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Abstract

Abscisic acid (ABA) suppresses Arabidopsis (Arabidopsis thaliana) seed germination and post-germinative growth. Nitrate stimulates seed
germination, but whether it directly regulates ABA signaling and the associated underlying molecular mechanisms remain unknown.
Here, we showed that nitrate alleviates the repressive effects of ABA on seed germination independently of the nitric oxide (NO)
pathway. Moreover, nitrate attenuates ABA signaling activated by ABSCISIC ACID INSENSITIVE3 (ABI3) and ABI5, two critical
transcriptional regulators of the ABA pathway. Mechanistic analyses demonstrated that ABI3 and ABIS physically interact with the
nitrate signaling-related core transcription factor NIN-LIKE PROTEIN 8 (NLP8). After ABA treatment, NLP8 suppresses ABA responses
during seed germination without affecting ABA content. Notably, nitrate represses ABA signaling mainly through NLP8. Genetic
analyses showed that NLP8 acts upstream of ABI3 and ABIS. Specifically, NLP8 inhibits the transcriptional functions of ABI3 and ABI5,
as well as their ABA-induced accumulation. Additionally, NLP8 overexpression largely suppresses the ABA hypersensitivity of mutant
plants exhibiting impaired NO biosynthesis or signaling. Collectively, our study reveals that nitrate counteracts the inhibitory effects
of ABA signaling on seed germination and provides mechanistic insights into the NLP8-ABI3/ABIS interactions and their antagonistic
relationships in ABA signaling.

Introduction phosphorylate and stimulate the downstream targets of the ABA
signaling pathway, such as the basic leucine zipper (bZIP) family
protein ABSCISIC ACID INSENSITIVES (ABI5) and its close homo-
logs, to modulate the expression of ABA-responsive genes
(Kobayashi et al. 2005; Furihata et al. 2006; Fujii et al. 2007; Fujii
and Zhu 2009; Nakashima et al. 2009).

The transcription factors ABI3 (a B3 domain-containing pro-
tein) and ABI5 are master activators of ABA-suppressed seed ger-
mination and the subsequent seedling establishment (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). Both ABI3 and ABIS are highly expressed in mature seeds
and are strongly responsive to ABA (Giraudat et al. 1992;
Finkelstein and Lynch 2000). The loss-of-function abi3 and abi5

Seed germination and post-germinative growth are critical for the
propagation and survival of plant populations. Seed germination
in a specific physiological context and the subsequent establish-
ment of a young seedling are regulated precisely by multiple sig-
nals. Among them, the phytohormone abscisic acid (ABA) is a
prominent signal that suppresses seed germination and post-
emergence growth in Arabidopsis thaliana (Gubler et al. 2005;
Finkelstein et al. 2008; Cutler et al. 2010; Golldack et al. 2013;
Nakashima and Yamaguchi-Shinozaki 2013; Sajeev et al. 2024;
Zhao et al. 2024a). When the ABA concentration is low, type 2C
protein phosphatases (PP2Cs) physically associate with and re-
press the kinase activity of SNF1-RELATED KINASE2 (SnRK2s),
thereby inhibiting the downstream signaling events of the ABA

pathway (Umezawa et al. 2009; Vlad et al. 2009; Soon et al.
2012). When the ABA concentration increases, however, the
PYRABACTIN RESISTANCE (PYR)/PYR1-LIKE (PYL)/REGULATORY
COMPONENT OF ABA RECEPTOR (RCAR) proteins perceive ABA
and then disrupt the PP2Cs co-receptors, leading to the release
of SnRK2s from PP2C-SnRK2 complexes (Ma et al. 2009;
Miyazono et al. 2009; Nishimura et al. 2009; Park et al. 2009;
Santiago et al. 2009). The activated SnRK2s subsequently

mutant seeds are substantially less sensitive to ABA than the
wild-type controls (Koornneef et al. 1984; Giraudat et al. 1992;
Finkelstein 1994; Finkelstein and Lynch 2000). Mechanistic inves-
tigations revealed that ABI3 and ABI5 are modulated by several
regulators through post-translational modifications (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. 2015;
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Lynchetal. 2017;Jietal. 2019; Varshney et al. 2023; Du et al. 2024).
For example, the E3 ubiquitin ligases, such as KEEP ON GOING
(KEG), ABI3-INTERACTING PROTEIN? (AIP2), and PLANT U-BOX8
(PUBS), ubiquitinate and destabilize ABI3 and ABIS in the absence
of ABA (Zhang et al. 2005; Stone et al. 2006; Lee et al. 2010; Liu and
Stone 2010; Seo et al. 2014; Li et al. 2023). Notably, ABI3 and ABI5
are also crucial integrators of ABA and other interactive signaling
pathways (Lim et al. 2013; Guan et al. 2014; Kim et al. 2016; Yang
et al. 2016, 2021; Ju et al. 2019; Guo et al. 2022; Li et al. 2022; Peng
et al. 2022; He et al. 2023; Mei et al. 2023; Varshney et al. 2023).
Although there have recently been considerable advances in our
understanding of the ABA signaling network, the precise mecha-
nisms underlying how ABA responses are strictly regulated in spe-
cific environmental and physiological contexts remain to be
investigated in depth.

Nitrogen is a macronutrient essential for plants and its avail-
ability is a major factor influencing crop growth and yield.
Plants take up nitrogen from the soil mainly as nitrate (NO3),
which is further assimilated to nitrite, ammonium, and amino
acids for various biological processes (Crawford 1995; Jia et al.
2022). Additionally, nitrate functions as a critical signaling com-
pound that modulates multiple morphological and physiological
responses throughout the plant (Hilhorst et al. 1989; Fitter et al.
2002; Alboresi et al. 2005; Ho et al. 2009; Krouk et al. 2010;
Canales et al. 2014; Yan et al. 2016; Landrein et al. 2018; Liu
et al. 2020; Li et al. 2021; Chu et al. 2021). In terms of seed germi-
nation, nitrate has a key stimulatory effect in Arabidopsis and
many other plants (Hilhorst et al. 1989; Fitter et al. 2002;
Ali-Rachedi et al. 2004; Alboresi et al. 2005; Finch-Savage et al.
2007; Matakiadis et al. 2009; He et al. 2015; Duermeyer et al.
2018; Ciou et al. 2020; Zhang et al. 2020). Accordingly, NITRATE
TRANSPORTER 1.1 [NRT1.1, which is also known as CHLORINA 1
(CHL1)], a nitrate sensor and dual-affinity nitrate transporter,
and NIN-LIKE PROTEIN 8 (NLP8), a core transcription factor of
the nitrate signaling pathway, are required for nitrate-induced
dormancy release (Tsay et al. 1993; Wang et al. 1998; Liu et al.
1999; Alboresi et al. 2005; Remans et al. 2006; Matakiadis et al.
2009; Ho et al. 2009; Sun et al. 2014; Duermeyer et al. 2018; Lin
etal. 2020). In the presence of nitrate, NLP8 binds to the promoter
of Cytochrome P450 family 707 subfamily A polypeptide 2 (CYP707A2,
encoding an ABA catabolic enzyme) and upregulates gene expres-
sion, which results in a decrease in ABA levels during seed imbibi-
tion (Yan et al. 2016). Furthermore, nitric oxide (NO), the reactive
nitrogen molecule produced during the reduction of nitrate to
nitrite, also promotes Arabidopsis seed germination (Bethke
et al. 2006; Mur et al. 2013; Gibbs et al. 2014; Zhao et al. 2024b).
More specifically, NO functions through the PROTEOLYSIS6
(PRT6)-mediated N-end rule pathway to negatively affect ABIS
transcription and ABA responses (Gibbs et al. 2014). In addition,
NOinduces the S-nitrosylation of ABIS protein and triggers its deg-
radation via the proteasome pathway (Albertos et al. 2015).
Interestingly, nitrate and NO signaling pathways are distinct,
but they likely interact during seed germination; this is supported
by the fact NO-insensitive mutant plants (e.g. prt6) are still re-
sponsive to nitrate (Yan et al. 2016; Duermeyer et al. 2018).
Despite recent advances, whether nitrate serves as a crucial cue
that directly regulates ABA signaling during seed germination
and the molecular basis of the convergence of nitrate and ABA sig-
naling remain unknown.

In this study, we demonstrated that nitrate plays a crucial
inhibitory role as a regulatory signal in ABA signaling-induced
delayed seed germination. Our findings also unveiled the
underlying mechanism of a previously unexplored signaling

module in which the NLP8 transcription factor of nitrate signaling
directly interacts with ABI3 and ABI5 to counteract their modula-
tory effects. This integration of the nitrate and ABA signal trans-
duction pathways ensures that ABA signaling is maintained at
an appropriate level under nitrate-sufficient conditions.

Results

Nitrate is a critical signal for attenuating ABA
signaling independently of the NO pathway
during seed germination

Previous studies showed that nitrate stimulates seed germination
in Arabidopsis (Hilhorst et al. 1989; Fitter et al. 2002; Ali-Rachedi
et al. 2004; Alboresi et al. 2005). To investigate whether nitrate
modulates this process by attenuating ABA signaling, we initially
analyzed whether nitrate regulates ABA responses during seed
germination. We examined wild-type seed germination and coty-
ledon greening on water agar medium with different concentra-
tions of ABA and 1mwm KNOs; as the only nitrogen source. As
expected, the presence of ABA decreased the wild-type seed ger-
mination and cotyledon greening percentages (Fig. 1, A to C;
Supplementary Fig. S1, A and B). However, the inclusion of 1 mum
KNOj3 in the medium appeared to mitigate some of the adverse ef-
fects of ABA on seed germination and cotyledon greening (Fig. 1, A
to C). In addition, parallel experiments indicated that 1 mmKCl (as
a control) did not influence the effects of 1M ABA on the seeds
(Fig. 1, Ato C). These observations imply that nitrate may counter-
act the inhibitory effect of ABA on seed germination.

To clarify the role of nitrate during ABA responses, we per-
formed quantitative real-time PCR (RT-qPCR) analyses to examine
the expression of several well-characterized ABA-responsive
genes in ABA- and nitrate-treated germinating wild-type seeds.
These genes included LATE EMBRYOGENESIS ABUNDANT 1
(EM1), EM6, and RESPONSIVE TO ABA 18 (RAB18). The ABA treat-
ment strongly induced the expression of EM1, EM6, and RAB18
during seed germination (Fig. 1D). Notably, the EM1, EM6, and
RABI8 transcript levels in the germinating seeds were clearly low-
er in the presence of both ABA and KNOj than in the presence of
only ABA (Fig. 1D), suggesting nitrate downregulates the expres-
sion of these ABA-induced genes. These results further support
the idea that nitrate has an inhibitory effect on ABA signaling dur-
ing seed germination.

