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Abstract
Seed germination and postgerminative growth are precisely regulated by multiple signals. In Arabidopsis thaliana, the phytohormone 
abscisic acid (ABA) suppresses these processes and several circadian clock-associated proteins mediate ABA responses. Nevertheless, 
whether seed germination is controlled by temporal signals under diurnal conditions remains obscure, as do the associated 
underlying molecular mechanisms. Here, we found that the germination of wild-type seeds varies with time of release from cold 
stratification (i.e. transferred to 22 °C) under diurnal conditions upon ABA, salinity, or osmotic stress exposure. Additionally, the 
evening complex (EC) components EARLY FLOWERING 3 (ELF3), ELF4, and LUX ARRHYTHMO (LUX) attenuate ABA signaling. Notably, 
time-dependent seed germination relies on these EC components and other core clock proteins. ELF3, ELF4, and LUX physically 
interact with and act genetically upstream of ABSCISIC ACID INSENSITIVE3 (ABI3) and ABI5, two crucial transcriptional activators of 
ABA signaling. ELF3, ELF4, and LUX repress the function and accumulation of ABI3 and ABI5. Consistent with these results, ABI3 and 
ABI5 are essential for the time-based modulation of seed germination. Our findings highlight the critical effects of temporal signals on 
seed germination and clarify the mechanism through which the EC components antagonize ABI3 and ABI5 to facilitate the crosstalk 
between the clock and ABA signaling pathways.
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Introduction
The circadian clock is a conserved timekeeping mechanism that 

synchronizes cellular events with cyclical environmental signals 
to enhance the adaptive advantage of land plants (Dunlap 1999; 

Dodd et al. 2005; Pruneda-Paz and Kay 2010; Atkins and Dodd 

2014; Grundy et al. 2015; Sanchez and Kay 2016; Fung-Uceda 

et al. 2018; Shalit-Kaneh et al. 2018; Simon et al. 2020; Xu et al. 

2022). The core oscillator of the Arabidopsis (Arabidopsis thaliana) 
circadian clock consists of multiple transcription/translation- 

based negative feedback loops (Harmer 2009; Pokhilko et al. 

2012; Carré and Veflingstad 2013; Hsu and Harmer 2014; 

Greenham and McClung 2015; Uehara et al. 2019; Webb et al. 

2019; Nakamichi 2020; Simon et al. 2020). Two MYB gene family 
members, CIRCADIAN CLOCK-ASSOCIATED1 (CCA1) and LATE 
ELONGATED HYPOCOTYL (LHY), are expressed in the early morn

ing (Wang and Tobin 1998; Harmer 2009). Both CCA1 and LHY re

press the expression of Pseudo Response Regulator (PRR) genes (PRR9, 
PRR7, PRR5, and PRR3) and TIMING OF CAB EXPRESSION1 (TOC1), 

which are genes that are sequentially expressed, reaching peak 

levels at specific times from dawn to dusk (Harmer et al. 2000; 

Matsushika et al. 2000; Strayer et al. 2000; Alabadi et al. 2001; 
Nakamichi et al. 2010; Farré and Liu 2013; Adams et al. 2015). 
The proteins encoded by these PRR genes bind to CCA1 and LHY 
promoters and inhibit transcription (Alabadi et al. 2001; Perales 
and Más 2007; Nakamichi et al. 2010, 2012; Wang et al. 2010, 
2013; Greenham and McClung 2015). Moreover, EARLY 
FLOWERING 3 (ELF3) physically interacts with ELF4 and LUX 
ARRHYTHMO (LUX; a single MYB domain-containing GARP tran
scription factor) to form the evening complex (EC), which is neces
sary for the modulation of circadian outputs, and suppress the 
expression of PRR7 and PRR9 genes, thereby indirectly relieving 
these PRR-mediated repression of CCA1 and LHY expression 
(Helfer et al. 2011; Nusinow et al. 2011; Herrero et al. 2012; 
Mizuno et al. 2014).

The circadian clock regulates a wide range of developmental 
and physiological processes in Arabidopsis, such as hypocotyl 
growth, flowering time, anthocyanin biosynthesis, and stress 
tolerance-related responses (Dunlap 1999; Yamamoto et al. 
2003; Dodd et al. 2005; Pruneda-Paz and Kay 2010; Atkins and 
Dodd 2014; Hsu and Harmer 2014; Grundy et al. 2015; 
Sanchez and Kay 2016; Webb et al. 2019; Simon et al. 2020; 
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Wei et al. 2021; Yuan et al. 2021; He et al. 2022; Wang et al. 2023). 
Interestingly, there is accumulating evidence of the close inter
play between the circadian clock and the phytohormone abscisic 
acid (ABA), which is a prominent signaling molecule inhibiting 
seed germination. For example, LHY produced at dawn modulates 
the transcription of several genes associated with ABA biosynthe
sis and downstream responses, thereby alleviating the inhibitory 
effect of ABA or salinity stress on seed germination (Adams 
et al. 2018; Liang et al. 2024). The central circadian clock proteins 
PRR5 and PRR7 physically interact with the transcription factor 
ABSCISIC ACID INSENSITIVE5 (ABI5) to stimulate ABA responses 
during seed germination (Yang et al. 2021). Consistently, the ex
pression levels of several genes encoding ABA biosynthetic en
zymes and signaling components exhibit circadian rhythmicity 
(Covington et al. 2008; Michael et al. 2008; Mizuno and 
Yamashino 2008; Fukushima et al. 2009; Penfield and Hall 2009; 
Seung et al. 2012; Liu et al. 2013a; Adams et al. 2018; Yang et al. 
2021; Liang et al. 2024). Furthermore, several clock proteins, 
such as CCA1, LHY, LUX, and GIGANTEA (GI), integrate endoge
nous and/or environmental signals to mediate the release of dor
mancy. Impairment of these proteins leads to altered germination 
patterns under certain conditions, for instance alternating tem
peratures, low temperatures, and dry after-ripening (Penfield 
and Hall 2009; Footitt et al. 2011, 2017; Finch-Savage and Footitt 
2017; Adams et al. 2018; Zha et al. 2020; Siemiatkowska et al. 
2022). Despite the effects of clock components on the ABA path
way and seed dormancy/germination, whether seed germination 
is regulated by the temporal signal under diurnal conditions and 
the underlying molecular basis remain obscure.

Seed germination in response to specific modulatory cues is 
strictly controlled and requires the precise coordination of various 
positive and negative signaling regulators. Both ABI3 and ABI5 are 
crucial transcription factors that induce ABA-suppressed seed 
germination and postgerminative growth (Giraudat et al. 1992; 
Finkelstein 1994; Finkelstein and Lynch 2000; Lopez-Molina and 
Chua 2000; Lopez-Molina et al. 2001, 2002; Nakamura et al. 
2001; Brocard et al. 2002; Finkelstein et al. 2005; Carbonero et al. 
2017; Li et al. 2024; Zhao et al. 2024). The expression of ABI3 and 
ABI5 mainly occurs in dry seeds and is highly induced by ABA 
(Giraudat et al. 1992; Finkelstein and Lynch 2000; Yu et al. 2015). 
The loss-of-function abi3 and abi5 mutants are considerably less 
sensitive to ABA than the wild-type (WT) control during seed ger
mination (Koornneef et al. 1984; Giraudat et al. 1992; Finkelstein 
1994; Finkelstein and Lynch 2000). Both ABI3 and ABI5 are pre
cisely modified at the posttranslational level and stabilized in re
sponse to ABA (Kobayashi et al. 2005; Furihata et al. 2006; Fujii 
et al. 2007; Garcia et al. 2008; Fujii and Zhu 2009; Miura et al. 
2009; Nakashima et al. 2009; Hu and Yu 2014; Albertos et al. 
2015; Zhou et al. 2015a; Lynch et al. 2017; Ji et al. 2019; Nie et al. 
2022; Varshney et al. 2023; Du et al. 2024). Notably, they are also 
critical for the convergence of ABA signaling and other signaling 
pathways (Lee et al. 2012; Guan et al. 2014; Lim et al. 2014; Kim 
et al. 2016; Yang et al. 2016; Hu et al. 2019; Guo et al. 2022; Li 
et al. 2022; Varshney et al. 2023; Huang et al. 2025). For example, 
CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) positively af
fects the ABA-induced accumulation of ABI5 in darkness, reveal
ing a molecular link between the ABA and light signaling 
pathways (Peng et al. 2022). Other studies revealed ABI3 and 
ABI5 coordinate with JASMONATE ZIM-DOMAIN (JAZ) and 
AUXIN RESPONSE FACTOR16 (ARF16) proteins to integrate the 
ABA, jasmonic acid, and auxin signaling pathways (Liu et al. 
2013b; Ju et al. 2019; Pan et al. 2020; He et al. 2023; Mei et al. 
2023). Although there has recently been considerable progress in 

the characterization of ABI3- and ABI5-mediated ABA signaling, 
the exact mechanisms underlying how ABI3 and ABI5 transduce 
internal and external signals to modulate seed germination under 
certain physiological conditions remain to be elucidated.

In this study, we demonstrated a crucial regulatory effect of the 
temporal signal on ABA signaling and seed germination (as the 
output pathways) under diurnal conditions. Our findings also pro
vided mechanistic insights into how the EC components ELF3, 
ELF4, and LUX directly interact with ABI3 and ABI5 to negatively 
modulate their abundance and transcriptional functions. The in
tegration of the circadian clock and ABA signaling pathways may 
ensure that ABA signaling is maintained at an optimal level at the 
appropriate timing, thereby enhancing plant environmental 
adaptability.

Results
Arabidopsis seed germination in response to ABA 
varies with time of release from cold stratification 
contexts under diurnal conditions
Several circadian clock proteins influence ABA signaling and/or 
seed germination in Arabidopsis (Penfield and Hall 2009; Footitt 
et al. 2011, 2017; Finch-Savage and Footitt 2017; Adams et al. 
2018; Zha et al. 2020; Yang et al. 2021), but there is a lack of exper
imental evidence of the temporal regulation of seed germination. 
An earlier study demonstrated that imbibition, but not release 
from cold stratification or its duration, provides a signal capable 
of resetting the circadian clock in Arabidopsis (Zhong et al. 1998). 
In the present study, to investigate the potential modulatory ef
fects of temporal signals on seed germination under diurnal con
ditions, seeds were soaked in water for 30 min, surface-sterilized, 
sown on plates containing growth medium, and transferred to 
4 °C at Zeitgeber time (ZT) 0 (dawn) for stratification in darkness 
for 72 h. Subsequently, seeds were transferred to 22 °C either at 
ZT0 or at ZT12 (12 h later than the ZT0 group), and their germi
nation and cotyledon greening were compared. The WT seeds 
were assayed on half-strength Murashige and Skoog (MS) me
dium with or without 0.75 μM ABA under long-day (16-h light/ 
8-h dark photoperiod) conditions. As expected, the presence 
of ABA decreased the germination and cotyledon greening 
percentages of the WT seeds, regardless of when they were re
leased from cold stratification conditions (Fig. 1A and B). 
Interestingly, germination and seedling growth were faster for 
the ZT0-released seeds than for the ZT12-released seeds in the 
presence of ABA. The germination and cotyledon greening per
centages were significantly higher for the ZT0-released seeds 
than for the ZT12-released seeds on medium containing ABA 
(Fig. 1A and B; Supplementary Fig. S1A).

To confirm these observations, we performed a reverse tran
scription quantitative real-time PCR (RT-qPCR) analysis to exam
ine the transcript levels of several ABA-induced seed-expressed 
genes, including LATE EMBRYOGENESIS ABUNDANT 1 (EM1), 
EM6, RESPONSIVE TO ABA 18 (RAB18), and RESPONSIVE TO 
DESICCATION 29B (RD29B), in ABA-treated germinating WT seeds 
released from cold stratification conditions at ZT0 and ZT12. 
Notably, under long-day conditions, the transcript levels of EM1, 
EM6, RAB18, and RD29B in seeds released at ZT0 were significantly 
lower in the presence of ABA compared to those released at ZT12 
(Fig. 1C). These differential transcript abundances likely reflect 
distinct germination states of the seeds, which may also arise 
from differential degradation of seed-expressed transcripts. To 
eliminate the effects of light on seed germination, we also 
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analyzed WT seed germination and cotyledon greening under 
continuous light. The WT seeds were transferred to 4 °C at ZT0 
for stratification in darkness for 72 h and then relocated to a 

growth chamber set at 22 °C with continuous light at different 
time points throughout the day (from ZT0 to ZT24), with each sub
sequent transfer (of the seeds) delayed by 4 h. The germination 

