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Nitrate is the preferred form of nitrogen for most plants, acting both as a nutrient and a signaling molecule. However, the
components and regulatory factors governing nitrate uptake in bread wheat (Triticum aestivum), one of the world’s most
important crop species, have remained unclear, largely due to the complexity of its hexaploid genome. Here, based on
recently released whole-genome information for bread wheat, the high-affinity nitrate transporter2 (NRT2) and the nitrate-
assimilation-related (NAR) gene family are characterized. We show that abscisic acid (ABA)- Glc ester deconjugation is
stimulated in bread wheat roots by nitrate resupply following nitrate withdrawal, leading to enhanced root-tissue ABA
accumulation, and that this enhancement, in turn, affects the expression of root-type NRT2/NAR genes. TaANR1 is shown to
regulate nitrate-mediated ABA accumulation by directly activating TaBG1, while TaWabi5 is involved in ABA-mediated NO;~
induction of NRT2/NAR genes. Building on previous evidence establishing ABA involvement in the developmental response to
high-nitrate stress, our study suggests that ABA also contributes to the optimization of nitrate uptake by regulating the expression

of NRT2/NAR genes under limited nitrate supply, offering a new target for improvement of nitrate absorption in crops.

Bread wheat (Triticum aestivum) is one of the most
important staple crops globally, providing the majority
of calories for some 30% of the world’s population. To
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meet this demand, approximately 100 kg/ha nitrogen
(N) fertilizer is applied to wheat fields the world over,
and this quantity is expected to increase three-fold
by 2050 (West et al., 2014). The overuse of N fertil-
izers has led to low nitrogen-use efficiency in wheat
fields and significant environmental costs (Chen et al.,
2014; Coskun et al., 2017). Therefore, improvement of
N use efficiency in wheat, via various avenues, such
as enhancing the capacity for primary N acquisition
from soil, is a critical task for plant scientists.

Nitrate (NO;") from soil is the main source of N for
most plants, including wheat (Andrews et al., 2013).
Physiologically, two classes of NO,~ transport systems,
low-affinity transport systems and high-affinity transport
systems, have been identified as the principal components
governing NO,~ uptake in plants (Kronzucker et al.,
1995b; Noguero and Lacombe, 2016). Meanwhile, two
gene families, encoding the nitrate transporterl/pep-
tide transporter (NPFs, previously designated as
NRT1s or PTRs) and the nitrate transporter2 (NRT2s),
have been assigned to the physiological activities of
low-affinity transport systems and high-affinity trans-
port systems, respectively (Noguero and Lacombe, 2016;
O’Brien et al., 2016). Among these, the NRT2 family has
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been shown to be critical to NO,~ acquisition from soil
under N-limitation conditions (Kiba and Krapp, 2016).
The first NRT2 gene of land plants was identified in
barley (Hordeum vulgare; Trueman et al., 1996), and,
subsequently, as an outcome of whole-genome se-
quencing, seven NRT2 genes were discovered in the
Arabidopsis (Arabidopsis thaliana) genome (Orsel et al.,
2002), at least five in barley (Vidmar et al., 2000), and
four in rice (Oryza sativa; Cai et al., 2008). Moreover, the
NO;~ transport capabilities of most NRT2 proteins in
plants require the presence of a chaperone protein,
NAR?2, as part of a two-component high-affinity NO,"
uptake system (Tong et al., 2005; Orsel et al., 2006).
Previously, due to the lack of wheat genome informa-
tion, only fragments of NRT2/NAR2 genes were iso-
lated (Zhao et al., 2004; Yin et al., 2007; Taulemesse
et al.,, 2015). However, the recent release of wheat
whole-genome sequences (IWGSC, 2014, 2018) has
opened a new era for genetic studies in bread wheat
(Wang etal., 2015), giving an opportunity to deepen our
understanding of the genetic basis that underpins
wheat’s capacity for NO,;~ uptake (Wang et al., 2018a;
Li et al., 2020).

Nitrate is not only one of the most significant mac-
ronutrients for plants, but also it acts as a signaling
molecule (Kronzucker et al., 1995a; Zhang and Forde,
1998; Krouk et al., 2010). Therefore, cross talk between
the NO; -signaling pathway and other key signaling
pathways, particularly phytohormone pathways, is an
intriguing topic, and one of great importance (Krouk
et al., 2011). For abscisic acid (ABA), one of the princi-
pal stress-related hormones, previous studies have in-
dicated it is involved in root architecture (Signora et al.,
2001) and seed germination (Matakiadis et al., 2009)
under high concentrations (10 mm or higher) of NO;~
provision. Ondzighi-Assoume et al. (2016) showed that
the accumulation of ABA in Arabidopsis root tips was
stimulated by additional NO;~ treatment, resulting
from the release of ABA from ABA-Glc ester (ABA-GE,
an inactive form of conjugated ABA; Lee et al., 2006),
instead of ABA biosynthesis. Even though ABA ap-
pears to be associated with high NO,~ stress in Arabi-
dopsis, the involvement of ABA under limited-NO;,~
conditions is less well established, and this relationship
is especially important to clarify in crops. Historically,
using a high-ABA hexaploid wheat breeding line, SQ1
(Quarrie, 1981), and the bread wheat model genotype
Chinese Spring (CS) to generate a mapping population
(Quarrie et al., 2005), multiple quantitative trait loci
(QTL) associated with N-use efficiency were identified
(Habash et al., 2007; Quraishi et al., 2011), of which
some loci in the SQ1 background were activated by
ABA and low NO;~ (Quarrie et al., 2006, 2007), indi-
cating ABA might contribute to key N-related traits in
wheat. Moreover, it has been reported that certain
NRT2/NAR?2 genes in wheat can be up-regulated by
ABA (Caietal., 2007). Despite these discoveries, direct
evidence, particularly with regard to the molecular
regulatory components linking NO,~ and ABA, has
been lacking.
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Two-Way Connection between NO; - and ABA-Signaling Pathways

In this study, starting with a scan through the bread
wheat genome information, an overview of the NRT2
and NAR gene families is presented, and the relation-
ship between the NO, - and ABA-signaling path-
ways is established. Moreover, regulatory factors
governing NO; -mediated ABA accumulation and
ABA-mediated NO,~ induction of NRT2/NAR genes
inroots of bread wheat are identified. Our findings in
wheat that the influence of ABA on NRT2/NAR gene
expression leads to an alteration of NO;~ influx offer
a new potential target for improvement of NO,~
uptake in crops.