In addition to nitrate, the reactive nitrogen molecule NO gener-
ated during the assimilation of nitrate also promotes Arabidopsis
seed germination (Bethke et al. 2006; Mur et al. 2013; Gibbs et al.
2014; Duermeyer et al. 2018). To assess whether NO is essential
for the nitrate-mediated decrease in ABA signaling in germinating
seeds, we analyzed the nial nia2 double mutant (CS2356) with
strongly reduced endogenous NO content [lacking NITRATE
REDUCTASE1 (NIA1) and NIA2 involved in NO production; Bright
et al. 2006; Modolo et al. 2006] and the NO-insensitive prt6 mutant
(Salk_051088) on medium containing different concentrations of
ABA and 1 mm KNOs or KCL. The nial nia2 and prt6é seeds displayed
significantly higher percentages of germination and expanded
green cotyledons on medium with ABA and KNO; than on me-
dium supplemented with ABA with or without KCl (Fig. 1, A to C;
Supplementary Fig. S1, A and B). Consistent with these observa-
tions, the EM1, EM6, and RAB18 expression levels in germinating
nial nia2 and prt6 seeds were much lower after the treatment
with both ABA and KNO; than after the treatment with ABA and
KCl (Fig. 1D). Nevertheless, the responses of the nial nia2 and
prt6 seeds to both ABA and KNO; differed from those of the
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Figure 1. Nitrate attenuates ABA responses during seed germination. A) Germination of the wild-type (WT), nial nia2, and prt6-1 seeds on water agar
medium containing 1 uM ABA with or without 1 mmKNO3 or KCI. Seed germination was recorded 2 d after stratification. In the mock treatment, an equal
volume of 10% (v/v) ethanol was added, and the values (i.e. 100%) indicated that all seeds germinated. B) Cotyledon greening of WT, nial nia2, and prt6-1
on water agar medium containing 1 M ABA with or without 1 mm KNO5 or KCI. Cotyledon greening was scored 5 d after stratification. The experiment
was performed 5 times by analyzing different batches of seeds. Each batch of seeds was pooled from >80 individual plants. For each biological replicate,
>120 seeds were examined. C) Seedlings of WT, nial nia2, and prt6-1 5 d after germination on water agar medium containing 1 xM ABA with or without
1 mwm KNOs or KCI. D) RT-gPCR analysis of the ABA-induced expression of EM1, EM6, and RAB18 in germinating seeds of WT, nial nia2, and prt6-1. Total
RNA was extracted from S different batches of germinating seeds (2 d) treated with 1 uM ABA with or without 1 mm KNO3 or KCl on water agar medium.
The PP2A (AT1G13320) gene was used as a 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 analysis of variance (ANOVA) using Tukey’s
honest significant difference (HSD) test. The statistical analyses described apply to all statistical analyses presented in this figure. ABA, abscisic acid.

wild-type seeds. These findings show that the ABA-sensitive
phenotype of germinating nial nia2 and prt6 seeds is partially
suppressed by nitrate. Moreover, we performed a pharmaco-
logical analysis by using 150 uM 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (cPTIO), an NO-specific
scavenger (Bethke et al. 2006), to treat the wild-type seeds
on medium containing 14M ABA and 1mwm KNO; or KCl In
the presence of cPTIO, nitrate also attenuated ABA inhibitory
effect on germination and cotyledon greening of wild-type seeds
(Supplementary Fig. S1, C and D). Taken together, these results
suggest that nitrate functions as a regulatory signal independ-
ently of the NO pathway to mediate ABA signaling during seed
germination.

Nitrate attenuates ABI3/ABI5-mediated ABA
signaling during seed germination

The ABI3 and ABIS transcription factors are two essential regula-
tors of ABA-repressed seed germination and post-germinative
growth (Yu et al. 2015; Carbonero et al. 2017). To further clarify
the effects of nitrate on ABA responses, we examined whether

ABI3/ABIS-mediated ABA signaling is negatively modulated by ni-
trate. Initially, we analyzed the influence of nitrate on the expres-
sion of ABI3 and ABI5. The results showed that the transcript
levels of ABI3 and ABI5 were decreased in germinating wild-type
seeds upon simultaneous treatment with 1xM ABA and 1mwu
KNO3, compared with those in seeds exposure to ABA with or
without 1 mm KCl (Supplementary Fig. S2, A and B). Next, we in-
vestigated the performance of wild-type, ABI3-overexpressing
[MYC-ABI3; containing a functional 3MYC-ABI3 construct driven
by the Cauliflower mosaic virus 35S promoter (Pro35S)], and
ABI5-overexpressing  (ABI5S-MYC; containing a functional
ABI5-4MYC construct under the control of Pro35S) plants on water
agar medium containing 1 uM ABA and 1 mm KNO5 or KCL. As ex-
pected, compared with the wild-type control treated with ABA
alone, the wild-type control simultaneously treated with ABA
and KNO; had significantly higher seed germination and cotyle-
don greening percentages (Fig. 2, A to C). Interestingly, the appli-
cation of KNOs, but not KCl, also partially suppressed the ABA
hypersensitivity of the MYC-ABI3 and ABI5-MYC plants (Fig. 2, A
to C). In accordance with this finding, the ABA-induced EMI,
EM6, and RAB18 expression levels in germinating MYC-ABI3 and
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Figure 2. Nitrate represses ABI3- and ABI5-mediated ABA signaling during seed germination. A) Germination of the wild-type (WT), MYC-ABI3, and
ABI5-MYC seeds on water agar medium containing 1 xM ABA with or without 1 mm KNO; or KCl. Seed germination was recorded 2.5 d after stratification.
In the mock treatment, an equal volume of 10% (v/v) ethanol was added, and the values (i.e. 100%) indicated that all seeds germinated. B) Cotyledon
greening of WT, MYC-ABI3, and ABI5-MYC on water agar medium containing 1 uM ABA with or without 1 mm KNO; or KCI. Cotyledon greening was
scored 5 d after stratification. The experiments were performed 5 times by analyzing different batches of seeds. Each batch of seeds was pooled from
more than 80 individual plants. For each biological replicate, more than 120 seeds were examined. C) Seedlings of WT, MYC-ABI3, and ABI5-MYC 6 d
after germination on water agar medium containing 1 uM ABA with or without 1 mwmKNO3 or KCI. D) RT-qPCR analysis of the ABA-induced expression of
EM1, EM6, and RAB18in germinating seeds of WT, MYC-ABI3, and ABIS-MYC. Total RNA was extracted from 5 different batches of germinating seeds (2 d)
treated with 1 uM ABA with or without 1 mm KNO3 or KCl on water agar medium. The PP2A (AT1G13320) gene was used as a 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 analysis of variance (ANOVA) using Tukey’s honest significant difference (HSD) test. The statistical analyses
described apply to all statistical analyses presented in this figure. ABA, Abscisic acid.

ABI5-MYC seeds were clearly lower after the ABA and KNOs treat-
ment than after the ABA treatment (Fig. 2D). Considered together,
these results imply that nitrate suppresses ABI3/ABIS-mediated
ABA signaling during seed germination.

ABI3 and ABIS physically interact with NLPS,
a critical transcription factor of nitrate signaling
in seeds

Considering that ABI3 and ABIS bind to several transcriptional
regulators to integrate the ABA signaling pathway with other sig-
naling pathways (Lim et al. 2013; Pan et al. 2020; Mei et al. 2023),
we wondered whether they directly interact with key components
of the nitrate signaling pathway and mediate the crosstalk be-
tween ABA and nitrate signaling pathways. Hence, we analyzed
the possible interactions of ABI3 and ABIS with several NLP tran-
scription factors that play crucial roles in nitrate-modulated gene
expression and physiological processes (Konishi and Yanagisawa
2013). The full-length ABI3 and ABI5 sequences were fused to the
Gal4 DNA-binding domain of the bait vector to generate BD-ABI3
and BD-ABI5. The full-length NLP (such as NLP1, NLP5, NLP7,

NLP8, and NLP9) sequences were cloned and ligated to the Gal4 ac-
tivation domain of the prey vector (AD-NLP). Both ABI3 and ABI5
interacted with NLP7, NLP8, and NLP9 in yeast (Supplementary
Fig. S3A). However, there was no obvious interaction between
ABI3 (or ABI5) and NLP1 or NLPS, indicative of the specificity of
the associations between ABI3/ABI5 and NLP proteins.

To identify the protein region(s) required for the ABI3/ABI5S-NLP
interactions, we performed additional directed yeast two-hybrid
assays. We selected NLP8, which is highly abundant in mature
dry and imbibed seeds (Winter et al. 2007; Yan et al. 2016), as
the representative NLP transcription factor for further analyses.
Four truncated NLP8 fragments were produced and fused to the
Gal4 activation domain of the prey vector (Fig. 3A). None of the
truncated NLP8 fragments interacted with ABI3 in yeast
(Fig. 3A), suggesting that the full-length NLP8 is required for the
physical association. Parallel experiments demonstrated that re-
moving the C-terminal of NLP8 (amino acids 671 to 934) com-
pletely eliminated the interaction with ABI5 (Fig. 3A). In
contrast, deleting the N-terminal residues of NLP8 (amino acids
1t0670) did not affect the interaction with ABIS in yeast. These ob-
servations suggest that the C-terminal of NLP8 is sufficient for the
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Figure 3. Physical interactions of NLP8 with ABI3 and ABIS. A) Mapping the ABI3/ABI5-interacting domain of NLP8 using a yeast two-hybrid assay. Left:
Diagram of the full-length and truncated NLP8 constructs with specific deletions. Right: Interactions of NLP8 with ABI3 and ABIS5 were indicated by the
ability of cells to grow on dropout medium lacking Leu, Trp, His, and Ade and containing 15 mwm 3-aminotriazole after a 4-d incubation. pGBKT7 (BD) and
PGADT7 (AD) were used as negative controls. Bars = 2.5 mm. B) The full-length of ABI3 is required for the NLP8-ABI3 interaction. 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 mwm 3-aminotriazole after a 4-d incubation. BD, AD, and AD-NLPS were used as negative controls. Bars =
2.5 mm. C) The N-terminal domain of ABIS (amino acids 1 to 164) is sufficient for the NLP8-ABIS interaction. Left: Diagram of the full-length and
truncated ABIS constructs with specific deletions. Right: Interactions were indicated by the ability of cells to grow on dropout medium lacking Leu, Trp,
His, and Ade and containing 15 mwm 3-aminotriazole after a 4-d incubation. BD, AD, and AD-NLP5 were used as negative controls. Bars =2.5 mm. D) BiFC
analyses. Fluorescence was detected in the nuclear compartment of transformed Nicotiana benthamiana cells, resulting from the complementation of
NLP8-nYFP with ABI3-cYFP or ABI5-cYFP. No signal was observed for the negative controls in which NLP5S-nYFP was co-expressed with ABI3-cYFP or
ABIS-CYFP, or ABI3™*'°-cYFP (the sequence encoding the N-terminal part of ABI3 fused with cYFP) was co-expressed with NLP8-nYFP. Nuclei are
indicated by DAPI staining. Bars=15 um. E and F) CoIP analyses. Total proteins were extracted from 0.5 uM ABA-treated germinating seeds (2.5 d) of
transgenic Arabidopsis plants simultaneously overexpressing NLP8 and ABI3 (NLP8-GFP MYC-ABI3) or NLP8 and ABI5 (NLP8-GFP ABI5-MYC) under the
control of Pro35S. GFP-fused NLP8 was immunoprecipitated using an anti-GFP antibody (1:250) and the co-immunoprecipitated MYC-ABI3 (E) or
ABI5-MYC (F) was detected using an anti-MYC antibody (1:10,000). Protein input for GFP-fused NLP8 in the immunoprecipitated complexes was also
detected and is shown. Experiments were performed 3 times with similar results. NRD, nitrate signal-responsive domain; RWP-RK, RWP-RK-type
DNA-binding domain; PB1, Phox and Bem1; bZIP, basic leucine zipper; DIC, differential interference contrast; DAPI, 4’,6-diamidino-2-phenylindole; YFP,

yellow fluorescence protein; IP, immunoprecipitation.

interaction with ABI5. Moreover, we conducted similar analyses to
identify the ABI3 and ABI5 fragments essential for the binding to
NLP8. The results indicated that the full-length of ABI3 and the
N-terminal of ABI5 (amino acids 1 to 164) are necessary for the in-
teraction with NLP8 in yeast (Fig. 3, B and C).

