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Abstract

Improving nitrogen-use efficiency is an important path toward enhancing crop yield and alleviating the environmental impacts
of fertilizer use. Ammonium (NH3) is the energetically preferred inorganic N source for plants. The interaction of NHZ with
other nutrients is a chief determinant of ammonium-use efficiency (AUE) and of the tipping point toward ammonium toxicity,
but these interactions have remained ill-defined. Here, we report that iron (Fe) accumulation is a critical factor determining
AUE and have identified a substance that can enhance AUE by manipulating Fe availability. Fe accumulation under NHZ
nutrition induces NHZ efflux in the root system, reducing both growth and AUE in Arabidopsis (Arabidopsis thaliana). Low
external availability of Fe and a low plant Fe status substantially enhance protein N-glycosylation through a Vitamin C1-
independent pathway, thereby reducing NH efflux to increase AUE during the vegetative stage in Arabidopsis under elevated
NHZ supply. We confirm the validity of the iron—ammonium interaction in the important crop species lettuce (Lactuca sativa).
We further show that dolomite can act as an effective substrate to subdue Fe accumulation under NHZ nutrition by reducing
the expression of Low Phosphate Root 2 and acidification of the rhizosphere. Our findings present a strategy to improve AUE
and reveal the underlying molecular—physiological mechanism.

Introduction respiration rates and a negative energy balance are frequently

Ammonium (NHJ) and nitrate (NO3) are the main sources
of nitrogen (N) for most plants, and plants differ enormously
in the extent to which they can thrive on either N source
(Kronzucker et al. 1997, 2000, 2003). NO3 must be reduced
to NH before it can be incorporated into amino acids, pro-
teins, and other macromolecules, a process that requires en-
ergy (Britto and Kronzucker 2005; Hachiya et al. 2007; Meier
et al. 2020; Vidal et al. 2020), and thus, ammonium is consid-
ered the preferred nitrogen source in terms of energy costs,
except in species that suffer ammonium toxicity already
at relatively low concentrations—in the latter, elevated

observed (Britto et al. 2001). Increasing NH; use by plants has
been suggested to be an important goal for agriculture as
CO, levels rise in the world (Hachiya et al. 2021; Subbarao
and Searchinger 2021). In farmland soil solutions, bulk NHZ
concentrations are normally in the micromolar range, but
can fall into the of 2 to 20 mm range, and, in some cases,
be as high as 40 mm following fertilizer application (Britto
and Kronzucker 2002; Ma et al. 2016). However, typically
only 30% to 50% of applied N fertilizer is taken up by crops,
with the remainder being emitted into the atmosphere as
ammonia (NH;) (Coskun et al. 2017a, 2017b) or, following
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nitrification, lost as N-oxide gases or leached as nitrate into
water systems where it causes eutrophication (Sun et al.
2015; Coskun et al. 2017a, 2017b; Min et al. 2021). Since
the global food demand is continually rising, simply limiting
N fertilizer inputs and sacrificing yield is clearly not feasible,
especially not in most developing countries. Thus, determin-
ing how to enhance plant growth by increasing nitrogen-use
efficiency (NUE), and its subset, ammonium-use efficiency
(AUE), is an urgent challenge in agriculture.

Great progress has been made in approaches to optimize
nitrate-use efficiency in various plant species, by targeting ni-
trate absorption, metabolism, and remobilization (Tsay et al.
1993; Huang et al. 2009; Xu et al. 2012; Hu et al. 2015; Fan
et al. 2016; Ohkubo et al. 2017; Chen et al. 20203; Liu et al.
20233; Song et al. 2023). Previous attempts have also been
made to improve AUE by increasing ammonium absorption
and metabolism. However, some studies have shown that in-
creasing ammonium transporter-mediated ammonium ab-
sorption can exacerbate ammonium toxicity (Hoque et al.
2006; Bao et al. 2015). Recent reports have further shown
that excessive ammonium metabolism by plastidic glutam-
ine synthetase (GS) can bring about ammonium toxicity
(Hachiya et al. 2021; Xie et al. 2023). Low AUE is frequently
associated with futile NHZ cycling in roots, and larger NHZ
efflux in roots has been observed in low-NUE cultivars un-
der high NHZ (Chen et al. 2013, 2020b). Although the fac-
tors and/or mechanisms controlling NHZ efflux from
plant roots are still poorly understood, it has been sug-
gested that protein N-glycosylation alteration is associated
with NH; efflux regulation (Qin et al. 2008; Li et al. 2010,
2014, 2022; Di et al. 2021). Higher protein N-glycosylation
is associated with reduced NHj efflux and protecting
growth under elevated NHZ (Qin et al. 2008; Tanaka et al.
2015; Li et al. 2022). GDP-mannose pyrophosphorylase
(GMPase) has been reported to be involved in the regulation
of plant growth under high NH; by regulating protein
N-glycosylation. Mutation in Vitamin C1 (VTCT) results in en-
hanced root NH; efflux, linking N-glycosylation of proteins
functionally to root NH; fluxes (Qin et al. 2008; Barth et al.
2010; Li et al. 2010; Kempinski et al. 2011). All the previous stud-
ies suggest that, in addition to primary ammonium absorption
and/or metabolism, there must be other factors limiting the
improvement of AUE.