RESULTS

Genome-wide Identification and Evolutionary Analysis of
Wheat NRT2 and NAR Genes

Using members of the NRT2 family in Arabidopsis,
rice, and barley as templates (Supplemental Table S1),
the genomic sequences, putative promoters, and coding
sequences of six subgroups of NRT2 genes distributed
on chromosomes 1S (short arm), 25, 3L (long arm), 6S,
6S, and 7L were identified from the wheat genome
databases (Supplemental Table S2). Theoretically,
each subgroup of wheat NRT2 genes should contain
three homoeoalleles in the A, B, and D subgenome,
respectively, as bread wheat is a hexaploid species
(Wang et al., 2015). However, no homeolog on
chromosome 1AS to 1BS and 1DS was detectable in
ref-sequence v1.1 of the wheat genome. A further
search and cloning were carried out in the ancestral
genomes of Triticum urartu (2n = 2x = 14, genome
AA, the donor of A subgenome), Triticum mono-
coccum (2n = 2x = 14, genome A™A™), and Triticum
turgidum ssp. dicoccoides (2n = 4x = 28, genome
AABB), and no counterpart was obtained, indicating
that it was absent from the progenitor of the A sub-
genome of bread wheat. Moreover, TaNRT2.1,
TaNRT2.2, and TaNRT2.3 (as designated formerly) were
isolated in previous studies (Zhao et al., 2004; Yin et al.,
2007), and, intriguingly, these emerged as homeologous
genes located on 6BS, 6DS, and 6AS, respectively, through
analysis of sequence alignment and subchromosomal
location.

Since the coding sequences of homoeoalleles had
high similarity, the D copy of each NRT2 subgroup
was chosen, together with the NRT2 genes in Ara-
bidopsis, Medicago truncatula (Pellizzaro et al., 2015),
rice, and barley, to conduct the phylogenetic analy-
ses based on deduced amino acid sequences
(Fig. 1A). According to the phylogenetic relation-
ship, wheat NRT2 genes were designated following
the suggestion by Plett et al. (2010). TaNRT?2.6 shared
the highest identity with OsNRT2.4 (Fig. 1A), both of
which uniquely contained one intron in the genomic
sequences (Fig. 1C; Cai et al., 2008). However, com-
pared with the 1109-bp-length intron of TaNRT2.6-
7AL, the intron of TaNRT2.6-7BL comprised of
1996 bp was attributed to three additional insertions,
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Figure 1. Phylogenetic analysis and structure of wheat NRT2 and NAR genes. A, Phylogenetic analysis of wheat NRT2 proteins
and NRT2 proteins from Arabidopsis, M. truncatula, O. sativa, and H. vulgare (gene IDs in Supplemental Tables S1 and S2). B,
Phylogenetic analysis of wheat NAR proteins and NAR proteins from Arabidopsis, M. truncatula, O. sativa, and H. vulgare (gene
IDs in Supplemental Tables ST and S2). Since the sequences of homoeoalleles shared a high similarity, the D copy of each NRT2
and NAR subgroup was used (except for TaNRT2.1). Bootstrap support was indicated as numbers above the branches. The
Arabidopsis sequences were used to root the tree. Os, O. sativa; Ta, wheat; Hv, H. vulgare; Medtr, M. truncatula; At, Arabidopsis.
C, Genomic structures of TaNRT2.6s and OsNRT2.4. Orange box represents exon, black line represents intron, and triangle

represents insertion. The number is the sequence length.

while the length of TaNRT?2.6-7DL intron was 8192 bp
(Fig. 1C).

Similarly, three subgroups of NAR genes were iden-
tified genome-wide in bread wheat ‘CS’. Two sub-
groups were both located on chromosome 6L, while the
third subgroup was on chromosomes 4AL, 5BL, and
5DL, due to translocation events between 4AL and 5AL
during the evolution of wheat (Ma et al., 2013; IWGSC,
2014). All NAR genes contained one intron in the
genomic sequences (Supplemental Table S2). The D
copy of each NAR subgroup was aligned to generate
the phylogenetic tree and designated accordingly (Fig. 1B).

Spatial and Nitrate-Responsive Expression Patterns of
Wheat NRT2 and NAR Genes

According to the classic Zadoks scale (Zadoks et al.,
1974), transcript libraries of different tissues at differ-
ent developmental stages were obtained. As shown in
Figure 2, TaNRT2.1, TaNRT2.2, TaNRT2.3, TaNRT2.5,
TaNAR2.1, and TaNAR2.3 were mainly expressed in
roots, at four stages. The transcription level of TaNRT2.6
in leaves was substantially higher than that in roots
and stems. Meanwhile, even though it exhibited
higher expression in roots, TaNAR2.2 was also
expressed moderately in leaves, indicating it was
involved in the two-component uptake system both
in roots and leaves. As for TaNRT2.4, overall expression
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was extremely low and barely detectable by reverse
transcription quantitative PCR (RT-qPCR). TaNR12.1
showed the highest expression level (at least 10-fold
higher) compared to other TaNRT2 genes in roots
(Fig. 2; Supplemental Fig. S1), indicating its predominant
role among wheat NRT2 genes and explaining why
this subgroup was first cloned without the availability
of a genome sequence (Zhao et al., 2004; Yin et al.,
2007).

Then, the expression patterns of these genes were
examined when wheat seedlings were hydroponically
challenged by 5-d nitrate deprivation, followed by 1-d
nitrate resupply (2 mm was chosen as “full nitrate re-
covery” and 0.2 mm as “low nitrate provision”). Similar
to the positive control TaNPF6.2 (Supplemental Fig.
S2), previously shown to be nitrate-inducible in roots
(Buchner and Hawkesford, 2014), expression of
TaNRT2.1, TaNRT2.2, TaNRT2.3, TaNAR2.1, TaNAR2.2,
and TaNAR2.3 was triggered in roots by nitrate
resupply (Fig. 3A; Supplemental Fig. S2). Transcrip-
tional inductions of these genes by 0.2 mm nitrate
provision were less pronounced than those under full-
nitrate treatment (Fig. 3A; Supplemental Fig. S2). By
contrast, for TaNRT2.5 in roots, an up-regulation was
observed under nitrate starvation, followed by a de-
cline under nitrate resupply (Supplemental Fig. S2),
indicating TaNRT2.5 is a nitrate-starvation-inducible
gene. In leaves, TaNRT2.6 and TaNAR2.2 showed an
obvious enhancement in transcription at 6 h and then
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Figure 2. Transcription of wheat NRT2 and NAR genes in different organs at different developmental stages. A to F, Transcription
of wheat NRT2 genes. G to |, Transcription of wheat NAR genes. According to the classic Zadoks scale (Zadoks et al., 1974),
transcript libraries of different tissues were obtained at Z11 (seedling stage, column in orange), Z21 (tillering stage, column in
green), Z32 (jointing stage, column in blue), and Z59 (flowering period, column in dark orange), respectively. SR and SS, Re-
spectively, root and shoot at the seedling stage; TR, TS, and TL, respectively, root, shoot, and leaf at the tillering stage; JR, JS, and JL,
respectively, root, stem, and leaf at the stem elongation stage; FR, FS, FL, FN, FFL, and FF, respectively, the root, stem, leaf, node,
flag leaf, and inflorescence at the flowering period; N/A, no data available. TaEF7-a (M90077; Paolacci etal., 2009) was chosen as
the endogenous control. Each bar represents the mean = sp of at least three biological replicates.

a decline at 12 h under nitrate resupply (Supplemental
Fig. S2).