To further confirm the associations of ABI3 and ABI5 with NLP8
in plant cells, we performed bimolecular fluorescence comple-
mentation (BiFC) assays in Nicotiana benthamiana. The sequence
encoding the C-terminal of the yellow fluorescent protein (cYFP)
under the control of Pro35S was fused to full-length ABI3 and
ABI5 sequences to produce ABI3-cYFP and ABI5-cYFP, respec-
tively. The sequence encoding the N-terminal of YFP (nYFP) under
the control of Pro35S was ligated to the full-length NLP8 sequence
to generate NLP8-nYFP. When ABI3-cYFP or ABI5-cYFP was
co-expressed with NLP8-nYFP in leaves of N. benthamiana, strong
YFP fluorescence was detected in the nucleus of the infiltrated
area cells stained with 4’,6-diamidino-2-phenylindole (Fig. 3D;
Supplementary Fig. S3B). However, fluorescence was undetect-
able in the negative controls in which NLP5-nYFP (NLP5S fused to
nYFP) was co-expressed with ABI3-cYFP or ABI5-cYFP or

NLP8-nYFP was co-expressed with ABI3***-cYFP (416 amino
acids of the ABI3 N-terminal fused to nYFP; Fig. 3D;
Supplementary Fig. S3B). In addition to the BIFC assays,
co-immunoprecipitation (CoIP) assays involving plant proteins
provided further in vivo evidence of the interactions between
NLP8 and ABI3/ABI5 in transgenic Arabidopsis plants simultane-
ously overexpressing NLP8 and ABI3 (NLP8-GFP MYC-ABI3) or
ABI5 (NLP8-GFP ABI5-MYC) with or without ABA treatment
(Fig. 3, E and F; Supplementary Fig. S3, C and D). These plants
were generated by introducing the NLP8 overexpression construct
(l.e. functional NLP8-GFP construct driven by Pro35S) into
MYC-ABI3 and ABI5-MYC plants, respectively. Collectively, these
results suggest that ABI3 and ABIS can physically associate with
seed-expressed NLP8 (transcription factor regulating nitrate sig-
naling), implying that ABI3 and ABIS may function together with
NLP8 to mediate the convergence of ABA and nitrate signaling
pathways during seed germination.

Previous studies revealed that ABIS is phosphorylated and sta-
bilized in response to ABA (Kobayashi et al. 2005; Furihata et al.
2006; Fujii et al. 2007; Fujii and Zhu 2009). To further clarify
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whether the phosphorylation status of ABIS5 is involved in the in-
teraction with NLP8, we simultaneously mutated several ABI5
phosphorylation sites, i.e. serine (Ser) or threonine (Thr) residues
including Thr35, Ser36, Serdl, Ser42, Serl45, Thr201, Ser368,
Ser372, and Ser439 (Lopez-Molina et al. 2002; Kobayashi et al.
2005; Hu and Yu 2014; Zhou et al. 2015), to alanine (Ala) to produce
a dephosphorylation mutant form of ABI5 (designated as ABIS-A9)
or to aspartic acid (Asp) to generate a stable mimic of phosphory-
lated ABI5 (designated as ABI5-D9). Yeast two-hybrid analyses
showed that both ABIS-A9 and ABI5-D9 interacted with NLP8 in
yeast (Supplementary Fig. S4A). Interestingly, ABI5-D9 displayed
a stronger interaction with NLP8 compared with ABI5-A9 or the
wild-type form of ABIS (Supplementary Fig. S4A). To verify this ob-
servation, we expressed ABIS, ABI5-A9, or ABI5-D9 at similar accu-
mulation levels in the wild-type mesophyll protoplasts with NLP8
co-expression. Further CoIP analyses demonstrated that ABI5-D9
had an enhanced interaction with NLP8 (Supplementary Fig. S4B).
These results suggest that the NLP8-ABIS physical association is
stimulated by the phosphorylation of ABIS5.

Considering the involvement of ABIS phosphorylation status in
the interaction with NLP8, we speculated whether ABA modulates
the strength of the interaction. To test this idea, we analyzed the
interaction between the wild-type ABI5 and NLP8 in response to
ABA. Similar amounts of ABI5 or NLP8 were expressed in the mes-
ophyll protoplasts with or without ABA treatment and used for the
CoIP assays. As shown in Supplementary Fig. S4B, the NLP8-ABI5
interaction was clearly promoted by ABA. To further uncover the
association of NLP8 and ABIS, we also investigated the possible ef-
fect of nitrate on the interaction. The results showed that, in the
presence of KNO; ABIS had a strengthened interaction with
NLP8 in the mesophyll protoplasts (Supplementary Fig. S4C).
Moreover, our parallel experiments demonstrated that ABA and
KNOs also positively affected the interaction of NLP8 with ABI3
(Supplementary Fig. S4, D and E). Taken together, these findings
imply that the NLP8-ABI3/ABI5 interactions are responsive to
ABA and nitrate.

NLP8 is a negative regulator of ABA responses
during seed germination

Having demonstrated that NLP8 interacts with ABI3 and ABIS, we
investigated whether NLP8 contributes to the regulation of ABA
signaling during seed germination. We first analyzed the expres-
sion of NLP8 in germinating wild-type seeds with or without an
ABA treatment. A putative NLP8 promoter fragment (ProNLPS8;
2,321 bp) upstream of the B-glucuronidase (GUS)-encoding report-
er gene was cloned to generate a reporter construct (ProNLP8:GUS),
which we introduced into wild-type plants. The GUS staining re-
sults revealed that NLP8 was highly expressed in dry seeds and
was induced by ABA during seed germination (Supplementary
Fig. S5, A and B). Further RT-qPCR data reflected the substantial
accumulation of NLP8 transcripts in ABA-treated germinating
seeds (Supplementary Fig. S5C), indicative of the stimulation of
ABA on NLP8 transcription during seed germination. Consistent
with the results of an earlier study (Yan et al. 2016), the KNO3
treatment exerted little impact on NLP8 expression with or
without the ABA exposure (Supplementary Fig. S5D). To exam-
ine the effects of ABA and KNO; on NLP8 more precisely, we
generated transgenic plants (further referred to as NLP8-GFP;
Supplementary Fig. SS5E) overexpressing NLP8 under the control
of Pro35S and subsequently analyzed the abundance of
NLP8-GFP fusion protein in response to ABA and KNOs. The results
showed that the accumulation levels of NLP8-GFP in germinating

seeds were not responsive to KNO5 but enhanced by ABA regard-
less of the absence or presence of KNOs (Supplementary Fig. SSF).

To assess whether NLP8 helps mediate responses to ABA, we
analyzed the seed germination of the loss-of-function nlp8 mu-
tants nlp8-2 (Salk_140298) and nlp8-Cas9 (Supplementary Fig. S6)
on water agar medium supplemented with different concentra-
tions of ABA. The nlp8-Cas9 mutant was generated using the
CRISPR/Cas9 gene-editing system; the resulting deletion of 26
bases in the NLP8 coding region was a frameshift mutation
(Supplementary Fig. S6). As shown in Fig. 4A, the seeds of the
nlp8-2 and nlp8-Cas9 mutants had much lower germination per-
centages than the wild-type seeds following treatments with dif-
ferent ABA concentrations. Moreover, the progeny of nlp8-2 and
nlp8-Cas9 displayed significantly less greening than the progeny
of the wild-type control (Fig. 4, B and C). To verify these observa-
tions, we examined the expression of several ABA-responsive
genes, including EM1, EM6, and RAB18, in germinating nlp8-2
and nlp8-Cas9 seeds treated with 1 4M ABA. These genes were sig-
nificantly more highly expressed in the germinating nlp8-2 and
nlp8-Cas9 seeds than in the wild-type seeds after the ABA treat-
ment (Fig. 4D). Hence, NLP8 may negatively modulate ABA re-
sponses during seed germination.

To confirm the NLP8 role in ABA signaling, we further investigated
seed germination and cotyledon greening of NLP8-overexpressing
plants (i.e. NLP8-GFP-3 and NLP8-GFP-5; Supplementary Fig. S5E) on
water agar medium containing various concentrations of ABA. As
shown in Fig. 4, A to C, seeds of NLP8-GFP-3 and NLP8-GFP-5 displayed
higher percentages of germination and cotyledon greening in re-
sponse to ABA, compared with the wild-type controls.
Correspondingly, the ABA-induced expression of EM1, EM6, and
RAB18 was lower in the germinating NLP8-overexpressing seeds
than in the germinating wild-type seeds (Fig. 4D). Accordingly, the
overexpression of NLP8 apparently decreased the sensitivity of the
germinating seeds to ABA. Overall, these results further support
theidea that NLP8 suppresses ABA signaling and stimulates seed ger-
mination and early seedling growth in Arabidopsis.

In addition to NLP8, we considered whether the NLP8 homologs
NLP7 and NLP9, which can also interact with ABI3 and ABIS in
yeast (Supplementary Fig. S3A), participate in ABA signaling dur-
ing seed germination. Specifically, we examined the
loss-of-function nlp7-1 (Salk_026134) and nlp9-1 (Salk_025839)
mutants regarding their germination and cotyledon greening on
water agar medium with or without 1 4M ABA. There were no sig-
nificant differences in the seed germination and cotyledon green-
ing between these mutants and the wild-type control
(Supplementary Fig. S7, A and B), implying mutation to NLP7 or
NLP9 had little effect on ABA responses during seed germination.
Additionally, we analyzed the ABA sensitivity of the chl1-5 mutant,
in which a deletion eliminates the production of the nitrate sensor
and transporter NRT1.1 (Wang et al. 1998; Liu et al. 1999; Ho et al.
2009). Compared with the wild-type seeds, the chll-5 seeds had
lower germination and cotyledon greening percentages after the
ABA treatment (Supplementary Fig. S7, A and B), suggesting
NRT1.1 negatively affects ABA signaling during seed germination.

Nitrate inhibits ABA signaling mainly through
NLP8

Because NLP8 is a transcription factor that negatively regulates
ABA responses during seed germination, we speculated whether
NLP8 is essential for the nitrate-induced decrease in ABA signaling.
Hence, we assessed the possibility that NLP8 modulates the
nitrate-repressed ABA-mediated inhibition of seed germination
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Figure 4. NLP8 negatively modulates ABA responses during seed germination. A) Germination of the wild-type (WT), nlp8-2, nlp8-Cas9, NLP8-GFP-3, and
NLP8-GFP-5 seeds on water agar medium supplemented with different concentrations of ABA. Seed germination was recorded 2.5 d after stratification.
In the mock treatment, an equal volume of 10% (v/v) ethanol was added, and the values (i.e. 100%) indicated that all seeds germinated. B) Cotyledon
greening of WT, nlp8-2, nlp8-Cas9, NLP8-GFP-3, and NLP8-GFP-5 on water agar medium supplemented with different concentrations of ABA. Cotyledon
greening was scored 5 d after stratification. The experiments were performed S times by analyzing different batches of seeds. Each batch of seeds was
pooled from more than 80 individual plants. For each biological replicate, >120 seeds were examined. C) Seedlings of WT, nlp8-2, nlp8-Cas9, NLP8-GFP-3,
and NLP8-GFP-55 d after germination on water agar medium containing 1 uM ABA. D) RT-qPCR analysis of the ABA-induced expression of EM1, EM6, and
RAB18 in germinating seeds of WT, nlp8-2, nlp8-Cas9, NLP8-GFP-3, and NLP8-GFP-5. Total RNA was extracted from 5 different batches of germinating
seeds (2 d) treated with 1 xM ABA on water agar medium. The PP2A (AT1G13320) gene was used as a 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 honest significant difference (HSD) test. The statistical analyses described apply to all statistical analyses

presented in this figure. ABA, abscisic acid.

and seedling establishment. We germinated the seeds of nlp8-2 and
NLP8-GFP-3 plants on water agar medium containing different con-
centrations of ABA and 1 mm KNOs or KCL. As expected, compared
with the wild-type seeds, the nlp8-2 seeds had significantly lower ger-
mination and cotyledon greening percentages on the medium sup-
plemented with ABA with or without KCl (Fig. 5, A to C;
Supplementary Fig. S8, A and B). More importantly, on the medium
containing both ABA and KNOs, the nlp8-2 seeds exhibited notably
delayed germination and cotyledon greening compared with the
wild-type controls (Fig. 5, A to C; Supplementary Fig. S8, A and B).
In contrast, in response to both ABA and KNOs, the progeny of the
NLP8-GFP-3 plants had higher seed germination and cotyledon
greening percentages than the wild-type controls (Fig. 5, A to C;
Supplementary Fig. S8, A and B). Consistent with the phenotypic ob-
servations, the relative transcript levels of EM1, EM6, and RAB18
were much higher in the germinating nlp8-2 seeds than in the germi-
nating wild-type seeds following the treatment with both ABA and
KNO;s (Fig. 5D). However, their expression levels were lower in the
NLP8-GFP-3 seeds than in the wild-type seeds (Fig. 5D). These find-
ings demonstrate that NLP8 is crucial for the nitrate-suppressed
ABA signaling during seed germination.

