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Summary


Ammonium (NH4+) is toxic to root growth in most plants already at moderate levels.
Transcriptional regulation is one of the most important mechanisms in plant’s response to
NH4+ toxicity, but the nature of the involvement of transcription factors (TFs) in this
regulation remains unclear.



Here, RNA-seq analysis in Arabidopsis roots was performed to screen ammonium-responsive
TFs. WRKY46, the member of the WRKY transcription factor family most responsive to
NH4+, was selected. We define the role of WRKY46 by using mutation and overexpression
assays, and characterize the regulation of NUDX9 and IAA-conjugating genes by WRKY46
via yeast one-hybrid and electrophoretic mobility shift assays and ChIP-quantitative PCR.



Knockout of WRKY46 increased, while overexpression of WRKY46 decreased, NH4+-

suppression of the primary root. WRKY46 is shown to directly bind to the promoters of the
NUDX9 and IAA-conjugating genes (GH3.1, GH3.6, UGT75D1, UGT84B2) and inhibits

their transcription, thus positively regulating free IAA content and stabilizing protein Nglycosylation, leading to an inhibition of NH4+ efflux in the root elongation zone (EZ).



We identify TF involvement in regulating NH4+ efflux in the EZ, and show that WRKY46
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inhibits NH4+ efflux by negative regulation of NUDX9 and IAA-conjugating genes.

Key words: NH4+ toxicity, root growth inhibition, WRKY46, NH4+ efflux, free IAA, protein Nglycosylation
Introduction
Ammonium (NH4+) is one of the principal forms of N for plants (Crawford, 1995; Kronzucker et
al., 1995; von Wiren et al., 2000; Kronzucker et al., 2001; Glass, et al., 2002); however, high
concentrations of NH4+ are typically toxic to plants, and this most dramatically, and most
universally, manifests in stunted root growth (Kronzucker et al., 2001; Britto & Kronzucker, 2002;
Li et al., 2011; Di et al., 2018). Under high-NH4+ stress, roots are the initial site of stress
perception, followed by a series of physiological, cellular, and morphological changes (Li et al.,
2014; Liu & von Wiren, 2017). Among these, root dysplasia, especially the inhibition of primary
root (PR) growth, is a hallmark symptom of high-NH4+ stress (Zheng et al., 2015; Straub et al.,

2017). Elucidating the inhibition mechanisms under elevated NH4+ supply on PR growth is key to
our understanding of the adaptation and acclimation of root system architecture to this important
nutrient stress, and possibly to nutrient stresses more generally.
The mechanisms of NH4+ toxicity in the context of PR growth remain insufficiently clarified,

but alterations in rhizosphere acidification, K+ deficiency, hormone disturbance, elevated

unidirectional root NH4+ fluxes, and decreased N-glycosylation of proteins have all been
implicated (Britto & Kronzucker, 2002). On the basis of the fact that all of the hypothesized
mechanisms with regard to NH4+ toxicity are linked to the permeation of NH4+ or perhaps NH3
(Coskun et al., 2013; Munns et al., 2020) into the cell, useful clues can be obtained by studying
transmembrane NH4+ fluxes. It is well-documented that elevated unidirectional NH4+ fluxes into
plant roots have been linked to root growth inhibition in NH4+-sensitive species supplied with
NH4+ as the sole or dominant source of nitrogen (Britto et al., 2001a). Subsequently, a study from

our laboratories showed that NH4+ predominantly inhibits PR growth by affecting the elongation
zone (EZ) and that this is associated with elevated NH4+ efflux in Arabidopsis thaliana

(Arabidopsis) roots (Li et al., 2010). However, the physiological and molecular processes
underlying elevated NH4+ efflux induced by high NH4+ are still largely unclear. In particular, the
upstream regulatory factors that control the futile transmembrane NH4+ cycling remain unknown.
N-glycosylation is one of most common post-transcriptional protein modifications in
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eukaryotes and affects many processes, from enzyme activities to the folding, stability, and
intermolecular interaction of proteins (Zeng et al., 2017). In plants, N-glycosylation defects have
been associated with hypersensitivity to abiotic stresses (Hoeberichets et al., 2008; Maruta et al.,
2008; Jiao et al., 2020) and, in the case of severe defects, embryo lethality (Lukpwitz et al., 2001).
Moreover, protein N-glycosylation alteration has been suggested to be associated with PR
inhibition under high-NH4+ stress (Qin et al., 2008; Jadid et al., 2011). Three genes, GDPmannose pyrophosphorylase (VTC1), GDP-D-mannose pyrophosphohydrolase (NUDX9), and
dolichol phosphate mannose synthase 1 (DPMS1) have been reported to be involved in regulating
PR growth under high NH4+, by regulating protein N-glycosylation. VTC1 and DPMS1 mutation
resulted in less N-glycosylation and higher sensitivity to NH4+. By contrast, a mutation in NUDX9
led to more N-glycosylation and higher tolerance to NH4+, indicating a positive role for protein Nglycosylation under high-NH4+ stress (Qin et al., 2008; Barth et al., 2010; Jadid et al., 2011;
Tanaka et al., 2015). However, how protein N-glycosylation regulates NH4+ sensitivity is still
unclear. Mutation of VTC1 has been shown to enhance root NH4+ efflux in relation to PR
inhibition (Li et al., 2010), but it is not clear whether GMPase activity or N-glycosylation plays
the main role. Moreover, auxin (indole-3-acetic acid, IAA) is critical to plant growth and
development, including root elongation and development, and stress responses (Di et al., 2016a).
Free IAA levels are tightly controlled by an interplay of biosynthesis, transport, and inactivation
(Korasick et al., 2013). Moreover, decreases in free IAA under high NH4+ have been reported in

Arabidopsis, wheat, and rice (Kudoyarova et al., 1997; Li et al., 2010; Liu et al., 2013; Di et al.,

2018; 2021; Tamura et al., 2010). However, whether auxin interacts with NH4+ efflux in roots
under high-NH4+ stress is still unknown.
Transcription factors (TFs) play crucial roles by controlling the transcription of genes involved

in different cellular processes (Riechmann & Ratcliffe, 2000; Han et al., 2014). However, only a
few TFs have hitherto been identified in response to NH4+. In rice, Indeterminate Domain 10
(IDD10) has been identified as a TF that can directly bind to the promoters of the ammonium
transporter AMT1.2 and of glutamate dehydrogenase GDH2 (Xuan et al., 2013). GmbHLHm1,
another NH4+-responsive TF from soybean, can directly bind to the promoter of the ammonium
transporter ScAMF1 in yeast (Chiasson et al., 2014). However, which TF is involved in regulating
NH4+ flux in Arabidopsis roots, and the nature of such involvement, is unknown. WRKY is a

plant-specific transcription factor, and Arabidopsis contains a 74-member polygenic family.
WRKY genes have been shown to respond to abiotic stresses (Chen et al., 2009; Bakshi &
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Oelmuller, 2014). In higher plants, WRKY TFs, characterized by the presence of diagnostic
WRKY domains, specifically bind to W-box sequences ((T/C)TGAC(T/C)) in the promoter region
of target genes (Li et al., 2018). Molecular mechanisms of stress tolerances induced by WRKY
have been extensively studied, but are not well understood in the context of abiotic stresses. Little
is known about interactions of WRKY proteins with target genes under NH4+ stress.
In the present study, we performed RNA-seq analysis in Arabidopsis roots to screen

ammonium-responsive TFs and selected WRKY46, a member of the WRKY transcription-factor
family most responsive to NH4+, for further investigation. We define the role of WRKY46 by

using mutation and overexpression assays, and characterize the regulation of NUDX9 and IAAconjugating genes by WRKY46 via yeast one-hybrid and electrophoretic mobility shift assays, the
dual-luciferase assay and ChIP-quantitative PCR. We aimed to clarify whether (1) NH4+ fluxes in
primary root tips are regulated by WRKY46, (2) protein N-glycosylation functions as the
downstream process of WRKY46 action, (3) free IAA content is linked to WRKY46-mediated
NH4+-flux regulation under high-NH4+ stress, and (4) there is a relationship between protein Nglycosylation and free IAA content in regulating NH4+-flux. Our results will provide novel
insights into how protein N-glycosylation, free IAA content, and NH4+ efflux are co-regulated in
response to NH4+ stress. These results will help us understand how plants respond to various
degrees of NH4+ stress, and offer a novel clue to improving the NH4+ tolerance of crops.