Figure 1. Seed germination upon ABA exposure varies with time of release from cold stratification contexts under diurnal conditions. A) Germination of 
the WT seeds on half-strength MS medium supplemented with or without 0.75 μM ABA under long-day conditions. The seeds were stratified at 4 °C and 
then transferred to 22 °C at ZT 0 or ZT12. Seed germination was recorded 36 h after stratification. In the medium without ABA (i.e. 0 μM), an equal 
volume of 10% (v/v) ethanol was added. Time is expressed was hours from dawn (ZT0). LD, long-day conditions. B) Cotyledon greening of the WT seeds 
on half-strength MS medium supplemented with or without 0.75 μM ABA under long-day conditions. The seeds were stratified at 4 °C and then 
transferred to 22 °C at ZT0 or ZT12. Cotyledon greening was scored 5 d after stratification. C) RT-qPCR analysis of the ABA-induced expression of EM1, 
EM6, RAB18, and RD29B in WT seeds germinating on half-strength MS medium supplemented with or without 0.75 μM ABA. The seeds were stratified at 
4 °C and then transferred to 22 °C at ZT0 or ZT12 under long-day conditions. Total RNA was extracted from 5 different batches of germinating seeds 36 h 
after stratification. The PP2A (AT1G13320) gene was used as a control. D) Germination of the WT seeds on half-strength MS medium supplemented with 
different concentrations of ABA under continuous light. The seeds were stratified at 4 °C and then transferred to 22 °C at different time points 
throughout the day (from ZT0 to ZT24), with each subsequent transfer (of the seeds) delayed by 4 h. Seed germination was recorded 48 h after 
stratification. LL, continuous light. E) Cotyledon greening of the WT seeds on half-strength MS medium supplemented with different concentrations of 
ABA under continuous light. The seeds were stratified at 4 °C and then transferred to 22 °C at different time points throughout the day. Cotyledon 
greening was scored 4 d after stratification. F) Germination of the WT and cca1 lhy seeds on half-strength MS medium supplemented with or without 
0.75 μM ABA under long-day conditions. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT0 or ZT12. Seed germination was recorded 
36 h after stratification. G) Germination of the WT and prr5 prr7 prr9 seeds on half-strength MS medium supplemented with or without 0.75 μM ABA 
under long-day conditions. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT0 or ZT12. Seed germination was recorded 36 h after 
stratification. All experiments for germination and cotyledon greening analysis were performed 5 times by examining different batches of seeds. Each 
batch of seeds was pooled from more than 60 independent plants. For each biological replicate, more than 120 seeds were examined. Values presented 
in this figure are means ± standard deviation. Data shown in (A–C) and (F–G) were analyzed by a two-way ANOVA using Tukey’s HSD test. Bars with 
different letters are significantly different from each other (P < 0.05). Data shown in (D and E) were analyzed by a one-way ANOVA using Tukey’s HSD 
test. ***P < 0.001 (compared to ZT0). ABA, abscisic acid.
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and cotyledon greening percentages of the ABA-treated WT seeds 
decreased following release from cold stratification conditions 
over the course of the day, with relatively lower levels at ZT12 
and ZT16 (Fig. 1D and E, Supplementary Fig. S2A). Collectively, 
these results suggest that seed germination in response to ABA 
varies with time of release from cold stratification contexts 
under diurnal conditions.

Because CCA1/LHY and PRR proteins (i.e. PRR5, PRR7, and 
PRR9) mediate ABA signaling and seed germination (Adams 
et al. 2018; Yang et al. 2021), we speculated whether these core 
clock components contribute to the temporal modulation of 
seed germination. Hence, we examined the seed germination 
and cotyledon greening of the loss-of-function cca1 lhy double mu
tant and prr5 prr7 prr9 triple mutant upon exposure to ABA. 
Compared with the WT seeds, the ZT0- and ZT12-released cca1 
lhy seeds had significantly lower germination and cotyledon 
greening percentages on medium containing 0.75 μM ABA under 
long-day conditions (Fig. 1F, Supplementary Fig. S1B and C). 
Parallel experiments showed that germination and seedling 
growth were considerably faster for the prr5 prr7 prr9 seeds re
leased at ZT0 and ZT12 than for the corresponding WT seeds 
on medium supplemented with ABA (Fig. 1G, Supplementary 
Fig. S1D and E). More importantly, unlike the WT seeds, the 
ZT0- and ZT12-released cca1 lhy (or prr5 prr7 prr9) seeds had simi
lar germination and cotyledon greening percentages in the pres
ence of ABA (Fig. 1F and G; Supplementary Fig. S1B to E). Similar 
results were obtained when the cca1 lhy and prr5 prr7 prr9 seeds 
were germinated and the resulting seedlings were grown under 
continuous light (Supplementary Fig. S1F to I). Hence, the time- 
dependent germination in response to ABA was abolished in cca1 
lhy and prr5 prr7 prr9 mutant seeds, reflecting the importance of 
CCA1/LHY and PRR proteins for the temporal control of seed ger
mination. In alignment with this notion, the expression of CCA1, 
LHY, PRR5, PRR7, and PRR9 exhibited rhythmic oscillation and 
ABA-responsive modulation during the initial phase of germina
tion (Supplementary Fig. S2B to F; Penfield and Hall 2009; Yang 
et al. 2021).

Seed germination in salinity and osmotic stress 
situations is temporally modulated under diurnal 
conditions
To further clarify the effects of the temporal signal on seed 
germination, we investigated whether the temporal signal also 
mediates seed germination in particular natural contexts. 
Specifically, we first evaluated the performance of WT seeds re
leased from cold stratification contexts at ZT0 and ZT12 under 
salinity and osmotic stress conditions. WT seeds were assayed 
on medium containing 150 mM NaCl or 300 mM mannitol under 
long-day conditions. The ZT0-released seeds had higher germina
tion and cotyledon greening percentages than the ZT12-released 
seeds following the treatment with NaCl or mannitol (Fig. 2A to 
D, Supplementary Fig. S3A and B). Similarly, the germination 
and cotyledon greening of WT seeds under continuous light 
upon exposure to NaCl or mannitol were also examined. We ini
tially stratified WT seeds at 4 °C for 72 h and then transferred 
them to 22 °C for germination at different time points throughout 
the day (from ZT0 to ZT24), with each subsequent transfer (of the 
seeds) delayed by 4 h. The percentages of seed germination and 
expanded green cotyledons decreased following release from 
cold stratification contexts over the course of the day, with lower 
levels at ZT12 and ZT16, under salinity and osmotic stress situa
tions (Fig. 2E and F).

To further determine whether those core clock components 
(i.e. CCA1/LHY and PRR proteins) are involved in the temporal 
control of seed germination under salinity and osmotic stress con
ditions, we analyzed the seed germination and cotyledon greening 
of cca1 lhy and prr5 prr7 prr9 mutants on medium containing NaCl 
or mannitol. Under long-day conditions, the germination and 
seedling growth were much lower for the cca1 lhy seeds released 
at ZT0 and ZT12 than for the corresponding WT controls on me
dium supplemented with 150 mM NaCl or 300 mM mannitol 
(Fig. 2G, Supplementary Fig. S3C to E). Compared with the WT 
seeds, the ZT0- and ZT12-released prr5 prr7 prr9 seeds exhibited 
considerably higher germination and cotyledon greening percen
tages on medium containing NaCl or mannitol under long-day 
conditions (Fig. 2H, Supplementary Fig. S3F to H). Moreover, the 
timing of release from cold stratification contexts did not signifi
cantly affect the germination and cotyledon greening of cca1 lhy 
and prr5 prr7 prr9 seeds in response to NaCl or mannitol (Fig. 2G 
and H, Supplementary Fig. S3C to H). In addition, parallel experi
ments showed that the cca1 lhy and prr5 prr7 prr9 seeds behaved 
similarly under continuous light on medium supplemented with 
NaCl or mannitol (Supplementary Fig. S4A to H). Considered to
gether, these results imply that Arabidopsis seed germination is 
temporally modulated in salinity and osmotic stress situations 
under diurnal conditions, and CCA1/LHY and PRR proteins are es
sential for this regulation.

ELF3, ELF4, and LUX expression is repressed 
by ABA during seed germination
The EC proteins ELF3, ELF4, and LUX play crucial roles in the plant 
circadian clock; the disruption of any of these components leads 
to an arrhythmic circadian clock under constant light conditions 
(Helfer et al. 2011; Nusinow et al. 2011; Herrero et al. 2012; 
Mizuno et al. 2014; Sanchez and Kay 2016). Notably, ELF3 and 
LUX have been implicated as negative regulators of seed dor
mancy (Zha et al. 2020). The germination percentages of freshly 
harvested elf3 and lux mutant seeds without cold stratification 
were lower than those of the WT, a finding that has also been con
firmed under our experimental conditions (Zha et al. 2020; 
Supplementary Fig. S5). After ascertaining that seed germination 
is temporally modulated in response to ABA or under salinity and 
osmotic stress conditions, we further examined whether ELF3, 
ELF4, and LUX are involved in these processes. We first analyzed 
ELF3, ELF4, and LUX expression during seed germination. We 
cloned ELF3, ELF4, and LUX promoter fragments (proELF3, 
proELF4, and proLUX) upstream of the β-glucuronidase (GUS) report
er gene to generate reporter constructs (ProELF3:GUS, ProELF4:GUS, 
and ProLUX:GUS), which were inserted into WT plants. The GUS 
staining results revealed ELF3, ELF4, and LUX promoter activities 
in dry seeds and during seed germination (Fig. 3A). Additionally, 
GUS staining analysis showed ELF3, ELF4, and LUX expression in 
the endosperm and developing seeds (e.g. seeds at 5 d after polli
nation) (Supplementary Fig. S6). Together, these observations sug
gest that ELF3, ELF4, and LUX may be expressed continuously from 
seed development through germination. To assess the regulatory 
effect of ABA on ELF3, ELF4, and LUX transcription, we performed 
RT-qPCR analyses of ELF3, ELF4, and LUX transcription in germi
nating WT seeds with or without an ABA treatment. The expres
sion of ELF3, ELF4, and LUX was rhythmic and downregulated 
by ABA during the early germination stage (Fig. 3B to D, 
Supplementary Fig. S2G to I). These results show ELF3, ELF4, and 
LUX are expressed in germinating seeds, and that their expression 
is suppressed by ABA.
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Figure 2. Seed germination in salinity and osmotic stress situations is temporally controlled under diurnal conditions. A) and C) Germination of the WT 
seeds on half-strength MS medium supplemented with or without 150 mM NaCl (A) or 300 mM mannitol (C) under long-day conditions. The seeds were 
stratified at 4 °C and then transferred to 22 °C at ZT0 or ZT12. Seed germination was recorded 36 h after stratification. Time is expressed was hours from 
dawn (ZT0). LD, long-day conditions. B) and D) Cotyledon greening of the WT seeds on half-strength MS medium supplemented with or without 150 mM 
NaCl (B) or 300 mM mannitol (D) under long-day conditions. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT0 or ZT12. Cotyledon 
greening was scored 5 d after stratification. E) Germination of the WT seeds on half-strength MS medium supplemented with or without 150 mM NaCl 
or 300 mM mannitol under continuous light. The seeds were stratified at 4 °C and then transferred to 22 °C at different time points throughout the day 
(from ZT0 to ZT24), with each subsequent transfer (of the seeds) delayed by 4 h. Seed germination was recorded 36 h after stratification. LL, continuous 
light. F) Cotyledon greening of the WT seeds on half-strength MS medium supplemented with or without 150 mM NaCl or 300 mM mannitol under 
continuous light. The seeds were stratified at 4 °C and then transferred to 22 °C at different time points throughout the day. Cotyledon greening was 
scored 4 d after stratification. G) and H) Germination of the WT, cca1 lhy (G), and prr5 prr7 prr9 (H) seeds on half-strength MS medium supplemented with 
or without 150 mM NaCl or 300 mM mannitol under long-day conditions. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT0 or ZT12. 
Seed germination was recorded 36 h after stratification. All experiments for germination and cotyledon greening analysis were performed 5 times by 
examining different batches of seeds. Each batch of seeds was pooled from more than 60 independent plants. For each biological replicate, more than 
120 seeds were examined. Values presented in this figure are means ± standard deviation. Data shown in (A–D) and (G–H) were analyzed by a two-way 
ANOVA using Tukey’s HSD test. Bars with different letters are significantly different from each other (P < 0.05). Data shown in (E and F) were analyzed by 
a one-way ANOVA using Tukey’s HSD test. ***, P < 0.001 (compared to ZT0).
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Disruption of ELF3, ELF4, or LUX results 
in germinating seed hypersensitivity to ABA 
and defective time-dependent germination
After demonstrating the inhibitory effect of ABA on ELF3, ELF4, and 
LUX expression during seed germination, we further investigated 
whether ELF3, ELF4, and LUX contribute to the regulation of ABA 
signaling and time-dependent seed germination. We first analyzed 
the seed germination of the loss-of-function elf3-1, elf4-209, and 
lux-6 single mutants on half-strength MS medium supplemented 
with different ABA concentrations under long-day conditions. 
The elf3-1, elf4-209, and lux-6 seeds released from cold stratification 
conditions at ZT12 (i.e. transferred to 22 °C) had substantially lower 
germination percentages than the WT seeds following treatments 
with different ABA concentrations (Fig. 4A). Moreover, in the pres
ence of ABA, the cotyledon greening percentages were lower for the 
ZT12-released elf3-1, elf4-209, and lux-6 seeds than for the WT seeds 
(Fig. 4B and C). To further elucidate how ELF3, ELF4, and LUX medi
ate ABA signaling and seed germination, we generated elf3 lux and 
elf4 lux double mutants and the elf3 elf4 lux triple mutant through 
genetic crosses. In response to ABA, the elf3 lux, elf4 lux, and elf3 
elf4 lux double and triple mutant seeds released at ZT12 had lower 

germination and cotyledon greening percentages than the elf3-1, 
elf4-209, and lux-6 single mutant seeds under long-day conditions 
(Fig. 4A to C). In accordance with these phenotypes, the transcript 
levels of the ABA-responsive genes EM6 and RAB18 were signifi
cantly higher in the germinating elf3-1, elf4-209, and lux-6 seeds 
than in the germinating WT seeds after the ABA treatment, but 
they were even higher in the elf3 lux, elf4 lux, and elf3 elf4 lux seeds 
(Fig. 4D and E). Hence, ELF3, ELF4, and LUX may negatively modu
late ABA signaling, thereby promoting seed germination.