The Involvement of ABA Accumulation via ABA-GE
Deconjugation in the Nitrate Induction of NRT2 and NAR
Genes in Wheat Roots

Since the root is the organ where nitrate is absorbed
from soils, our study focused specifically on the root-type
NRT2/NAR genes (TaNRT2.1, TaNRT2.2, TaNRT2.3,
TaNAR2.1, TaNAR2.2, and TaNAR2.3). To investigate
the transcriptional regulatory factors, cis elements
were scanned against the promoters of these genes.
Intriguingly, the ABA-responsive element (ABRE;
ACGTG; Yamaguchi-Shinozaki and Shinozaki, 2005)

Plant Physiol. Vol. 182, 2020

appeared frequently (Supplemental Fig. S3; Supplemental
Table S2), suggesting an ABA signal might be involved
in the regulation of these genes. When exposed to
50 uM ABA instead of nitrate provision following ni-
trate withdrawal, all root-type NRT2/NAR genes were
induced, although expression levels were not equiva-
lent to those seen with nitrate induction (Fig. 3A), in-
dicating that ABA can partially mimic the nitrate
signal. Although the exposure to 50 um ABA plus 2 mm
nitrate caused a similar induction to that produced
solely by 2 mm nitrate treatment, when treated with
50 uM ABA plus 0.2 mM nitrate, transcript abundances
of the NRT2/NAR genes were significantly above
those under 0.2 mm nitrate-only treatment (Fig. 3A),
suggesting that ABA can amplify the nitrate signal
under nitrate-limited conditions.
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Figure 3. The effect of ABA on root-type NRT2/NAR expression and of nitrate on ABA accumulation. A, Expression of wheat root-
type NRT2/NAR genes under the treatment (at 1 h) of 2 mm nitrate, 50 um ABA, 2 mm nitrate plus 50 um ABA, 2 mm nitrate plus 100
pum norflurazon, 0.2 mm nitrate, and 0.2 mm nitrate plus 50 um ABA, respectively, following nitrate withdrawal. Relative transcript
abundance of every gene under nitrate starvation at the same time was calculated by giving the value 1. TaEFT-a« (M90077;
Paolacci etal., 2009) was chosen as the endogenous control. B, The exogenous ABA levels and (C) ABA-GE levels in roots of bread
wheat under different nitrate treatments. D, The transcriptional levels of genes involved in ABA biosynthesis (TaNCED, TaAAO,
and TaABA2) and catabolism (TaBG1, TaBG2, and TaABAS8) in roots of bread wheat under different nitrate treatments. Each bar
represents the mean = sp of at least three biological replicates. Columns marked with asterisks (A and D) indicate significant
differences (*P < 0.05; **P < 0.01) using Student’s t test. Different letters on top of the bars (B and C) indicate significance
differences, based on the one-way Waller-Duncan test (P < 0.05). Letters shared in common indicate no significant difference.

ABA content measurements showed endogenous
ABA levels in wheat roots to be increased by nitrate
provision, and the enhancement at 2 mm nitrate was
stronger than at 0.2 mwm (Fig. 3B). However, when 2 mm
nitrate was provided together with 100 um of the ABA
synthesis inhibitor norflurazon, after nitrate with-
drawal, similar ABA content (Fig. 3B) and expression
of root-type NRT2/NAR genes (Fig. 3A) was found,
indicating the accumulation of ABA stimulated by ni-
trate was not associated with de novo ABA synthesis.
Then, the expression of a set of genes involved in ABA
biosynthesis and metabolism (Lee et al., 2006; Seiler
et al., 2011; Xu et al., 2012b; Ma et al., 2016) was ex-
amined. As shown in Figure 3D, only the transcription
levels of TaBG1 and TaBG2, responsible for deconju-
gation of ABA-GE, were affected by nitrate. During
nitrate starvation, the content of ABA-GE showed no
significant change (Supplemental Fig. S4). However,
ABA-GE content in wheat roots declined when nitrate
was resupplied (Fig. 3C), suggesting that the deconju-
gation of ABA-GE is the main source of ABA accumu-
lation stimulated by nitrate in wheat.

A previous study demonstrated that the addition of
10 mm nitrate to a control medium (0.5-strength Mur-
ashige and Skoog medium) already containing 20 mm
nitrate, instead of the nitrate-free medium used in this
study, can also strongly stimulate ABA accumulation
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via ABA-GE deconjugation in Arabidopsis root tips
(Ondzighi-Assoume et al., 2016), encouraging us to
examine whether our discovery in wheat also applies
to Arabidopsis. Utilizing a specific root-nitrate-sup-
ply setup developed by our team (Supplemental Fig.
S5A; Li et al., 2017), a similar result was found in
Arabidopsis, in that AtBG1, but not AtABA1, AtABA2,
AtCYP707A1, and AtCYP707A2, could be up-regulated
in roots under nitrate resupply (Supplemental Fig. S5B).
Furthermore, in the atbgl-1 and atbgl-2 mutants, the
induction of AtNRT1.1, AtNRT2.1, AtNRT2.2, and
AtNAR2.1 by nitrate resupply was suppressed, and the
degree of expression change was significantly lower
compared to that in the wild type Col-0 (Supplemental
Fig. S5C). These results not only confirm that the
deconjugation of ABA-GE triggered by nitrate signal-
ing is the main source of ABA accumulation in roots
both in wheat and Arabidopsis, but also indicate that
ABA can, in turn, be involved in the activation of
nitrate-uptake genes.

The Regulation of TaANR1 in Nitrate-Inducible ABA-GE
Deconjugation and ABA Accumulation

To identify the regulatory factors involved in nitrate-
inducible ABA accumulation, a complementary DNA
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(cDNA) library of wheat roots that had been exposed
to nitrate resupply was generated and subjected to
yeast one-hybrid (Y1H) screening. Using the ~500-bp
upstream region of TaBG1 as a bait, 12 positive clones
were successfully obtained (Supplemental Fig. S6A),
among which the sequence of two clones were both
identical to TaANR1 (Fig. 4A). Arabidopsis nitrate requ-
lated1 (ANRI), encoding a MADS-box transcription
factor, plays an important role in the response to ex-
ternal nitrate supply in Arabidopsis (Zhang and Forde,
1998). Although its exact role in wheat is not clear, a re-
cent study revealed TaANR1 can interact with TaNUEL1, a
protein encoded by the candidate gene of a major QTL for
nitrogen-use efficiency (Lei et al., 2018). An expression
profile assembled from RNA-sequencing data (Ramirez-
Gonziélez et al.,, 2018) and confirmed by RT-qPCR con-
cluded that TaANR1 was mainly expressed in roots
through the wheat life cycle (Supplemental Fig. S6C).

A e

Two-Way Connection between NO; - and ABA-Signaling Pathways

Moreover, it was strongly up-regulated by nitrate resup-
ply in wheat roots, suggesting it might be involved in
the nitrate signaling pathway (Supplemental Fig.
S6B). Plant MADS-box proteins usually bind to CArG
elements (C(A/T)sG or CC(A/T)sGG; de Folter and
Angenent, 2006), and two CArG elements were
identified in the promoter of TaBG1 (Fig. 4C). Using
the electrophoretic mobility shift assay (EMSA), it was
confirmed TaANRI1 could bind to probes containing
these two CArG elements in vitro (Fig. 4C). Moreover,
the results from a dual luciferase assay, involving the
addition of TaANR1 to enhance the luciferase signal
driven by the promoter of TaBG1 (Fig. 4B), showed
that TaANR1 could activate the promoter activity of
TaBGI in planta.