Nutrient interaction has been shown to be important for
the presentation of ammonium toxicity symptoms in many
plants (Kronzucker et al. 1999; Szczerba et al. 2008; Balkos
et al. 2010; Britto et al. 2014; Xiao et al. 2022; Coleto et al.
2021, 2023). Intriguingly, NHZ can decrease the tissue con-
tents of most cations but increase the content of iron (Fe)
(Britto and Kronzucker 2002; Roosta and Schjoerring 2007;
Li et al. 2012, 2013). Recently, Liu et al. (2022a, 2023b) found
that NHZ-regulated Low Phosphate Root 2 (LPR2)-mediated
aberrant Fe accumulation impairs Arabidopsis (Arabidopsis
thaliana) root growth. Meanwhile, Pyridoxine Biosynthesis
1.1 (PDX1.1)-dependent biosynthesis of vitamin B6 was
shown to protect root elongation from Fe-accumulation
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stress under NHZ conditions (Liu et al. 2022b). These reports
suggest that Fe plays a role in the regulation of root elong-
ation under NH nutrition.

In this work, we show that Fe accumulation under NH; nu-
trition is indeed a critical factor in the regulation of root NHZ
efflux, AUE, and plant growth in both Arabidopsis and let-
tuce (Lactuca sativa). We further report that low external
availability of Fe or low Fe status of the plant substantially en-
hance protein N-glycosylation through a VTC1-independent
pathway, thereby reducing NH7 efflux to increase AUE dur-
ing the vegetative stage in Arabidopsis under high-NHZ con-
ditions. We identify dolomite as an effective substrate to
control Fe accumulation under NHZ nutrition by reducing
ammonium-linked LPR2 gene expression and rhizosphere
acidification.

Results

Fe regulates Arabidopsis growth and AUE under
high NH4™ supply

Experiments were designed to examine the growth of
Arabidopsis on media with different combinations of NHZ
and Fe. We found that when Arabidopsis was grown on nor-
mal growth medium (GM) containing a standard Fe concen-
tration of 100 um (Fe'®), Arabidopsis rosette size and dry
weight (DW) of whole seedlings were only slightly increased
in NHZ medium compared to in the mock condition (Fig. 1, A
and B). On medium containing 5 um Fe (Fe’), Arabidopsis
growth was markedly different and was strongly promoted
by NH; (Fig. 1, A and B; Supplementary Fig. STA). Rosette
size and DW of whole seedlings under Fe®> + NH were in-
creased by ~27% and ~35%, respectively, compared to those
of Col-0 seedlings grown on Fe'® + NH} (Fig. 1, A and B).
Similar experiments were performed using equipotent
FeSO, and/or FeCl;—EDTA, and even with these different
forms, Fe'® led to lower seedling growth than Fe® under
NHZ treatment (Supplementary Fig. S1B). However, low Fe
status did not enhance plant growth in either the GM con-
trol (mock) or the equimolar-nitrate (+NOj3) conditions
(Fig. 1, A and B).