Materials and Methods
Plant materials and growth conditions
Col-0 (Arabidopsis thaliana L.) was used as the wild-type. wrky46 (SALK_134310C), wrky46-1
(SAIL_1230_H01), WRKY46ox and pWRKY46::WRKY46-GFP were described previously (Hu et
al., 2012; Ding et al., 2013). pGH3.6::GUS, pUGT75D1::GUS, UGT75D1ox were obtained from
Prof. Catherine Bellini (Umeå University) and Prof. Bingkai Hou (Shandong University).
pGH3.1::GUS was generated by cloning the promoter of GH3.1 (~2000bp of from ATG) to a
modified pCAMBIA1300 binary vector, which includes a GUS gene. pGH3.1::GUS/WRKY46ox,
pGH3.6::GUS/WRKY46ox,

pUGT75D1::GUS/WRKY46ox

were

generated

by

crossing

pGH3.1::GUS, pGH3.6::GUS or pUGT75D1::GUS to WRKY46ox. wrky46/pDR5::GUS and
WRKY46ox/pDR5:GUS were generated by crossing wrky46 or WRKY46ox with pDR5::GUS.
vtc1-1, nudx9 (SALK_027992 and SALK_025038C), gh3.1 (CS100192), gh3.6 (CS876838),
ugt84b2 (SALK_037531c) in the Col background were obtained from ABRC and AraShare

This article is protected by copyright. All rights reserved

Accepted Article

(a non-profit Arabidopsis share center, http://www.arashare.cn). Seeds were cold-treated at 4 °C
for 48 hours, and then 0.1% HgCl2 was used to surface-sterilize prior to sowing on normal
medium, which was composed as follows: 2 mM KH2PO4, 5 mM NaNO3, 2 mM MgSO4, 1 mM
CaCl2, 0.1 mM Fe-EDTA, 50 μM H3BO3, 12 μM MnSO4, 1 μM ZnCl2, 1 μM CuSO4, 0.2 μM
Na2MoO4, 0.5 g L-1 MES, 1% sucrose, 1% agarose (pH5.7). High NH4+ medium was created by
supplementing normal medium with 15 mM (NH4)2SO4. Germination and plant growth were
carried out at 23°C ± 1°C with a 16-h light/8-h dark cycle.
Phenotype analysis
For PR length measurement, 5-day-old seedlings are transferred to new media with 15 mM
(NH4)2SO4 and 5 nM IAA for another five days. PR length was determined using ImageJ software.
To measure the length of the root-tip elongation zone (EZ) and the meristem zone (MZ), images
were obtained by using confocal laser microscopy (LSM780, Carl Zeiss, Jena, Germany). The
length from the first elongated cell to the first root hair is defined as EZ, and the length from the
quiescent center (QC) to the first elongated cell is defined as MZ.
GUS staining
For the detail of GUS staining in Arabidopsis and N. benthamiana, see Methods S1.
RNA isolation, qRT-PCR, and sequencing
RNA was extracted using the reagent TRIzol (Sangon Biotech (Shanghai) Co., Ltd). Reverse
transcription was performed using a HiScript 1st Strand cDNA Synthesis Kit (R111-01; Vazyme
Biotech Co., Ltd). One microgram of total RNA was used to synthesize the first-strand cDNA.
The cDNA was diluted 20 times for real-time PCR. For quantitative RT-PCR (qRT-PCR), see the
Supporting Information (Methods S2; Di et al., 2018). For RNA-seq, the methods for first-strand
and double-strands of cDNA synthesis and purification, sample library construction, and
differentially expressed gene (DEGs) identification are described in detail elsewhere (Sun et al.,
2020).

Net NH4+ flux measurement with the NMT system

Net NH4+ fluxes were measured by Non-invasive Micro-test Technology (NMT, Physiolyzer®;

Younger USA LLC, Amherst, MA, USA; see Li et al., 2010). 7-day-old seedling were transferred
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to fresh media with or without 30 mM NH4Cl and then grown for 12-h prior to measurement.
Roots were placed in basal media (0.2 mM NH4Cl, 0.1 mM CaCl2, pH = 5.7) 20 minutes prior to
net NH4+ flux measurement. The NH4+ flux of the meristem and elongation zones of roots was

measured in basal media for 5 min (Li et al., 2010). All measurements were carried out at Xuyue
Company. (Beijing, China).
Determination of IAA and free NH4+ content
Arabidopsis roots (200 mg, fresh weight) were ground to a fine powder in liquid nitrogen and
extracted with 80% MeOH containing internal standards (2H2-IAA) at -20 ºC for 16 hours before
determination. The methods are described in detail in Methods S3 (Di et al., 2021).
For NH4+ content, 5-day-old seedlings were transferred to fresh medium with or without 15 mM

(NH4)2SO4 for another five days. Root samples were washed with 10 mM CaSO4, and frozen in

liquid nitrogen, and then extracted with 1 ml of 10 mM formic acid for the NH4+-content assay by
HPLC, following derivatization with o-phthaldialdehyde (Sun et al., 2020).
ChIP-qPCR Analysis
Four-week-old pWRKY46::WRKY46-GFP plants were harvested and cross-linked with 1%

formaldehyde. ChIP was carried out using an antibody against GFP (ab290, Abcam). Input
samples and immunoprecipitated samples were analysed by qPCR. Primer sequences are listed in
Table. S1. ChIP-qPCR results were normalized to the input samples. Relative enrichment was
calculated as follows: Fold Enrichment=[%(ChIP/Input)] / [%( Negative control/Input)].
Yeast one-hybrid (Y1H)
Y1H was assayed using a Matchmaker Gold Yeast One-Hybrid Library Screening System

(Clontech). For the detail of Y1H, see Methods S4.
Electrophoretic mobility shift assay (EMSA)
cDNA of WRKY46 was introduced in pET32a, and recombinant His-WRKY46 was purified by

Ni-NTA His Bind purification Kit (Novagen) according to the manufacturer’s instructions. EMSA
was performed using LightshiftTM Chemiluminescent EMSA Kit (Thermo Scientific). For biotinlabeled-probe (wild-type: probe-w and mutant: probe-m) (Zoonbio Biotechnology) sequences, see
Table S1. Unlabeled competitors (wild-type and mutant) were added in 100-fold excess.
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Transient luciferase activity assay
The WRKY46 coding sequence was introduced in pGreenII-062SK and constructed as
35S::WRKY46. The NUDX9 promoter sequence was introduced into the pGreenII0800-LUC
vector. These two plasmids were transferred into N. benthamiana. The firefly luciferase (LUC)

and Renilla luciferase (REN) activities were measured by the Dual-Luciferase Reporter Assay Kit
(DL101-01; Vazyme Biotech Co., Ltd).
Western blotting
For concentration experiments, 10-day-old seedlings were treated with varying concentrations of
(NH4)2SO4 (0, 7.5, 15, 30 mM) for 6 hours prior to nuclear protein extraction. For time-course
experiments, 8-day-old seedlings were treated with 15 mM (NH4)2SO4 for different times (30, 60,