An analysis of the public wheat TILLING-mutant library
(Krasileva et al., 2017) revealed accession Kronos 2467, a
mutant harboring a splice-donor variant in TaeANR1
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Figure 4. The involvement of TAANRT in nitrate-inducible ABA accumulation. A, Y1H assay showing that TAANR1 can bind to
the promoter of TaBG1. SD/~—Leu, SD medium without Leu; SD/—Leu/AbA3%?, SD medium without Leu supplemented with AbA
at the concentration of 300 ng mL~"; P, promoter. Transformed yeast cells were dotted at 10~ dilutions on the selective medium.
B, Transient expression assay showing that TAANRT can activate the expression of TaBG1. The gray column represents the relative
LUC/REN ratio of the reporter in the presence of the empty effector (pB1221 empty vector) without TaANRT; and the black column
represents the relative LUC/REN ratio of the reporter in the presence of the effector containing TRANR1. C, EMSA showing the
relative binding affinity of TAANRT1 to different CArG motifs harbored by the promoter of TaBG1. + and — indicate the presence
and absence of the indicated probe or protein, respectively. P1, Probe 1; P2, probe 2. D, The expression levels of TaBGT and (E)
TaNRT2.1 in wild-type wheat lines, and the RNA interference (RNAi) and mutant (Kronos 2467) lines of TAANRT under different
conditions. The relative transcript abundance of every gene prior to adding nitrate was calculated and given the value 1. Columns
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the mean = sp of at least three biological replicates.
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that could lead to incorrect splicing resulting in a
nonfunctional protein, was obtained (Supplemental
Fig. S7B). Moreover, TiANR1-RNAi lines were gen-
erated in the background of cv CS (Supplemental Fig.
S7A). Compared to the wild type, induction of TaBG1
(Fig. 4D) and TaNRT?2.1 (Fig. 4E) by nitrate was greatly
suppressed in Kronos 2467 and in the TaANRI-RNAi
line, and the stimulation of ABA accumulation by ni-
trate was also attenuated (Fig. 4F). These outcomes
demonstrated TaANRI is a key component in the nitrate
signaling transduction to stimulate ABA-GE deconju-
gation and ABA accumulation. Although treatment with
50 uM ABA could not fully restore the expression level
of TaNRT2.1 to the level in the wild type, its expression
was significantly up-regulated in Kronos 2467 and in
the TaANRI-RNAi line (Fig. 4E), confirming that ABA
acts downstream of the TaANR1-mediated nitrate signal
pathway.

TaWabi5 Is Essential for ABA-Mediated Nitrate Induction
of Root-Type NRT2/NAR Genes

A group of bZIP transcription factors, ABRE-binding
factors (ABFs), have been shown to recognize and bind
to ABREs and to function fundamentally in ABA-
dependent gene expression (Yamaguchi-Shinozaki and
Shinozaki, 2005). Since ABREs frequently appeared in
the promoters of root-type NRT2/NAR genes in wheat,
it prompted us to examine whether ABFs play a role in
ABA-mediated nitrate induction of these genes. A set of

ABF genes (including TaABF1-4, TaABI5, and TaWabib)
were identified from the wheat genome, and, in previous
studies, two wheat ABF genes (TaABI5 and TaWabib)
were recognized as putative orthologs of the ABI5
gene (Kobayashi et al., 2008; Zhou et al., 2017). How-
ever, when subjected to nitrate resupply, only TaWabi5
showed an induction in expression (Supplemental Fig.
S8A). TaWabi5 has been reported to be up-regulated by
exogenous ABA treatment (Kobayashi et al., 2008),
and, when conducting RT-qPCR on the samples also
used in Figure 3A, the expression of TaWabi5 was
found to be triggered by all treatments following ni-
trate withdrawal (Supplemental Fig. S8B). Moreover,
based on spatial expression analysis, TaWabi5 showed
a higher transcription level in roots (Supplemental Fig.
S8C), while TaABI5 was mainly expressed in grains
(Supplemental Fig. S8C), which agrees with a function
in wheat seed dormancy revealed previously (Zhou
et al.,, 2017). Therefore, TaWabi5 was chosen for
further study.

The Y1H assay showed TaWabi5 could interact with
the promoter of root-type NRT2/NAR genes (Fig. 5A).
EMSA showed TaWabi5 could bind in vitro to probes
containing ABRE in the promoter of these genes (Fig. 5,
B-E); by contrast, when ABRE was mutated, TaWabi5
could not bind to the probe (Fig. 5B), concluding the
binding site of TaWabi5 to the promoter of root-type
NRT2/NAR genes was the same, as predicted. Fur-
thermore, using the dual luciferase assay, it was veri-
fied that TaWabi5 could activate the transcriptions of
root-type NRT2/NAR genes in planta (Fig. 5F). Then,
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Figure 5. The involvement of TaWabi5 in ABA-mediated nitrate induction of root-type NRT2/NAR genes. A, Y1H assay showing
that TaWabi5 can bind to the promoter of root-type NRT2/NAR genes. SD/—Leu, SD medium without Leu; SD/—Leu/AbA3%0, SD
medium without Leu supplemented with ABA at the concentration of 300 ng mL~". Transformed yeast cells were dotted at 10"
dilutions on the selective medium. B to E, EMSA showing the relative binding affinity of TaWabi5 to the ABRE motif harbored by
the promoter of TaNRT2.1, TaNRT2.2, TaNAR2.1, and TaNAR2.3. + and — indicate the presence and absence of the indicated
probe or protein, respectively. P1, Probe 1; mP1, the probe mutating ABRE motif. F, Transient expression assay showing that
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two independent knockout lines (Kronos 2985 and 4321)
of TaWabi5 were obtained and genotyped (Supplemental
Fig. S7C). In these two mutants, the induction of root-
type NRT2/NAR genes by nitrate was suppressed
significantly, and, when treated with 50 um ABA, the
up-regulation of these genes seen in the wild type was
even more strongly suppressed (Fig. 5G). These data
show TaWabib is involved in ABA-mediated nitrate
induction of root-type NRT2/NAR genes.

Effect of ABA Accumulation on Nitrate Influx in Roots

Transcription of the NRT2/NAR genes has been
reported to correlate with NO;~ uptake and with up-
take efficiency in plants (Richard-Molard et al., 2008).
Using an >N-abundance assay, nitrate influx rates in
Kronos 2467 and TaANR1-RNA:i line were shown to be
lower than in the wild type (Fig. 6A; Supplemental Fig.
S9A). Similarly, in the knockout lines of TaWabi5, ni-
trate absorption was inferior (Fig. 6B; Supplemental
Fig. S9B). These data indicate that the regulation of root-
type NRT2/NAR genes by ABA accumulation can af-
fect nitrate uptake in wheat.