An earlier study showed that nitrate induces the catabolism of
endogenous ABA in an NLP8-dependent manner in imbibed seeds
(Yan et al. 2016). Conversely, environmental nitrate enhances the
ABA accumulation in root tips (Ondzighi-Assoume et al. 2016).
These observations prompted us to investigate whether the ABA
sensitivity of nlp8-2 and NLP8-GFP-3 plants during seed germina-
tion was due to the altered ABA or nitrate accumulation after
the ABA and KNOs treatment. We conducted measurements of
ABA content in freshly harvested seeds of wild type, nlp8-2, and
NLP8-GFP-3, as well as in germinating seeds subjected to various

concentrations of ABA, with or without 1 mwm KNOs3 (or KCI).
Consistent with the results of Yan et al. (2016), the freshly har-
vested wild-type, nlp8-2, and NLP8-GFP-3 seeds accumulated sim-
ilarlevels of ABA, but wild-type seeds had lower ABA content after
12 h KNOs (not KCl) treatment than nlp8-2 seeds (Supplementary
Table S1). Moreover, the ABA levels were much higher in the wild-
type seeds germinated (4 d) on water agar medium containing
ABA than in the wild-type seeds germinated on water agar me-
dium lacking ABA (Supplementary Table S1). Notably, the germi-
nating nlp8-2 and NLP8-GFP-3 seeds and the germinating wild-type
seeds exhibited comparable ABA levels in the presence of exoge-
nous ABA (Supplementary Table S1). Additionally, upon transfer-
ring the ABA-treated germinating seeds (at 2 d) to a medium with
1 mmKNO; or KCl for an additional 2 d, the levels of ABA presentin
the nlp8-2 and NLP8-GFP-3 seeds were found to be in alignment
with those in wild-type seeds (Supplementary Table S1). These
findings reflect the limited effect of NLP8 on the ABA content dur-
ing seed germination following an exposure to ABA. Similarly, we
also measured the nitrate content in germinating seeds (2 d) of
wild-type, nlp8-2, and NLP8-GFP-3 (as well as other related lines)
in response to ABA with or without KNO; (or KCI). As shown in
Supplementary Table S2, the nitrate levels in the nlp8-2 and
NLP8-GFP-3 seeds were consistent with those in wild-type seeds,
suggesting that NLP8 has a negligible impact on nitrate accumula-
tion in germinating seeds after treatment with ABA and KNOs.

NLP8 functions upstream of ABI3 and ABI5
to modulate ABA signaling

Having ascertained that NLP8 physically associates with ABI3/
ABIS and modulates nitrate-decreased ABA signaling, we
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Figure 5. Nitrate suppresses ABA signaling mainly through NLP8. A) Germination of the wild-type (WT), nlp8-2, and NLP8-GFP-3 seeds on water agar
medium supplemented with 1 uM ABA with or without 1 mm KNO;5 or KCI. Seed germination was recorded 1.5 d after stratification. In the mock
treatment, an equal volume of 10% (v/v) ethanol was added, and the values (i.e. 100%) indicated that all seeds germinated. B) Cotyledon greening of WT,
nlp8-2, and NLP8-GFP-3 on water agar medium supplemented with 1 uM ABA with or without 1 mm KNOs or KCl. Cotyledon greening was scored 4 d after
stratification. The experiments were performed 5 times by analyzing different batches of seeds. Each batch of seeds was pooled from more than 80
individual plants. For each biological replicate, more than 120 seeds were examined. C) Seedlings of WT, nlp8-2, and NLP8-GFP-3 4 d after germination on
water agar medium containing 1 uM ABA with or without 1 mm KNO; or KCl. D) RT-qPCR analysis of the ABA-induced expression of EM1, EM6, and RAB18
in germinating seeds of WT, nlp8-2, and NLP8-GFP-3. Total RNA was extracted from 5 different batches of germinating seeds (2 d) treated with 1 uM ABA
with or without 1 mm KNOj3 or KCL. The PP2A (AT1G13320) gene was used as a 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
analysis of variance (ANOVA) using Tukey’s honest significant difference (HSD) test. The statistical analyses described apply to all statistical analyses

presented in this figure. ABA, abscisic acid.

investigated whether there are genetic interactions between NLP8
and ABI3/ABI5 during ABA-induced delayed seed germination. To
test this possibility, we generated the nlp8-2 abi3-8 and nlp8-2
abi5-8 double mutants by crossing nlp8-2 with the abi3-8 (ABI3
loss-of-function mutant; Nambara et al. 2002) and abi5-8 (ABIS
loss-of-function mutant; Zhou et al. 2015) mutants, respectively.
Not surprisingly, compared with the wild-type control, the
abi3-8 and abi5-8 mutants had much higher seed germination
and cotyledon greening percentages on water agar medium sup-
plemented with 1 uM ABA (Fig. 6, A to C; Supplementary Fig. S9).
Moreover, the progeny of the nlp8-2 abi3-8 and nlp8-2 abi5-8 double
mutants were hyposensitive to ABA, with much higher seed ger-
mination and cotyledon greening percentages than the wild-type
control and nlp8-2 mutant (Fig. 6, A to C; Supplementary Fig. S9).
Nevertheless, the ABA responses of nlp8-2 abi3-8 and nlp8-2
abi5-8 differed from those of the abi3-8 and abi5-8 single mutants.
We also crossed nlp8-2 with the abi3-8 abi5-8 double mutant to
generate the nlp8-2 abi3-8 abi5-8 triple mutant. Phenotypic analy-
ses showed that the nlp8-2 abi3-8 abi5-8 mutant had the same seed
germination and cotyledon greening percentages as the abi3-8
abi5-8 double mutant in response to ABA (Fig. 6, A to C;
Supplementary Fig. S9). These results demonstrate that the ABA
hypersensitivity of nlp8-2 during seed germination requires

functional ABI3 and ABIS, indicating that NLP8 functions up-
stream of ABI3 and ABI5 to modulate the ABA-mediated suppres-
sion of seed germination and seedling establishment.

NLP8 negatively modulates the transcriptional
activation and ABA-induced accumulation of ABI3
and ABI5

Because NLP8 physically and genetically interacts with ABI3 and
ABIS in mediating ABA responses during seed germination, we
characterized the biochemical mechanisms underlying the regu-
latory relationships between NLP8 and ABI3/ABI5. Recently, the
modulatory effects of several critical proteins on ABI3 and/or
ABIS were revealed by altering transcription factor activities via
protein—protein interactions (Lim et al. 2013; Kim et al. 2016; Hu
et al. 2019; Ju et al. 2019; Zhao et al. 2019; Pan et al. 2018, 2020;
Yang et al. 2021; Mei et al. 2023). Hence, we analyzed the possible
regulatory effects of NLP8 on ABI3 and ABI5 functions in
Arabidopsis mesophyll protoplasts by performing dual-luciferase
(LUC) reporter assays (Yoo et al. 2007). The effectors contained
NLP8, ABI3, ABI5, or GFP under the control of Pro35S
(Supplementary Fig. S10A). Because EM1 and EM6 are down-
stream targets of ABI3 and ABI5 (Lopez-Molina and Chua 2000;
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Figure 6. The ABA hypersensitivity of nlp8-2 during seed germination requires ABI3 and ABIS. A) Germination of the wild-type (WT), nlp8-2, abi3-8, nlp8-2
abi3-8, abi5-8, nlp8-2 abi5-8, abi3-8 abi5-8, nlp8-2 abi3-8 abi5-8 seeds on water agar medium containing 1 uM ABA. Seed germination was recorded 2 d after
stratification. In the mock treatment, an equal volume of 10% (v/v) ethanol was added, and the values (i.e. 100%) indicated that all seeds germinated. B)
Cotyledon greening of WT, nlp8-2, abi3-8, nlp8-2 abi3-8, abi5-8, nlp8-2 abi5-8, abi3-8 abi5-8, nlp8-2 abi3-8 abi5-8 on water agar medium supplemented with
1M ABA. Cotyledon greening was scored 5 d after stratification. The experiments were performed 5 times by analyzing different batches of seeds. Each
batch of seeds was pooled from more than 80 individual plants. For each biological replicate, more than 120 seeds were examined. 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 analysis of variance (ANOVA) using Tukey’s honest significant difference (HSD) test. The statistical analyses
described apply to all statistical analyses presented in this figure. C) Seedlings of WT, nlp8-2, abi3-8, nlp8-2 abi3-8, abi5-8, nlp8-2 abi5-8, abi3-8 abi5-8,
nlp8-2 abi3-8 abi5-8 5 d after germination on water agar medium containing 1 uM ABA. ABA, abscisic acid.

Nakamura et al. 2001; Carles et al. 2002; Lopez-Molina et al. 2002),
their promoters were ligated to the LUC gene to produce reporter
constructs (Supplementary Fig. S10A). The expression of ABI3 or
ABI5 dramatically increased the LUC expression levels driven by
the EM1 or EM6 promoter in wild-type mesophyll protoplasts
treated with 5 M ABA (compared with the expression in the pres-
ence of GFP alone) (Fig. 7, A and B; Supplementary Figs. S10, B and
C and S11, A and B; Zhou et al. 2015; Hu et al. 2019; Pan et al.
2020; Mei et al. 2023). However, the ABA-induced LUC expression
was much lower when NLP8 and ABI3 or ABI5 were co-expressed
than when GFP and ABI3 or ABI5 were co-expressed (Fig. 7, A
and B; Supplementary Figs. S10, B to E and S11, A and B). These
findings suggest that NLP8 adversely affects ABI3 and ABIS func-
tions, thereby influencing the transcription of the downstream
target genes EM1 and EM6.