We further examined whether AUE can be affected by Fe
availability. The N usage index (Ul), which is calculated by
dividing seedling DW by seedling N content (Wada et al.
2015; Chen et al. 2020a), is suitable for estimating NUE (or
AUE) at the vegetative stage (Good et al. 2004; Brauer and
Shelp 2010). N content and N Ul were highest in the Fe®
+ NHZ seedlings (e.g. Ul increased by ~19% to 34%) com-
pared to all other treatments (Fig. 1, C and D), indicating
that low Fe status enhances plant vegetative growth and
AUE under conditions of elevated NH;. However, low Fe sta-
tus did not enhance Ul in the equimolar nitrate (+NO3)
treatments (Fig. 1, C and D). Furthermore, there was no dif-
ference in either GS or total plant carbon (C) between Fe'®
and Fe® under different nitrogen conditions (Supplementary
Fig. S2), suggesting that the enhancement in AUE is not be-
cause low Fe status affects ammonium metabolism and/or
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Figure 1. Fe regulates Arabidopsis growth and AUE under elevated NHJ. A) A representative photograph of shoots from the 10-d-old Col-0 grown
on GM (mock) plus 5 mm NO3 (+NO3) or 5 mm NH (+NHZ) in Fe® (5 um) and/or Fe'® (100 um) medium. Bar = 1 cm. Rosette diameter (RD) is
shown in the photograph. Values shown are the means + so (n > 20). B) Whole-seedling DW of 10-d-old Col-0 grown on mock, +NO3 and +NHZ
medium with Fe> and/or Fe'®. Twenty seedlings as a group, and values shown are the means =+ sb of four group replicates. C) N%gyy, of whole seed-
lings of 10-d-old Col-0 grown on mock, +NO3, and +NH; medium with Fe® and/or Fe'%. N: nitrogen. Twenty seedlings as a group, and values shown
are the means = sp of four group replicates. D) Ul by division of DW by N%p. Values shown are the means =+ sp of four group replicates. Different

letters represent means that are statistically different at the 0.05 level (one-way ANOVA with Duncan post-hoc test).

carbon homeostasis under elevated NH;. Moreover, there
were no significant differences in NH; content or the contents
of several other cations (e.g. K, Mg, Ca, Mn, Zn) between
Fe’and Fe'® under 5 mm NH; treatment (Supplementary
Fig. S3), suggesting that the enhancement of seedling growth
under NHZ and low Fe is also not dependent on other ele-
ments. In order to test whether improved AUE under low
Fe status and elevated NH; was caused by altered (higher)
N-absorption activity in the roots, a "NO3 and '°NH; uptake
experiment was performed. However, there was also no signifi-
cant difference in '°N uptake between Fe> and Fe'® under ele-
vated NH treatment (Supplementary Fig. S4). Taken together,
these findings show that Fe accumulation presents a critical
factor in regulating growth and AUE in Arabidopsis, and low
Fe status improves AUE at the vegetative stage of
Arabidopsis under elevated NH.

Low Fe status downregulates NH efflux by

upregulating protein N-glycosylation under high NHZ
Liu et al. (2022a) suggested that NHZ-mediated Fe(lll) depos-
ition in the tissues inhibits Arabidopsis root growth.
Perls’Prussian Blue stain is a widely used acidic solution of potas-
sium ferrocyanide, which reacts with ferric iron to form an

insoluble blue precipitate (Green and Rogers 2004). To examine
Fe accumulation under NH;, we performed Perls Fe-staining
(without 3,3’-diaminobenzidine intensification to avoid oversa-
turation). Under Fe'® conditions, the Perls staining intensity
was much stronger in the NH;-treated roots compared with
the mock and/or Fe® conditions (Fig. 2A). The phenomenon
was also observed by the ICP-MS method (Fig. 2B).
Combining Fig. 1 and Fig. 2, A and B, we plotted tissue Fe level
against seedling growth under +NH;.

Previous studies have shown that increased NH efflux in
the roots is one of the key characteristics associated with
root growth inhibition under high NH (Britto et al. 2001;
Li et al. 2010). As Fe negatively regulated plant growth under
high NHZ, we asked whether the growth reduction was asso-
ciated with elevated NH; efflux. We used the NMT technique
to monitor the NH; net fluxes at the roots of Col-0 under
both Fe'® and Fe’. The roots of plants treated with Fe'®
+ NHZ showed stronger NH; efflux than control plants
(Fe'® — NH3) (Fig. 2, C and D). Root NH} efflux was lower
under the low Fe condition compared to that under the
Fe'% + NH} condition (Fig. 2, C and D), and there was no dif-
ference in NH; efflux between Fe® + NH} and Fe®> — NH;
(Fig. 2, C and D).

