E3 ubiquitin ligase SLY1 and GA receptor GID1a/b/c [6,15,16]. What is more, other plant
hormones, such as auxin, ethylene and jasmine acid also regulate seed germination by interacting with
GA and ABA signal directly or indirectly [17–20]. Besides plant hormones, seed also perceives
environmental temperature to ensure germination under favorable condition. And low temperature
treatment, such as cold stratification can sufficiently break seed dormancy through PIF1 or SPT [21]. On
the contrary, non-dormant seed can be temporarily blocked for germination once exposing to unfavorable
high temperature. Such phenome is called as seed germination thermoinhibition [2,22,23]. Expression of
many genes involved in ABA, GA and ethylene biosynthesis, metabolism, and response is differentially
regulated by high temperature in lettuce [22,24]. Transgenic expressing NCED4 encoding a key
regulatory enzyme in ABA biosynthesis results in thermoinhibition, whereas silencing NCED4 results in
the loss of thermoinhibition, suggesting that NCED4 is required for thermoinhibition of lettuce seed
responding to elevated temperature [24]. Conversely, expressing ETHYLENE RESPONSE FACTOR1
(LsERF1) can promote seed germination by upregulating gibberellin biosynthesis to counter the inhibitory
effect of abscisic acid [25]. With the global warming condition, genetic modification of the crop with
high temperature tolerance feature shows very important for stable high yield. Therefore, understanding
the mechanism underlying seed germination thermotolerance and developing a novel strategy to enhance
seed germination tolerance under HT shows more important.

Allantoin as a nitrogen-rich heterocyclic compound is widely existed in plants as an intermediary
metabolite of purine catabolism. Allantoin and its acyclic metabolite allantoides can store and transport
symbiotically fixed nitrogen in tropic legume plants, and it also serves for nitrogen recycling and
remobilization in non-legume plant through sequential degradation of the purine ring and finally releases
four molar equivalents of ammonia [26,27]. Accumulated evidence demonstrates that allantoin acts as a
major purine metabolite in plant under different stress conditions, such as saline, drought, cold, darkness
and pathogen invasion, etc. Knocking out XANTHINE DEHYDROGENASE (XDH) is defective in
xanthine oxidation during purine metabolism, also impairs plant stress tolerance and presents early
senescence, but such defective phenotype could be reversed by supplementation with allantoin or its
precursor uric acid, a product of XDH. Allantoinase converts allantoin into allenoate acid in plants, and
the Arabidopsis aln mutant has constitutive high accumulation of allantoin, which enhances seedling
tolerance of drought and osmotic stress [26,28]. Exogenous allantoin treatment efficiently scavenges ROS
accumulation and increases activity of superoxide dismutase and ascorbate peroxidase under cadmium
treatment [29]. 1-CYS PEROXIREDOXIN (PER1) is a seed-specific antioxidant in many plants that uses
cysteine residues to scavenge ROS. And ectopic expression of its Nymphaea tetragona (sacred lotus)
homolog NnPER1 enhances seed vigor and longevity in Arabidopsis [30,31]. Application with allantoin
also activates the critical steps in de-novo ABA biosynthesis and hydrolysis of ABA-glucose conjugate,
but does not alter the response to ABA [26]. This evidence suggests the wide role of allantoin, not just as
the nitrogen metabolism. However, its function in controlling seed germination is not investigated so far.

As allantoin can alter ABA metabolism and plant’s response to cold stress [32,33], we wonder its
function in seed germination under HT stress. Using our previous experimental system, we found that
ambient HT induced the quick accumulation of allantoin, and additional allantoin, or aln mutant also
alleviated the inhibition effect of HT on seed germination. Furthermore, we found allantoin altered ABA
metabolism and reduced ROS accumulation to enhance seed germination. Combination with biochemical
and genetic analysis revealed that allantoin activated the expression of PER1 to decrease HT-induced
ROS accumulation, ultimately enhanced seed germination tolerance. Thus, our finding identifies a novel
function of allantoin in controlling seed germination under HT and uncovers the underlying mechanism
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that allantoin enhances seed germination thermotolerance through activating PER1-mediated antioxidant
system and altering ABA biosynthesis.