To confirm the effect of NLP8 on ABI3 and ABI5, we assessed
whether a mutation to NLP8 that alters its functions can affect

ABI3 and ABI5 activities. The abilities of ABI3 and ABIS to activate
EM1 or EM6 transcription were examined in nlp8-2 protoplasts. We
observed that the expression of LUC driven by the EM1 or EM6 pro-
moter in response to ABA was higher in ABI3- or ABI5-expressing
nlp8-2 protoplasts than in the wild-type protoplasts (Fig. 7, C and
D; Supplementary Figs. 510, Fand Gand S11, C and D). In contrast,
EM1 or EM6 promoter-driven LUC expression was lower in the
NLP8-overexpressing NLP8-GFP-3 protoplasts than in the wild-type
protoplasts (Fig. 7, C and D; Supplementary Figs. S10, F and G and
S11, C and D). To determine whether the NLP8-ABI3/ABI5 protein
interaction is necessary for the regulatory effect, we constructed
an effector comprising a truncated NLP8 protein (referred to as
NLP8-N) which contains amino acids 1 to 670 of the NLP8
N-terminal and does not interact with ABI3 and ABI5 (Fig. 3A;
Supplementary Fig. S10A). The EM1 or EM6 promoter-driven LUC
expression level did not differ significantly between the proto-
plasts co-expressing NLP8-N and ABI3 or ABI5 and the protoplasts

Gz0z Aepy 1z uo Jasn Aseiqi ABojouyoa ] g eousIdg [euoneN Aq G912608/9101B0Y/E//E/a10ne/(180]d/Wwoo dno olwapeoe)/:sdny Wwolj papeojumo(


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data

10 | The Plant Cell, 2025, Vol. 37, No. 3

A, CiMock E1ABA Ceo EIWT CInip8-2 MNLPS-GFP-3 E . CMock EIABA EIABA+MG132
Promoter EM1 Promoter EM1 E a
240 a a 400 a % 32
e ° H 2
E 'é‘ : 24
~ 180 ~ 300 B s
w w <<
x [ b o 6 d
S 20 2 S 200 g
] 3 L]
c & 8 e
1
1
60 100 ﬂ\:ﬁflf[ f;f;ﬁflflfflf‘:ﬂ'f
B2
5 gl £ ed o ged cdS ol d gy ddd ddgd WS r:k"“ ne‘g ey P~B|3 ey PB’AB"’
1 v
GFP _ ABI3 :f': th:N NLP8 NLPBN GFP — ABI3 CL T pEM'lm: pEMH
- CIMock EIABA D o [EIWT Clnip8-2 BINLPS-GFP-3 F . TMock EIABA EIABA+MG132
Promoter EM1 Promoter EM1 = a
a a 2 I
200 E % i
90 2
o 2 H
£ 8 5 2
z =z 150 2 "
w
& 60 ¥ < 18 am
Q
g . S 100 2
boc e 3 4 el
& 1
. 50 lllffflffffffﬂfffllf
0
[+ c m
" 4o & A od _— 'g:e‘ode »B"-" ;_;a mc hg\& NLp er”C w\fr NLPB«B
GFP ABIS AE}_{S AEiiS NLP8  NLP8-N PPPZA pEM1 e pEM11
NLP8  NLP8-N
G +MG132

MYC-ABI3 WT MYC-ABI3

Loading

ot e o el W e e
pe i sl d
=MG132 +MG132
H ABIS-MYC ______ABISMYC J

anti-MYC

a0 —-—- — S R —
kDa
SSSSSELaaE -

(e} P o
" IR RS
o

-MGHZ +MG132

ABA - - - + + - - - + +

1 —— — s e 90«| — gmm
kDa kDa

Loading

R I S o
! o ot it % ,b,e 5 i wc’ 3
\KL ‘\;5 P ‘\\g* S o “5 i o A il
W
-Me1s2 +MG132
ABA - - - + + - - - + +
- ' - anti-MYC

Loading
2 &
W a,e \»* 1o AUy R L )
@ 5 o AR @
@ x&\é‘f @;%\ # @V?\ﬁwh > \ﬁ;

Figure 7. NLP8 represses the transcriptional functions and ABA-induced protein accumulation of ABI3 and ABIS. A and B) Transient dual-luciferase
reporter assays showing that NLP8 antagonizes ABI3 (A) and ABIS (B) to modulate EM1 expression upon 5 M ABA treatment. The N terminal of NLP8
without the C-terminal PB1 domain (NLP8-N, which does notinteract with ABI3 and ABIS) exerts no effect on ABI3 and ABIS functions. Values are means
+SD from 5 independent biological replicates using different batches of wild-type (WT) plants; each replicate was from different WT leaves of more
than 50 plants. Cand D) Transient dual-luciferase reporter assays showing that activation of the EM1 promoter by ABI3 (C) and ABIS (D) was enhanced in
the nlp8-2 mutant in response to 5 uM ABA. Values are means + SD from 5 independent biological replicates using different batches of WT, nlp8-2, and
NLP8-GFP-3 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 EM1 (pEM1-1) in MYC-ABI3, NLP8-GFP MYC-ABI3, ABI5-MYC, or NLP8-GFP ABI5-MYC. Germinating seeds (2 d) treated with 1 uM
ABA on water agar medium, with or without the 26S proteasome inhibitor MG132 pre-treatment (for 6 h) before the sample harvest, 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. The enrichment levels of ABI3 or ABIS at a EM1 promoter
region without binding motif (i.e. pEM1-nc) were also detected and shown. 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 analysis of
variance (ANOVA) using Tukey’s honest significant difference (HSD) test. The statistical analyses described apply to all statistical analyses presented in
this figure. G and H) Immunoblot analyzing the ABA-induced accumulation of MYC-ABI3 fusion protein in MYC-ABI3 plants (G) and ABI5-MYC fusion
protein in ABI5-MYC plants (H) in response to nitrate. Whole seedlings of 5-d-old WT, MYC-ABI3, and ABI5-MYC were pre-treated with 10 mm KNO3 or
KCl for 18 h and then treated with 100 uM ABA and 10 mm KNOs or KCl for 6 h (with or without 50 uM proteasome inhibitor MG132) before protein
extraction. In the mock treatment, an equal volume of 10% (v/v) ethanol was added. I and J) Immunoblot analyzing the ABA-induced accumulation of
MYC-ABI3 fusion protein in NLP8-GFP MYC-ABI3 plants (I) and ABI5-MYC fusion protein in NLP8-GFP ABI5-MYC plants (J). Whole seedlings of 5-d-old WT,
MYC-ABI3, NLP8-GFP MYC-ABI3, ABI5-MYC, and NLP8-GFP ABI5-MYC were treated with 100 uM ABA for 6 h (with or without S0 uM proteasome inhibitor
MG132) before protein extraction. In the mock treatment, an equal volume of 10% (v/v) ethanol was added. The accumulation of MYC-ABI3 or
ABIS-MYC fused protein was detected by immunoblotting with an anti-MYC antibody (1:10,000). Experiments were repeated 3 times with similar
results. LUC, firefly luciferase; REN, renilla luciferase; ABA, abscisic acid; MG132, carbobenzoxy-leu-leu-leucinal.

expressing ABI3 or ABI5 after the treatment with ABA (Fig. 7, Aand
B; Supplementary Figs. S10, Hand I and S11, A and B). Collectively,
these results support the notion that NLP8 attenuates the func-
tions of ABI3 and ABI5 to modulate the expression of the down-
stream target genes, such as EM1 or EM6, in response to ABA.
Moreover, their physical interaction is crucial for the regulatory
relationship.

Considering NLP8 and ABI3/ABI5 have the opposite effects on
the ABA-induced expression of EM1 and EM6, we wondered
whether NLP8 directly modulates the expression levels of these

two genes. In the yeast one-hybrid assays, NLP8 did not bind to
the EM1 and EM6 promoters (Supplementary Fig. S12, A and B).
To further clarify the regulatory effects of NLP8 on ABI3 and
ABIS, we conducted chromatin immunoprecipitation (ChIP) as-
says to analyze whether the enrichment of ABI3 or ABI5 at the
EM1 promoter is modulated by NLP8 after an ABA treatment.
Our ChIP analyses revealed that the enrichment of ABI3 at the
EM1 promoter region (i.e. pEM1-1; Supplementary Table S3) was
lower in the germinating NLP8-GFP MYC-ABI3 seeds (simultane-
ously overexpressing NLP8 and ABI3) than in the MYC-ABI3 seeds

Gz0z Aepy 1z uo Jasn Aseiqi ABojouyoa ] g eousIdg [euoneN Aq G912608/9101B0Y/E//E/a10ne/(180]d/Wwoo dno olwapeoe)/:sdny Wwolj papeojumo(


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf046#supplementary-data

following the ABA exposure, regardless of the absence or presence
of the 26S proteasome inhibitor MG132 pre-treatment (for 6 h) be-
fore the sample harvest (Fig. 7E). Parallel experiments indicated
that the enrichment of ABIS at pEM1-1 was considerably lower
in the ABA-treated germinating seeds of NLP8-GFP ABI5-MYC (si-
multaneously overexpressing NLP8 and ABIS) than in the corre-
sponding control ABI5-MYC seeds (Fig. 7F). These results imply
that NLP8 may negatively affect the accumulation of ABI3 or
ABIS5 in the promoter region of downstream target genes, such
as EM1. To further verify this phenomenon, we generated re-
combinant His-ABI5 and His-NLP8 proteins in Escherichia coli and
analyzed the influence of NLP8 on ABI5 binding activity to an oli-
gonucleotide harboring two direct CACGTG G-box repeats (Pr in
Supplementary Fig. S13A) using electrophoretic mobility shift as-
say (EMSA). As shown in Supplementary Fig. S13B, the protein-
DNA complex with reduced migration was observed when
His-ABI5 was incubated with the Pr DNA probes. As a control, no
binding complex was detected when the G-box sequences in the
probe were mutated from CACGTG to CACGAA (mPr;
Supplementary Fig. S13, A and B), indicative of the specificity of
ABI5 binding to the G-box sequences. Importantly, when
His-ABI5, His-NLP8, and Pr DNA probes were combined in the
binding reaction, we detected a band with considerably
lower intensity (Supplementary Fig. S13B). This observation fur-
ther supports the notion that NLP8 decreases the DNA-binding
activity of ABIS.

Previous studies showed that the stability of ABI3 and ABIS is
strictly controlled by multiple regulators and signaling pathways
at the post-translational level (Kobayashi et al. 2005; Zhang et al.
2005; Furihata et al. 2006; Fujii et al. 2007; Piskurewicz et al. 2008;
Fujil and Zhu 2009; Lee et al. 2010; Seo et al. 2014; Li et al. 2023).
These findings compelled us to examine whether nitrate and
NLP8 also modulate the abundance of ABI3 and ABIS during
seed germination. We analyzed the ABI3 and ABIS protein levels
in MYC-ABI3 and ABI5-MYC seedlings (5-d-old) following an expo-
sure to 100 uM ABA (for 6 h) with or without KNOs (or KCI). In ac-
cordance with the findings of earlier studies (Lopez-Molina et al.
2001; Piskurewicz et al. 2008; Chen et al. 2012; Liet al. 2023), we ob-
served that the MYC-ABI3 and ABI5-MYC fusion proteins were sta-
bilized by ABA in the MYC-ABI3 and ABIS-MYC seedlings,
respectively (Fig. 7, G and H; Supplementary Fig. S14, A and B).
Interestingly, the ABA-induced accumulation of the MYC-ABI3
and ABIS-MYC fusion proteins in seedlings decreased consider-
ably in response to nitrate (Fig. 7, G and H; Supplementary Fig.
S14, A and B). As a control, the addition of KCl had a relatively mi-
nor effect on the ABA-induced accumulation of MYC-ABI3 and
ABIS-MYC (Fig. 7, G and H; Supplementary Fig. S14, A and B).
However, in the presence of MG132, MYC-ABI3 (or ABI5-MYC) ac-
cumulated to similar levels in MYC-ABI3 (or ABI5-MYC) seedlings
after the ABA treatment with or without KNOs or KCI. To further
confirm these observations, we also analyzed the MYC-ABI3 (or
ABI5-MYC) protein levels in MYC-ABI3 (or ABI5-MYC) seeds germi-
nating (for 2 d) on agar water medium containing 1 xM ABA with or
without KNO5 (or KCI). Under both ABA and KNOj treatment, the
accumulation of MYC-ABI3 (or ABI5-MYC) in germinating
MYC-ABI3 (or ABI5-MYC) seeds was obviously reduced compared
with their appearance under ABA treatment alone or with KCl
(Supplementary Fig. S15, A to D). Moreover, we also detected
that the ABA-induced native ABI5 protein levels were dramati-
cally reduced in germinating wild-type seeds treated with KNO5
(Supplementary Fig. S15, E and F). In addition, the ABA-induced
accumulation of native ABIS was also decreased in germinating
prt6 mutant seeds in response to KNOs; (Supplementary Fig. S15,
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E and F). These findings demonstrate that nitrate negatively mod-
ulates the ABA-induced accumulation of ABI3 and ABIS proteins
during seed germination.