To more precisely determine the ELF3, ELF4, and LUX functions 
affecting seed germination, we analyzed whether they also medi
ate seed germination under salinity and osmotic stress condi
tions. We examined the elf3-1, elf4-209, lux-6, and elf3 elf4 lux 
mutant seeds released at ZT12 on medium containing 150 mM 
NaCl or 300 mM mannitol. The elf3-1, elf4-209, lux-6, and elf3 
elf4 lux mutant seeds on medium supplemented with NaCl or 
mannitol had much lower germination and cotyledon greening 
percentages than the WT controls under long-day conditions 
(Supplementary Fig. S7A to D). These observations imply that 
ELF3, ELF4, and LUX also stimulate seed germination under salin
ity and osmotic stress conditions.

Figure 3. Expression patterns of ELF3, ELF4, and LUX in response to ABA during seed germination. A) GUS staining of ProELF3:GUS, ProELF4:GUS, and 
ProLUX:GUS transgenic seeds. Dry seeds (0 d) of the proELF3:GUS, proELF4:GUS, and proLUX:GUS transgenic lines were stripped of their seed coat prior to 
staining. The seeds were germinated on half-strength MS medium under long-day conditions for indicated times (0, 1, 2, or 3 d), and then the samples 
were harvested at ZT12 for staining. Experiments were performed 3 times with similar results. Bars = 100 μm for dry seeds (0 d) and 1d germinated seeds 
(1 d), 400 μm for 2d germinated seeds (2 d), and 500 μm for 3d germinated seeds (3 d). B) to D) RT-qPCR analysis of ELF3 (B), ELF4 (C), and LUX (D) 
expression in response to ABA. Total RNA was extracted from 5 different batches of germinating seeds (harvested from ZT24 to ZT60 after stratification) 
of WT with or without 0.75 μM ABA treatment grown under long-day conditions for indicated times. Time is expressed was hours from dawn (ZT0). In 
the mock treatment, an equal volume of 10% (v/v) ethanol was added. The PP2A (AT1G13320) gene was used as control. Values presented in this figure 
are means ± standard deviation. ABA, abscisic acid.
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Because mutations to ELF3, ELF4, and LUX resulted in defective 
germination in the presence of ABA or under salinity and osmotic 
stress situations, we analyzed the effects of ELF3, ELF4, and LUX 
on the temporal control of seed germination. We compared the 
germination and cotyledon greening of the elf3-1, elf4-209, lux-6, 
and elf3 elf4 lux seeds released at ZT0 with those of the seeds 
released at ZT12 on medium containing 0.75 μM ABA, 150 mM 

NaCl, or 300 mM mannitol. As anticipated, compared with the 
WT seeds, the elf3-1, elf4-209, lux-6, and elf3 elf4 lux seeds had con
siderably lower germination and cotyledon greening percentages 
on medium containing ABA, NaCl, or mannitol under long-day 
conditions, regardless of when the seeds were released from 
cold stratification conditions (Supplementary Fig. S7A to F). 
Interestingly, unlike the WT seeds, the ZT0- and ZT12-released 

Figure 4. ABA responses of elf3-1, elf4-209, lux-6, elf3 lux, elf4 lux, and elf3 elf4 lux mutants during seed germination. A) Germination of the WT, elf3-1, 
elf4-209, lux-6, elf3 lux, elf4 lux, and elf3 elf4 lux seeds. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12. Seed germination was 
recorded 48 h after stratification on half-strength MS medium supplemented with different concentrations of ABA under long-day conditions. In the 
medium without ABA (i.e. 0 μM), an equal volume of 10% (v/v) ethanol was added. Time is expressed was hours from dawn (ZT0). B) Cotyledon greening 
of the WT, elf3-1, elf4-209, lux-6, elf3 lux, elf4 lux, and elf3 elf4 lux seeds. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12. Cotyledon 
greening was recorded 6 d after stratification on half-strength MS medium supplemented with different concentrations of ABA under long-day 
conditions. The experiments were performed 5 times by analyzing different batches of seeds. Each batch of seeds was pooled from more than 60 
individual plants. For each biological replicate, more than 120 seeds were examined. C) Seedlings of WT, elf3-1, elf4-209, lux-6, elf3 lux, elf4 lux, and elf3 elf4 
lux mutants 6 d after stratification on half-strength MS medium supplemented with 0.75 μM ABA under long-day conditions. Bar = 2.5 mm. D) and E) 
RT-qPCR analysis of the ABA-induced expression of EM6 (D) and RAB18 (E) in germinating WT, elf3-1, elf4-209, lux-6, elf3 lux, elf4 lux, and elf3 elf4 lux seeds. 
The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12 under long-day conditions. Total RNA was extracted from 5 different batches of 
germinating seeds (48 h) treated with 0.75 μM ABA on half-strength MS medium. The PP2A (AT1G13320) gene was used as a control. Values presented in 
this figure are means ± standard deviation. Data were analyzed by a two-way ANOVA using Tukey’s HSD test. Bars with different letters are 
significantly different from each other (P < 0.05). ABA, abscisic acid.
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elf3-1, elf4-209, lux-6, or elf3 elf4 lux seeds had similar germination 
and cotyledon greening percentages after the treatment with 
ABA, NaCl, or mannitol (Supplementary Fig. S7A to F). Parallel ex
periments showed that the elf3-1, elf4-209, lux-6, and elf3 elf4 lux 
seeds behaved similarly under continuous light (Supplementary 
Fig. S7G to L). These results suggest that ELF3, ELF4, and LUX are 
essential for time-dependent seed germination in response to 
ABA or under salinity and osmotic stress conditions.

Overexpression of ELF3, ELF4, or LUX attenuates 
ABA signaling during seed germination
To further reveal the regulatory effects of ELF3, ELF4, and LUX on 
ABA signaling and seed germination, we generated transgenic 
plants overexpressing FLAG-tagged ELF3 (FLAG-ELF3-3), ELF4 
(FLAG-ELF4-2 and FLAG-ELF4-7), or LUX (FLAG-LUX-6) under the 
control of the cauliflower mosaic virus 35S promoter (Pro35S). 
Additionally, transgenic lines overexpressing ELF3 (ELF3-OE-1; 
Ding et al. 2018) or LUX (LUX-OE-58 from AraShare) were also an
alyzed. Similar to the results of previous studies (Doyle et al. 2002; 
McWatters et al. 2007; Yu et al. 2008; Yoshida et al. 2009; Hirohata 
et al. 2022), the ELF3-, ELF4-, or LUX-overexpressing plants flow
ered later than the WT controls. We subsequently analyzed these 
transgenic plants on medium containing various ABA concentra
tions. Germination and seedling growth were much faster for the 
ELF3-, ELF4-, or LUX-overexpressing seeds released at ZT12 than 
for the corresponding WT seeds in the presence of ABA (Fig. 5A 
to C). In accordance with these findings, the ABA-induced expres
sion of EM6 and RAB18 was significantly lower in the germinating 
ELF3-, ELF4-, or LUX-overexpressing seeds than in the germinating 
WT seeds (Fig. 5D and E). Accordingly, the overexpression of ELF3, 
ELF4, or LUX apparently decreased the sensitivity of the germinat
ing seeds to ABA. Considered together, these results further sup
port the notion that the EC components ELF3, ELF4, and LUX 
inhibit ABA signaling and enhance seed germination in 
Arabidopsis.

ELF3, ELF4, and LUX physically interact with ABI3 
and ABI5
Having demonstrated the regulatory effects of ELF3, ELF4, and 
LUX on ABA signaling and seed germination, we further investi
gated the underlying molecular mechanisms. Considering both 
ABI3 and ABI5 are transcription factors (essential regulators of 
ABA-repressed seed germination) that bind to several transcrip
tional modulators to integrate ABA signaling with other signal
ing pathways (Lim et al. 2014; Yu et al. 2015; Ju et al. 2019; Pan 
et al. 2020; Yang et al. 2021; Mei et al. 2023), we wondered 
whether they also directly associate with ELF3, ELF4, and/or 
LUX, thereby mediating the crosstalk between ABA and circa
dian clock signaling pathways. To test this possibility, we used 
a yeast two-hybrid system to examine the possible interactions 
of ELF3, ELF4, and LUX with ABI3 or ABI5. Specifically, sequences 
encoding the full-length ELF3, ELF4, and LUX proteins were li
gated to the sequence encoding the Gal4 activation domain 
(AD) in the prey vector (AD-ELF3, AD-ELF4, and AD-LUX). The 
full-length ABI3 and ABI5 sequences were fused to the Gal4 
DNA-binding domain (BD) of the bait vector to produce 
BD-ABI3 and BD-ABI5. In yeast (Saccharomyces cerevisiae) cells, 
ELF3, ELF4, and LUX strongly interacted with both ABI3 and 
ABI5 (Fig. 6A). Earlier research showed ABI4 is another transcrip
tion factor that functions as a critical stimulator of ABA signal
ing during seed germination (Finkelstein et al. 1998; Söderman 
et al. 2000; Chandrasekaran et al. 2020; Luo et al. 2024). Thus, 

the full-length ABI4 sequence was also cloned and ligated to 
Gal4 BD of the bait vector to generate BD-ABI4. However, ABI4 
did not interact with ELF3, ELF4, or LUX in yeast cells (Fig. 6A), 
indicative of the specificity of the physical associations between 
ELF3, ELF4, or LUX and ABI3/ABI5.

To identify the ABI3 and ABI5 regions critical for the interac
tions with ELF3, ELF4, and LUX, we performed directed yeast two-
hybrid analyses. Sequences encoding two truncated ABI3 
fragments and five truncated ABI5 fragments were produced 
and fused with Gal4 AD of the prey vector (Fig. 6B; 
Supplementary Fig. S8A). The yeast two-hybrid results indicated 
that the N-terminal domain of ABI3 (amino acids 1 to 416) medi
ates the ABI3–ELF3 interaction in yeast, whereas the full-length 
ABI3 is necessary for the interactions with ELF4 and LUX 
(Fig. 6B). Parallel analyses demonstrated that amino acids 350 to 
442 (spanning the C-terminal bZIP domain) of ABI5 are sufficient 
for the interactions with ELF3, ELF4, and LUX. An ABI5 variant in 
which the N-terminal amino acids 1 to 349 were removed 
(AD-ABI5350-442) was still able to interact with ELF3, ELF4, and 
LUX (Supplementary Fig. S8A). We conducted similar experiments 
to identify the ELF3 and LUX fragments crucial for the binding to 
ABI3 and ABI5. The results indicated that the middle region of 
ELF3 (amino acids 261 to 440) is responsible for the interactions 
with ABI3 and ABI5 in yeast (Supplementary Fig. S8B). More specif
ically, the amino acid residues ranging from 261 to 380 and those 
from 321 to 440 in the middle region of ELF3 are sufficient for in
teracting with ABI3 and ABI5, respectively (Supplementary Fig. 
S8C). For LUX, its middle region (amino acids 143 to 201) contain
ing the GARP domain interacted with ABI3 in yeast, whereas the 
C-terminal fragment (amino acids 201 to 324) was required for 
the interaction with ABI5 (Supplementary Fig. S8D).

To confirm the interactions of ELF3, ELF4, and LUX with ABI3 
and ABI5 in planta, we conducted bimolecular fluorescence com
plementation (BiFC) assays using Nicotiana benthamiana plants. 
The sequence encoding the N-terminal of the yellow fluorescent 
protein (nYFP) under the control of Pro35S was ligated to the full- 
length ELF3, ELF4, or LUX sequence to generate ELF3-nYFP, 
ELF4-nYFP, or LUX-nYFP. The sequence encoding the C-terminal 
YFP (cYFP) fragment under the control of Pro35S was fused with 
the full-length coding sequence of ABI3 or ABI5 to produce 
ABI3-cYFP or ABI5-cYFP. When ELF3-nYFP, ELF4-nYFP, or 
LUX-nYFP was transiently co-expressed with ABI3-cYFP or 
ABI5-cYFP in N. benthamiana leaves, strong YFP fluorescence was 
detected in the nucleus of transformed cells stained with 
4′,6-diamidino-2-phenylindole (DAPI; Fig. 6C). No YFP signal was 
detected in the negative controls in which ELF3-nYFP, 
ELF4-nYFP, or LUX-nYFP was co-expressed with ABI3417-720-cYFP 
(C-terminal amino acids 417 to 720 of ABI3 fused to cYFP) or 
ABI51-164-cYFP (N-terminal amino acids 1 to 164 of ABI5 fused to 
cYFP) (Fig. 6C; Supplementary Fig. S9A and B). Moreover, fluores
cence was also undetectable when ELF31-261-nYFP (N-terminal 
amino acids 1 to 261 of ELF3 fused to nYFP) or LUX1-143-nYFP 
(N-terminal amino acids 1 to 143 of LUX fused to nYFP) was 
co-expressed with ABI3-cYFP or ABI5-cYFP (Supplementary Fig. 
S9A and B).

Co-immunoprecipitation (CoIP) assay results provided evidence 
of the interaction between ELF3 and ABI3 or ABI5 in Arabidopsis si
multaneously overexpressing ELF3 and ABI3 or ABI5 (FLAG-ELF3-3 
MYC-ABI3 or FLAG-ELF3-3 ABI5-MYC; Fig. 6D). These plants were 
developed by introducing the ELF3 overexpression construct 
into ABI3-overexpressing (MYC-ABI3; containing a functional 
3MYC-ABI3 construct driven by Pro35S) and ABI5-overexpressing 
(ABI5-MYC; containing a functional ABI5-4MYC construct under 
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the control of Pro35S) plants. These findings suggest that the EC 

components ELF3, ELF4, and LUX directly associate with the tran

scription factors ABI3 and ABI5 in the plant cell nucleus, implying 

that they may function together to mediate the convergence of 

clock and ABA signaling pathways during seed germination.