120, 240 min) prior to nuclear protein extraction. For auxin experiments, 5-day-old seedlings were
transferred to fresh media with 5 nM IAA or 1.5 μM L-kynurenine (kyn) for another 5 days, and
then were used for nuclear protein extraction. Proteins were detected by Western blotting using a
mouse anti-GFP primary antibody (1:1000; Abcam) and subsequently with a Sheep Anti-Rabbit
IgG H&L (HRP) conjugated antibody (1:5000; Abcam). Anti-Histone H3 was used as a control.
Protein abundance was analyzed using ImageJ software. The extent of mature N-glycoproteins in
seedlings was examined using anti-horseradish peroxidase (HRP, 1:200,000; sigma-Aldrich) and
measurements were performed by Jingjie PTMBiolab Co. Ltd.
Statistical analysis
Data were analysed by Prism 6 software (GraphPad Software). Comparisons between multiple
groups were conducted using two-way ANOVA tests.
Results

The WRKY46 is involved in the response to high NH4+ in Arabidopsis roots
To investigate the transcriptional regulation of NH4+ inhibition of PR growth, we first performed

RNA-seq of roots treated with or without NH4+, and more than 100 TFs were implicated (Di et al.,
2021; Table S2). Of them, 11 members, namely WRKY8, 31, 38, 41, 43, 45, 46, 51, 62, 63, 70,
belong to the same gene family, the WRKY TF family (Fig. 1a). qRT-PCR analysis confirmed
that WRKYs, except for WRKY41 and WRKY45, exhibited similar patterns, while WRKY46 was
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the most abundantly expressed and induced by high NH4+ in roots (Fig. 1b).
Due to its highest level of induction under high NH4+, WRKY46 was chosen for further

mechanistic examination. We monitored the WRKY46 root expression pattern and found that
pWRKY46::GUS was mainly confined to the root-tip elongation zone (EZ) but not in the meristem
zone (MZ) under Ctrl; however, pWRKY46::GUS was much more pronounced in the EZ and MZ
under high NH4+ than in Ctrl, showing that NH4+ induces WRKY46 expression in the root-tip-zone
(Fig. 1c). Consistently, with increased treatment time and NH4+ concentration, WRKY46 protein
levels were also strikingly enhanced (Fig. 1d, e). Overall, WRKY46 was upregulated by high
NH4+ in roots, especially in the root-tip-zone.
The knockout mutant wrky46 and the overexpression line WRKY46ox were used to examine

the role of WRKY46 in PR growth regulation. When grown on high NH4+, PR length in
WRKY46ox was significantly higher than in Col, whereas the wrky46 mutant was more sensitive
(Fig. S1). We further analyzed EZ and MZ length in Col, wrky46, and WRKY46ox (Fig. 2a, b).
There was no significant difference in relative MZ length between them; however, relative EZ
length was 53.5%, 41.5%, and 65.6% in Col, wrky46, and WRKY46ox, respectively, suggesting
that WRKY46 mainly functions in the EZ (Fig. 2b). To confirm the high-NH4+-sensitive
phenotype resulting from the WRKY46 mutation, we then tested another T-DNA insertion line,
wrky46-1 (SAIL_1230_H01) (Ding et al., 2013), and found it to exhibit a similar sensitivity
phenotype to wrky46 when exposed to high-NH4+ stress (Fig. S2). These results suggest that
WRKY46 plays a positive role in protection of PR growth under high NH4+.
WRKY46 negatively regulates NH4+ efflux in the EZ
Previous studies have shown that increased NH4+ flux at the EZ is one of the key characteristics
associated with PR growth inhibition under NH4+ stress. As WRKY46 was mainly expressed in

the EZ and positively regulated EZ growth, we asked whether WRKY46 promotion of PR growth
under high NH4+ was associated with NH4+-flux regulation. We therefore measured NH4+ net

fluxes at the MZ and EZ of Col, wrky46, and WRKY46ox. Under high NH4+, NH4+ efflux
increased in both MZ and EZ of the three genotypes, and the increase at the MZ of wrky46
(120.6%) was slightly higher while that in WRKY46ox (73.5%) was lower than in Col (100.5%)
(Fig. 3a, c). Net NH4+ efflux in the EZ of Col was 166.608 pmol cm-2 s-1, while it was enhanced to
280.895 pmol cm-2 s-1 in wrky46 but suppressed to 86.170 pmol cm-2 s-1 in WRKY46ox (Fig. 3b,
c), showing that WRKY46 indeed negatively regulates EZ NH4+ fluxes.
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To test whether altered NH4+ fluxes are linked to NH4+ assimilation in roots, we measured

free NH4+ contents in Col, wrky46, and WRKY46ox. However, under both control and high NH4+,
NH4+ content was not different between genotypes (Fig. 3d). These results indicate that NH4+-flux

alterations in wrky46 and WRKY46ox are not linked to NH4+ assimilation in roots.
NUDX9, but not VTC1, is the direct downstream gene of WRKY46
Previous studies have shown that VTC1 participates in regulating NH4+ efflux at the root EZ (Li et

al., 2010). To test whether VTC1 is the downstream target of WRKY46, we analyzed VTC1
transcription in WRKY46ox roots, showing similar relative transcription VTC1 transcription in
Col (Fig. 4a). qRT-PCR data show that VTC1 is not induced by high NH4+ in either Col or
wrky46, and that the mutation in WRKY46 also does not influence the transcription of VTC1 (Fig.
4b), suggesting that VTC1 is not the downstream target gene of WRKY46.
NUDX9 and DPMS1/2/3 are also involved in protein N-glycosylation and NH4+

hypersensitivity in Arabidopsis (Jadid et al., 2011; Tanaka et al., 2015) (Figs. S3, S4). To identify
the potential downstream genes of WRKY46, we determined the transcription level of these genes.
The relative transcription levels of DPMS1, 2, and 3 were similar in both WRKY46ox and Col;
however, NUDX9 transcripts were decreased by 31.1% in WRKY46ox compared with Col (Figs.
4c, S3c). In addition, when high NH4+ was introduced, NUDX9 expression was increased 5.39fold and 1.29-fold in wrky46 and Col compared with their control, respectively (Fig. 4d). The

results suggest that WRKY46 negatively regulates NUDX9 transcription.
To investigate whether NUDX9 functions as the downstream target of WRKY46, we

performed a ChIP-qPCR assay using pWRKY46::WRKY46-GFP. The enrichment of specific
primers (P1-P2) in the immunoprecipitate was determined using qPCR, by tracking ChIP with an
anti-GFP antibody, and the exon of NUDX9 was used as a negative control (Fig. 4e). The two
primers were significantly enriched in the immunoprecipitate (Fig. 4f). In addition, the Y1H and
EMSA assays showed that WRKY46 can directly bind to the NUDX9 promoter (Fig. 4g, h). To
further test the transcriptional activity of WRKY46, we constructed a dual-luciferase (LUC)
reporter plastid, which encodes the LUC gene driven by the NUDX9 promoter (0~1927bp) and a
Renilla luciferase (REN) gene driven by the 35S promoter (Fig. 4i, j). We found that

overexpression of WRKY46 suppresses ~65% of the LUC activity compared with the vector
control (Fig. 4j). The results suggest that WRKY46 can directly bind to the NUDX9 promoter and
inhibit its transcription.
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WRKY46 inhibits NH4+ efflux via protein N-glycosylation that stabilizes NUDX9