Having elucidated the effect of nitrate on ABA-induced ABI3
and ABI5 accumulation, we then analyzed whether NLP8 is also
involved in the regulation of ABI3 and ABI5 abundance. More spe-
cifically, we examined the accumulation of the MYC-ABI3 and
ABI5S-MYC fusion proteins in 100uM ABA-treated (for 6h)
NLP8-GFP MYC-ABI3 and NLP8-GFP ABI5-MYC seedlings (5-d-old),
respectively. The MYC-ABI3 protein levels were lower in the
ABA-treated NLP8-GFP MYC-ABI3 seedlings than in the corre-
sponding MYC-ABI3 controls (Fig. 7I; Supplementary Fig. S14C).
Similarly, ABIS-MYC was clearly less abundant in the NLP8-GFP
ABI5-MYC seedlings than in the ABI5-MYC seedlings in response
to ABA (Fig. 7J; Supplementary Fig. S14D). Notably, the
NLP8-mediated degradation of MYC-ABI3 and ABI5-MYC was atte-
nuated by the 26S proteasome inhibitor MG132 (Fig. 7, I and J).
Taken together, these findings suggest that nitrate and NLP8 pro-
mote the degradation of ABI3 and ABIS via the 26S proteasome
pathway, thereby decreasing their suppressive effects on seed
germination and early seedling establishment.

On the basis of the adverse effects of NLP8 on ABI3 and ABIS5, we
investigated whether the ABA responses of MYC-ABI3 and
ABI5-MYC plants were influenced by the overexpression of NLP8
during seed germination. We first compared the MYC-ABI3 and
NLP8-GFP MYC-ABI3 seed germination and cotyledon greening per-
centages in response to ABA. The progeny of NLP8-GFP MYC-ABI3
had significantly higher seed germination and cotyledon greening
percentages than MYC-ABI3 on water agar medium containing
1uM ABA (Fig. 8A), implying that the ABA hypersensitivity of
MYC-ABI3 decreased in response to the overexpression of NLP8.
Similarly, the NLP8-GFP ABI5-MYC seeds were substantially less
sensitive to ABA than the ABI5-MYC seeds during germination
(Fig. 8A), indicating the overexpression of NLP8 also attenuated
the enhanced ABA signaling in the ABI5-MYC seeds. Furthermore,
we examined the ABA sensitivity of nlp8-2 MYC-ABI3 and nlp8-2
ABI5-MYC plants, which were obtained by crossing the nlp8-2 mu-
tant with the MYC-ABI3 or ABI5-MYC plants, respectively.
Compared with the nlp8-2 and MYC-ABI3 plants, the nlp8-2
MYC-ABI3 plants had much lower seed germination and cotyledon
greening percentages on medium containing ABA (Fig. 8, B and C).
Likewise, the percentages of seed germination and cotyledon
greening were lower for nlp8-2 ABIS-MYC than for nlp8-2
and ABI5-MYC in the presence of ABA. Considered together, these
results provide further genetic evidence that NLP8 inhibits ABI3
and ABI5 to modulate ABA responses during seed germination.

The critical adverse effects of NLP8 on ABI3 and ABI5 prompted
us to further investigate the biological relevance of their interac-
tions in modulating ABA signaling during seed germination. We
generated transgenic plants (termed HA-NLP8-N) overexpressing
a truncated form of NLP8 (i.e. NLP8-N with no interaction with
ABI3 and ABI5; Fig. 3A) under the control of Pro35S. Phenotypic
analyses showed that the progeny of HA-NLP8-N plants exhibited
similar germination and cotyledon greening percentages upon
ABA treatment as those of the wild-type seeds (Supplementary
Fig. S16, A and B). This observation shows that overexpression of
NLP8-N did not affect ABA signaling-related delayed seed germi-
nation. Considering together with the results that NLP8-N dis-
played no inhibitory impact on the transcriptional activation of
ABI3 and ABIS (Fig. 7, A and B; Supplementary Fig. S11, A and B),
we speculated that the protein-protein interaction is crucial for
NLP8 to antagonize ABI3 and ABI5 in ABA signaling during seed
germination.
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acid.

NLP8 overexpression largely represses the ABA
hypersensitivity of the nial nia2 and prt6 mutants
during seed germination

Earlier research showed that NO produced during the assimilation
of nitrate negatively regulates ABA signaling during seed germina-
tion (Bethke et al. 2006; Mur et al. 2013; Gibbs et al. 2014;
Duermeyer et al. 2018). Specifically, NO suppresses ABI5 tran-
scription through the PRT6-mediated N-end rule pathway and in-
duces the degradation of ABI5 via the proteasome pathway (Gibbs
etal. 2014; Albertos et al. 2015). Because nitrate can function inde-
pendently of the NO pathway to repress ABA responses (Fig. 1;
Supplementary Fig. S1), we wondered whether the overexpression
of NLP8 decreases the ABA hypersensitivity of the nial nia2 or prt6
mutants exhibiting impaired NO biosynthesis or signaling. For

these analyses, we generated NLP8-GFP nial nia2 and NLP8-GFP
prt6 plants by crossing NLP8-GFP-3 with nial nia2 or prt6. As ex-
pected, on the water agar medium containing 1uM ABA, the
seed germination and cotyledon greening percentages were high-
er for NLP8-GFP-3, but lower for nial nia2 and prt6, than for the
wild-type control (Fig. 9, A to D; Supplementary Fig. S17).
Notably, the seed germination and cotyledon greening percen-
tages were significantly higher for NLP8-GFP nial nia2 than for
nial nia2 after the ABA treatment (Fig. 9, A and B;
Supplementary Fig. S17A). Similarly, NLP8-GFP prt6 had higher
seed germination and cotyledon greening percentages than prt6
on the water agar medium supplemented with ABA (Fig. 9, C
and D; Supplementary Fig. S17B). Accordingly, the overexpression
of NLP8 considerably decreased the ABA hypersensitivity of the
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nial nia2 and prté mutants during seed germination, further sup-
porting our proposal that nitrate signaling can repress ABA re-
sponses independently of the NO pathway.

Discussion

Nitrogen is an essential macronutrient for plant growth and de-
velopment. Nitrate is the main source of nitrogen available to

plants in many natural systems and in agricultural soils
(Crawford and Forde 2002; Vidal et al. 2020; Li et al. 2021; Jia
et al. 2022). The seed germination of Arabidopsis and many other
plants is enhanced under nitrate-sufficient conditions (Hilhorst
et al. 1989; Fitter et al. 2002; Ali-Rachedi et al. 2004; Alboresi
etal. 2005; Lietal. 2021). However, whether nitrate serves as a cru-
cial regulatory cue in modulating ABA signaling during seed ger-
mination remains relatively undetermined. In this study, we
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observed that the wild-type Arabidopsis seeds displayed higher
germination and cotyledon greening percentages when both
ABA and KNO; were present than when only ABA was present
(Fig. 1, A to C). Further analyses revealed that nitrate attenuates
ABA signaling via a mechanism that depends on a functional
NLP8 (Fig. 5, A to D; Supplementary Fig. S8). Consistent with the
involvement of NLP8 in mediating ABA responses, the expression
of NLP8 and the abundance of the encoding protein was enhanced
by ABA (Supplementary Fig. S5, B to F). These observations imply
nitrate and NLP8 have inhibitory effects on ABA signal transduc-
tion during seed germination. In line with these findings, nitrate
and NLP8 can function independently of the NO signaling path-
way to suppress ABA responses (Figs. 1 and 9; Supplementary
Fig. S1). Further mechanistic investigations revealed that NLP8
physically associates with ABI3/ABIS and exerts a negative
influence on the transcriptional activation and ABA-induced
accumulation of ABI3/ABIS (Figs. 3, A to F and 7, A to J;
Supplementary Figs. S14 and S15). Collectively, these findings
indicate there may be a previously unknown signaling module
in which the nitrate-associated NLP8 directly regulates the
ABA-responsive ABI3 and ABI5. Importantly, these results also
provide evidence that the crosstalk between nitrate and ABA
pathways may occur through direct protein-protein interactions
among core transcription factors.

Interestingly, the nitrate treatment is not a prerequisite for the
NLP8-ABI3/ABI5 interactions and the NLP8 effects on ABI3/ABI5
(Figs. 3 and 7; Supplementary Figs. S3, S14, and S15). For example,
the results based on the CoIP assays showed that NLP8 bound to
ABI3 and ABIS in plants in the absence of exogenous nitrate
(Fig. 3, E and F; Supplementary Fig. S3). In accordance with these
observations, even without the nitrate treatment, the nlp8 mu-
tants still had different responses to ABA during seed germina-
tion, compared with the wild-type plants (Fig. 4). Nevertheless,
the nitrate exposure enhanced the interactions of NLP8 with
ABI3/ABIS and dramatically decreased the ABA-induced accumu-
lation of ABI3/ABIS (Fig. 7, G and H; Supplementary Figs. S4, D and
E and S15). These regulatory actions are consistent with the inhib-
itory effects of nitrate on ABA signaling and its impact on NLP8
overexpression-attenuated ABA responses during seed germina-
tion (Figs. 1 and 5). Notably, Liu et al. (2022) revealed that nitrate
interacts directly with NLP7 via residues evolutionarily conserved
among other NLP proteins and NLP7 orthologs, leading to a con-
formational change and enabling NLP7 to function as a transcrip-
tion activator. Considering together with the finding that nitrate
also stimulates the transcriptional function of NLP8 (Yan et al.
2016), further elucidation of how nitrate modulates NLP8 at the
post-translational level may shed light on the molecular basis of
nitrate/NLP8-mediated ABA signaling and seed germination.
Furthermore, we demonstrated that the interactions between
NLP8 and ABI3/ABIS were enhanced by ABA, and the phosphory-
lation state of ABIS was crucial for the augmented interaction
with NLP8 (Supplementary Fig. S4). However, the precise mecha-
nisms by which nitrate and ABA pre-treatments promote the as-
sociations of NLP8 with ABI3/ABIS remain to be unraveled. For
instance, future investigations should aim to clarify whether the
heightened interaction following nitrate or ABA pre-treatment
arises from a similar mechanism and whether the binding of ni-
trate by NLP8 is implicated in this process.

Accumulating research has demonstrated that ABI3 and ABIS
are strictly regulated through post-translational modifications
(Kobayashi et al. 2005; Zhang et al. 2005; Dai et al. 2013; Singh
et al. 2024). For example, in the presence of ABA, ABIS is phos-
phorylated and stabilized by SnRK2, BIN2, and other related

kinases (Kobayashi et al. 2005; Furihata et al. 2006; Fujii et al.
2007; Fujii and Zhu 2009; Nakashima et al. 2009; Hu and Yu
2014; Zhou et al. 2015). In contrast, several E3 ubiquitin ligases,
such as KEG, PUB&/PUB35, and AIP2, facilitate the degradation of
ABI3 and/or ABI5 through ubiquitination in the absence of ABA
(Zhang et al. 2005; Stone et al. 2006; Miura et al. 2009; Lee et al.
2010; Liu and Stone 2010; Lyzenga et al. 2013; Seo et al. 2014; Du
etal. 2024). Interestingly, we found that nitrate and NLP8 also pro-
moted the proteasomal degradation of ABI3 and ABI5 (Fig. 7, G to
J). Nevertheless, the biochemical mechanisms underlying the ef-
fects of nitrate and NLP8 on ABI3 and ABIS accumulation remain
to be investigated. On the basis of these findings and the impor-
tance of the above-mentioned kinases and E3 ubiquitin ligases
for controlling ABI3 and/or ABI5 contents, future research should
clarify whether (and how) the nitrate signal and the
NLP8-mediated pathway affect these kinases or E3 ubiquitin li-
gases to modulate ABI3/ABIS5 abundance or functions. For exam-
ple, whether nitrate and NLP8 inhibit the ABA-induced
phosphorylation of ABI3 and ABIS should be analyzed. In addition,
it is interesting to explore whether NLP8 indirectly recruits the
TOPLESS co-repressor machinery, which may not interact with
NLP8 (Supplementary Fig. S18), to suppress the transcriptional
functions of ABI3 and ABI5. Further elucidating the structural ba-
sis of the physical associations involving NLP8, ABI3/ABIS, kin-
ases, E3 ubiquitin ligases, or other related factors may increase
our understanding of the molecular mechanisms responsible for
the effects of NLP8 (and nitrate) on the accumulation or functions
of ABI3 and ABIS. An earlier study demonstrated that the
NO-insensitive prt6é mutant is able to accumulate the group VII
ETHYLENE RESPONSE FACTOR (ERF) transcription factors leading
to increase ABIS expression during seed germination (Gibbs et al.
2014). Moreover, an NO treatment in prt6 mutant background still
produces the S-nitrosylation of ABIS and its consequent protea-
some degradation (Albertos et al. 2015). In the present study, the
analysis of ABIS protein levels showed that the ABA-induced accu-
mulation of native ABIS was reduced in germinating prt6 mutant
seeds upon KNOs treatment (Supplementary Fig. S15, E and F).
Furthermore, the hemoglobin cycle of NO and nitrate is also func-
tional in seeds (Wang and Hargrove 2013). These results add more
complexity to the regulation of nitrate and NO on seed
germination.