ELF3, ELF4, and LUX function upstream of ABI3 
and ABI5 to modulate ABA signaling during seed 
germination
Both ABI3 and ABI5 are critical positive regulators of ABA 
signaling during seed germination. The loss-of-function abi3 and 

Figure 5. ABA responses of transgenic plants overexpressing ELF3, ELF4, or LUX during seed germination. A) Seed germination of the WT, 
ELF3-overexpressing plants (ELF3-OE-1 and FLAG-ELF3-3), ELF4-overexpressing plants (FLAG-ELF4-2 and FLAG-ELF4-7), and LUX-overexpressing plants 
(LUX-OE-58 and FLAG-LUX-6). The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12. Seed germination was recorded 48 h after 
stratification on half-strength MS medium supplemented with different concentrations of ABA under long-day conditions. In the medium without ABA 
(i.e. 0 μM), an equal volume of 10% (v/v) ethanol was added. Time is expressed was hours from dawn (ZT0). B) Cotyledon greening of the WT, ELF3-OE-1, 
FLAG-ELF3-3, FLAG-ELF4-2, FLAG-ELF4-7, LUX-OE-58, and FLAG-LUX-6 seeds. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12. 
Cotyledon greening was recorded 6 d after stratification on half-strength MS medium supplemented with different concentrations of ABA under 
long-day conditions. The experiments were performed 5 times by analyzing different batches of seeds. Each batch of seeds was pooled from more than 
60 individual plants. For each biological replicate, more than 120 seeds were examined. C) Seedlings of WT, ELF3-OE-1, FLAG-ELF3-3, FLAG-ELF4-2, 
FLAG-ELF4-7, LUX-OE-58, and FLAG-LUX-6 7 d after stratification on half-strength MS medium supplemented with 1 μM ABA under long-day conditions. 
Bar = 2.5 mm. D) and E) RT-qPCR analysis of the ABA-induced expression of EM6 (D) and RAB18 (E) in germinating WT, ELF3-OE-1, FLAG-ELF3-3, 
FLAG-ELF4-2, FLAG-ELF4-7, LUX-OE-58, and FLAG-LUX-6 seeds. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12 under long-day 
conditions. Total RNA was extracted from 5 different batches of germinating seeds (48 h) treated with 1 μM ABA on half-strength MS medium. The PP2A 
(AT1G13320) gene was used as a control. Values presented in this figure are means ± standard deviation. Data were analyzed by a two-way ANOVA 
using Tukey’s HSD test. Bars with different letters are significantly different from each other (P < 0.05). ABA, abscisic acid.

Time-dependent seed germination | 9
D

ow
nloaded from

 https://academ
ic.oup.com

/plcell/article/37/8/koaf189/8219499 by Xishuangbanna Tropical Botanical G
arden, C

AS user on 12 N
ovem

ber 2025



abi5 mutant seeds are much less sensitive to ABA than WT seeds 
(Giraudat et al. 1992; Finkelstein 1994; Finkelstein and Lynch 2000; 
Nambara et al. 2002). Because of the confirmed physical interac
tions of ELF3, ELF4, or LUX with ABI3 and ABI5, all of which mod
ulate ABA signaling-related delayed seed germination, we 
wondered whether the functions of ELF3, ELF4, and LUX influenc
ing ABA signaling are associated with the functions of ABI3 and 
ABI5. For these analyses, we crossed elf3-1, elf4-209, and lux-6 
with abi3-8 (ABI3 loss-of-function mutant; Nambara et al. 2002) 
to generate the elf3 abi3-8, elf4 abi3-8, and lux abi3-8 double mu
tants. Similarly, elf3-1, elf4-209, and lux-6 were crossed with 
abi5-8 (ABI5 loss-of-function mutant; Zhou et al. 2015a) to produce 
the elf3 abi5-8, elf4 abi5-8, and lux abi5-8 double mutants. The anal
ysis of seed germination and/or cotyledon greening on medium 
containing either 0.75 μM or a higher concentration of 2 μM ABA 
revealed that compared with the WT seeds, the elf3-1, elf4-209, 
and lux-6 seeds released from cold stratification conditions at 

ZT12 (i.e. transferred to 22 °C) were more sensitive to ABA, which 
was in contrast to the hyposensitivity of the abi3-8 and abi5-8 
seeds to ABA (Figs. 7A to C and 8A to C, Supplementary Figs. 
S10A to C and S11A to C). Similar to the abi3-8 seeds, the elf3 
abi3-8, elf4 abi3-8, and lux abi3-8 double mutant seeds were also 
hyposensitive to 0.75 or 2 μM ABA, with much higher germination 
and cotyledon greening percentages than the WT, elf3-1, elf4-209, 
and lux-6 seeds (Fig. 7A to C, Supplementary Fig. S10A to C). 
Parallel investigations showed that the germination and cotyle
don greening percentages of the elf3 abi5-8, elf4 abi5-8, and lux 
abi5-8 double mutant seeds were similar to those of the abi5-8 seeds 
in response to 0.75 or 2 μM ABA (Fig. 8A to C, Supplementary Fig. 
S11A to C). To verify the phenotypic observations, we analyzed 
the transcript levels of the ABA-responsive EM6 and RAB18 genes 
in ABA-treated germinating elf3 abi3-8, elf4 abi3-8, lux abi3-8, elf3 
abi5-8, elf4 abi5-8, and lux abi5-8 seeds. The relative transcript levels 
of EM6 and RAB18 were substantially lower in the elf3 abi3-8, elf4 

Figure 6. Physical interactions of ELF3, ELF4, or LUX with ABI3 and ABI5. A) Yeast two-hybrid assays. Interactions of ELF3, ELF4, or LUX with ABI3 and 
ABI5 were indicated by the ability of cells to grow on dropout medium lacking Leu, Trp, His, and Ade and containing 20 mM 3-aminotriazole after a 4-d 
incubation. No obvious interaction between ABI4 and ELF3, ELF4, or LUX was observed. pGBKT7 (BD) and pGADT7 (AD) were used as negative controls. 
Bar = 5 mm. B) Mapping the region(s) of ABI3 responsible for the interaction with ELF3, ELF4, or LUX. Left: Diagram of the full-length and truncated ABI3 
constructs with specific deletions. Right: Interaction was indicated by the ability of cells to grow on dropout medium lacking Leu, Trp, His, and Ade and 
containing 15 mM 3-aminotriazole after a 4-d incubation. BD and AD were used as negative controls. Bar = 5 mm. C) BiFC assays. Fluorescence was 
detected in the nuclear compartment of transformed N. benthamiana cells, resulting from the complementation of ELF3-nYFP, ELF4-nYFP, or LUX-nYFP 
with ABI3-cYFP or ABI5-cYFP. No YFP signal was detected in the negative controls in which ELF3-nYFP, ELF4-nYFP, or LUX-nYFP was co-expressed with 
ABI3417-720-cYFP (C-terminal amino acids 417 to 720 of ABI3 fused to cYFP). Nuclei are indicated by DAPI staining. Bars = 15 μm. D) CoIP assays. Total 
proteins were extracted from germinating seeds (3 d) of Arabidopsis simultaneously overexpressing ELF3 and ABI3 (FLAG-ELF3-3 MYC-ABI3) or ELF3 and 
ABI5 (FLAG-ELF3-3 ABI5-MYC) under the control of Pro35S. FLAG-fused ELF3 was immunoprecipitated using an anti-FLAG antibody (1:250) and the 
co-immunoprecipitated MYC-ABI3 (left) or ABI5-MYC (right) was detected using an anti-MYC antibody (1:10,000). The FLAG-ELF3-3, MYC-ABI3, and 
ABI5-MYC plants served as the controls. Protein input for FLAG-fused ELF3 in the immunoprecipitated complexes was also detected and is shown. 
Experiments were performed 3 times with similar results. DIC, differential interference contrast. DAPI, 4′,6-diamidino-2-phenylindole. YFP, yellow 
fluorescence protein. IP, immunoprecipitation.
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abi3-8, lux abi3-8, elf3 abi5-8, elf4 abi5-8, and lux abi5-8 mutants than 
in the WT control and elf3-1, elf4-209, and lux-6 mutants (Figs. 7D 

and E and 8D and E, Supplementary Figs. S10D and E and S11D

and E). Accordingly, mutating ABI3 or ABI5 suppressed the ABA hy

persensitivity of elf3-1, elf4-209, and lux-6, suggesting that ABI3 and 

ABI5 are epistatic to ELF3, ELF4, and LUX during the modulation of 

ABA-mediated seed germination inhibition.

ELF3, ELF4, and LUX negatively modulate ABI3 
and ABI5 functions
Because ELF3, ELF4, and LUX along with ABI3 and ABI5 mediate 
ABA responses during seed germination, we examined the molec
ular basis of their regulatory relationships. Previous studies indi
cated that several modulators affect ABI3 and/or ABI5 mainly by 
altering their functions via direct protein–protein interactions 

Figure 7. The ABA hypersensitivity of elf3-1, elf4-209, and lux-6 mutants during seed germination is restored by the ABI3 mutation. A) Germination of 
the WT, elf3-1, elf4-209, lux-6, abi3-8, elf3 abi3-8, elf4 abi3-8, and lux abi3-8 seeds. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12. 
Seed germination was recorded 48 h after stratification on half-strength MS medium supplemented with 0.75 μM ABA under long-day conditions. In the 
medium without ABA (i.e. 0 μM), an equal volume of 10% (v/v) ethanol was added. Time is expressed was hours from dawn (ZT0). B) Cotyledon greening 
of the WT, elf3-1, elf4-209, lux-6, abi3-8, elf3 abi3-8, elf4 abi3-8, and lux abi3-8 seeds. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12. 
Cotyledon greening was recorded 6 d after stratification on half-strength MS medium supplemented with 0.75 μM ABA under long-day conditions. The 
experiments were performed 5 times by analyzing different batches of seeds. Each batch of seeds was pooled from more than 60 individual plants. For 
each biological replicate, more than 120 seeds were examined. C) Seedlings of WT, elf3-1, elf4-209, lux-6, abi3-8, elf3 abi3-8, elf4 abi3-8, and lux abi3-8 
mutants 7 d after stratification on half-strength MS medium supplemented with 0.75 μM ABA under long-day conditions. Bar = 2.5 mm. D) and E) 
RT-qPCR analysis of the ABA-induced expression of EM6 (D) and RAB18 (E) in germinating WT, elf3-1, elf4-209, lux-6, abi3-8, elf3 abi3-8, elf4 abi3-8, and lux 
abi3-8 seeds. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12 under long-day conditions. Total RNA was extracted from 5 different 
batches of germinating seeds (48 h) treated with 0.75 μM ABA on half-strength MS medium. The PP2A (AT1G13320) gene was used as a control. Values 
presented in this figure are means ± standard deviation. Data were analyzed by a two-way ANOVA using Tukey’s HSD test. Bars with different letters 
are significantly different from each other (P < 0.05). The statistical analyses described apply to all statistical analyses presented in this figure. ABA, 
abscisic acid.
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(Lim et al. 2014; Kim et al. 2016; Ju et al. 2019; Zhao et al. 2019; Pan 
et al. 2020; Yang et al. 2021, 2023; Guo et al. 2022; Mei et al. 2023). 
Hence, we investigated the possible regulatory effects of ELF3, 
ELF4, and LUX on ABI3 and ABI5 functions in Arabidopsis meso
phyll protoplasts by performing dual-luciferase (LUC) reporter as
says (Yoo et al. 2007). Because EM6 is a downstream target of ABI3 
and ABI5 associated with ABA signaling (Lopez-Molina and Chua 

2000; Nakamura et al. 2001; Carles et al. 2002; Lopez-Molina 
et al. 2002), its promoter was cloned and ligated to the LUC gene 
to generate a reporter construct (Supplementary Fig. S12A). The 
effectors contained ELF3, ELF4, LUX, ABI3, ABI5, or GFP (encoding 
the green fluorescent protein) under the control of Pro35S 
(Supplementary Fig. S12A). We expressed ABI3 (or ABI5) with sim
ilar accumulation levels in the WT mesophyll protoplasts with or 

Figure 8. The ABA hypersensitivity of elf3-1, elf4-209, and lux-6 mutants during seed germination is restored by the ABI5 mutation. A) Germination of 
the WT, elf3-1, elf4-209, lux-6, abi5-8, elf3 abi5-8, elf4 abi5-8, and lux abi5-8 seeds. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12. 
Seed germination was recorded 48 h after stratification on half-strength MS medium supplemented with 0.75 μM ABA under long-day conditions. In the 
medium without ABA (i.e. 0 μM), an equal volume of 10% (v/v) ethanol was added. Time is expressed was hours from dawn (ZT0). B) Cotyledon greening 
of the WT, elf3-1, elf4-209, lux-6, abi5-8, elf3 abi5-8, elf4 abi5-8, and lux abi5-8 seeds. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12. 
Cotyledon greening was recorded 6 d after stratification on half-strength MS medium supplemented with 0.75 μM ABA under long-day conditions. The 
experiments were performed 5 times by analyzing different batches of seeds. Each batch of seeds was pooled from more than 60 individual plants. For 
each biological replicate, more than 120 seeds were examined. C) Seedlings of WT, elf3-1, elf4-209, lux-6, abi5-8, elf3 abi5-8, elf4 abi5-8, and lux abi5-8 
mutants 7 d after stratification on half-strength MS medium supplemented with 0.75 μM ABA under long-day conditions. Bar = 2.5 mm. D) and E) 
RT-qPCR analysis of the ABA-induced expression of EM6 (D) and RAB18 (E) in germinating WT, elf3-1, elf4-209, lux-6, abi5-8, elf3 abi5-8, elf4 abi5-8, and lux 
abi5-8 seeds. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12 under long-day conditions. Total RNA was extracted from 5 different 
batches of germinating seeds (48 h) treated with 0.75 μM ABA on half-strength MS medium. The PP2A (AT1G13320) gene was used as a control. Values 
presented in this figure are means ± standard deviation. Data were analyzed by a two-way ANOVA using Tukey’s HSD test. Bars with different letters 
are significantly different from each other (P < 0.05). The statistical analyses described apply to all statistical analyses presented in this figure. ABA, 
abscisic acid.
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without ELF3, ELF4, and/or LUX expression (Supplementary Fig. 
S12B and C). Compared with the effect of GFP alone, both ABI3 
and ABI5 obviously increased the expression of LUC driven by 
the EM6 promoter in WT mesophyll protoplasts treated with 
5 μM ABA (Fig. 9A and B). However, in response to ABA, the LUC ex
pression level was lower in the protoplasts co-expressing ELF3, 
ELF4, or LUX and ABI3 (or ABI5) than in the protoplasts co- 
expressing ABI3 (or ABI5) and GFP (Fig. 9A and B). Moreover, the si
multaneous expression of ELF3, ELF4, and LUX with ABI3 (or ABI5) 
resulted in even lower LUC expression levels in the presence of 
ABA (Fig. 9A and B). These results suggest that ELF3, ELF4, and 
LUX repress ABI3 and ABI5 functions, thereby influencing the 
transcription of the downstream gene EM6.