To gain a better understanding of the genetic relationship between WRKY46 and NUDX9, we

generated wrky46/nudx9 and WRKY46ox/nudx9 double mutants. Measurement of the length of
MZ and EZ showed no significant difference in relative MZ length among Col, wrky46,
WRKY46ox, nudx9, wrky46/nudx9, WRKY46ox/nudx9 under high NH4+ (Fig. 5a). However,
relative EZ length in Col, wrky46, WRKY46ox, nudx9, wrky46/nudx9, WRKY46ox/nudx9 was
53.7%, 42.1%, 64.9%, 67.8%, 60.3%, and 76.8% (Fig. 5b), respectively.
In order to identify whether WRKY46 is involved in regulating protein N-glycosylation, the

N-glycosylation levels in seedlings were checked by employing a specific N-glycosylation
peroxidase antibody, which directly binds to the oligomannose chains of N-glycoproteins (Strasser
et al., 2004). Compared with Col, the wrky46 mutant contains less N-glycoprotein, whereas
WRKY46ox and nudx9 contain more N-glycoprotein under control, further supporting the positive

role of WRKY46 in stabilizing protein N-glycosylation (Figs. 5c, S5).
To test whether WRKY46 regulates NH4+ efflux, via NUDX9-dependent N-glycosylation,

we measured root NH4+ fluxes in nudx9, wrky46/nudx9, WRKY46ox/nudx9, and Col. Under high

NH4+, NH4+ efflux in the MZ of nudx9 was 78.071 pmol cm-2 s-1, significantly lower than in Col
(154.205 pmol cm-2 s-1), but decreased to 60.335 pmol cm-2 s-1 in WRKY46ox/nudx9 and increased
to 118.509 pmol cm-2 s-1 in the wrky46/nudx9 double mutant (Fig. 6a, b). NH4+ efflux under high

NH4+ in the EZ of the nudx9 mutant was 44.3% of that in the Col, NH4+ efflux was increased in
crosses of wrky46 and nudx9, while NH4+ efflux was decreased to 34.9% of the level in Col in
crosses of WRKY46ox with nudx9 (Fig. 6d). Together with an earlier report of NH4+ efflux
increases in the vtc1-1 mutant (Li et al., 2010), the present data confirm the positive regulatory
role of protein N-glycosylation on NH4+ efflux in roots. Furthermore, the WRKY46ox/nudx9
double mutant had greater EZ growth and less NH4+ efflux than either parent under high-NH4+
stress, indicating that other genes are involved in the WRKY46-dependent high-NH4+ response

and that NUDX9 may not be the sole downstream target of WRKY46.
IAA regulators GH3.1, GH3.6, UGT75D1, and UGT84B2 are direct downstream targets of

WRKY46
PR growth inhibition under high NH4+ is connected to IAA and WRKY46 is involved in

regulating root IAA content under osmotic/salt stress (Li et al., 2010; Liu et al., 2013; Ding et al.,
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2015; Di et al., 2018). Here, NUDX9 is shown not to be the sole target of WRKY46 in regulating
PR growth and NH4+ efflux. To test whether altered sensitivity to high NH4+ in wrky46 and

WRKY46ox is related to IAA content, we conducted GUS staining in Col/pDR5::GUS,
wrky46/pDR5::GUS,

and

WRKY46ox/pDR5::GUS.

After

switching

to

high

NH4+,

wrky46/pDR5::GUS and WRKY46ox/pDR5::GUS displayed stronger and weaker GUS staining,
compared with Col/pDR5::GUS, respectively (Fig. 7a). Furthermore, adding low IAA
concentrations to high NH4+ media more effectively rescued PR growth in wrky46 than in Col and
WRKY46ox (Fig. S6). The results suggest that the differential sensitivity to NH4+ in wrky46 and
WRKY46ox is connected to free root IAA content. To identify how WRKY46 regulates IAA
content, we first analyzed the transcription levels of auxin-conjugating genes in WRKY46ox. Our
results show a decrease in GH3.1, GH3.6, UGT75D1, and UGT84B2 in WRKY46ox compared to
Col (Figs. 7b, S7). NH4+ induced transcription of the IAA-conjugating genes (Fig. 7c), and
induction was more pronounced in the wrky46 mutant, indicating that WRKY46 participates in the
response of these genes to high NH4+ as a transcription inhibitor. Furthermore, MZ length in gh3.6
and UGT75D1ox was sensitive and tolerant to NH4+, respectively, compared with Col, and it was
similar in gh3.1 and ugt84b2 (Fig. 7d). Interestingly, EZ growth in all mutants, gh3.1, gh3.6,
ugt84b2, and the overexpression line UGT75D1ox was more insensitive or sensitive than Col,

respectively (Fig. 7e). These results suggest that the transcription of genes encoding IAAconjugating proteins is involved in PR growth regulation under high NH4+.
There are multiple W-boxes ((T)TGACT/C) in the promoters of GH3.1, UGT75D1,

UGT84B2 (Ding et al., 2015). We also found that the promoter of GH3.6 was enriched in W-boxes
(Fig. 8a). We further performed ChIP and Y1H analyses, and found that the DNA fragments
amplified by the primers (P3-P10) are significantly enriched in the immunoprecipitate compared
with their negative controls and that WRKY46-AD can physically bind to the promoters of
GH3.1, GH3.6, UGT75D1, UGT84B2 (Fig. 8b, c). To investigate this regulation in vivo, we then
introduced pGH3.1::GUS, pGH3.6::GUS, pUGT75D1::GUS into WRKY46ox (pUGT84B2::GUS
did not yield a successful construct), and found that GUS was decreased in the WRKY46ox
background, especially at the EZ, compared with Col (Fig. 8d). These results suggest that
WRKY46 negatively regulates transcription of these IAA-conjugating genes by directly binding to
the GH3.1, GH3.6, UGT75D1, UGT84B2 promoters. To verify the function of WRKY46 in IAA
homeostasis under high NH4+, we measured free IAA and IAA conjugates (IAA-Asp and IAAGlu). Compared with Col, the wrky46 resulted in a greater reduction in free IAA and higher
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accumulation of IAA conjugates after high NH4+ treatment, consistently, but a smaller decline in
free IAA and smaller accumulation of IAA conjugates were found in WRKY46ox (Fig. 9). The

results indicate that WRKY46 positively regulates IAA contents under high NH4+ via inhibiting
the conversation of free IAA to IAA conjugates.
Free IAA is involved in WRKY46-mediated inhibition of NH4+ efflux in the EZ
To further investigate the relationship between IAA and WRKY46 regulation of NH4+ fluxes, we
measured NH4+ fluxes in high NH4+ media plus low exogenous IAA (5 nM). When adding a low
IAA dose to the high NH4+ medium, NH4+ flux decreased to similar levels in Col and wrky46 in
MZ (Fig. 10a, b). Similarly, NH4+ efflux in the EZ of Col and wrky46 grown on high NH4+ media
was also decreased after adding a low dose of IAA (Fig. 10c, d). IAA had a more noticeable effect
in wrky46 (Fig. 10b, d), suggesting that an IAA-dependent pathway is also involved in WRKY46
regulation of NH4+ flux.
To further ascertain the function of IAA in relation to NH4+ fluxes, we then directly measured