2 Materials and Methods

2.1 Plant Materials and Growth
Arabidopsis thaliana accession Columbia-0 (Col0) was used as the wild type in this study. The T-DNA

inserted seeds of aln-1 (Salk_000325), aln-2 (Salk_146783) and per-1 (Salk_036808) were obtained from
ABRC (Arabidopsis Biological Resource Center at the Ohio State University, https://abrc.osu.edu/). To
identify homozygous T-DNA insertion lines, PCR-based genotyping of each mutant was performed using
a gene-specific primer flanking the insertion in combination with a left-border T-DNA-specific
LBa1 primer as described before. Related primers were listed as supplemental Table 1. Surface-sterilized
seeds of WT and transgenic plants were sown in 0.1% (w/v) agar plates of standard medium consisting of
half-strength Murashige-Skoog (1/2MS) basal salt and 1% (w/v) sucrose. After incubation at 4°C, for 2 d,
the plates were placed in a growth cabinet maintained at 22°C under white fluorescent light with a 16 h
photoperiod (100 mol photons m–2s) for 10 d, and the seedling was moved into the soil for growing in
the green house (100 mol photons m–2s white light, 16 h light/8 h dark) for six to eight weeks for
harvested seeds. The seed was harvested at the same time, and was used for the germination percentage
testing.

2.2 Seed Germination Analyses
The freshly harvested seed was dried with silica gel for 1–2 months, and seed germination was tested

as described method before [23,34]. Briefly, dried seed was imbibed for 3 h after surface sterilizing with
5% (v/v) hypochlorite and 0.02% (v/v) Triton X-100 solution. After 10 min of sterilization, seeds were
washed with sterilized water for three times, and sowed on the 1/2MS germination medium supplement
with 1% sucrose under constant white light condition (50 μmol m−2 s−1, 22°C) to initiate seed
germination. For HT treatment, the plates were placed in the growth cabinet at 32°C to test the effect of
high temperature on seed germination. The seed with radical protruded from the seed coat was recorded
as the 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.

2.3 Allantoin Content Analyses
About 20 mg of germinated seeds by various treatments were ground using liquid nitrogen.

Quantification of allantoin was determined by HPLC using an organic acid column and using a mobile
phase of 2.5 mM H2SO4. The allantoin standard compound was detected using standard retention time.
To prepare the standards, known concentrations of allantoin (Sigma-Aldrich, St. Louis, MO, USA) were
used. Both standard allantoin and seed samples were prepared in a solution of ddH2O as solvent. The
flow rate was 0.5 mL min−1 and the injection volume was between 10–50 μL. The total run time with this
method was 45 min and the compounds were detected at 190 nm using a diode-array detector.

2.4 RT-qPCR Analyses
The germinated seeds after different treatments were collected for extracting total RNA. Total RNAwas

extracted and reversely transcribed to cDNA as described method [23,35]. The relative gene expression was
determined by quantitative real-time (qPCR) analysis. RT-qPCR analysis was performed on Roche real-time
thermal cycler using SYBR GREEN Real-time PCR master mixture (Roche). Gene-specific primers were
listed as Supplemental Table 1. Data represent three biological replicates each consisting of three
technical replicates.
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2.5 Transgenic Plant
The coding region of ALN was obtained by PCR amplification with Primer STAR enzyme (Takara) and

cloned into the pRI101-6Flag vector to generate pRI101-ALN-Flag construction. This construct was then
introduced into Arabidopsis thaliana Col0 plants by Agrobacterium tumefaciens-mediated transformation
[35]. The transgenic seeds were screened on the 1/2MS medium additionally with Kanamycin at
50 mg/L, and several individual lines were obtained by western blotting analysis using anti-Flag antibody.