Similar to the nlp8-2 seeds, the progeny of chll-5
(loss-of-function mutant lacking the nitrate sensor and transport-
er NRT1.1) (Ho et al. 2009) were more sensitive to the ABA treat-
ment than the wild-type control (Supplementary Fig. S7, A and
B). Accordingly, NRT1.1 may also negatively modulate ABA signal-
ing during seed germination. Although chl1-5 and nlp8-2 had sim-
ilar phenotypes after the ABA treatment, the seed germination
and cotyledon greening percentages were much higher for chl1-5
than for nlp8-2 (Supplementary Fig. S7, A and B). One explanation
for this phenotypic discrepancy is thatin addition to NRT1.1, other
potential nitrate sensor(s) may contribute to ABA signaling during
seed germination. Itis also possible that NLP8 functions as a puta-
tive nitrate sensor in the nitrate-repressed ABA signaling path-
way. This possibility is supported by the results of a recent
study by Liu et al. (2022) that showed NLP7 functions as a nitrate
sensor in plants. More importantly, the nitrate-binding pocket of
NLP7 has a conserved sequence and structure and has been found
in other Arabidopsis NLP proteins (including NLP8), suggesting
these NLP proteins serve as nitrate sensors (Liu et al. 2022). We
also showed that NLP7 and NLP9 physically interacted with ABI3
and ABIS in yeast (Supplementary Fig. S3A). However, unlike the
progeny of nlp8-2, seeds of nlp7-1 and nlp9-1 mutants treated
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Figure 10. A simplified model involving the NLP8-ABI3/ABIS interactions in nitrate-attenuated ABA signaling. When the concentration of ABA
increases, the ABA-induced ABI3 and ABIS positively regulate the expression of ABA-responsive genes and suppress seed germination. ABI3 and ABIS
physically associate with the nitrate-related NLP8 and their interactions are enhanced in the presence of nitrate. NLP8 interferes with the
transcriptional functions of ABI3 and ABI5 to negatively mediate ABA signaling during seed germination. Furthermore, nitrate and NLP8 promote the
degradation of ABI3 and ABIS in a proteasome pathway-dependent manner. Pointed arrow indicates promotion or activation. Flat arrow, indicates
inhibition or repression. Thick arrow indicates strong activation or inhibition. Thin arrow, indicates weak activation or inhibition. ABA, abscisic acid.

with ABA had germination and cotyledon greening percentages
that were similar to those of the wild-type controls regardless of
the absence or presence of KNO; (Supplementary Fig. S7).
Hence, disrupting NLP7 or NLP9 alone apparently does not consid-
erably affect ABA responses during seed germination.
Nevertheless, the possibility that other NLP factors besides NLP8
also modulate ABA responses during seed germination and/or
the subsequent establishment of seedlings cannot be ruled out
completely. In line with this notion, the cotyledon greening after
the ABA-treated nlp8-2 seeds germinated was slightly enhanced
by nitrate (Fig. 5B; Supplementary Fig. S7B). The potential regula-
tory relationships between other NLP proteins and ABA signaling
components will need to be examined in future studies.

The modulation of ABI3/ABIS-mediated ABA responses during
seed germination involves a complex network of transcriptional
regulators that combine to establish and maintain appropriate
ABA signaling levels. For example, the DELLA proteins, which
are critical repressors of gibberellin signaling, interact with ABI3
and ABI5 to upregulate the expression of a subset of genes whose
expression is induced by ABA and high temperatures, thereby in-
hibiting seed germination (Peng et al. 1997; Silverstone et al. 1998;
Tyler et al. 2004; Lim et al. 2013; Xian et al. 2024).
PSEUDO-RESPONSE REGULATORS (PRR5) and PRR7 function syn-
ergistically with ABIS to integrate the circadian clock and ABA sig-
naling pathways for the ABA-induced delayed seed germination
(Yamamoto et al. 2003; Nakamichi et al. 2005, 2007, 2009; Yang
et al. 2021). The AUXIN RESPONSE FACTOR10 (ARF10) and
ARF16 transcription factors bind directly to ABI5 and stimulate
its transcriptional activity to mediate the convergence of auxin,
JA, and ABA signaling pathways (Mei et al. 2023). In addition,
Zhao et al. (2019) demonstrated that the brassinosteroid-related

transcription factor BES1 physically associates with ABIS and ad-
versely affects its function. Considered together, these previous
findings and the results of the current study suggest that the intri-
cate interplay among ABI3/ABI5 and other critical transcriptional
components involved in different signaling pathways may con-
tribute to specific and effective adaptative mechanisms that en-
hance stress tolerance, while minimizing the detrimental effects
of ABA on seed germination and post-germinative growth.
Future investigations will need to decipher the precise mecha-
nisms underlying the potential interactions among ABI3/
ABI5-binding transcriptional modulators and to elucidate the bio-
logical significance of these physical interactions. For example,
whether and how NLP8 coordinates with DELLA, ARF10/ARF16,
JAZ, or BES1 to fine-tune ABI3/ABI5-modulated signaling and me-
diate the integration of diverse signals should be clarified.

To further elucidate the molecular basis of the nitrate/
NLP8-mediated suppression of ABA responses during seed germi-
nation in Arabidopsis, we propose a simplified model involving the
NLP8-ABI3/ABIS interactions (Fig. 10). When the concentration of
ABAincreases, the ABA-induced ABI3 and ABIS positively regulate
ABA signaling and suppress seed germination (Finkelstein and
Lynch 2000; Lopez-Molina and Chua 2000; Lopez-Molina et al.
2001, 2002; Nakamura et al. 2001; Brocard et al. 2002). ABI3 and
ABIS physically associate with the nitrate-related NLP8 and their
interactions are enhanced in the presence of nitrate (Fig. 3;
Supplementary Fig. S4). NLP8 interferes with the transcriptional
functions of ABI3 and ABI5 to negatively mediate ABA signaling
during seed germination (Figs. 4 to 8). Furthermore, nitrate and
NLP8 promote the degradation of ABI3 and ABIS in a proteasome
pathway-dependent manner (Fig. 7; Supplementary Figs. S14
and S15). Consistent with these findings, nitrate and NLP8 can
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function independently of the NO pathway to regulate ABA re-
sponses (Figs. 1 and 9). Our results revealed the critical inhibitory
effects of nitrate as a regulatory signal on ABA signaling during
seed germination, while also providing mechanistic insights into
the physical interactions and antagonistic relationships of NLP8
and ABI3/ABIS.

Materials and methods
Materials and plant growth conditions

Common chemicals were purchased from Shanghai Sangon
(Shanghai, China), and Taq DNA polymerase was obtained from
Takara Biotechnology (Dalian, China). The phytohormone ABA
(catalog no. 862169-250MG) was purchased from Sigma-Aldrich
(StLouis, MO, USA). The wild-type and mutant Arabidopsis thaliana
plants used in this study were in the Columbia (Col-0) genetic
background. Seeds of chll-5 (CS6384), nlp7-1 (SALK_026134),
nlp9-1 (SALK_025839), and prt6-1 (SALK_051088) were purchased
from AraShare (www.arashare.cn). The abi3-8 and abi5-8
(Salk_013163C) mutants have been described previously
(Nambara et al. 2002; Mei et al. 2023). The nial nia2 (CS2356) mu-
tant was kindly provided by Prof. Jianru Zuo (Institute of Genetics
and Developmental Biology, Chinese Academy of Sciences), and
the nlp8-2 (SALK_140298) mutant was kindly provided by Prof.
Chunpeng Song (Henan University). The transgenic line
ABI5-MYC (Chen et al. 2012; Hu and Yu 2014; Yang et al. 2021)
was kindly provided by Dr. Chuanyou Li (Institute of Genetics
and Developmental Biology, Chinese Academy of Sciences). To
generate NLP8-GFP and MYC-ABI3 transgenic plants, the full-
length CDS sequences of NLP8 (before the GFP tag sequences)
and ABI3 (behind the 3MYC tag sequence) were cloned into the bi-
nary vector pOCA30 in the sense orientation for the subsequent
expression under the control of Pro35S (Hu et al. 2013). The
nlp8-2 abi3-8, nlp8-2 abi5-8, nlp8-2 abi3-8 abi5-8, nlp8-2 MYC-ABI3,
and nlp8-2 ABI5-MYC plants were generated via genetic crosses.
The NLP8-GFP-3 was crossed with MYC-ABI3, ABI5-MYC, nial
nia2, and prt6-1 to generate NLPS8-GFP MYC-ABI3, NLP8-GFP
ABI5-MYC, NLP8-GFP nial nia2, and NLP8-GFP prt6-1, respectively.
Arabidopsis and Nicotiana benthamiana plants were grown in an ar-
tificial growth chamber set at 22°C with a 16-h light
(100 uE m~2 s~ white fluorescent bulbs, full light wavelength):8-h
dark cycle.

Determination of seed germination and cotyledon
greening

The germination of the wild-type and mutant seeds and the
greening of the seedlings were analyzed as previously described
(Hu et al. 2019; Yang et al. 2021). Freshly harvested seeds were
stratified for 3 days at 4 °C and then germinated in an artificial
growth chamber set at 22 °C with a 16-h light (100 uEm=2s7%;
white fluorescent bulbs, full light wavelength):8-h dark cycle.
Germination was determined on the basis of the appearance of
the embryonic axis (i.e. radicle protrusion) as observed using a mi-
croscope. Seedling greening was determined on the basis of the
appearance of green cotyledons. To analyze the effects of ABA
on seed germination and cotyledon greening, the seeds were
placed on water agar (0.6%) medium supplemented with ABA
with or without KNOs (KCl as the control) in plates; deionized
water was used for all phenotypic tests in this study. In the
mock treatment, an equal volume of 10% (v/v) ethanol was added.
All experiments were conducted more than 5 times using different
batches of seeds as biological replicates. Each batch comprised

seeds pooled from >80 independent plants. More than 120 seeds
were included in each biological replicate.