NH4+ fluxes in gh3.6 (with elevated free IAA) and UGT75D1ox (with reduced free IAA). The
gh3.6 exhibited lower, but UGT75D1ox higher, NH4+ efflux than Col in EZ following high NH4+
treatment (Fig. 10c, d). Similarly, NH4+ efflux in the MZ was inhibited in gh3.6 but promoted in
UGT75D1ox, compared with Col, under high NH4+ conditions (Fig. 10 a, b). Meanwhile, when

the exogenous IAA was introduced in media, NH4+ efflux in the MZ and EZ of UGT75D1ox was
decreased to similar to that of Col. The data indicate that IAA mainly inhibits root NH4+ efflux in
the EZ, and that WRKY46 is involved in this process by regulating IAA accumulation.
Protein N-glycosylation-inhibited NH4+ efflux partially depends on IAA content
An earlier study reported that VTC1 is involved in regulating IAA content under high NH4+ (Barth
et al., 2009). To investigate the relationship between protein N-glycosylation and free IAA, we
generated vtc1-1/pDR5::GUS and nudx9/pDR5::GUS. vtc1-1/pDR5::GUS exhibits relative weak,

but nudx9/pDR5::GUS intensive, staining under high NH4+ compared with Col (Fig. 11a),
suggesting that protein N-glycosylation is necessary to maintain free IAA under high NH4+.
To further examine the role of IAA in NH4+ efflux in relation to N-glycosylation, we

measured NH4+ flux in vtc1-1 grown on high NH4+ plus IAA, and in nudx9 under high NH4+ plus
Kyn (an IAA biosynthesis inhibitor; He et al., 2011). Consistent with a previous report (Li et al.,
2010), NH4+ efflux in the MZ and EZ of vtc1-1 increased more than in Col under high NH4+
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treatment (Figs. 10, 11 b-d). However, when exogenous IAA was added to high NH4+ media,
NH4+ efflux in the MZ and EZ of Col and vtc1-1 decreased, 26.371 pmol cm-2 s-1/79.685 pmol cm-

2 s-1

and 116.944 pmol cm-2 s-1/184.278 pmol cm-2 s-1 compared with plants grown on high NH4+,

suggesting that VTC1-dependent NH4+ efflux is partially dependent on free IAA content (Figs. 10,
11 b-d). By contrast, exogenous Kyn increased NH4+ flux in the MZ and EZ (Fig. 11 b-d). These
results suggest that N-glycosylation-dependent NH4+ fluxes partially depend on root IAA content.
Discussion
NH4+ toxicity is well known to inhibit PR growth, and the root-tip zone is the principal target.

Defective protein N-glycosylation (Qin et al., 2008) and elevated NH4+ efflux (Britto et al., 2001a;

Li et al., 2010) at the root tip are two mechanisms linked to PR NH4+ sensitivity, but the

underlying genetic regulation is unknown. Here, we present a genetic regulatory factor, WRKY46,
that affects both N-glycosylation and NH4+ efflux and protects PR growth under NH4+ toxicity.
WRKY46 supports root tolerance to NH4+ by direct negative regulation of NUDX9, which, in

turns, controls protein N-glycosylation and is associated with NH4+ efflux suppression in the EZ.
Both processes partially depend on free root IAA, and WRKY46 is shown to directly bind to the
promoters of IAA-conjugating genes (GH3.1, GH3.6, UGT75D1, UGT84B2), inhibiting their

transcription, thus positively regulating free IAA content, inhibiting NH4+ efflux, and protecting

PR growth.
WRKY46 is a direct negative regulator of NUDX9, stabilizing protein N-glycosylation and
reducing NH4+ efflux in the EZ
Excessive NH4+ efflux from roots has been shown to be strongly associated with NH4+ toxicity in
numerous plants (Britto et al., 2001b), and NH4+ efflux occurs especially pronouncedly in the EZ
and is linked to PR inhibition (Li et al., 2010). However, it had remained unclear which regulatory
genes are involved in this. Here, we identify WRKY46 as transcription factor involved in
regulating NH4+ fluxes in the root EZ. The results show that lack of and overexpression of
WRKY46 can significantly increase or decrease root NH4+ efflux in the EZ under high NH4+,
respectively (Fig. 3a-c). In addition, our results showed that osmotic/salt stress also induced the
expression of WRKY46 in roots, but only slightly altered the PR growth sensitivity to osmotic/salt
stress (Fig. S8)
In previous work, a link was established between NH4+ efflux, root sensitivity, and VTC1
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(Qin et al., 2008; Barth et al., 2010; Kempinski et al., 2011). We first speculated whether VTC1
is a downstream target of WRKY46, and analyzed VTC1 transcription in wrky46 and WRKY46ox.
Qin et al. (2008) suggested that VTC1 transcriptional and protein levels are not affected by NH4+,

and our data show that the transcriptional level of VTC1 is not regulated by either NH4+ or

WRKY46, indicating that VTC1 is not the downstream gene of WRKY46 (Fig. 4a, b). Two
additional enzymes, NUDX9 and DPMS1, have also been reported to participate in response to
high NH4+ in the context of protein N-glycosylation (Jadid et al., 2011; Tanaka et al., 2015). A
mutation in the NUDX9 gene resulted in improved N-glycosylation and higher NH4+ tolerance
(Tanaka et al., 2015; Liu & von Wiren, 2017). Knockout of DPMS1 led to less N-glycosylation
and higher NH4+ sensitivity (Jadid et al., 2011). The present results show that the transcription of
NUDX9, but not DPMS1-3, is inhibited in WRKY46ox compared with Col (Figs. 4c, S3c). Our
data furthermore show that WRKY46 directly binds to the W-box of promoter of NUDX9 and
functions as a repressor of NUDX9 in regulating NH4+ sensitivity, as revealed by ChIP-qPCR,
Y1H, Dual-Luciferase assay, and EMSA. Previous promoter deletion analysis of GS1.2 showed
that the necessary DNA region for the NH4+ response contains Dof, bHLH, and WRKY-binding
domains (Konishi et al., 2017). To clarify whether the W-box is responsible and necessary for the
NH4+ response, we directly synthesized the promoters of GH3.1 and UGT75D1 without W-box

(Fig. S9a), introduce these promoters into the pBI121::GUS vector and transferred the
recombinant plastids into N. benthamiana. We found that high-NH4+ stress strengthens GUS
staining in both wild-type and mutant promoter::GUS of GH3.1 and UGT75D1, suggesting that
W-box might not be the key motif for the high-NH4+ response (Fig. S9b).
Impaired N-glycosylation results in the accumulation of unfolded or misfolded proteins and

activation of the UPR-signaling pathway, followed by increased protein folding activity and cell
death (Ron & Walter, 2007; Qin et al., 2008). However, the key regulatory elements controlling
N-glycosylation during NH4+ exposure remained unidentified. Only one other report suggested
that N-glycosylation may be related to NH4+ efflux (Li et al., 2010). Here, we provide strong
genetic evidence that N-glycosylation does indeed regulate root NH4+ efflux under high NH4+,
using the nudx9 mutant (Figs. 5c, d; 6). To examine the role of NUDX9 in WRKY46-dependent
NH4+ efflux, we measured NH4+ fluxes in wrky46 nudx9 and WRKY46ox nudx9, and the data

support the notion that NUDX9 is located downstream of WRKY46 in the genetic cascade of
NH4+ efflux regulation (Figs. 3, 6). In agreement with these results, N-glycoprotein levels were
decreased in wrky46 but increased in WRKY46ox under control (Fig. 5c). However, the N-
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glycoprotein content was dramatically decreased in nudx9 and WRKY46ox upon high-NH4+
treatment, suggesting that the high-NH4+-induced N-glycoprotein accumulation depends on