$20z 1udy L.z uo Jasn auinoqay Jo Ausiaaiun Aq 908€192/01aeny/sAydid/ee01 01 /10p/ejonie-aoueape/sAyd|d/woo dno-olwapeoe)/:sdny wolj papeojumod


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae103#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae103#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae103#supplementary-data

4 | PLANT PHYSIOLOGY 2024: 00; 1-16

Li et al.

-
=]
=]

) @%%%?Qa

P

—

“—

—
Perls

(=]

T
2.5 5

A B C f.‘;\ © Fe“:JD 8 Fe5
NH,* (mM) g;_ ﬂ"E' 5004 o Fe'"%+NH," & Fe®+NH,"
0 25 5 0 25 5 o Z 400
7 = 54 * ®
g = 2 Iy eu\fﬁ.‘”.‘ Q#JRP
| A E 4 E 300 R’ | e e L"kh‘
| i *%‘ 3 = & ® L
H s S g | S 20049 ® 0 o
- i'| § g 5 > Rp P G
il : e
11 F " Pt
D
pd

=

0
6 60 120 180 240 300
Fet00 Fes + : )
NH,4" concentration (mM) Time (sec)
D R E Fes Fel00 Fglo0 F
hord [ 100 + + + -
N'f‘. Fe INH,7] @ Up-regulated [J Down-regulated
‘s 400+ Fe® - . 150 :
w >

o ‘ = 114 ;124
g 300+ - 100 ‘ g 1004 96 99
2 o 704 m & :
X 2004 b I; 8 S 50 i
% E 404 E

i < 0 ;
+ 100 ¢ c kD ' g :
T = 15 13 1733 20
=z -50 T  — T T
% - | Site  Protein  Site  Protein
=

+ +
-NH,4 +NH, 100kD: 1 0.85

T0kD: 1 0.84

0.78 FeS+N/Fe'®+N FeS+N/Fe'®0-N
079

Figure 2. Low Fe status leads to downregulation of root NH efflux by upregulating protein N-glycosylation under elevated NHz. A) Root Fe staining

(Perls staining) at different concentrations of NHZ with Fe® (5 um) or Fe
concentrations of NH with Fe® or Fe'®

100

(100 um) medium. Bar = 200 um. B) Fe content of Col-0 roots at different

medium. DW: dry weight. Values shown are the means + sb of three replicates. C, D) Net NHZ fluxes of Col-0

at the root tip transition zone, mean values of fluxes in (C) are shown in (D). —=NHZ: 0 mm; +NHZ: 5 mm. Values are the means +sp, n=6 to 9
biological replicates. E) N-glycosylation of proteins in Col-0 roots 7 d post-germination at different concentrations of NHZ and on Fe medium, eval-
uated using an anti-HRP reagent. Coomassie Brilliant Blue (CBB) staining of protein gels was used to control for protein loading. Asterisks (*) indicate
different specific N-glycoprotein bands. The relative quantitative values of * are indicated at the bottom of the blots. F) Characteristics of differ-
entially expressed N-glycoproteome in Col-0 roots 7 d post-germination. Protein: N-glycoproteins; site: N-glycosites from N-glycoproteins. Fe® + N:
Fe® + NHJ; Fe'® + N: Fe'® + NH}; Fe'®—N: Fe'®—NH}. Different letters represent means that are statistically different at the 0.05 level (one-way

ANOVA with Duncan post-hoc test).

Because higher protein N-glycosylation has been associated
with reduced NH efflux (Di et al. 2021; Li et al. 2022), we ex-
amined the extent of complex N-glycan formation using an
anti-horseradish peroxidase (HRP) serum that directly binds
to the oligomannose chains of N-glycoproteins (Strasser
et al. 2004). N-glycoprotein of Col-0 under Fe®>+ NH} was
higher than that under Fe'® + NH; (Fig. 2E). To further
understand this result, a comparative N-glycoproteome assay,
using indoTMTs with labeling, was performed. Gene
Ontology (GO) analysis showed that the Fe> + NH; treat-
ment resulted in substantial upregulation in N-glycosylation
of proteins in Col-0 seedlings, compared with Fe'% — NH;
and/or Fe'® + NH; (Fig. 2F; Supplementary Data Set 1).
Collectively, these results indicate that low Fe status indeed
downregulates root NH; efflux by upregulating protein
N-glycosylation under high NHZ.