To verify the regulatory effects of ELF3, ELF4, and LUX on ABI3 
and ABI5, we examined whether loss-of-function mutations to 
ELF3, ELF4, and LUX alter ABI3 and ABI5 functions. We assessed 
the abilities of ABI3 and ABI5 to activate EM6 transcription in 
elf3-1, elf4-209, and lux-6 protoplasts. Following the ABA treat
ment, LUC expression under the control of the EM6 promoter 
was much higher in ABI3- or ABI5-expressing elf3-1, elf4-209, 
and lux-6 protoplasts than in the WT protoplasts (Fig. 9C and D, 
Supplementary Fig. S12D and E). These observations provide fur
ther evidence that the detrimental effects of ELF3, ELF4, and LUX 
on ABI3 and ABI5 functions modulate EM6 expression in the pres
ence of ABA. Additionally, our results demonstrated that the 
expression of LUC, driven by the EM6 promoter, exhibited a 
moderate increase in GFP-expressing protoplasts of elf3-1, 
elf4-209, and lux-6 mutants after ABA treatment, compared to 
WT protoplasts (Fig. 9C and D). This finding hints at the possibil
ity that ELF3, ELF4, and LUX may associate with certain endog
enous factors induced by ABA to regulate the expression levels 
of EM6.

Considering the EC components ELF3, ELF4, and LUX and ABI3/ 
ABI5 have antagonistic effects on the ABA-induced expression of 
EM6, we analyzed whether EC directly mediates EM6 transcrip
tion. Previous studies showed that in the ELF3-ELF4-LUX ternary 
transcriptional repression complex, LUX (i.e. transcription factor) 
is responsible for targeting the promoter regions through its spe
cific DNA-BD (Helfer et al. 2011; Nusinow et al. 2011; Zhang 
et al. 2018). LUX directly associates with DNA via the correspond
ing LUX binding site (LBS; GATT/ACG) within its gene targets 
(Helfer et al. 2011; Zhang et al. 2019; Zha et al. 2020). Sequence 
analyses identified two putative LBS elements in the EM6 pro
moter region (1,500 bp segment upstream of the translation start 
site), raising the possibility that LUX is capable of recognizing 
these motifs. However, our yeast one-hybrid assays revealed 
that LUX failed to interact with the EM6 promoter region, despite 
positive control experiments showing that LUX could bind to the 
promoter region of DELAY OF GERMINATION1 (DOG1) and ABI5 as
sociated with the promoter region of EM6 (Supplementary Fig. S13; 
Carles et al. 2002; Zha et al. 2020).

Although LUX does not bind to the EM6 promoter, ELF3, ELF4, 
and LUX may affect the enrichment of ABI3 and/or ABI5 at the 
EM6 promoter in response to ABA. To test this possibility, we per
formed chromatin immunoprecipitation (ChIP) assays involving 
ABI3- or ABI5-overexpressing elf3-1, elf4-209, and lux-6 plants (i.e. 
elf3 MYC-ABI3, elf4 MYC-ABI3, lux MYC-ABI3, elf3 ABI5-MYC, elf4 
ABI5-MYC, and lux ABI5-MYC). Both ABI3 and ABI5 were more en
riched in the EM6 promoter region (pEM6-1 in Supplementary 
Table S1) in the ABA-treated germinating seeds when ABI3 and 
ABI5 were overexpressed in the elf3-1, elf4-209, and lux-6 mutant 
backgrounds than when they were overexpressed in the WT back
ground (Fig. 9E and F). These results imply that ELF3, ELF4, and 

LUX suppress the enrichment of ABI3 and ABI5 in the promoter re
gion of downstream target genes (e.g. EM6).

ELF3, ELF4, and LUX destabilize ABI3 and ABI5
Previous studies showed that the accumulation of ABI3 and ABI5 
is strictly controlled by multiple regulators and signaling path
ways (Kobayashi et al. 2005; Zhang et al. 2005; Furihata et al. 
2006; Fujii et al. 2007; Piskurewicz et al. 2008; Fujii and Zhu 
2009; Nakashima et al. 2009; Lee et al. 2010; Guan et al. 2014; Hu 
and Yu 2014; Seo et al. 2014; Peng et al. 2022; Li et al. 2023). 
Thus, we investigated whether ELF3, ELF4, and LUX also modulate 
the abundance of ABI3 and ABI5 during seed germination. We an
alyzed the ABI3 and ABI5 protein levels in germinating elf3 
MYC-ABI3, elf4 MYC-ABI3, lux MYC-ABI3, elf3 ABI5-MYC, elf4 
ABI5-MYC, and lux ABI5-MYC seeds with or without an ABA 
treatment. As previously reported (Lopez-Molina et al. 2001; 
Piskurewicz et al. 2008; Chen et al. 2012; Li et al. 2023), the 
MYC-ABI3 and ABI5-MYC fusion proteins were stabilized by ABA 
in germinating MYC-ABI3 and ABI5-MYC seeds, respectively 
(Fig. 9G and H). Interestingly, the MYC-ABI3 content was clearly 
higher in germinating elf3 MYC-ABI3, elf4 MYC-ABI3, and lux 
MYC-ABI3 seeds than in MYC-ABI3 seeds with or without the 
ABA treatment (Fig. 9G). Similarly, ABI5-MYC was more abundant 
in the germinating elf3 ABI5-MYC, elf4 ABI5-MYC, and lux ABI5-MYC 
seeds than in the germinating ABI5-MYC seeds in the absence or 
presence of ABA (Fig. 9H). Furthermore, when both ABA and the 
protein synthesis inhibitor cycloheximide (CHX) were applied si
multaneously, the abundance of MYC-ABI3 and ABI5-MYC re
mained clearly higher in the elf3-1, elf4-209, and lux-6 genetic 
backgrounds compared to the WT background (Fig. 9G and H). 
Notably, following the treatment with the 26S proteasome 
inhibitor MG132, both MYC-ABI3 and ABI5-MYC accumulated to 
similar levels in the WT, elf3-1, elf4-209, and lux-6 genetic back
grounds (Fig. 9G and H). Collectively, these results suggest 
that ELF3, ELF4, and LUX negatively regulate the stability of 
ABI3 and ABI5.

To determine whether these observations were associated with 
altered ABI3 or ABI5 expression levels, we analyzed the transcript 
abundance of the exogenously introduced 3MYC-ABI3 and 
ABI5-4MYC transgenes in germinating seeds of their respective 
overexpression lines. Results revealed comparable 3MYC-ABI3 
transcript levels in ABI3-overexpressing lines and ABI5-4MYC 
transcript levels in ABI5-overexpressing lines across WT, elf3-1, 
elf4-209, and lux-6 seeds germinated on media with or without 
ABA (Supplementary Fig. S14A and B). Moreover, there were no 
significant changes in native ABI3 or ABI5 expression in the germi
nating elf3-1, elf4-209, and lux-6 seeds (compared with the WT con
trol) (Supplementary Fig. S14C and D), further supporting the few 
effects of ELF3, ELF4, and LUX on ABI3 and ABI5 expression. 
Accordingly, ELF3, ELF4, and LUX facilitate the degradation of 
ABI3 and ABI5 via the 26S proteasome pathway.

On the basis of the negative effects of ELF3, ELF4, and LUX on 
ABI3 and ABI5, we analyzed whether the ABA sensitivity of ger
minating MYC-ABI3 and ABI5-MYC seeds was enhanced by mu
tations to ELF3, ELF4, or LUX. Compared with the MYC-ABI3 
seeds, the elf3 MYC-ABI3, elf4 MYC-ABI3, and lux MYC-ABI3 seeds 
released from cold stratification conditions at ZT12 had much 
lower germination and cotyledon greening percentages on me
dium containing 0.5 μM ABA (Fig. 10A to C). Likewise, seed germi
nation and early seedling establishment were slower for elf3 
ABI5-MYC, elf4 ABI5-MYC, and lux ABI5-MYC than for ABI5-MYC 
in response to ABA (Fig. 10A to C). Consistent with these findings, 
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Figure 9. ELF3, ELF4, and LUX negatively influence the transcriptional functions and protein accumulation of ABI3 and ABI5. A) and B) Transient 
dual-luciferase reporter assays showing that ELF3, ELF4, and LUX antagonize ABI3 (A) and ABI5 (B) to modulate EM6 expression upon 5 μM ABA 
treatment. Values are means ± standard deviation from 5 independent biological replicates using different batches of WT plants; each replicate was 
from different WT leaves of more than 50 plants. C) and D) Transient dual-luciferase reporter assays showing that activation of the EM6 promoter by 
ABI3 (C) and ABI5 (D) was enhanced in the elf3-1, elf4-209, or lux-6 mutant in response to 5 μM ABA. Values are means ± SD from 5 independent biological 
replicates using different batches of WT, elf3-1, elf4-209, or lux-6 plants; each replicate was from different leaves of more than 50 plants. E) and F) 
ChIP-qPCR analysis of the enrichment of ABI3 (E) or ABI5 (F) in the promoter region of EM6 (pEM6-1). For the analysis of ABI3 enrichment, the 
germinating WT, MYC-ABI3, elf3 MYC-ABI3, elf4 MYC-ABI3, and lux MYC-ABI3 seeds (3 d, harvested at ZT12) treated with 0.5 μM ABA on half-strength MS 
medium were used in ChIP assays. For the analysis of ABI5 enrichment, the germinating WT, ABI5-MYC, elf3 ABI5-MYC, elf4 ABI5-MYC, and lux ABI5-MYC                                                                                                                                                                                                                                              

(Continued) 
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the ABA-responsive EM6 and RAB18 genes were expressed at 
much higher levels in ABA-treated germinating elf3 MYC-ABI3, 
elf4 MYC-ABI3, lux MYC-ABI3, elf3 ABI5-MYC, elf4 ABI5-MYC, 
and lux ABI5-MYC seeds than in germinating MYC-ABI3 and 
ABI5-MYC seeds (Fig. 10D and E). These results provide further 
genetic evidence that ELF3, ELF4, and LUX antagonize ABI3 
and ABI5 to modulate ABA signaling-related delayed seed 
germination.

Considering the modulatory effects of ELF3, ELF4, and LUX (and 
other clock components) on ABI3 and ABI5, we speculated 
whether ABI3 and ABI5 are also involved in the temporal control 
of seed germination. Interestingly, unlike the WT seeds, the 
ZT0- and ZT12-released abi3-8 or abi5-8 seeds had similar germi
nation and cotyledon greening percentages on medium contain
ing 0.75 μM ABA under long-day conditions (Supplementary 
Fig. S15A to D). Hence, the time-dependent germination of 
ABA-treated abi3-8 and abi5-8 seeds was abolished, suggesting 
that ABI3 and ABI5 are crucial for the temporal control of seed ger
mination in response to ABA.

The transcriptional regulatory relationships 
among the core components of the circadian clock 
persist during seed germination, irrespective 
of the presence or absence of ABA
According to earlier studies, the oscillatory mechanism of the cir
cadian clock involves multiple transcriptional–translational neg
ative feedback loops (Harmer 2009; Pokhilko et al. 2012; Carré 
and Veflingstad 2013; Hsu and Harmer 2014; Greenham and 
McClung 2015; Uehara et al. 2019; Nakamichi 2020; Simon et al. 
2020). Because core clock proteins (e.g. LHY, PRR5, and ELF3) con
tribute to ABA signaling and seed germination (Adams et al. 2018; 
Zha et al. 2020; Yang et al. 2021; Figs. 4 and 5), we wondered 
whether these components sustain mutual regulation during 
seed germination in response to ABA. Thus, we first examined 
the CCA1 and LHY transcript levels in germinating prr5 prr7 prr9 
and elf3 elf4 lux seeds. Compared with the corresponding expres
sion levels in the WT controls, CCA1 and LHY were expressed at 
higher levels in germinating prr5 prr7 prr9 seeds, but at lower levels 
in germinating elf3 elf4 lux seeds, with or without the 0.75 μM ABA 
treatment (Fig. 11A and B, Supplementary Fig. S16A and B). These 
observations suggest that CCA1 and LHY transcription is re
pressed by PRR5, PRR7, and PRR9, but stimulated by ELF3, 
ELF4, and LUX, during seed germination, regardless of the pres
ence of ABA.