Total RNA extraction and RT-qPCR

Total RNA was extracted from the treated germinating seeds us-
ing the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and the
RT-gPCR analysis was performed as described by Yang et al.
(2021). Briefly, in a 20 uL reaction volume, oligo (dT),g primers
and Moloney murine leukemia virus reverse transcriptase
(Fermentas, Thermo Fisher Scientific, Waltham, MA, USA) were
used to reverse transcribe 1.0ug DNase-treated RNA. Next,
1.0 uL cDNA and the SYBR Premix Ex Tagq kit (Takara) were used
for the RT-qPCR analysis performed on the Roche LightCycler
480 real-time PCR machine. Target gene expression levels were
calculated relative to the expression of At1g13320, which encodes
a subunit of Ser/Thr Protein Phosphatase 2A (PP2A) and is stably
expressed during seed germination (Czechowski et al. 2005). Five
biological replicates per sample were used for the RT-qPCR analy-
sis. The gene-specific RT-gPCR primers are listed in
Supplementary Data Set 1.

Yeast two-hybrid assays

The full-length ABI3 and ABIS coding sequences (CDSs) were in-
serted into pGBKT7 (Clontech) to generate the bait vectors
(BD-ABI3 and BD-ABIS5) containing the Gal4 DNA-binding domain.
The full-length NLP1, NLP5, NLP7, NLP8, and NLP9 CDSs were incor-
porated into pGADT?7 (Clontech) to generate the prey vectors con-
taining the Gal4 activation domain (AD-NLP1, AD-NLP5, AD-NLP7,
AD-NLP8, and AD-NLP9, respectively). To further investigate the
regions critical for the interactions, we truncated ABI3 and ABIS
sequences into multiple fragments and then inserted them into
pGBKT?7. Similarly, we truncated NLP8 into multiple fragments
and inserted them into pGADT7. The yeast two-hybrid assay
was conducted using the mating protocol described in
Clontech’s Matchmaker Gold Yeast Two-Hybrid User Manual.
To screen for protein interactions, yeast strain Y2HGold cells
were co-transformed with the bait and prey vectors. Physical in-
teractions were indicated by the ability of the cells to grow on
dropout medium lacking Leu, Trp, His, and Ade with or without
3-aminotriazole at 4 days after plating. The primers used for clon-
ing are listed in Supplementary Data Set 1.

BiFC assays

The cDNA sequences encoding an enhanced YFP fragment (CYFP)
consisting of 64 C-terminal amino acids and a YFP fragment
(nYFP) comprising 173 N-terminal amino acids were amplified
by PCR and inserted into the pFGC5941 plasmid to generate
PFGC-cYFP and pFGC-nYFP, respectively (Kim et al. 2008). The
full-length CDS of ABI5 and the full-length CDS of ABI3 or se-
quence encoding the 416 N-terminal residues of ABI3 were cloned
into pFGC-cYFP to produce an in-frame fusion with the C-terminal
of CYFP (ABIS-CYFP, ABI3-CYFP, or ABI3* *'€-cYFP). The full-length
CDS of NLP5 and NLP8 were inserted into pFGC-nYFP to generate
an in-frame fusion with the N-terminal of nYFP (NLP5-nYFP and
NLP8-nYFP). The resulting recombinant plasmids were inserted
into Agrobacterium tumefaciens strain GV3101 cells, which were
then infiltrated into N. benthamiana leaves as previously described
(Walter et al. 2004). The leaves were examined for YFP and DAPI
fluorescence at 40 to 52 h post-infiltration using the Fluoview
FV1000 confocal laser scanning microscope (Olympus, Tokyo,
Japan). For the DAPI staining, the infiltrated leaves were stained
with DAPI solution (10 mwm) for 5min before being examined.
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The YFP signals were detected using an excitation wavelength of
488 nm (intensity, 24%; gains, 1) and an emission wavelength of
510 to 530 nm. The DAPI signals were detected using an excitation
wavelength of 405 nm (intensity, 15%; gains, 1) and an emission
wavelength of 420 to 440 nm. Experiments were performed at
least 3 times using different batches of N. benthamiana plants.
For each biological replicate, >12 N. benthamiana plants were infil-
trated and more than 600 cells in the infiltrated area were ana-
lyzed. The primers used for cloning are listed in Supplementary
Data Set 1.

ColP assays

To confirm the NLP8-ABI3 and NLP8-ABIS interactions, we ex-
tracted proteins from germinating seeds (2.5 d, with or without
0.5 uM ABA treatment) of transgenic Arabidopsis plants simulta-
neously overexpressing NLP8 and ABI3 (NLP8-GFP MYC-ABI3) or
NLP8 and ABI5 (NLP8-GFP ABI5-MYC) under the control of Pro35S.
Extraction buffer containing 50 mwm Tris-HCl (pH 7.4), 1mwum
EDTA, 150 mm NacCl, 10% (v/v) glycerol, 0.1% (v/v) Triton X-100,
1 mm PMSF, and 1x Roche Protease Inhibitor Cocktail was used
for the extraction of proteins from Arabidopsis plants.
Immunoprecipitation experiments were completed using Protein
A/G Plus agarose beads (Santa Cruz Biotechnology; catalog no.
D1217) according to the manufacturer’s protocol. Briefly, cell ly-
sates were pre-cleared using Protein A/G Plus agarose beads,
which were then added to the extraction buffer containing
anti-GFP antibody (Sigma-Aldrich, catalog no. Ab6556) (1:250) for
an overnight incubation at 4 °C. The beads were washed exten-
sively with extraction buffer and then the co-immunoprecipitated
proteins were detected by immunoblotting using the anti-MYC
antibody (Sigma-Aldrich, catalog no. M4439; 1:10,000). The pri-
mers used for cloning are listed in Supplementary Data Set 1.

GUS staining

The putative NLP8 promoter sequence (ProNLP8; 2,321 bp) was am-
plified by PCR using wild-type genomic DNA and gene-specific pri-
mers. The ProNLP8-GUS construct was cloned into the pOCA28
binary vector and introduced into wild-type plants. The dry seeds
collected from ProNLP8-GUS transgenic lines were stripped of their
seed coat prior to staining. The seeds from ProNLP8-GUS transgen-
ic lines were placed on water agar medium with or without 1 uM
ABAfor 1, 2, or 3 days and then stained. The histochemical detec-
tion of GUS activity was performed as previously described (Chen
et al. 2010). The primers used for cloning are listed in
Supplementary Data Set 1.

Transient transactivation assays

The putative promoter sequences of EM1 (2,000 bp) and EM6
(1,273 bp) were amplified by PCR and cloned into the pGreenll
0800-LUC vector to produce the reporters (Hellens et al. 2005).
Full-length or truncated ABI3, ABI5, NLP8, NLP8-N (truncated
1-670 amino acids coding sequences), and GFP CDSs were inserted
into the pGreenll 62-SK vector to produce the effectors (Hellens
et al. 2005). Different combinations of the recombinant plasmids
were used for the transformation of the leaf mesophyll proto-
plasts of the wild-type, nlp8-2 mutant, and NLP8-overexpressing
transgenic plants as previously described (Sheen 2001). The trans-
fected cells were cultured for 10 to 16 h with or without 5 uM ABA
and then the relative LUC activity was examined using the
Dual-Luciferase Reporter Assay system (Promega, Madison, WI,
USA), which measures the activities of firefly LUC and the internal
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control Renilla reniformis LUC (REN). The primers used for cloning
are listed in Supplementary Data Set 1.

Yeast one-hybrid assays

The Yeast One-Hybrid System Kit (Clontech) was used for yeast
one-hybrid assays according to the manufacturer’s instructions.
The putative promoter fragments of EM1 and EM6 were cloned
into the pADbAI vector to generate pAbAi-pEM1 and pAbAi-pEMS,
which were linearized by BstBI and then inserted into Y1HGold
yeast cells according to a polyethylene glycol/lithium acetate-
based method. The AD-NLP8 construct was then incorporated
into the cells carrying pAbAi-pEM1 or pAbAi-pEM6. The trans-
formed cells were grown on SD/-Ura medium in plates for 3
days. The co-transformed cells were cultured on SD/-Leu me-
dium supplemented with aureobasidin A (AbA, 200 ug/L) in plates
for 3 days. Positive clones were detected for several yeast concen-
trations [dilutions ranging from 10° (ODggo = 1.0) to 10~3]. The pri-
mers used for cloning are listed in Supplementary Data Set 1.

ChIP assays

The ChIP assays were performed essentially as previously de-
scribed (Mukhopadhyay et al. 2008; Jiang et al. 2014). Briefly, the
wild-type, MYC-ABI3, NLP8-GFP MYC-ABI3, ABI5-MYC, and
NLP8-GFP ABI5-MYC germinating seeds (with or without a 2-d
treatment with 14M ABA) were added to 1% formaldehyde (for
cross-linking) and then their chromatin was isolated. Protein—
DNA complexes were immunoprecipitated using the anti-MYC
antibody. The precipitated DNA was purified using a PCR purifica-
tion kit (Qiagen) and then subjected to a RT-qPCR analysis. To
quantify the binding of ABI3 or ABI5 to DNA (i.e. target gene pro-
moter), the RT-gPCR analysis was performed as previously de-
scribed (Mukhopadhyay et al. 2008), with the PP2A (At1g13320)
promoter selected as the endogenous control. Relative quantita-
tive values were calculated using the 27 method
(Mukhopadhyay et al. 2008) and then expressed as the DNA bind-
ing rate. The analyses were completed using the data of 5 biolog-
ical replicates of different batches of seeds (>500 seeds per sample
per replicate). The primers used for ChIP are listed in
Supplementary Table S4.

EMSA

The full-length CDS of ABI5 or NLP8 was cloned into the expres-
sion vector pET-28(+). The recombinant plasmid was transformed
into E. coli BL21 strain (TransGen Biotech). His-ABI5 and His-NLP8
were induced by 0.1 mwm IPTG at 16 °C for 24 h. These expressed
proteins were purified according to the manual provided by
Novagen. The EMSA was performed using a Light Shift
Chemiluminescent EMSA Kit (Pierce) according to the manufac-
turer’s instructions (Hu et al. 2019). The assays were performed
3 times with similar results. The primers used for cloning are
listed in Supplementary Data Set 1.

Measurement of nitrate content

For nitrate content analyses, the seeds of wild-type, nlp8-2,
nlp8-Cas9, NLP8-GFP-3, NLP8-GFP-5, MYC-ABI3, nlp8-2 MYC-ABI3,
ABI5-MYC, nlp8-2 ABI5-MYC, abi3-8 abi5-8, nlp8-2 abi3-8 abi5-8,
chl1-5, nial nia2, NLP8-GFP nial nia2, prt6-1, and NLP8-GFP prt6-1
were germinated for 2 d on water agar medium containing 1 xM
ABA with or without 1 mm KNOsz or KCI. The collected seeds
were added 1 m KOH and 60 mL milli-Q water per 2 g fresh weight
of tissues, then the mixture ultrasonic extraction at 60 °C for
30 min. The material was centrifuged at 2,683 xg for 10 min at
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R/T, then the supernatant was taken upin a 10 mL syringe, passed
through a 0.22 ym filter and its nitrate content determined by
HPLC (Thayer and Huffaker 1980; AQ-1100, Thermo Fisher, USA)
using a AS-23 (strong anion exchanger) column (Supelco, USA).
The analyses were completed using the data of 3 biological repli-
cates of different batches of seeds (>2,000 seeds per sample per
replicate).

Statistical analysis

Data were analyzed by performing an 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. Lowercase letters above the columns in the fig-
ures presented herein indicate significant differences (P<0.05)
among samples. The results of statistical analyses are provided
in Supplementary Data Set 2.

Accession numbers

The genes discussed in this paper can be found in the Arabidopsis
Genome Initiative database as follows: EM1, AT3G51810; EM6,
AT2G40170; RAB18, AT5G66400; ABI3, AT3G24650; ABIS5, AT2G
36270; NLP1, AT2G17150; NLP5, AT1G76350; NLP7, AT4G24020;
NLP8, AT2G43500; NLP9, AT3G59580; NRT1.1, AT1G12110; NIA1,
AT1G77760; NIA2, AT1G37130; PRT6, AT5G02310, and PP2A,
AT1G13320.
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