2.6 Quantification of ROS Level
To test the effect of exogenous allantoin and HTon accumulation of ROS in the germinated seeds, H2O2

levels were determined as reported method [30]. In brief, about 20 mg aliquot of seeds were ground in the
liquid nitrogen and extracted in the 250 μL of potassium phosphate buffer (20 mM, pH6.0) containing 5 mM
scopoletin (Sigma) and 1 U/mL (final concentration) horseradish peroxidase. H2O2 concentration was
measured by the decrease in fluorescence (excitation, 346 nm; emission, 455 nm) of the incubation
medium. The total ROS level in the seed was determined using the ROS probe dichlorofluorescein-
diacetate (DCFH-DA) as the previous method [30].

3 Results

3.1 Allantoin Improves Seed Germination under High Temperature Stress
To determine the effect of allantoin on the seed germination under HT, we compared the dose effect of

allantoin on seed germination percentage under HT. As shown in Fig. 1A, ambient HT at 32°C obviously
suppressed the seed germination for wild type Col line, but additional exogenous allantoin alleviated the
inhibition effect of HT on seed germination. And increasing the concentration of allantoin from 1 mg/L to
50 mg/L gradually promoted the seed germination of Col under HT, but such accelerating effect was not
obvious for allantoin from over 50 mg/L. Thus, we selected allantoin at 50 mg/L for further study in our
experiments. We also compared the positive effect of allantoin on seed germination at different ambient
high temperature, and found allantoin treatment obviously increased the seed germination of Col under
ambient temperature from 28°C to 32°C (Fig. 1B). Therefore, we propose that allantoin treatment
promotes seed germination under HT stress.

Figure 1: Allantoin treatment increased seed germination under HT stress. (A) Dose effect of allantoin on
seed germination under HT stress. The allantoin at indicated concentration was used to treat the imbibed Col
seed under HT for 3 d, and seed germination percentage was calculated. (B) The effect of ambient
environmental temperature on seed germination. The gradient ambient temperature was used to test the
effect of allantoin at 50 mg/L on seed germination. The values are shown as means ± SD of triplicate
experiments. Asterisks indicate significant difference between Col at 1 mg/L and other allantoin
concentration, as determined by Student’s t test (*P < 0.05, **P < 0.01)
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3.2 Genetic Modifications of Allantoin Alter the Seed Germination under HT Stress
In Arabidopsis, allantoin content is controlled by ALN gene. Here we tested the effect of HT on the

expression level of ALN. As shown in Fig. 2A, HT treatment at 32°C rapidly induced the expression of
ALN during the first 24 h period, and then dropped down during the following 36 h. As the control, the
expression ALN did not show obvious change in the germinated seed under 22°C, suggesting that
allantoin induced the transiently increase of ALN under HT stress. To further test the function of ALN in
controlling seed germination under HT, we obtained the ALN-null line, aln-1 and aln-2, in which the T-
DNA fragment was inserted in the twelfth and eleventh exon (Fig. 2B). RT-qPCR analysis showed such
T-DNA abolished the functional transcripts of ALN in two aln-null lines (Fig. 2C). Meanwhile, we also
generated the transgenic lines by expressing of ALN cDNA fused with Flag under the control of the
constitutive 35S promoter. Western blotting analysis showed the strong immunoblotting signal in several
individual lines using the anti-Flag (Fig. 2D). We then measured endogenous allantoin content of aln-1,
aln-2, and the transgenic ALN-Flag line, and observed the high level of allantoin in aln-1 and aln-2 lines,
but relatively lower level of allantoin in several ALN-Flag lines (Fig. 2E), which was consistence with the
previous results that ALN was responsible for allantoin catabolism in planta. We then compared the seed
germination difference among aln-null mutants and the transgenic lines. As shown in Fig. 2F, we found
the aln-1 and aln-2 showed higher germination percentage, while the ALN-Flag line showed lower seed
germination rate, compared with Col line under HT stress. Therefore, these genetic data suggest that
allantoin enhances seed germination tolerance to HT stress.