We also analyzed PRR5 and PRR7 expression in germinating cca1 
lhy and elf3 elf4 lux mutant seeds treated with ABA. The PRR5 and 
PRR7 transcript levels were clearly higher in germinating cca1 lhy 
and elf3 elf4 lux seeds than in germinating WT seeds on medium 

with or without ABA (Fig. 11C and D, Supplementary Fig. S16C
and D). Hence, PRR5 and PRR7 expression is downregulated by 
CCA1/LHY and EC components during seed germination. In addi
tion, ELF3 and LUX transcript levels were much higher in germi
nating cca1 lhy and prr5 prr7 prr9 seeds than in the corresponding 
WT seeds in the absence (or presence) of ABA (Fig. 11E and F, 
Supplementary Fig. S16E and F). Considered together, these re
sults suggest that transcriptional regulatory relationships among 
these core clock components persist in response to ABA during 
seed germination.

Discussion
Successful seed germination under specific physiological condi
tions and the subsequent establishment of a young seedling re
quire precisely coordinated regulatory responses to multiple 
endogenous and environmental cues. More specifically, ABA is 
an important phytohormone that suppresses seed germination 
and arrests seedling growth in Arabidopsis (Gubler et al. 2005; 
Finch-Savage and Leubner-Metzger 2006; Finkelstein et al. 2008; 
Cutler et al. 2010; Golldack et al. 2013; Nakashima and 
Yamaguchi-Shinozaki 2013; Sajeev et al. 2024). Recent research 
highlighted the close relationships between ABA and other regula
tory signals influencing seed germination (Lim et al. 2014; Kim 
et al. 2016; Li et al. 2022). Intriguingly, there is accumulating evi
dence that the circadian clock helps control ABA biosynthesis 
and downstream responses (Nováková et al. 2005; Lee et al. 
2006; Covington et al. 2008; Mizuno and Yamashino 2008; 
FukushiMa et al. 2009; Nakamichi et al. 2009; Penfield and Hall 
2009; McAdam et al. 2011; Seung et al. 2012; Grundy et al. 2015; 
Adams et al. 2018; Yang et al. 2021; Liang et al. 2024). However, 
the temporal modulation of seed germination in response to 
ABA or under particular natural conditions has not been experi
mentally verified. In this study, we demonstrated that the tempo
ral signal under diurnal conditions is crucial for modulating seed 
germination in response to ABA or under salinity and osmotic 
stress conditions (Figs. 1 and 2). Nevertheless, noncold-stratified 
WT seeds exhibited no variation in germination and cotyledon 
greening on half-strength MS medium in the absence of ABA, 
irrespective of the timing of germination initiation under diurnal 
conditions (Supplementary Fig. S17A and B). This observation im
plies that the baseline level of endogenous ABA has a minimal in
fluence on the time-dependent germination under optimal 
conditions.

Multiple circadian clock proteins and the associated regulators 
affect time-controlled plant growth, development, and stress tol
erance under various physiological and environmental conditions 
(Yamamoto et al. 2003; Bieniawska et al. 2008; Nakamichi et al. 

Figure 9. (Continued) 
seeds (3 d, harvested at ZT12) treated with 0.5 μM ABA on half-strength MS medium were used in ChIP assays. More than 500 germinating seeds for each 
sample were pooled for ChIP assays using an anti-MYC antibody. qPCR data from the ChIP assays with the PP2A (AT1G13320) promoter region sequence 
(pPP2A) were used as a negative control. Values are means ± SD from 5 independent biological replicates using different batches of seeds. Bars with 
different letters are significantly different from each other (P < 0.05). Data were analyzed by a two-way ANOVA using Tukey’s HSD test. The statistical 
analyses described apply to all statistical analyses presented in this figure. G) and H) Immunoblot analyzing the accumulation of MYC-ABI3 (G) and 
ABI5-MYC (H) fusion proteins. The germinating WT, MYC-ABI3, elf3 MYC-ABI3, elf4 MYC-ABI3, and lux MYC-ABI3 seeds (4 d, harvested at ZT12) treated 
with 0.5 μM ABA on half-strength MS medium under long-day conditions were used for protein extraction. The germinating WT, ABI5-MYC, elf3 
ABI5-MYC, elf4 ABI5-MYC, and lux ABI5-MYC seeds (4 d, harvested at ZT12) treated with 0.5 μM ABA on half-strength MS medium under long-day 
conditions were used for protein extraction. In the medium without ABA (i.e. –ABA), an equal volume of 10% (v/v) ethanol was added. For treatments 
combining ABA with either the protein synthesis inhibitor CHX or the proteasome inhibitor MG132, seeds germinating on 0.5 μM ABA-containing 
medium were treated with 0.5 μM ABA plus 100 µM CHX or 50 µM MG132, respectively, for 6 h prior to protein extraction. The accumulation of 
MYC-ABI3 or ABI5-MYC fused protein was detected by immunoblotting with an anti-MYC antibody (1:10,000). Experiments were repeated 3 times with 
similar results. Relative protein levels of MYC-ABI3 or ABI5-MYC were quantified by ImageJ. ZT, Zeitgeber time. LUC, firefly luciferase. REN, Renilla 
luciferase. ABA, abscisic acid. MG132, carbobenzoxy-Leu-Leu-leucinal.
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2009; Bhardwaj et al. 2011; Wang et al. 2011; Goodspeed et al. 2012; 
Shin et al. 2012; Korneli et al. 2014; Zhou et al. 2015b; Ezer et al. 
2017; Lu et al. 2017; Joo et al. 2019; Zhang et al. 2019; Xu et al. 
2022). For example, core clock components (e.g. CCA1/LHY and 
PRR proteins) along with light signaling modulators concurrently 
mediate the expression of PHYTOCHROME INTERACTING FACTOR 
(PIF) genes, especially PIF4 and PIF5, to diurnally affect hypocotyl 
growth (Fujimori et al. 2004; Shen et al. 2007; Nusinow et al. 

2011; Nakamichi et al. 2012; Liu et al. 2013a; Nieto et al. 2015; 
Soy et al. 2016; Zhu et al. 2016; Martín et al. 2018; Li et al. 2020). 
The PRR proteins redundantly and positively regulate the timing 
of floral initiation through the CONSTANS (CO)- and 
FLOWERING LOCUS T (FT)-dependent photoperiodic pathway 
(Nakamichi et al. 2005, 2007; Ito et al. 2008; Hayama et al. 2017). 
Notably, in terms of ABA responses, LHY directly represses the ex
pression of ABI5 as well as other ABA-responsive genes and 

Figure 10. The ABA hypersensitivity of ABI3- or ABI5-overexpressing plants is enhanced by the ELF3, ELF4, or LUX mutation. A) Germination of the WT, 
MYC-ABI3, elf3 MYC-ABI3, elf4 MYC-ABI3, lux MYC-ABI3, ABI5-MYC, elf3 ABI5-MYC, elf4 ABI5-MYC, and lux ABI5-MYC seeds. The seeds were stratified at 
4 °C and then transferred to 22 °C at ZT12. Seed germination was recorded 48 h after stratification on half-strength MS medium supplemented with 
0.5 μM ABA under long-day conditions. In the medium without ABA (i.e. 0 μM), an equal volume of 10% (v/v) ethanol was added. Time is expressed was 
hours from dawn (ZT0). B) Cotyledon greening of the WT, MYC-ABI3, elf3 MYC-ABI3, elf4 MYC-ABI3, lux MYC-ABI3, ABI5-MYC, elf3 ABI5-MYC, elf4 
ABI5-MYC, and lux ABI5-MYC seeds. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12. Cotyledon greening was recorded 7 d after 
stratification on half-strength MS medium supplemented with 0.5 μM ABA under long-day conditions. The experiments were performed 5 times by 
analyzing different batches of seeds. Each batch of seeds was pooled from more than 60 individual plants. For each biological replicate, more than 120 
seeds were examined. C) Seedlings of WT, MYC-ABI3, elf3 MYC-ABI3, elf4 MYC-ABI3, lux MYC-ABI3, ABI5-MYC, elf3 ABI5-MYC, elf4 ABI5-MYC, and lux 
ABI5-MYC mutants 7 d after stratification on half-strength MS medium supplemented with 0.5 μM ABA under long-day conditions. Bar = 2.5 mm. D) and 
E) RT-qPCR analysis of the ABA-induced expression of EM6 (D) and RAB18 (E) in germinating WT, MYC-ABI3, elf3 MYC-ABI3, elf4 MYC-ABI3, lux MYC-ABI3, 
ABI5-MYC, elf3 ABI5-MYC, elf4 ABI5-MYC, and lux ABI5-MYC seeds. The seeds were stratified at 4 °C and then transferred to 22 °C at ZT12 under long-day 
conditions. Total RNA was extracted from 5 different batches of germinating seeds (48 h) treated with 0.5 μM ABA on half-strength MS medium. The 
PP2A (AT1G13320) gene was used as a control. Values presented in this figure are means ± standard deviation. Data were analyzed by a two-way ANOVA 
using Tukey’s HSD test. Bars with different letters are significantly different from each other (P < 0.05). The statistical analyses described apply to all 
statistical analyses presented in this figure. ABA, abscisic acid.
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attenuates the inhibitory effect of ABA on seed germination, 
whereas PRR5 and PRR7 enhance ABI5-mediated ABA signaling, 
thereby suppressing seed germination on ABA-containing me
dium (Adams et al. 2018; Yang et al. 2021). Despite the regulatory 

effects of LHY and PRR5/PRR7 on ABA responses, the possibility 
that the circadian clock and ABA coordinately control time- 
dependent seed germination remains to be explored in depth. In 
the current study, we observed that the temporal control of 

Figure 11. Expression of LHY, PRR5, and ELF3 in response to ABA during seed germination. A) and B) RT-qPCR analysis of the expression of LHY in 
germinating WT, prr5 prr7 prr9 (A), and elf3 elf4 lux (B) seeds. The WT, prr5 prr7 prr9, and elf3 elf4 lux seeds were stratified at 4 °C and then transferred to 
22 °C at ZT12 under long-day conditions. Total RNA was extracted from 5 different batches of germinating seeds (48 h) treated with 0.75 μM ABA on 
half-strength MS medium. Time is expressed was hours from dawn (ZT0). C) and D) RT-qPCR analysis of the expression of PRR5 in germinating WT, cca1 
lhy (C), and elf3 elf4 lux (D) seeds. The WT and cca1 lhy seeds were stratified at 4 °C and then transferred to 22 °C at ZT0 under long-day conditions. For the 
analysis of elf3 elf4 lux mutant seeds, the WT and elf3 elf4 lux seeds were stratified at 4 °C and then transferred to 22 °C at ZT12 under long-day 
conditions. Total RNA was extracted from 5 different batches of germinating seeds (48 h) treated with 0.75 μM ABA on half-strength MS medium. E) and 
F) RT-qPCR analysis of the expression of ELF3 in germinating WT, cca1 lhy (E), and prr5 prr7 prr9 (F) seeds. The WT and cca1 lhy seeds were stratified at 4 °C 
and then transferred to 22 °C at ZT0 under long-day conditions. For the analysis of prr5 prr7 prr9 mutant seeds, the WT and prr5 prr7 prr9 seeds were 
stratified at 4 °C and then transferred to 22 °C at ZT12 under long-day conditions. Total RNA was extracted from 5 different batches of germinating 
seeds (48 h) treated with 0.75 μM ABA on half-strength MS medium. The PP2A (AT1G13320) gene was used as a control. Values presented in this figure 
are means ± standard deviation. Data were analyzed by a two-way ANOVA using Tukey’s HSD test. Bars with different letters are significantly different 
from each other (P < 0.05). The statistical analyses described apply to all statistical analyses presented in this figure. ABA, abscisic acid.
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germination was abolished in cca1 lhy and prr5 prr7 prr9 mutant 
seeds in the presence of ABA, NaCl, or mannitol (Figs. 1F and G
and 2G and H, Supplementary Figs. S1B to I, S3C to H, and S4A 
to H). Furthermore, the EC components ELF3, ELF4, and LUX neg
atively modulated the ABA-induced inhibition of seed germina
tion; disrupting these proteins adversely affected 
time-dependent germination (Figs. 4 and 5, Supplementary Fig. 
S7). Hence, these core clock proteins are indispensable for the 
time-based regulation of seed germination after an exposure to 
ABA or under specific natural conditions.