Treatment with 0.2 mm nitrate plus 50 um ABA was
capable of further enhancing the expression of root-
type NRT2s and NARs relative to a simple 0.2 mm ni-
trate supply, encouraging us to investigate whether the
exogenous application of ABA can enhance nitrate influx.
A significant amount of nitrate was absorbed under
0.2 mM nitrate plus 50 um ABA, as determined by the
15N-abundance assay (Fig. 6C; Supplemental Fig. S9C).
Additionally, results from the noninvasive measurement
of net NO;~ fluxes via SIET (a high-resolution scanning

Two-Way Connection between NO; - and ABA-Signaling Pathways

I5NO; influx

ion-selective electrode technique) showed that the ad-
ditional application of ABA mainly affected net nitrate
influx, particularly so in the maturation zone of the
root tip, but not nitrate efflux (Fig. 6D; Supplemental
Fig. S9D).

DISCUSSION

Commonality and Specificity of Wheat NRT2 and NAR
Genes Compared to Other Plant Species

In this study, six subgroups of NRT2 genes and three
subgroups of NAR genes were identified by genome-
wide scanning in bread wheat (Fig. 1, A and B). As
expected of a hexaploid species, each subgroup con-
sisted of three homoeoalleles distributed on the A, B,
and D subchromosomes (Supplemental Table S2), ex-
cept for TaNRT2.4, the 1AS counterpart of which was
absent in bread wheat, as well as in the progenitor of
its A genome, T. urartu. This is not surprising, given
that about 10% of the genes in the bread wheat ge-
nome have been found to have lost their A subgenome
homeologs (IWGSC, 2018). Intriguingly, the tran-
script level of TaNRT2.4 was the lowest among the
NRT?2 genes in bread wheat (Fig. 2; Supplemental Fig.
S1). Moreover, the global transcript profile of wheat
NRT2 and NAR genes in terms of tissue specificity
(Fig. 2) and in response to treatments of nitrate withdrawal
and subsequent nitrate resupply (Fig. 3A; Supplemental
Fig. S2) showed that TaNRT2.1, TaNRT2.2, TaNRT2.3,
TaNAR2.1, and TaNAR2.3 were principally responsive
to nitrate in roots, TaNRT2.6 was leaf-specific, and
TaNAR2.2 was significantly induced by nitrate in
roots and moderately in shoots.

Figure 6. ABA can affect nitrate uptake in bread
wheat. A, ">N-influx measurement in TaANR]T-
RNAI, Kronos 2467, and wild-type wheat lines.
B, ">N-influx measurement in TaWabi5 mutant
(Kronos 2985 and 4321) and wild-type wheat
lines. After 5-d nitrate starvation, wheat seedlings
were hydroponically treated with 2 mm >NO,~
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for 1 h, and then whole seedlings were collected
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surement in wheat seedlings at 0.2 mm >NO,-
plus 50 um ABA and at 0.2 mm '>NO,~. After 5-d
nitrate starvation, wheat seedlings were hydro-
ponically treated with 0.2 mm ">NO,~ plus 50 um
ABA or 0.2 mm '>NO;~ for 1 h, and then whole
seedlings were collected for '>N-influx measure-
* ment. D, Temporal root net nitrate flux of wheat
seedlings under 0.2 mm >NO;~ plus 50 um ABA
treatment and 0.2 mm '>NO,~ treatment. After 1 h
of treatment, seedlings were subjected to analysis
of temporal root net nitrate flux using the high-
resolution scanning ion-selective electrode tech-
nique. Each bar represents the mean = sp of at
least three biological replicates. Columns marked
with asterisk indicate significant differences

(*P < 0.05) using Student’s t test.
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In the Arabidopsis genome, AtNRT2.1 (Atlg08090)
and AtNRT2.2 (At1g08100) are located in tandem on
chromosome 1 (Zhuo et al., 1999). Moreover, OsNRT2.1
and OsNRT?2.2 in rice (Cai et al., 2008), LiNRT2.1 and
LjNRT2.2 in Lotus japonicus (Criscuolo et al., 2012), and
MtNRT2.1 and MtNRT2.2 in M. truncatula (Pellizzaro
et al., 2015) have been found to occur in the same tan-
dem configuration, and this is also the case in maize
(Zea mays) and Sorghum bicolor (Plett et al., 2010). Sim-
ilarly, analysis of the genome data of bread wheat
showed that TaNRT2.1 and TaNRT2.2 were closely
distributed on the short arm of chromosome 6, al-
though interval sequences were longer than those in
the Arabidopsis and rice genomes, possibly due to
the larger proportion of repetitive DNA in the wheat
genome (IWGSC, 2014; Wang et al., 2015).

Phylogenetic analysis revealed TaNRT2.6 belonged
to the same clade as AtNRT2.7 and OsNRT2.4 (Fig. 1A).
AtNRT2.7 is uniquely expressed in leaves of Arabi-
dopsis (Orsel et al., 2002), while OsNRT2.4 shows a
divergent spatial expression pattern compared to other
NRT2 genes in rice (Feng et al., 2011). In bread wheat,
TaNRT2.6 was the only member of the NRT2 family
with elevated expression in leaves, indicating genes in
this clade play a distinct role against the background of
other NRT2 genes. AtNRT2.7 and OsNRT2.4 are also
expressed in reproductive organs (Chopin et al., 2007;
Feng et al.,, 2011), and the transport functions of their
translated proteins are independent of the presence of
NAR proteins (Chopin et al.,, 2007, Wu et al., 2013).
Whether TaNRT2.6 is similar in this regard remains
unknown. Moreover, both TaNRT2.6 and OsNRT2.4
contained one intron in the genomic sequences (Fig. 1C),
while no intron was present in any of the other NRT2
genes in bread wheat and rice (Cai et al., 2008). Intrigu-
ingly, in hexaploid wheat, the intron lengths of the three
homoeoalleles of TaNRT2.6 were different: TaNRT?2.6-
7AL harbored an intron of 1109 bp, and TaNRT2.6-7BL
one of 1996 bp, attributed to three additional insertions,
while the length of TaNRT2.6-7DL intron was 8192 bp
(Fig. 1C). The importance of intron variation among
homoeoalleles in terms of both expression pattern
and function has been reported in hexaploid wheat
(Shitsukawa et al., 2007), and the case of TaNRT2.6s
requires further investigation.

TaANR1 and TaWabi5 Are Essential Components Shaping
the Two-Way Connection between the NO;~ and ABA
Signaling Pathways in Wheat Roots

A strong two-way connection has been found be-
tween nitrate and phytohormones. For example, the
biosynthesis and transport of auxin and the biosyn-
thesis of cytokinin are affected by NO;-, and the accu-
mulation and distribution of auxin and cytokinin have
both been shown to exert feedback on NO,~ transport
and related critical responses, such as the induction of
NRT2 expression (Kiba et al., 2011; Krouk, 2016). This is
not surprising, given nitrate’s dual nature as a nutrient
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and signaling molecule in plants (Kiba et al., 2010;
Krouk et al., 2011; Krouk, 2016). The role of ABA has
as well been examined, albeit predominantly in the
context of the response to high nitrate (Signora et al.,
2001; Matakiadis et al., 2009), whereas its interaction
with nitrate in the context of nitrate withdrawal has
been less well investigated. Differences in ABA content
in Arabidopsis seedlings on nitrate-deficient medium
compared to normal medium have been recorded,
while the expression of AtNCED3, which encodes a key
enzyme in ABA biosynthesis, was similar under the
two conditions (Lu et al., 2015). Another study found
nitrate could stimulate ABA accumulation in root tips
of Arabidopsis, caused by ABA-GE deconjugation in-
stead of ABA biosynthesis (Ondzighi-Assoume et al.,
2016). Building on these discoveries in Arabidopsis, it
was essential to further investigate the effect of nitrate
on endogenous ABA content in crops and, moreover, to
reveal more information on the consequence of this
effect for nitrate uptake and on the nature of such a link.