3.3 Allantoin Represses the ABA Biosynthesis and Its Signal Transduction under HT Stress
The endogenous GA and ABA levels determine the seed germination status [5]. Here we also monitored

the endogenous bioactive GA4 and ABA levels in aln-1, aln-2, ALN-Flag and Col before or after HT stress.
As shown in Fig. 3A, we found that the endogenous GA4 levels in aln-1, aln-2 and ALN-Flag were not
significantly changed before or after HT stress, but the level of ABA in ALN-Flag was relatively higher
than that in Col line, and the ABA levels in aln-1 and aln-2 was lower than that in Col line (Fig. 3B),
suggesting that ALN affects the ABA biosynthesis, rather than GA, in germinated seeds after HT stress.
Similarly, we directly treated Col seed with allantoin, and found allantoin treatment also only partially
suppressed HT-induced ABA accumulation, but did not alter GA biosynthesis.

Meanwhile, we also checked the expressing patterns of genes associated with ABA biosynthesis, and
found the expression of ABA catabolic gene CYP707A2 could be induced by allantoin treatment under
HT stress. And allantoin treatment repressed the HT-induced expression of ABA-biosynthesis genes
NCED6 and NCED9. The expression of CYP707A2 in aln-1 and aln-2 was also higher but lower in ALN-
Flag after HT treatment (Fig. 3C), suggesting that allantoin regulates ABA level through altering ABA
metabolism and biosynthesis related genes.

3.4 Allantoin Scavenges ROS Level to Improve the Seed Germination Tolerance to HT
As allantoin is reported to scavenge ROS to reduce the cadmium toxin [29], it is possible that allantoin

suppresses HT-induced ROS overaccumulation to attenuate the HT damage to seed viability. To test such
possibility, we measured the content of H2O2 in the imbibed seeds with or without HT or allantoin treatment.
Application with allantoin indeed reduced H2O2 level under HT stress (Fig. 4A). Furthermore, we used the
ROS specific fluorescence dichlorofluorescein-diacetate (DCFH-DA) to detect the level of ROS, and found
HT also induced the accumulation of ROS in the wild type Col line, but such accumulation was lower in the
imbibed aln-1 and aln-2 seeds under HT, conversely, HT-induced ROS level was aggravated in the
germinated seeds of ALN-Flag (Fig. 4B), hinting that ALN suppresses HT-induced ROS generation.

Apart from reducing ROS level, exogenous application of allantoin also induced the expression of genes
associated with the antioxidant enzyme system, including CAT1, CAT3, APX1, APX6, CSD3 and MSD1. As

Phyton, 2022, vol.91, no.9 1897



shown in Fig. 4C, HT treatment partially increased the expressions of these genes in the imbibed seeds of
Col, such enhancement effect was also observed in the aln-1 and aln-2 mutants in which the allantoin
levels were higher, but overexpressing ALN in the ALN-Flag compromised HT-induced expression of
these genes, further supporting the opinion that allantoin signal strengthens the anti-oxidant enzyme
system to reduce ROS damage during seed germination under HT.

3.5 Allantoin Induced the Expression of PER1 to Reduce ROS Damage to Seed Vigor
AtPER1 is reported to regulate seed germination or vigor through altering ROS level [25,26]. As

allantoin alleviated ROS level to enhance seed germination under HT, we wonder the probable