The ABA signaling pathway is essential for seed germination in
hibition, which involves profound changes in gene expression pro
files associated with the interactions among multiple positive and 
negative modulators. After an increase in the ABA concentration 
is perceived by PYRABACTIN RESISTANCE (PYR)/PYR1-LIKE 
(PYL)/REGULATORY COMPONENT OF ABA RECEPTOR (RCAR) 
proteins, the resulting disruption of type 2C PROTEIN 
PHOSPHATASE (PP2C) leads to the release of SUCROSE 
NONFERMENTING1-RELATED KINASE2 (SnRK2) from PP2C– 
SnRK2 complexes (Ma et al. 2009; Miyazono et al. 2009; 
Nishimura et al. 2009; Park et al. 2009; Santiago et al. 2009; 
Cutler et al. 2010). The released SnRK2 phosphorylate and stimu
late downstream components (e.g. ABI5 and its homologs) to acti
vate ABA-responsive genes (Kobayashi et al. 2005; Furihata et al. 
2006; Fujii et al. 2007; Fujii and Zhu 2009; Nakashima et al. 2009; 
Cutler et al. 2010; Finkelstein 2013; Li et al. 2017; Chen et al. 
2020). Among the regulators in the ABA pathway, ABI3 and ABI5 
are two master transcriptional stimulators of ABA responses 
and function at key hubs that integrate ABA and other signals cru
cial for the precise modulation of seed germination (Finkelstein 
and Lynch 2000; Garcia et al. 2008; Miura et al. 2009; Lee et al. 
2010; Zhou et al. 2015a; Kim et al. 2016; Varshney et al. 2023). In 
the present study, ELF3, ELF4, and LUX physically associated 
with ABI3 and ABI5 in yeast cells and in plants (Fig. 6A to D). 
Genetic analyses showed that ELF3, ELF4, and LUX function in an 
ABI3- and ABI5-dependent manner to disrupt ABA-induced delayed 
seed germination (Figs. 7 and 8). A mechanistic analysis indicated 
that ELF3, ELF4, and LUX negatively affect the stability of ABI3 
and ABI5 as well as their functions (Fig. 9A to H). Interestingly, 
the regulation of ABI3/ABI5 by ELF3, ELF4, and LUX may also occur 
and be enhanced under specific natural conditions (e.g. under low 
ambient temperature conditions), as the enrichment of ABI3 and 
ABI5 was significantly greater in ABA-treated germinating seeds 
at 17 °C when ABI3 and ABI5 were overexpressed in the elf3-1, 
elf4-209, and lux-6 mutant backgrounds compared to the WT back
ground (Supplementary Fig. S18A and B). The importance of both 
ABI3 and ABI5 for the temporal control of seed germination in re
sponse to ABA was also revealed (Supplementary Fig. S15A to D). 
These results suggest that there is a previously unknown signaling 
module in which the clock-associated proteins ELF3, ELF4, and LUX 
directly repress the functions of the ABA-responsive transcription 
factors ABI3 and ABI5 through protein–protein interactions during 
the regulation of time-dependent seed germination.

Similar to ELF3, ELF4, and LUX, the core clock proteins CCA1 
and LHY negatively modulate ABA responses, which leads to in
creased seed germination (Penfield and Hall 2009; Adams et al. 
2018; Fig. 1F, Supplementary Fig. S1B and C). In accordance with 
the observed phenotypes, LHY binds directly to the promoter of 
multiple genes (e.g. NCED3, ABI3, ABI5, and ABF3), thereby regu
lating the transcription of these ABA biosynthesis/signaling- 
related genes and downstream ABA-responsive genes (Adams 
et al. 2018; Liang et al. 2024). However, unlike CCA1/LHY and 
the EC components, PRR proteins (i.e. PRR5, PRR7, and PRR9) 

potentiate ABA responses to inhibit seed germination (Yang 
et al. 2021). Both PRR5 and PRR7 enhance the ABI5 function via di
rect protein interactions to modulate target gene expression 
(Yang et al. 2021). Likewise, TOC1, which is also known as PRR1, 
reportedly associates with ABI3 in vivo and appears to positively 
mediate ABA signaling during seed germination (Kurup et al. 
2000; Penfield and Hall 2009). In addition, LUX directly modulates 
the expression of DOG1 and exerts a negative influence on seed 
dormancy (Zha et al. 2020). All these findings, together with the 
discoveries of the present study, point toward the interplay be
tween circadian regulators and ABA-related pathways in control
ling seed dormancy and germination. Furthermore, 
transcriptional modulatory relationships may persist among 
these core clock components in germinating seeds exposed to 
ABA (Fig. 11A to F, Supplementary Fig. S16A to F; Harmer 2009; 
Pokhilko et al. 2012; Hsu and Harmer 2014; Greenham and 
McClung 2015; Uehara et al. 2019; Nakamichi 2020; Simon et al. 
2020). Consequently, we speculate that the effects of different 
core clock proteins on ABA-related pathways at multiple regula
tory layers are carefully balanced to establish and maintain ap
propriate ABA signaling levels. This balance may be crucial for 
strictly controlling seed germination under particular natural 
conditions, especially during times of environmental stress. It is 
conceivable that this intricate regulation serves to enhance the 
plant’s environmental adaptability, allowing it to fine-tune its ger
mination timing in response to varying environmental cues. 
Interestingly, in addition to these core clock proteins, several crit
ical regulators responsible for the circadian clock output, such as 
GI and CO, are also produced in seeds and/or mediate ABA re
sponses (Putterill et al. 1995; Simon et al. 1996; Fowler et al. 1999; 
Samach et al. 2000; Kim et al. 2007; Sawa et al. 2007; Penfield and 
Hall 2009; Yu et al. 2023). Deciphering the potential relationships 
between other clock-associated components and key regulators of 
ABA signaling may clarify the circadian clock-mediated gating of 
ABA signaling networks during seed germination.

The regulation of ABI3/ABI5-stimulated ABA signaling involves 
an intricate network of multiple transcriptional modulators that 
precisely control seed germination, such as GA-INSENSITIVE 
(GAI), BRI1-EMS-SUPPRESSOR1 (BES1), JAZ, and ARF10/ARF16 
(Chen et al. 2012; Guan et al. 2014; Lim et al. 2014; Kim et al. 
2016; Pan et al. 2018; Hu et al. 2019; Li et al. 2019; Zhao et al. 
2019; Guo et al. 2022; Yang et al. 2023; Du et al. 2024). These findings 
along with the results of the current study suggest that the complex 
interplay among ABI3/ABI5 and other key regulators of diverse sig
naling pathways contributes to effective adaptive mechanisms in 
specific environmental contexts. In-depth analyses are required 
to reveal the specific mechanisms underlying the possible associa
tions among ABI3/ABI5-binding modulators and to elucidate the bi
ological significance of these relationships. Moreover, ABI3 and 
ABI5 are strictly regulated at the posttranslational level (Garcia 
et al. 2008; Miura et al. 2009; Dai et al. 2013; Albertos et al. 2015; 
Yu et al. 2015; Lynch et al. 2017). For example, SnRK2, 
BRASSINOSTEROID INSENSITIVE2 (BIN2), and PROTEIN KINASE 
SOS2-LIKE5 (PKS5) kinases phosphorylate and stabilize ABI5 in 
the presence of ABA, whereas several E3 ubiquitin ligases recruit 
ABI3 and/or ABI5 for degradation (Kobayashi et al. 2005; Zhang 
et al. 2005; Furihata et al. 2006; Fujii et al. 2007; Stone et al. 2007; 
Fujii and Zhu 2009; Miura et al. 2009; Nakashima et al. 2009; Lee 
et al. 2010; Liu and Stone 2010, 2014; Lyzenga et al. 2013; Hu and 
Yu 2014; Seo et al. 2014; Zhou et al. 2015a; Li et al. 2023). In this 
study, we determined that ELF3, ELF4, and LUX also facilitate the 
degradation of ABI3 and ABI5 through the proteasome pathway 
(Fig. 9G and H). However, the biochemical basis of the regulatory 

18 | The Plant Cell, 2025, Vol. 37, No. 8

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/37/8/koaf189/8219499 by Xishuangbanna Tropical Botanical G

arden, C
AS user on 12 N

ovem
ber 2025

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf189#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf189#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf189#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf189#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf189#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf189#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf189#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf189#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf189#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf189#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf189#supplementary-data


effects of ELF3, ELF4, and LUX on ABI3 and ABI5 accumulation will 
need to be more thoroughly characterized. Additionally, whether 
ELF3, ELF4, and LUX affect the interactions of ABI3 or ABI5 with kin
ases and/or E3 ubiquitin ligases will need to be determined. 
Moreover, investigating the structural basis of the physical associ
ations among the EC components, ABI3/ABI5, kinases, and/or E3 
ubiquitin ligases may further our understanding of the molecular 
mechanisms responsible for the effects of EC components on 
ABI3/ABI5 stability and functions.

The temporal signal and ABA are involved in modulating 
plant growth and stress responses via the synchronization of inter
nal biological processes with external environmental changes. 
Considering the rhythmic regulation of ABA signaling, which re
sults in greater inhibition of germination in the late afternoon for 
seeds undergoing stress (Figs. 1 and 2; Fukushima et al. 2009; Liu 
et al. 2013a; Adams et al. 2018; Yang et al. 2021), we speculate 
that the temporal control of ABA-mediated inhibition of seed 
germination may provide plants with an adaptive advantage, ena
bling them to coordinate and optimize their growth and responses 
to environmental conditions. For example, because ABA-enhanced 
stress tolerance involves the diversion of energy away from proc
esses related to plant growth and development, a temporal gating 
mechanism underlying ABA signaling may enable plants to distrib
ute energy appropriately during seed germination and seedling es
tablishment. By temporally regulating ABA signaling and seed 
germination, plants may ensure radicle protrusion coincides with 
optimal environmental conditions of temperature, humidity, and 
light. This regulation may also allow sufficient time for the accu
mulation of stress-protective metabolites such as proline and an
thocyanins prior to soil emergence, thereby enhancing their 
resilience against pathogens and other stressors in undisturbed 
ecosystems. Furthermore, appropriate germination during periods 
with suitable environmental conditions may augment photosyn
thesis and nutrient uptake, ultimately resulting in enhanced plant 
health and greater chances of survival.

To further elucidate the molecular mechanisms required for the 
temporal regulation of ABA signaling-related repressed seed germi
nation, we propose a simplified model involving core clock proteins 
and ABI3/ABI5 (Fig. 12). When the ABA concentration increases, 
ABA induces the expression of ABI3 and ABI5 and stabilizes the en
coding proteins to stimulate ABA signaling and suppress seed ger
mination (Finkelstein and Lynch 2000; Lopez-Molina and Chua 
2000; Lopez-Molina et al. 2001, 2002). However, LHY (and even 
CCA1) produced in the morning directly suppresses ABI3 and 
ABI5 transcription, which weakens ABA signaling (Adams et al. 
2018). Both PRR5 and PRR7 physically associate with ABI5 and en
hance its function, thereby stimulating ABA signaling (Yang et al. 
2021). Conversely, the EC components ELF3, ELF4, and LUX interact 
with and antagonize ABI3 and ABI5 (Figs. 6 and 9). The final out
come of these core clock proteins regulation is enhanced ABA sig
naling in the late afternoon (e.g. ZT12), therefore more effectively 
inhibiting seed germination (Fig. 1). Our results combined with 
the findings of previous studies provide evidence that the temporal 
signal and core clock proteins have critical regulatory effects on 
ABA signaling and seed germination (as the circadian output path
ways), while also clarifying the molecular mechanism through 
which ELF3, ELF4, and LUX suppress ABI3 and ABI5 to facilitate 
the crosstalk between the clock and ABA signaling pathways.

Materials and methods
Materials and plant growth conditions
The phytohormone ABA was purchased from Sigma-Aldrich (cata
log no. 862169-250MG). Common chemicals were purchased from 
Shanghai Sangon (Shanghai, China) and Taq DNA polymerase 
was from Takara Biotechnology (Dalian, China). WT and mutant 
A. thaliana plants used in this study had the Columbia (Col-0) genetic 
background. The prr5 prr7 prr9, elf3-1, elf4-209, and lux-6 seeds were 
provided by Prof. Lei Wang (Institute of Botany, Chinese Academy of 

Figure 12. A simplified model involving core clock proteins and ABI3/ABI5 for the time-based regulation of ABA signaling-related delayed seed 
germination. When the ABA concentration increases, ABA induces the expression of ABI3 and ABI5 and stabilizes the encoding proteins to stimulate 
ABA signaling and suppress seed germination. LHY (and even CCA1) produced in the morning directly suppresses ABI3 and ABI5 transcription, which 
weakens ABA signaling. Both PRR5 and PRR7 physically associate with ABI5 and enhance its function, thereby stimulating ABA signaling. The EC 
components ELF3, ELF4, and LUX interact with and antagonize ABI3 and ABI5. The transcriptional regulatory relationships may persist among these 
core clock proteins in response to ABA during seed germination. The final outcome of these core clock proteins regulation is enhanced ABA signaling in 
the late afternoon (e.g. ZT12), therefore more effectively inhibiting seed germination. The red line indicates the main finding of this study. Pointed arrow 
indicates promotion or activation. Flat arrow indicates inhibition or repression. ABA, abscisic acid.
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Sciences). Seeds of cca1 lhy were provided by Prof. Xiaodong Xu 
(Henan University). The loss-of-function mutants abi3-8 (Nambara 
et al. 2002) and abi5-8 (Salk_013163C; Zhou et al. 2015a; Mei et al. 
2023) were previously described, exhibiting dramatically reduced 
sensitivity to ABA compared to the WT during seed germination. 
The transgenic line ABI5-MYC (Chen et al. 2012) was provided by 
Prof. Chuanyou Li (Institute of Genetics and Developmental 
Biology, Chinese Academy of Sciences). The ELF3-OE-1 transgenic 
plants overexpressing ELF3 were provided by Prof. Jianxiang 
Liu (Zhejiang University), whereas the LUX-OE-58 transgenic 
plants overexpressing LUX (TPT_3.46640.1G) were purchased 
from AraShare (www.arashare.cn). To generate FLAG-ELF3-3, 
FLAG-ELF4-5, FLAG-ELF4-7, FLAG-LUX-6, and MYC-ABI3 transgenic 
plants, the full-length cDNAs of ELF3, ELF4, and LUX fused to 2 
FLAG tag sequences and the full-length cDNA of ABI3 fused to 3 
MYC tag sequences were cloned into the binary vector pOCA30 in 
the sense orientation for the subsequent expression under the con
trol of Pro35S (Hu et al. 2013). The elf3 lux, elf4 lux, elf3 elf4 lux, elf3 
abi3-8, elf4 abi3-8, lux abi3-8, elf3 abi5-8, elf4 abi5-8, lux abi5-8, elf3 
MYC-ABI3, elf4 MYC-ABI3, lux MYC-ABI3, elf3 ABI5-MYC, elf4 
ABI5-MYC, and lux ABI5-MYC plants were generated via genetic 
crosses. For long-day conditions, Arabidopsis plants were grown in 
a growth chamber at 22 °C with a 16-h light (100 µE m−2 s−1; white 
fluorescent bulbs, full-spectrum light)/8-h dark photoperiod.