Our study shows that nitrate provision following
nitrate starvation can lead to a pronounced increase in
the ABA content in wheat roots (Fig. 3B), mainly as a
consequence of TaBGI-mediated release of ABA from
the inactive ABA-GE form (Fig. 3, C and D). Further-
more, based on Y1H screening, TaANRI1, an important
component in the nitrate signaling pathway, was iso-
lated and confirmed to be a direct regulatory factor of
TaBG1 transcription under nitrate (Fig. 4). Recently,
another MADS-box transcription factor in Arabidopsis,
AtSVP, was found to bind to the promoter of AtBG1
and activate its expression in leaves under drought
stress (Wang et al., 2018b), indicating that the regula-
tion of BGI by MADS-box transcription factors may
be common in plants. Our results also point out that
ABA accumulation via ABA-GE deconjugation could,
in turn, contribute to the nitrate induction of root-type
NRT2/NAR genes in wheat (Fig. 4E; Supplemental Fig.
S5C). Considering the presence of the ABRE in the
promoter regions of these genes (Supplemental Fig. S3),
TaWabi5, an ABRE-binding factor that can be induced by
ABA (Kobayashi et al., 2008) and nitrate (Supplemental
Fig. S8), was identified and confirmed to activate the ex-
pression of root-type NRT2/NAR genes (Fig. 5). These
lines of evidence not only describe a two-way connection
between ABA and the NO;-signaling pathway, but also
shed light on the molecular mechanism underlying this
cross talk (Fig. 7).

Intriguingly, the nexus among ABA, ABA-GE, and
nitrate under nitrate starvation appeared to be dif-
ferent from that under nitrate resupply. ABA content
decreased during nitrate starvation, which was also
the trend seen in nitrate content (Supplemental Fig.
S4A). Similarly, a lower ABA content in Arabidopsis
seedlings on nitrate-deficient medium compared to
normal medium was also discovered (Lu et al., 2015).
Considering the lower expression of root-specific NRT2
and NAR genes under nitrate starvation (Supplemental
Fig. S2), these findings further support the mediator
role of ABA in nitrate induction of these transporter
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Figure 7. A proposed model for the two-way relationship between ni-
trate and ABA. When nitrate is resupplied after starvation, the tran-
scription of TaANRT is triggered. The products of TaANRT are able to
bind to the CArG motifs in the promoter of TaBGT and activate its ex-
pression. TaBG1 can deconjugate ABA-GE, resulting in ABA accumu-
lation. Then, the elevated ABA level causes an increase in TaWabi5
expression. TaWabi5 is capable of binding to the ABRE muotifs in the
promoter of root-type NRT2/NAR genes and activating their expression,
thus leading to an acceleration in nitrate uptake.

genes. However, the content of ABA-GE showed no sig-
nificant change during nitrate starvation (Supplemental
Fig. 54B), indicating the decline in ABA content under this
condition was not directly linked to ABA-GE content.
Questions such as how the content of ABA is decreased
during nitrate starvation warrant future investigation.

Apart from the transcriptional cross talk uncovered
in this study, the two-way connection between the ABA
and NO; -signaling pathways has also been previously
shown to occur at the posttranslational level (Krouk,
2017). For example, Léran et al. (2015) found AtABI2
played a positive role in nitrate uptake by mediating
the phosphorylation of AtNRT1.1/AtNPF6.3. In that
study, the authors suggested that the accumulation of
ABA could potentially attenuate nitrate uptake by
inhibition of AtABI2 activity, which would be espe-
cially beneficial for the survival of plants under stress-
ful conditions, such as drought or salinity stress, since
nitrate uptake and utilization are energy-intensive
processes. In our study, ABA could enhance nitrate
acquisition when plants were released from a status of
nitrate starvation, which is also clearly beneficial for
the survival. Taken together, these discoveries indicate
ABA appears to fine-tune nitrate uptake through dif-
ferent mechanisms, depending on the growth condi-
tions plants are subjected to.

Given the increasing number of NRT1/NPF (Buchner
and Hawkesford, 2014) and NRT?2 (in this study) genes
recently identified in bread wheat and their functional
verification (Li et al., 2020), more elements of the cross
talk between ABA and nitrate acquisition and sin-
gling are likely to be uncovered in this important
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crop. In Arabidopsis, at least four nitrate transporters,
including AtNPF4.6/NRT1.2/AIT1, were found to
also function as ABA transporters (Kanno et al., 2012).
The response of nitrate-mediated enhancement of
seed germination was different between the atnpf4.6
mutant and the wild type. In M. truncatula, another
nonorthologous NPF, MtNPF6.8/MtNRT1.3, also
displayed this bifunctionality as a transporter of both
nitrate and ABA (Pellizzaro et al., 2014). Intriguingly,
it has been suggested that ABA is involved in nitrate
inhibition of primary root growth in M. truncatula
(Liang et al., 2007; Pellizzaro et al., 2014). Therefore,
future investigations of such cotransporter activity of ABA
and nitrate in bread wheat will broaden our understanding
of the two-way connection between the ABA- and NO; -
signaling pathways.

ABA Accumulation Is Important in the Regulation of
NO;- Uptake

Previous studies using a mapping population from a
cross between cv CS and SQ1 (a high-ABA breed-
ing line; Quarrie, 1981; Quarrie et al., 2005) identi-
fied multiple QTLs associated with N-use efficiency
(Habash et al., 2007; Quraishi et al., 2011), among which
some loci in the SQ1 background showed superior traits
that could be activated by ABA and by limitations in
NO;™ (Quarrie et al., 2006, 2007). Our study shows that
suppression of ABA accumulation (in the TaANRI
mutant and in RNA| lines) and suppression of the ABA-
signaling pathway (in the TaWabi5 mutant lines) can
inhibit nitrate uptake in wheat (Fig. 6, A and B). These
lines of evidence suggest that the manipulation of ABA
content or of ABA-signaling transduction might offer
a new avenue toward the improvement of wheat
nitrogen acquisition. Moreover, endogenous ABA
levels appear to be an index for N-use efficiency,
which might be helpful in breeding and selection of
new, more N-use-efficient wheat lines. More investi-
gations in wheat populations to verify the correlation
between ABA accumulation and N-use efficiency
more broadly are warranted.