NUDX9, but that high NH4+ can also decrease N-glycoprotein levels in nudx9 and WRKY46ox

via another pathway, similar to the trend in ABA accumulation observed under high-NH4+ stress
in the amos1 mutant (Li et al., 2012; Fig. 5c). These data, combined with previous work, indicate
that N-glycosylation plays a central and positive role in protecting PR growth under high NH4+,

downregulating NH4+ efflux. Molecular evidence, genetic analysis, and electrophysiological data
support the finding that a NUDX9-dependent N-glycosylation pathway is involved in WRKY46regulated NH4+ flux.
Interestingly, Kempinski et al. (2011) found that the two mutants, pmi-1 and pmm-12, which

function upstream of VTC1 and contribute to GMPase activity, grown on high NH4+ media,
exhibited unchanged PR growth from their wild-type control. Here, we present additional
evidence to show that N-glycosylation, but not GMPase, is involved in regulating root NH4+ efflux
and PR growth sensitivity: (i) the nudx9 and dmps1 mutants, affected in N-glycosylation but not
GMPase, exhibit altered NH4+ sensitivity and efflux in roots; overexpression of WRKY46, by
contrast, resulted in more N-glycosylation of proteins and higher NH4+ tolerance; knockout of
DMPS1 led to reduced N-glycosylation and higher NH4+ sensitivity; (ii) IAA, linked to H+ATPase function, decreased strongly in vtc1-1 (Shen et al., 2006; Barth et al., 2010; Tanaka et al.,
2015; Wang et al., 2016) but nudx9 accumulated more free IAA under high NH4+ (Fig. 11a). In
addition, N-glycoproteome profiling has shown that N-glycosylation modification is found in key
enzymes involved in IAA homeostasis (Ruiz-May et al., 2014; Zeng et al., 2018); (iii) nudx9 and
WRKY46ox (with high N-glycosylation levels) exhibit decreased NH4+ efflux and wrky46, vtc1-1

(with low N-glycosylation levels) exhibit increased NH4+ efflux compared with Col (Figs. 3, 6,
11b-d).

Free IAA functions downstream in protein N-glycosylation to regulate NH4+ efflux
A recent study suggested that high-NH4+ stress decreases free IAA content via accelerating IAA

conjugation rather than inhibiting IAA biosynthesis in the EZ of roots (Di et al., 2021). Here, we

demonstrate that WRKY46 functions as a TF that mainly inhibits the transcription of IAAconjugating genes, GH3.1, GH3.6, UGT75D1, and UGT84B2, in the EZ of roots and inhibits the

high-NH4+-induced IAA conjugation in roots (Figs. 7, 8, 9). Interestingly, the previous study
reported that excess NH4+ decreased free IAA and increased IAA-Asp in rice roots, and that the
increase in IAA-Asp was repressed by the mutation of OsNADH-GOGAT1, suggesting a tight
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connection between NH4+ assimilation and IAA conjugation in the roots under high-NH4+ stress
(Tamura et al., 2010). These results indicate that high-NH4+ stress impacts IAA homeostasis at
two critical levels: WRKY46-dependent transcriptional regulation and NADH-GOGAT1dependent metabolic regulation. Furthermore, our recent study showed that neither mutation nor
overexpression of WRKY46 influence NH4+ metabolism, indicating that the WRKY46-dependent

transcriptional regulation of IAA conjugation is not connected to NH4+ assimilation (Fig. 3d).

However, we cannot, at this point, clarify whether NADH-GOGAT-dependent amino acid
metabolism plays a role in WRKY46-dependent transcriptional regulation of IAA homeostasis
under high-NH4+ stress. In addition, considering that tryptophan is the main precursor of IAA
biosynthesis (Bartel, 1997; Di et al., 2016b), it will be important, in future work, to investigate the
connection between amino acid metabolism and IAA homeostasis under high-NH4+ stress.
A previous study and our pDR5::GUS staining in vtc1-1 and nudx9 suggest that N-

glycosylation might also positively regulate free IAA in roots under high NH4+ (Barth et al.,
2010). We therefore employed pharmacological and genetic approaches to examine the link
between free IAA and NH4+ flux. Our data show that exogenous IAA decreases NH4+ efflux in

vtc1-1 and exogenous Kyn increases NH4+ efflux in nudx9. This indicates that N-glycosylation
inhibits NH4+ efflux under high NH4+ and that this is at least in part dependent on free IAA content

(Fig. 11b-d). A recent study reported that the N-glycosylation can increase protein stability in
response to pathogen attack (Xia et al., 2020). Furthermore, N-glycoproteome profiling showed
that key enzymes involved in IAA homeostasis, e.g. IAA-amino acid hydrolase ILR1 and βglucosidase BG1, are N-glycoproteins, whose involvement in salt and drought stresses has been
shown (Ruiz-May et al., 2014; Zeng et al., 2018; Jiao et al., 2020). We concluded that some IAA
conjugate hydrolases may be modified by N-glycosylation under high NH4+, and the Nglycosylated enzymes exhibit enhanced protein stability in hydrolyzing IAA conjugates, leading to
higher levels of free IAA.
IAA stimulation of PR growth has been investigated in numerous studies, and there are two

theories to explain how auxin promotes root growth, the “acid-growth theory” and the “gene
expression theory” (Rayle et al., 1970; Takahashi et al., 2012; Enders & Strader, 2015; Wang et
al., 2016; Yin et al., 2020). Here, we demonstrate that free IAA can suppress NH4+ efflux in roots
under high NH4+ (Fig. 10). Our data show that mutants with low endogenous IAA, wrky46, vtc1-1,
and UGT75D1ox, exhibit higher NH4+ efflux and less PR elongation compared with Col (Figs. 2,
3, 10, 11). However, addition of IAA to media could restore NH4+ efflux in the same genotypes
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grown on high NH4+ to Col levels (Fig. 10). Consistent with this, NH4+ efflux of the mutants with
high endogenous IAA (e.g. WRKY46ox, nudx9, and gh3.6) was less than in Col grown on high
NH4+ (Fig. 10). By contrast, the nudx9 mutant grown on high NH4+ with Kyn (an IAA biosynthesis
inhibitor) exhibited increased NH4+ efflux compared with that in high NH4+ media (Fig. 11b-d).
One explanation for how free IAA regulates NH4+ efflux may relate to H+ balance. There are two
possible mechanisms: firstly, IAA exists in two forms, IAAH and IAA-; the former can pass
plasma membranes freely by simple diffusion without transporter requirement or energy
consumption, while the latter crosses plasma membranes by active transport mediated by
AUXIN1/LIKE AUX1 (AUX/LAX), PIN-FORMED (PIN) and P-Glyco-Protein/Multi-Drug
Resistance (PGP/MDR) proteins and this step requires energy (Ren & Lin, 2014; Adamowski &
Friml, 2015; Swarup & Bhosale, 2019). Different ratios of IAA- to IAAH transport between cells
and the rhizosphere will result in more or less H+ retention in cells, and then more or less NH4+

efflux (Michniewicz et al., 2007); secondly, IAA has been shown to regulate the phosphorylation
of H+-ATPase under aluminum stress, and it is, thus, also possible that IAA influences H+ balance
by directly regulating the activity of H+-ATPase through phosphorylation modification (Shen et

al., 2007; Takahashi et al., 2012; Wang et al., 2016). Alternatively, as our data also show that
exogenous IAA could not completely inhibit NH4+ efflux induced by knockdown of VTC1
(Fig.11), a direct inhibition of N-glycosylation of regulatory domains on the NH4+-efflux

transporter or channel, preventing closure. As the molecular identity of the NH4+-efflux
transporter is not yet known, this cannot as yet be tested more directly. Based on our present
evidence, however, free IAA clearly functions to inhibit NH4+ efflux under both normal and high
NH4+ conditions.
In conclusion, we propose that the regulation of protein N-glycosylation and free IAA by