Determination of germination and greening
The dry seeds were soaked in water for 30 min, surface-sterilized, 
sown on plates containing growth medium, and transferred to 
4 °C at ZT0 for stratification in darkness for 72 h. Subsequently, 
seeds were transferred to a growth chamber set at 22 °C with a 
16-h light/8-h dark photoperiod either at ZT0 or at ZT12 (12 h later 
than the ZT0 group). To eliminate the effects of light on germina
tion, the seeds after cold stratification in darkness for 72 h were 
relocated to a growth chamber set at 22 °C with continuous light 
at different time points throughout the day (from ZT0 to ZT24), 
with each subsequent transfer (of the seeds) delayed by 4 h. 
Seeds were considered to have germinated if the embryonic axis 
was detectable during a microscopic examination (i.e. protruding 
radicle). Seedling greening was assessed according to the appear
ance of green cotyledons. To examine the effects of ABA, NaCl, or 
mannitol on germination and greening, seeds were placed on half- 
strength MS medium containing ABA, NaCl, or mannitol in plates. 
For seed dormancy analysis, we meticulously selected plants with 
synchronously maturing early-stage siliques to ensure uniform 
developmental timing across all fresh seed samples. Seeds were 
directly sown without cold stratification on half-strength MS me
dium and then placed in the growth chamber set at 22 °C with a 
16-h light/8-h dark photoperiod. All experiments were conducted 
more than 5 times using different batches of seeds as biological 
replicates. Each batch of seeds was pooled from more than 60 in
dependent plants. For each biological replicate, more than 120 
seeds were analyzed.

RNA extraction and RT-qPCR
The TRIzol reagent (Invitrogen) was used to extract total RNA 
from germinating seeds with or without an ABA treatment for a 
RT-qPCR analysis, which was performed as described previously 
(Han et al. 2020). Briefly, 1.0 μg DNase-treated RNA was reverse 
transcribed to cDNA in a 20 μL reaction volume containing an 
oligo-(dT)18 primer and Moloney murine leukemia virus reverse 
transcriptase (Fermentas). Then, 1.0 μL cDNA was used for the 
RT-qPCR analysis, which was completed using a SYBR Premix Ex 

Taq kit (Takara) and a Roche LightCycler 480 real-time PCR sys
tem. At least 5 biological replicates per sample were prepared 
for the RT-qPCR analysis. The AT1G13320 gene, which encodes a 
subunit of Ser/Thr protein phosphatase 2A (PP2A) and is stably ex
pressed in germinating seeds (Czechowski et al. 2005), was se
lected as the control. The RT-qPCR primers are listed in 
Supplementary Dataset 1.

GUS staining
Putative ELF3, ELF4, and LUX promoter fragments (proELF3, 
2,485 bp; proELF4, 2,420 bp; proLUX 2,447 bp) were amplified from 
WT genomic DNA using gene-specific primers. The proELF3:GUS, 
proELF4:GUS, and proLUX:GUS constructs were cloned into the 
pOCA28 binary vector. The resulting recombinant vectors were in
serted into WT plants. Dry seeds of the proELF3:GUS, proELF4:GUS, 
and proLUX:GUS transgenic lines were stripped of their seed coat 
prior to staining. The seeds were germinated (0, 1, 2, or 3 d) on 
half-strength MS medium, with samples collected and stained. 
The histochemical detection of GUS activity was performed as de
scribed previously (Chen et al. 2010). The primers used for cloning 
are listed in Supplementary Dataset 1.

Yeast two-hybrid assays
The full-length ABI3, ABI4, and ABI5 coding sequences were 
cloned into pGBKT7 (Clontech) to generate bait vectors 
(BD-ABI3, BD-ABI4, and BD-ABI5) containing Gal4 BD. The full- 
length ELF3, ELF4, and LUX coding sequences were inserted into 
pGADT7 (Clontech) to produce prey vectors (AD-ELF3, AD-ELF4, 
and AD-LUX) with Gal4 AD. To identify specific regions critical 
for the interactions, multiple truncated ABI3 and ABI5 sequences 
were inserted into pGBKT7, whereas truncated ELF3 and LUX se
quences were cloned into pGADT7. Yeast two-hybrid assays 
were performed as described previously (Hu et al. 2019; Yang 
et al. 2021). Yeast strain AH109 cells were co-transformed with 
bait and prey vectors and then protein interactions were reflected 
by cell growth on dropout medium lacking Leu, Trp, His, and Ade 
at 3 d after plating. The primers used for cloning are listed in 
Supplementary Dataset 1.

BiFC assays
The cDNA sequences encoding the C-terminal 64-amino acid en
hanced YFP (cYFP) and N-terminal 173-amino acid YFP (nYFP) frag
ments were amplified by PCR and inserted into separate pFGC5941 
vectors to produce pFGC-cYFP and pFGC-nYFP constructs, respec
tively (Kim et al. 2008). The full-length cDNA sequence or a se
quence encoding C-terminal amino acids 417 to 720 of ABI3 was 
cloned into pFGC-cYFP to produce a C-terminal in-frame fusion 
with cYFP (ABI3-cYFP or ABI3417-720-cYFP). The full-length cDNA se
quence or a sequence encoding N-terminal amino acids 1 to 164 of 
ABI5 was cloned into pFGC-cYFP to produce a C-terminal in-frame 
fusion with cYFP (ABI5-cYFP or ABI51-164-cYFP). The full-length 
ELF3 sequence as well as the sequences encoding N-terminal ami
no acids 1 to 261 of ELF3, full-length ELF4, full-length LUX, and 
N-terminal amino acids 1 to 143 of LUX were inserted 
into pFGC-nYFP to generate an N-terminal in-frame fusion with 
nYFP (ELF3-nYFP, ELF31-261-nYFP, ELF4-nYFP, LUX-nYFP, and 
LUX1-143-nYFP). The resulting recombinant plasmids were inserted 
into Agrobacterium tumefaciens strain GV3101 cells, which were used 
for the infiltration of WT Nicotiana benthamiana leaves as described 
previously (Hu et al. 2019). The leaves were analyzed 48 h postinfil
tration, with YFP and DAPI fluorescence detected using the 
Fluoview FV1000 confocal laser scanning microscope (Olympus, 
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Tokyo, Japan). For DAPI staining, infected leaves were incubated in 
a 10 mM DAPI solution for 5 min prior to microscopic examination. 
YFP signals were detected using a 488 nm excitation wavelength 
(laser intensity set to 24%, gain value 1), with emission captured be
tween 510 and 530 nm. DAPI signals were detected using a 405 nm 
excitation wavelength (laser intensity set to 15%, gain value 1), with 
emission captured between 420 and 440 nm. Experiments were 
performed at least 5 times using different batches of WT N. ben
thamiana plants; for each biological replicate, more than 12 N. ben
thamiana plants were infiltrated and more than 600 cells were 
analyzed. The primers used for cloning are listed in 
Supplementary Dataset 1.

CoIP assays
To verify the ELF3–ABI3 and ELF3–ABI5 interactions, total protein 
extracts were prepared from 0.75 μM ABA-treated germinating 
seeds (4 d) of transgenic Arabidopsis plants simultaneously overex
pressing ELF3 and ABI3 (FLAG-ELF3-3 MYC-ABI3) or ELF3 and ABI5 
(FLAG-ELF3-3 ABI5-MYC), which were generated by introducing the 
ELF3 overexpression into MYC-ABI3 or ABI5-MYC plants. The protein 
extraction was performed using extraction buffer containing 
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.1% (v/v) 
Triton X-100, 10% (v/v) glycerol, 1 mM PMSF, and 1× Roche 
Protease Inhibitor Cocktail. Immunoprecipitation experiments 
were conducted as previously described in Han et al. (2023) using 
Protein A/G Plus Agarose beads (Santa Cruz Biotechnology, catalog 
no. D1217) following the manufacturer’s protocol. Briefly, cell ly
sates were precleared using the Protein A/G Plus Agarose beads, 
which were then incubated with an anti-FLAG antibody (catalog 
no. F7425, Sigma-Aldrich; 1:250) in the extraction buffer at 4 °C 
overnight. The beads were thoroughly washed twice with the ex
traction buffer and then the co-immunoprecipitated protein was 
detected by immunoblotting using an anti-MYC antibody (cata
log no. A7470, Sigma-Aldrich; 1:10,000).

Transient transactivation assays
Full-length ABI3, ABI5, ELF3, ELF4, LUX, and GFP sequences were 
amplified by PCR and cloned into separate pGreenII 62-SK vectors 
to generate effectors (Hellens et al. 2005). The putative EM6 pro
moter sequence (1,273 bp) was amplified by PCR and inserted 
into the pGreenII 0800-LUC vector to generate the reporter 
(Hellens et al. 2005). Different combinations of recombinant plas
mids were used for the transformation of WT, elf3-1, elf4-209, or 
lux-6 Arabidopsis leaf mesophyll protoplasts as described previ
ously (Sheen 2001). Transfected cells were cultured for 10 to 
16 h with or without 5 μM ABA, after which the relative LUC activ
ity was analyzed using a Dual-Luciferase Reporter Assay system 
(Promega, Madison, WI, USA), which measured the activities of 
firefly LUC and the internal control Renilla reniformis LUC (REN). 
The primers used for cloning are listed in Supplementary 
Dataset 1.

ChIP assays
ChIP assays were conducted essentially as described previously 
(Mukhopadhyay et al. 2008; Jiang et al. 2014). Briefly, WT, 
MYC-ABI3, elf3 MYC-ABI3, elf4 MYC-ABI3, and lux MYC-ABI3 germi
nating seeds or WT, ABI5-MYC, elf3 ABI5-MYC, elf4 ABI5-MYC, and 
lux ABI5-MYC germinating seeds (4 d with or without a 0.75 µM 
ABA treatment) underwent a 1% formaldehyde cross-linking 
treatment prior to isolating their chromatin. Protein–DNA com
plexes were immunoprecipitated using an anti-MYC antibody, 
after which the precipitated DNA was purified using a PCR 

Purification kit (Qiagen) and subjected to a RT-qPCR analysis. To 
quantify the binding of ABI3 or ABI5 to the target promoter, a 
RT-qPCR analysis was performed according to a published proce
dure (Mukhopadhyay et al. 2008), using the PP2A (AT1G13320) 
promoter as an endogenous control. Relative quantitative values 
calculated using the 2(−DDCt) method (Mukhopadhyay et al. 2008) 
represented the DNA-binding rate. Data were obtained from 5 bio
logical replicates comprising different seed batches.

Yeast one-hybrid assays
Yeast one-hybrid assays were performed using the Matchmaker 
Yeast One-Hybrid System Kit (Clontech). Putative EM6 and DOG1 
promoter fragments were cloned into the pAbAi vector to gener
ate pAbAi-pEM6 constructs (pAbAi-pEM6.1 to pAbAi-pEM6.30, 
with pAbAi-EM6.24 and pAbAi-EM6.30 containing the identified 
LBS elements) and pAbAi-pDOG1.1. These constructs were linear
ized using BstBI and then inserted into Y1HGold yeast strain cells. 
The transformed cells were grown for 3 d on synthetic defined 
(SD)/−Ura medium in plates. Cells harboring pAbAi-pEM6 were 
transformed with the AD-LUX construct and then selected on 
SD/−Leu medium in plates. Co-transformed cells were cultured 
for 3 d on SD/−Leu medium supplemented with aureobasidin A 
(200 µg/L) in plates. Positive clones were spotted in several yeast 
concentrations from dilution of 100 (OD600 = 0.8) to 10−3. The pri
mers used for cloning are listed in Supplementary Dataset 1.

Statistical analysis
Statistical analysis was performed by analysis of variance 
(ANOVA) using Tukey’s honest significant difference (HSD) as a 
post hoc test. Statistically significant differences were defined as 
those with P < 0.05. Different lowercase letters above the columns 
in the figures indicate significant differences (P < 0.05) among 
samples. The results of statistical analyses are shown in 
Supplementary Dataset 2.

Accession numbers
The genes discussed in this paper can be found in the Arabidopsis 
Genome Initiative database as follows: ABI3, AT3G24650; ABI4, 
AT2G40220; ABI5, AT2G36270; ELF3, AT2G25930; ELF4, AT2G40080; 
LUX, AT3G46640; PRR5, AT5G24470; PRR7, AT5G02810; PRR9, 
AT2G46790; CCA1, AT2G46830; LHY, AT1G01060; EM1, AT3G51810; 
EM6, AT2G40170; RAB18, AT1G43890; RD29B, AT5G52300; and 
DOG1, AT5G45830.
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