Our study also shows that the application of exoge-
nous ABA enhances NO,~ uptake, particularly under
NO; -deficient conditions, in wheat. Compared to
resupply with 0.2 mum following NO,~ withdrawal, the
provision of 0.2 mM NO;~ plus 50 um ABA could further
increase the transcriptional levels of root-type NRT2/
NAR genes (Fig. 3A) as well as NO;~ influx (Fig. 6, C
and D) in bread wheat. Importantly, multiple ABA-
producing/utilizing rhizobacteria have been identified
that could be applied to capitalize on these mechanisms
and alleviate abiotic stress and promote crop growth
under challenging field conditions (Dodd et al., 2010;
Ilyas and Bano, 2010). As well, several ABA analogs
that are cheaper and chemically more stable than ABA
itself have been synthetized and have been field tested
(Cao et al.,, 2017). Therefore, ABA-producing rhizobac-
teria and ABA analogs present promising alternatives to
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direct ABA applications together with nitrogen fertilizer
to enhance nitrate-uptake capacity in wheat and other
crops. It will be important to test and evaluate the
practicality of such approaches in the field.

MATERIALS AND METHODS

Identification of NRT2/NAR/ABF Genes in the Wheat
Genome Databases and Phylogenetic Analysis

The putative genomic and coding sequences of the wheat (Triticum aestivum)
NRT2/NAR/ABF genes were scanned genome-wide and identified from the
databases of the International Wheat Genome Sequencing Consortium
(IWGSC), CerealsDB, NCBI, and Graingenes (IWGSC, 2014, 2018; Wang et al.,
2015), based on a blast analysis of the NRT2/NAR/ABF genes in barley (Hor-
deum vulgare) and rice (Oryza sativa; Supplemental Table S1). The genomic
structures of the NRT2/NAR genes were illustrated based on comparisons of
genomic and coding sequences and by the Gene Structure Display Server
(GSDS; http://gsds.cbi.pku.edu.cn/). The subchromosomal locations were
determined using the IWGSC and CerealsDB databases (Supplemental Table
S2). The putative ~2000 bp upstream sequences (promoters) of the wheat
NRT2/NAR genes were identified from the scaffold sequences of INGSC and
then submitted to PlanCARE (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/) for cis-elements analysis. To validate the sequences in silico,
specific primers (Supplemental Table S3) were designed for PCR, and the am-
plified products were then resequenced.

The deduced NRT2s and NAR2s amino acid sequences were aligned by
Clustal W (http://www.clustal.org) and then submitted to MEGA 6 to con-
struct the phylogenetic trees based on the maximum-likelihood method
(Hasegawa et al., 1991). The number of bootstrap replications was 1000.

Plant Materials and Growth Conditions

To correspond with the genome sequence in IWGSC, the T. aestivum ‘CS’ was
chosen in this study. Additionally, the wheat mutants, Kronos 2467, 2985, and
4321, generated by Krasileva et al. (2017), were procured via the Chinese dis-
tribution site, Shandong Agricultural University. The RNAi line of TiANR1 was
generated in the cv CS background; the sense and antisense fragments were
designed according to Lei et al. (2018) and inserted into a ZmUbiquitin-pro-
moter-containing vector, pTCK303 (Liu et al., 2014). Accession of Columbia
(Col-0) was used as wild-type Arabidopsis (Arabidopsis thaliana), and all the
mutant lines were in this background. The Arabidopsis AtBG1 (At1g52400)
mutant lines (SALK_075731C and SALK_122533) were obtained from the
ABRC stocks (Ondzighi-Assoume et al., 2016).

For tissue-specific RNA isolation, wheat seeds were germinated on wet filter
paper at 20°C and transplanted into soil-filled pots for growth in controlled-
environment rooms under a 12-h photoperiod (light/dark temperature 22/
20°C), a relative humidity of 50%, and 300 umol m~2s~! PAR (photosynthet-
ically active radiation; Wang et al., 2014). According to Zadoks et al. (1974),
different organs were collected at the seedling stage (Z11), the tillering stage
(Z21), the jointing stage (Z32), and the flowering period (Z59), respectively.

For hydroponic experiments with wheat, after 5 d of germination on wet filter
paper, seedlings were transferred and grown in modified half-strength Hoag-
land’s liquid medium containing 2 mm KNO;, 1 mm KH,PO4, 1 mm MgSO,,
1 mm CaCly, 0.1 mu Fe-EDTA, 1 um H;BO3, 1 umt ZnSOy, 0.5 um CuSOy, 0.3 umt
Na,MoOy, and 1 um MnCl,. The medium was buffered at pH 6.0 using diluted
2MNaOH and was replaced every 2 d. After 10 d, seedlings (apart from the +N
control seedlings) were transferred into N-free medium (where KNO; was
replaced by KCl) for 5 d of a nitrogen starvation (NS) treatment. Samples were
collected at NS-0d, NS-1d, NS-2d, and NS-5d. Consistent with our experimental
objectives, subsequent treatments included (1) 2 mm KNOj (or N-labeled
KNO;) nitrogen recovery; (2) 0.2 mm KNO; (or ®N-labeled KNO;) low-
nitrogen provision; (3) 50 um ABA (Cai et al., 2007); (4) 50 um ABA plus 2 mm
KNOs3; (5) 50 um ABA plus 0.2 mm KNOj (or 1°N-labeled KNO3); and (6) 100 um
ABA synthesis inhibitor norflurazon (Dong et al., 2013) plus 2 mm KNO;.
Samples were collected at 0.5 h, 1 h, 6 h, and 12 h during treatment. The con-
dition of the chamber was 14 h/10 h light/dark under a temperature regime of
22/20°C, a relative humidity of 50%, and 300 umol m~2 s~ ! PAR.

For Arabidopsis, seeds were germinated on half-strength Hoagland’s solid
medium (nutrients presented above plus 1% [w/v] agar, pH 5.8) for 2 weeks.
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After a 4-d starvation on N-free medium, seedlings were transferred onto a
specific root-nitrate-supplied system (Supplemental Fig. S5A; modified from Li
et al. [2017]), in which the upper part (for leaves) was a N-free medium,
while the bottom part (for roots) was a standard medium. The condition of the
Arabidopsis chamber was 23°C and a photoperiod of 16 h light (100 umol m~2s1)/
8 h dark.

RNA Extraction and RT-qPCR Analysis

Total RNA was extracted from the samples collected using the TRIzol reagent
(Takara). Total RNA quality and concentration were determined using an
Agilent 2100 Bioanalyzer (Agilent Technologies). The first cDNA strand was
synthesized using a PrimeScript RT reagent kit with gDNA Eraser (Takara).
SYBR Premix Ex Taq II (Takara) was utilized for the RT-qPCR on the LightCycler
480 real-time PCR system (Roche Diagnostics), following the manufacturer’s
instructions. For genes in bread wheat, degenerate primers covering A, B, and D
copies were utilized. TaEF1-a (M90077; Paolacci et al., 2009) was chosen as the
endogenous control. For Arabidopsis, AtActin2 (At3g18780) was the constitu-
tive normalization control for RT-qPCR. All reactions were carried out four
times for each of three independent biological samples. All the primers are as
given in Supplemental Table S3.

Nitrate Content Analysis and °N-Influx Measurement

Plants were treated with 0.1 mm CaSQOj, for 1 min, were then transferred to
complete nutrient medium containing NO,~/°NO,~ at the indicated concen-
trations for 5 min, and finally to 0.1 mm CaSO, for 1 min. NO;~ content was
measured as described by Cai et al. (2007), using a Skalar Four Flow Analyzer
(San ++ System, Skalar).