Figure 2: HT induced the biosynthesis of allantoin in the imbibed seeds. (A) The different effects of
temperature on the transcriptional expression of ALN in the imbibed seeds. Imbibed seeds of wild type
Col were treated with temperature at 22°C or 32°C for the indicated time, and the transcriptional
expression of ALN was measured by RT-qPCR. (B&C&D) Confirmation of the aln-null T-DNA insertion
mutants and transgenic ALN-Flag lines. (B) The T-DNA location sites were shown, and specific primers
were used to confirm the T-DNA insertion both aln-1 and aln-2 mutants. (C) The transcriptional level of
ALN was measured by RT-qPCR analysis. (D) The transgenic lines overexpressing ALN-Flag were also
measured by anti-Flag antibody. (E) The different content of allantoin in the aln-null mutants and
transgenic ALN-Flag line. Seeds were treated with ambient temperature at 22°C or 32°C for 3 d, and the
content of allantoin was measured. (F) The effects of HT on the seed germination of aln-null mutants and
transgenic ALN-Flag line. Seeds of aln-1, aln-2 and ALN-Flag were incubated under at 22°C or 32°C for
3 d, and seed germination percentage was calculated. The values are shown as means ± SD of triplicate
experiments. Asterisks indicate significant difference between Col and aln-1, aln-2 and ALN-Flag lines
after different temperature treatments, as determined by Student’s t test (**P < 0.01)
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relationship between allantoin signal and AtPER1 during HT. To this end, we first measured the
transcriptional level of AtPER1 during HT stress and found that HT induced the rapid expression during
the first 24 h and then sustained the high level during the following 48 h, indicating the potential function
of AtPER1 during HT stress. As the control, the expression of PER1 in the imbibed seeds under control
condition at 22°C did not show a dramatic difference (Fig. 5A). To investigate the function of AtPER1
during HT stress, we obtained the mutant deficiency in AtPER1 (termed as per1). Compared with the
wild-type Col line, seed germination of per1 was obviously lower under HT at 28°C or 32°C, probably
resulting from the higher accumulation of ROS. To understand the genetic relationship between ALN and
PER1, we crossed aln-1 mutant and ALN-Flag with per1 mutant to obtain aln/per1 and ALN-Flag/per1
lines. Though seed germination of aln showed tolerance to HT whereas the seed germination of
ALN-Flag showed sensitivity to HT, we found both of aln/per1 and ALN-Flag/per1 showed similarly
lower seed germination under HT, similar to per1 line (Fig. 5B). These genetic results indicate that the
function of ALN regulate seed germination under HT required PER1, or PER1 is functional epistatic to
ALN to control seed germination under HT stress.

Figure 3: Allantoin regulated the metabolism of GA/ABA in imbibed seeds under HT. (A&B) The different
content of GA (A) and ABA (B) in imbibed seeds of Col, aln-1, aln-2 and ALN-Flag. All these seeds were
incubated under at 22°C or 32°C for 3 d, and the content of GA and ABAwas measured. (C) The expression
patterns of NCED6, NCED9 and CYP707A2 in Col, aln-1, aln-2 and ALN-Flag. All these seeds were
incubated under at 22°C or 32°C for 24 h, and the expression of these genes was monitored by RT-qPCR
analysis. PP2C was used as the internal control. The values are shown as means ± SD of triplicate
experiments. Asterisks indicate significant difference between Col and aln-1, aln-2 and ALN-Flag at
different temperature treatments by Student’s t test (*P < 0.05; **P < 0.01)
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Figure 4: Allantoin treatment alleviated the ROS accumulation under HT. (A&B) The different levels of
H2O2 (A) and ROS (B) in the imbibed seeds of Col, aln-1, aln-2 and ALN-Flag. All these seeds were
incubated under at 22°C or 32°C for 3 days, and the levels of H2O2 and ROS were monitored. (C) The
expression patterns of CAT1, CAT3, APX1, APX6, CSD3 and MSD1 in Col, aln-1, aln-2 and ALN-Flag.
All these seeds were incubated under at 22°C or 32°C for 24 h, and the expression of these genes was
monitored by RT-qPCR analysis. PP2C was used as the internal control. The values are shown as means
± SD of triplicate experiments. Asterisks indicate significant difference between Col and aln-1, aln-2 and
ALN-Flag at different temperature treatment by Student’s t test (**P < 0.01)

Figure 5: Allantoin alleviated HT-induced damage to seed vigor through PER1. (A) The effect of HT on the
expression of PER1 in the imbibed seeds. The transcriptional levels of PER1 were measured by RT-qPCR at
the indicated time. PP2C was used as the internal loading control. (B) Genetic analysis of the relationship
between ALN and PER1. The Col, per1, aln/per1 and ALN-Flag/per1 seeds were treated with 22°C or
32°C for 3 days, and seed germination percentage was measured. The values are shown as means ± SD of
triplicate experiments. Asterisks indicate significant difference by Student’s t test (**P < 0.01)
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4 Discussions