WRKY46 might function as a protective mechanism under NH4+ stress. High NH4+ induces

WRKY46 expression, and WRKY46 accumulation negatively regulates the transcription of
NUDX9 and IAA-conjugating genes. As a result, more protein N-glycosylation, higher free IAA,
and reduced NH4+ efflux occur in roots (Fig. 12). However, when NH4+ stress becomes weak or
disappears, the accumulation of free IAA negatively regulates the expression of WRKY46 and
positively regulates IAA-conjugating genes to maintain IAA content in roots within narrow limits
(Figs. 6, S10). Moreover, WRKY46 functions as an auxin stabilizer under high NH4+ and helps
maintain relatively stable free IAA levels in roots. Our results provide novel insight into how
protein N-glycosylation, free IAA, and NH4+ efflux are co-regulated in response to NH4+ stress. In
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brief, WRKY46 could be a valuable genetic resource to develop high-NH4+-tolerant crop cultivars,
and the insight into the interaction of protein N-glycosylation, free IAA, and NH4+ efflux under
high NH4+ offers a novel clue for improving NH4+ tolerance in plants.
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Figure Legends
Fig. 1 WRKY transcription factors are involved in the response to high-NH4+ stress. (a) Heatmap

of WRKYs, created from RNA-seq data. 5-day-old Arabidopsis thaliana Columbia-0 (Col)
seedlings were transferred to fresh media with or without 30 mM NH4+ (supplied as 15 mM
(NH4)2SO4) and grown for another 5 days. Then, the roots were collected for RNA-seq analysis. P
< 0.05; (b) qRT-PCR analysis of selected WRKYs in response to high NH4+. 5-day-old Col
seedlings were transferred to fresh media with or without 30 mM NH4+ and grown for another 5
days. Then, the roots were collected for RNA extraction and qRT-PCR analysis. Data shown are
the means ± SD (n=3). Error bars with different letters represent a statistical difference (P < 0.05,
Duncan’s test). (c) GUS staining of pWRKY46::GUS. 5-day-old seedlings with pWRKY46::GUS
were transferred to fresh media with or without 30 mM NH4+ for 6 hours or 3 days prior to
staining; (d) WRKY46 protein level of roots grown on media with 30 mM NH4+ for different
treatment times (0 min, 30 min, 60 min, and 240 min), and (e) grown on media with different
concentrations of NH4+ (0 mM, 15 mM, 30 mM, and 60 mM). 10-day-old seedlings were treated
and then nuclear proteins were collected for Western blotting experiments. Values shown are the
means ± SD. Error bars with different letters represent a statistical difference (P < 0.05, Duncan’s
test).

Fig. 2 WRKY46 is involved in the response to high-NH4+ stress. (a) The elongation zone of (EZ)
Arabidopsis thaliana Columbia-0 (Col), wrky46, and WRKY46ox seedlings. 5-day-old untreated
seedlings were transferred to a medium with 0 mM and 15 mM (NH4)2SO4, then grown for 5 days
prior to observation. The interval between the two arrows indicates the EZ in the three materials
(bar = 100 μm); (b) Measurement of the length of the meristem zone (MZ) and elongation zone in
Col, wrky46, and WRKY46ox seedlings. 5-day-old untreated seedlings were transferred to a
medium with 0 mM and 15 mM (NH4)2SO4, then grown for 5 days prior to measurement. Values

shown are the means ± SD with n = 20. Error bars with different letters represent a statistical
difference (P < 0.05, Duncan’s test).
Fig. 3 WRKY46 negatively regulates NH4+ fluxes in roots, especially at the elongation zone. NH4+
fluxes of Arabidopsis thaliana Columbia-0 (Col), wrky46 (w46), and WRKY46ox (46ox) in the
meristem zone (MZ) (a) and elongation zone (EZ) (b) of roots grown on Ctrl and NH4+ media; (c)
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Mean NH4+ flux in (a) and (b). Values shown are the means ± SD (n ≥ 6). (d) Free NH4+ contents
of Col, wrky46, and WRKY46ox plants. Values shown are the means ± SD (n = 9). Error bars with
different letters represent a statistical difference (P<0.05, Duncan’s test).
Fig. 4 NUDX9 functions as the downstream target of WRKY46. (a and c) The relative
transcription of VTC1 (a) and NUDX9 (c) in WRKY46ox plants; RNA was extracted from 10-dayold Arabidopsis thaliana Columbia-0 (Col) and WRKY46ox seedling roots. Data are the means of
three replicates. Error bars indicate ± SD, the transcription level of VTC1 and NUDX9 in Col were
normalized as “1”; (b and d) The relative transcription of VTC1 (b) and NUDX9 (d) in Col and
wrkyw46 after high NH4+ treatment. Ten-day-old seedlings were treated with 15 mM (NH4)2SO4
for 4 h before roots were collected for RNA extraction. Data are the means of three replicates.
Error bars with different letters represent a statistical difference (P < 0.05, Duncan’s test). (e)
Schematic diagrams of NUDX9 promoter showing potential WRKY46-binding sites. Translational
start sites are shown as ATG; (f) Fold enrichment of NUDX9 by WRKY46. Segment C1 located in

the coding region was used as a negative control. An input sample was used to normalize the
qPCR results in each ChIP. Fold enrichment is presented as the ratio of normalized results from
P1~P2 and control. Data are the means ± SD; (g) Y1H assays showing WRKY46 physically

binding to the NUDX9 promoter. Yeast expression plasmids pGADT7-WRKY46 were
reintroduced into the yeast strain Y1H Gold carrying the reporter gene AbAr under the control of
the NUDX9 promoter. Transformants were screened for their growth on the yeast synthetic
defined media (SD/-Leu) in the presence of 500 ng mL-1AbA, used for stringent selection. The

vector pGADT7-WRKY46 was included as a negative control. Yeast cultures were diluted (1:10
successive dilution series) and spotted onto plates; (h) EMSA assay showing that WRKY46 binds
the W-box motif of the NUDX9 promoter in vitro; (i and j) WRKY46 inhibits the promoter of
NUDX9 in Nicotiana benthamiana via dual-luciferase assays. The LUC/REN ratio indicates the

activity of WRKY46 on the expression level of the NUDX9. LUC: firefly luciferase activity; REN:

Renilla luciferase activity. Data are means ± SD (n = 9). Error bars with different letters represent
a statistical difference (P < 0.05, Duncan’s test).
Fig. 5 WRKY46 regulates protein N-glycosylation in a NUDX9-dependent pathway. (a and b)
Measurement of the length of the meristem zone (MZ) and elongation zone (EZ) in Arabidopsis
thaliana Columbia-0 (Col), nudx9, wrky46/nudx9 (w46/nudx9), and WRKY46ox/nudx9
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(46ox/nudx9) seedlings. 5-day-old untreated seedlings were transferred to a medium with 0 mM
and 15 mM (NH4)2SO4, then grown for 5 days prior to measurement. Values shown are the means