For 1>N-influx measurements, seedlings were collected, freeze-dried, and
weighed. After grinding, the resultant powder was subjected to a Thermo Flash
2000 analyzer hyphenated to a Thermo Fisher Delta-V isotope-ratio mass
spectrometer to determine total N and '°N abundance. Nitrate influx was cal-
culated as 1°N content per gram dry weight.

Net NO;~ Flux Measurement at the Root Surface

A high-resolution scanning ion-selective electrode technique (BIO-003A
system; Younger USA Science and Technology; Applicable Electronics; Science
Wares) was used for net nitrate flux measurements in bread wheat roots, which
was performed by Xuyue Science and Technology. The method was previously
described in detail by Xu et al. (2012a) and Zhong et al. (2014).

Quantitative Analysis of Endogenous ABA and
ABA-GE Content

For ABA content measurement, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) was performed by Zoonbio Biotechnology. The
internal ABA standard was obtained from Sigma. High performance liquid
chromatography analysis was performed using a ZORBAX SB-C18 (Agilent
Technologies) column (2.1 mm X 150 mm; 3.5 mm).

For ABA-GE content measurement, 2Hs-ABA-GE was obtained from
the Plant Biology Institute of the National Research Council of Canada.
Quantification of ABA-GE was performed using stable isotope dilution
LC-MS/MS. Plant material (200 mg, fresh weight) was ground into fine
powder in liquid nitrogen then extracted with ethyl acetate containing
2Hs-ABA-GE (internal standard) at —20°C for 16 h. After centrifugation
at 15,000g for 15 min, the supernatant was collected. After adding equiv-
alent hexane, the sample was loaded onto a Sep-Pak Silica (Waters) car-
tridge, which was preconditioned with hexane:ethyl acetate (1/1, v/v).
The cartridge was sequentially washed with hexane:ethyl acetate (1/1,
v/v) and hexane:ethyl acetate (2/8, v/v) then eluted with ethyl acetate:
methanol (8/2, v/v). The eluate was evaporated and redissolved in 20%
(v/v) methanol for LC-MS/MS analysis. LC-MS/MS analysis was per-
formed on a ultra performance liquid chromatography system (Waters)
coupled to the 6500 Q-Trap system (AB SCIEX). LC separation used a BEH
C18 column (1.7 mm, 2.1 X 100 mm; Waters) with a mobile phase of 0.05%
(v/v) acetic acid (A) and 0.05% (v/v) acetic acid in acetonitrile (B). The
gradient was set at an initial 2% B and then increased to 40% B within
8 min. ABA-GE undergoes in-source dissociation, and this was detected in
MRM mode with transition 263/153.
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Y1H Analysis

For YIH screening, the Matchmaker Gold Yeast One-Hybrid Library
Screening System (Clotech) was used. The promoter region (=1 ~ —500) of
TaBG1 was fused into the pHIS2 to generate the bait construct. The cDNA li-
brary of wheat roots constructed via SMART cDNA synthesis technology, was
transferred into the bait yeast strains containing pHIS2-TaBG1, and was se-
lected on synthetic dropout medium (SD) plates lacking Leu with or without 3-
amino-1,2,4-triazole. The prey fragments from the positive colonies were
identified by DNA sequencing.

For Y1H assay, the promoter region of TaBG1 or TaNRT2.1, TaNRT2.2,
TaNAR2.1, and TaNAR2.3 was fused into the pABAI to generate the bait con-
struct and then transformed into YIHGold yeast strain (2" Lab). The coding
region of TaANR1 or TaWabi5 was fused into the pGADT?7 vector as a prey
construct. The prey construct and the empty construct were separately trans-
formed into the bait strain. The transformed yeast cells were grown at 30°C for
4 d on SD plates lacking Leu with or without antibiotic (Wang et al., 2019).

EMSA

The recombinant protein of TaANR1-His was successfully expressed and
purified from Escherichia coli Arctic-Express strains containing pCznl-TaANR
(Supplemental Fig. S10A) and TaWabi5-His from Arctic-Express strains con-
taining pET28a-TaWabi5 (Supplemental Fig. S10B). The promoter fragments of
TaBG1, TaNRT2.1, TaNRT2.2, TaNAR2.1, and TaNAR2.3 shown in Figures 4C
and 5, B-E, were biotin-labeled at their 3" ends as EMSA probes. EMSA was
performed following the protocol of chemiluminescent EMSA kit (LightShift,
Thermo Scientific). Gel images were captured using the Gel Doc2000 (Bio-Rad).

Dual Luciferase Transient Expression Assay

The promoter region of TaBG1 or TaNRT2.1, TaNRT2.2, TaNAR2.1, and
TaNAR2.3 was fused into the pGreenlI 0800-Luc to generate the reporter con-
struct. The coding region of TaANR1 or TaWabi5 was fused into the 35S::pBI221
vector as the effector construct. The empty vector was used as a control. The
transient expression assay was performed in Arabidopsis mesophyll cell pro-
toplasts, and the protoplasts were isolated following Liu et al. (2014). Each
of the reporter constructs, together with the empty vector or either the
355::TaANRI effector or the 35S:TaWabi5 effector, was cotransformed into
protoplasts and then incubated overnight. The relative LUC activity was de-
termined by the LUC/REN ratio using a Dual-Luciferase Reporter Assay kit
(Promega), according to the manufacturer’s instructions.

Statistical Analyses

Data in this study were statistically analyzed by the Student’s t test or the one-
way Waller-Duncan test.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers shown in Supplemental Tables S1 and S2.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Transcriptional comparison of wheat NRT2 and
NAR genes in shoots (red) and roots (black) of young wheat seedlings
(Zadoks scale = 11).

Supplemental Figure S2. Influence of nitrate starvation and nitrate resup-
ply on nitrate content and gene expression of wheat NRT2 and NAR
genes in roots and shoots of young wheat plants.

Supplemental Figure S3. The distributions of ABRE element in promoters
of wheat NRT2 and NAR genes.

Supplemental Figure S4. The content of ABA, ABA-GE, and nitrate in
wheat roots upon nitrate starvation.

Supplemental Figure S5. The involvement of ABA-GE deconjugation in
nitrate induction of nitrate transporter genes in roots of Arabidopsis.
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Supplemental Figure S6. Characterization of TaANRI.

Supplemental Figure S7. Information on RNAi and mutant lines used in
this study.

Supplemental Figure S8. Characterization of TaABFs.

Supplemental Figure S9. The additional information showing the effect of
ABA on nitrate uptake in bread wheat.

Supplemental Figure S10. The recombinant protein of TaANR1-His and
TaWabi5-His expressed and purified from E. coli Arctic-Express.

Supplemental Table S1. Symbol numbers and gene ID of NRT2 and NAR
genes in Arabidopsis, H. vulgare, and O. sativa.

Supplemental Table S2. Identification of NRT2 and NAR gene families in
wheat genome.

Supplemental Table S3. Primers used in this study.
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