Allantoin as the deviant from purine catabolism plays multiple function in the response of plant to
environmental stress [33], for example, application with allantoin enhances plant tolerance to saline and
cadmium stress [29]. Here we tested the potential effect of allantoin in improving seed germination
against to HT stress. We have confirmed the novel function of allantoin in enhancing seed germination
under HT stress. At first, we directly treated the seed with exogenous allantoin and found application with
allantoin indeed obviously enhanced seed germination rate in contrast to the seed without treatment.
Allantoin treatment at 50 mg/L was more particularly efficient, and too relatively high concentration of
allantoin treatment seems to be partially toxic to seed vigor as the seed germination. We found that HT
treatment rapidly induced the accumulation of allantoin, it is possible that HT induced the generation of
allantoin to protect seed from HT damage, but long-term HT treatment could impair the sustainable
biosynthesis of allantoin, leading to weak seed germination finally. At last, we performed the genetic
experiments by inactivating ALN function in aln-1 and aln-2 mutants, or overexpression ALN in the
transgenic ALN-Flag line. As ALN is mainly responsible for allantoin degradation in planta, we also
found that high allantoin accumulation in aln-1 and aln-2 lines and the lower level of allantoin in ALN-
Flag line. In agreement with the endogenous allantoin level, the seeds of aln-1 and aln-2 showed higher
seed germination than wild-type Col under HT stress, while the ALN-Flag line displayed lower seed
germination under HT stress. Collectively, a series of experiments as above suggest the critical role of
allantoin in enhancing seed germination tolerance to HT stress.

The balance of GA/ABA determines the seed germination or dormancy status [5,36,37]. Here we also
checked the level of GA and ABA in the aln-null mutants and its transgenic line overexpressing ALN-Flag,
and found that allantoin treatment attenuated HT-induced ABA accumulation, as well as repressed ABA
anabolic genes NCED6 and NCED9 and increased the expression of ABA catabolic gene CYP707A2,
which could explain the promoting effect of allantoin in alleviating HT-induced seed dormancy, but we
did not observe the obvious change of allantoin on the GA content under HT treatment. These data
coincide with the previous study and suggest that allantoin alter ABA biosynthesis to improve seed
germination under HT [26]. Previous study also pointed out that allantoin reduced ROS accumulation
after saline stress [29]. Consistently, here we also found that HT-induced the strong accumulation of
ROS, mainly H2O2 in seed, and exogenous allantoin treatment obviously reduced ROS generation under
HT. In agreement with it, HT-induced ROS level was lower in aln-1 and aln-2 mutants, but higher in
ALN-Flag lines, such patterns correlate with the different endogenous H2O2 level in these lines,
suggesting that allantoin mainly scavenges HT-induced ROS to enhance seed germination vigor. PER1 is
reported to regulate ROS level to enhance seed vigor during seed storage and aging [30,31]. Here we also
found HT treatment continuously induced the expression of PER1, suggesting it probably plays the
central role for scavenging ROS overaccumulation. Genetic analysis also revealed that the per1 mutant
presented lower seed germination than Col under HT, crossing experiments displayed that both of aln/
per1 and ALN-Flag/per1 line showed similarly lower seed germination under HT, suggesting that the
function of ALN requires PER1 for seed germination under HT.

In summary, we performed the combined physiological, biochemical, and genetic analysis to reveal a
new function of allantoin in enhancing seed germination under HT. Allantoin exerts its function through
triggering the expression of PER1, subsequently initiating antioxidant enzyme system to scavenge ROS
level, and ultimately enhances seed germination under HT. After all, our finding uncovers the underlying
mechanism that allantoin elevates seed germination efficiency under HT, and provides the possibility by
modifying allantoin as the new plant growth regulator for uniform seed germination during modern
agriculture manipulation.
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