Low Fe status regulates NHZ efflux and protein
N-glycosylation through a VTC1-independent
pathway

Previous studies have produced evidence indicating a critical
role for VTC1 in controlling root NH efflux in Arabidopsis

under high NHZ (Li et al. 2010; Di et al. 2021). Compared
with Col-0, the vtc1-1 mutant responded in a hypersensitive
fashion to NHZ (Fig. 3, A and B). The hypersensitive pheno-
type of vtc1-1 in terms of seedling growth was also rescued
by low Fe status (Fig. 3, A to D). For example, under the
Fe'% + NH; treatment, Col-0 shoots were larger than those
of vtc1-1 mutants (Fig. 3C) and the DW of Col-0 seedlings
was much higher than that of vtc1-1 mutant seedings
(Fig. 3D). By contrast, under Fe> + NH; conditions, the DW
of the vtc1-1 mutant was significantly higher than that of
Col-0 under Fe'® + NH; (Fig. 3, C and D). However, under
the Fe'® + NH} condition, Col-0 and vtc1-1 roots showed
comparable Fe levels in roots (Supplementary Fig. S5). This
suggests that VTC1 acts downstream of the NH;-induced
Fe accumulation to regulate growth. We further determined
whether low Fe status promotes Ul in the NHZ -sensitivity mu-
tant vtc1-1 under high-NHZ conditions. The Ul of Col-0 was
also higher than that of vtc1-1 plants under the +Fe'®
+ NHZ treatment (Fig. 3, E and F). In addition, low Fe levels
led to a significant increase in both tissue N content and Ul
(increase by ~60%) in vtc1-1 under high NHZ (Fig. 3, E and F).

Measurements of net NH fluxes in Col-0 and vtc1-1 roots,
assayed by NMT, revealed a significantly higher NH efflux
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Figure 3. Low Fe status improves AUE in the vtc1-17 mutant at the vegetative stage. A, B) Primary root growth of Col-0 and vtc1-1 mutant. The

medium was supplied with 0 (—NHZ) and/or 5 mm (+NHZ) NHZ plus Fe® (5 um) or Fe

199 (100 um), and root growth was evaluated 7 d post-

germination. Bar = 1 cm. Values shown are the means + sp (n = 24). C) A representative photograph of shoots from 10-d-old Col-0 and vtc1-1 plants

grown on 5 mm NHZ medium with Fe® or Fe'®

.Bar =1 cm. D) Whole-seedling DW of 10-d-old Col-0 and vtc1-1 plants grown on 5 mm NHZ medium

with Fe® or Fe'%. Twenty seedlings as a group, and values shown are the means =+ sb of five group replicates. E) N%py of whole seedlings of 10-d-old
Col-0 and vtc1-1 plants grown on 5 mm NH; medium with Fe® or Fe'®. DW: dry weight; N: nitrogen. Twenty seedlings as a group, and values shown
are the means =+ sp of five group replicates. F) Ul by division of DW by N%pyy. Values shown are the means =+ sb of five group replicates. Different

letters represent means that are statistically different at the 0.05 level (one-way ANOVA with Duncan post-hoc test).

from the roots of vtc1-1 than that from Col-0 roots when
supplied with NH} under the Fe'® condition (Fig. 4A).
NH; efflux under Fe® + NHZ in Col-0 and vtc1-1, however,
was lower than that under the Fe'® +NH; condition
(Fig. 4A). Moreover, under the Fe’ + NH; condition, Col-0
and vtc1-1 plants showed comparable NHZ efflux (Fig. 4A).
VTC1 has been reported to be involved in regulating NH efflux
in Arabidopsis by regulating protein N-glycosylation (Qin et al.
2008; Li et al. 2010; Di et al. 2021). Compared with Col-0, the
vtc1-1 mutant contained less N-glycoprotein under the Fe'®
+ NHZ treatment (Fig. 4B). Interestingly, low Fe treatment sub-
stantially enhanced the N-glycosylation level of the vtc1-1 mu-
tant under the +NH; treatment (Fig. 4B), suggesting that there
was a VTC1-independent pathway at low Fe status that governs
the upregulation of protein N-glycosylation under high NH.
Furthermore, NUDX9 (GDP-D-mannose pyrophosphohydro-
lase) expression in both Col-0 and vtc1-1 roots was significantly
reduced by low-Fe treatment following exposure to high NH;
(Supplementary Fig. S6).