± SD with n = 20. Error bars with different letters represent a statistical difference (P < 0.05,
Duncan’s test). (c) The protein N-glycosylation levels in Col, wrky46, WRKY46ox, and nudx9
plants were evaluated by a ConA-peroxidase reagent, the reaction with which is a characteristic
feature of N-glycans. Coomassie Brilliant Blue (CBB) staining of protein gels was used to control
for protein loading. The asterisk indicates different specific N-glycoprotein bands.
Fig. 6 WRKY46 regulates NH4+ fluxes in a NUDX9-dependent pathway. NH4+ flux in
Arabidopsis

thaliana

Columbia-0

(Col),

nudx9,

wrky46/nudx9

(w46/nudx9),

and

WRKY46ox/nudx9 (46ox/nudx9) in the meristem zone (MZ) (a) and elongation zone (EZ) (c) of
roots grown on Ctrl and NH4+ media; (b) Mean NH4+ flux in (a); (d) Mean NH4+ flux in (c).
Values shown are the means ± SD (n ≥ 6). Error bars with different letters represent a statistical
difference (P < 0.05, Duncan’s test).
Fig. 7 WRKY46 regulation of primary root growth under high-NH4+ stress is associated with
indole-3-acetic acid (IAA) accumulation in roots. (a) pDR5::GUS staining in Arabidopsis thaliana
Col/pDR5::GUS, wrky46/pDR5::GUS, and WRKY46ox/pDR5::GUS grown on media with or

without 30 mM NH4+. 5-day-old seedlings were transferred to media with or without 15 mM
(NH4)2SO4 for another 3 days prior to GUS staining. Bar = 0.5 mm; (b) Fold enrichment graph
showing downregulated transcription of GH3.1, GH3.6, UGT75D1, and UGT84B2 in WRKY46ox
plants. RNA was extracted from 10-day-old Col and WRKY46ox seedling roots. Data are the
means of three replicates. Error bars indicate ± SD; (c) NH4+-induced transcription of IAAconjugating genes revealed by qRT-PCR assays. 10-day-old seedlings were treated with 15 mM
(NH4)2SO4 for various periods of time before roots were collected for RNA extraction. Data are
the means of three replicates. Error bars indicate ± SD. (d and e) Measurement of the length of the
meristem zone (MZ) (d) and elongation zone (EZ) (e) in Col, gh3.1, gh3.6, UGT75D1ox, and

ugt84b2 seedlings. 5-day-old untreated seedlings were transferred to a medium with 0 mM and 15
mM (NH4)2SO4, then grown for 5 days prior to measurement. Values shown are the means ± SD

with n = 20. Error bars with different letters represent a statistical difference (P < 0.05, Duncan’s
test).
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Fig. 8 WRKY46 directly binds to the promoters of GH3.1, GH3.6, UGT75D1, and UGT84B2 in
Arabidopsis thaliana. (a) Schematic diagrams of GH3.1, GH3.6, UGT75D1, and UGT84B2

promoters showing potential WRKY46-binding sites. Translational start sites are shown as ATG;
(b) Fold enrichment of IAA-conjugating genes by WRKY46. Segment C located in the coding

region was used as a negative control. An input sample was used to normalize the qPCR results in
each ChIP. Fold enrichment is presented as the ratio of normalized results from P3~P10 and
control. Data are the means ± SD; (c) Y1H assays showing WRKY46 physically binding to the
GH3.1, GH3.6, UGT75D, and UGT84B2 promoters. Yeast expression plasmids pGADT7-

WRKY46 were reintroduced into the yeast strain Y1H Gold carrying the reporter gene AbAr under
the control of the GH3.1, GH3.6, UGT75D1, and UGT84B2 promoters. Transformants were
screened for their growth on the yeast synthetic defined media (SD/-Leu) in the presence of 400
ng mL-1AbA, used for stringent selection. The empty vector pGADT7 was included as a negative
control. Yeast cultures were diluted (1:10 successive dilution series) and spotted onto plates; (d)
GUS staining of pGH3.1::GUS, pGH3.6::GUS, and pUGT75D1::GUS in WRKY46ox plants. 5day-old seedlings were transferred to fresh media for another 3 days prior to GUS staining. Bar =
1 mm.

Fig. 9 Indole-3-acetic acid (IAA) conjugates and free IAA content in Col, wrky46, and
WRKY46ox roots. (a) Free IAA content, IAA-Asp content (b) and IAA-Glu content (c) in
Arabidopsis thaliana Columbia-0 (Col), wrky46, and WRKY46ox roots. Root samples were

prepared from 5-day-old seedlings with or without 30 mM NH4+ treatment for 5 days. Three
biological repeats were carried out per treatment. Values shown are the means ± SD. Error bars
with different letters represent a statistical difference (P < 0.05, Duncan’s test).
Fig. 10 WRKY46 is involved in regulating NH4+ fluxes in the elongation zone of roots under

high-NH4+ stress. The NH4+ flux of Arabidopsis thaliana Columbia-0 (Col), wrky46 (w46),

WRKY46ox (46ox), gh3.6, and UGT75D1ox (75D1ox) in the meristem zone (MZ) (a) and
elongation zone (EZ) (c) of roots grown on control, NH4+, and NH4++IAA media; (b) Mean NH4+
flux in (a); (d) Mean NH4+ flux in (c). Values shown are the means ± SD (n ≥ 6). Error bars with
different letters represent a statistical difference (P < 0.05, Duncan’s test).
Fig. 11 Protein N-glycosylation and NH4+ flux partially depend on indole-3-acetic acid (IAA)
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content. (a) pDR5::GUS staining in Arabidopsis thaliana Col/pDR5::GUS, nudx9/pDR5::GUS,
and vtc1-1/pDR5::GUS grown on media with or without 30 mM NH4+. 5-day-old seedlings were
transferred to media with or without 15 mM (NH4)2SO4 for another 3 days prior to GUS staining.
Bar=1mm; (b) Mean NH4+ flux in the meristem (MZ) and elongation zone (EZ) of vtc1-1 and
nudx9 roots grown on control, NH4+, NH4++IAA (vtc1-1), and NH4++L-kynurenine (Kyn) (nudx9);
(c and d) The NH4+ flux in vtc1-1 and nudx9 in the MZ (c) and EZ (d) of roots grown on control,
NH4+, NH4++IAA (vtc1-1), and NH4++Kyn (nudx9) media. Values shown are the means ± SD (n ≥

6). Error bars with different letters represent a statistical difference (P < 0.05, Duncan’s test).
Fig. 12 A working model for WRKY46 function under high-NH4+ stress. Under high NH4+
conditions, NH4+ induces the expression of the transcription factor WRKY46 in Arabidopsis
thaliana. Subsequently, WRKY46 directly binds to the promoters of GH3.1, GH3.6, UGT75D1,
and UGT84B2 and inhibits their transcription, thereby maintaining free indole-3-acetic acid (IAA)
content and primary root (PR) growth. WRKY46 furthermore inhibits the transcription of NUDX9
and stabilizes protein N-glycosylation levels. As a result, IAA-biosynthetic enzymes maintain
stability after N-glycosylation, increasing IAA biosynthesis under high NH4+ conditions. Elevated
free IAA induces the transcription of IAA-conjugating genes, linked indirectly to the inhibition of
WRKY46 transcription. Overall, WRKY46 maintains IAA homeostasis by inhibiting IAA
conjugation and protein N-glycosylation. Black arrows indicate positive functions. Black bars
indicate negative functions. Red arrows indicate the NH4+ efflux. The width of arrows and bars
represent the physiological processes getting stronger or weaker. EZ, elongation zone.
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