Increased Fe level induces VTC1 protein
accumulation under high NH;

We next determined whether, and, if so, how VTC1 is modu-
lated by NHZ and/or Fe. We monitored the level of endogen-
ous VTC1 protein, using 35S:VTC1-GFP/vtc1-1 transformants,

in response to different NH;—Fe combination treatments.
We found that the levels of VTC1-GFP protein dramatically
rose following Fe'® + NH; treatment compared with in
the absence of NHZ (Fig. 4, C and D). However, in the pres-
ence of NHZ, Fe omission significantly reduced VTC1-GFP
protein levels, suggesting that Fe but not NH; regulates
VTC1 accumulation at the protein level (Fig. 4, C and D).
To further analyze whether the increased Fe level induced
VTC1 protein accumulation, we examined the response of
VTC1-GFP to a high exogenous Fe level (Fe’®, 200 um) in
the absence of NHZ. When grown in the presence of a high
Fe level without NH, there was significantly induced GFP
abundance compared to that at low Fe (Fe®) (Supplementary
Fig. S7). Collectively, these results indicate that the regulation
of VTC1 protein accumulation in NHj-treated roots was
Fe-dependent.

Dolomite attenuates NH efflux by reducing Fe
accumulation to promote Arabidopsis AUE

As AUE in plants is in part covered by NH; efflux from roots,
we screened several compounds with the goal of identifying
materials that might inhibit root NHZ efflux. Selection of can-
didate compounds was based on reported mechanisms of
ammonium and iron toxicity in plants, and included carbo-
nates, antioxidants, and calcium compounds, and the screen
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to that of Fe'®
level (one-way ANOVA with Duncan post-hoc test).

identified three compounds implicated in the reduction of
NH; efflux. Dolomite emerged as the material associated
with the largest reduction in NH efflux, and was therefore
used for further study (Supplementary Fig. S8). NH efflux
from both Col-0 and vtc1-1 roots was significantly reduced by
dolomite following exposure to high NHZ (Fig. 5A). Moreover,
under +NH; plus dolomite conditions, Col-0 and vtc1-1 plants
showed comparable NH; efflux (Fig. 5A). Dolomite application
has been discussed previously as a potential management strat-
egy for reducing plant iron toxicity (Suriyagoda et al. 2017). The
response of NH; efflux under Fe overload suggested that dolo-
mite could decrease NHj-mediated Fe accumulation in
Arabidopsis. This hypothesis was supported by the observation
that exogenous application of dolomite had a substantially in-
hibitory effect on root Fe levels in both Col-0 and vtc1-7 under
high-NH; conditions (Fig. 5B). We also examined the level of
VTC1-GFP in roots in response to dolomite under Fe'® + NH;
and found that dolomite application led to a downregulation
of VTC1-GFP abundance under the Fe'® + NH; treatment, fur-
ther supporting that Fe accumulation induces VTC1 protein ex-
pression under high NHZ (Fig. 4, C and D).

—NHjZ. Values shown are the means =+ sp of five replicates. Different letters represent means that are statistically different at the 0.05

Experiments with varying dolomite concentrations (0, 1,
and 5 g/L) were performed to investigate growth regulation
by ammonium. As shown in Fig. 5, C and D, root growth un-
der Fe'% + NH; was significantly enhanced by the applica-
tion of varying dolomite concentrations in both Col-0 and
vtc1-1. Consistently, rosette size and DW of whole seedlings
following dolomite application were increased in Col-0
seedlings when grown on Fe'® + NH; (Fig. 5, E and F).
Both tissue N content and Ul with dolomite application
was higher than under Fe'® + NH} treatments alone
(Fig. 5G; Supplementary Fig. S9), indicating that dolomite
application enhances Arabidopsis vegetative growth and
AUE under high NHZ. However, dolomite (CaMg(COs),)
did not enhance Col-0 growth in the absence of NHZ
(Supplementary Fig. S10). Roosta and Schjoerring (2008)
found that the addition of calcium carbonate (CaCOs) alle-
viated ammonium toxicity in cucumber (Cucumis sativus).
Consistent with this, CaCOs, rather than CaCl,, promoted
growth of Col-0 under high NH; (Supplementary Fig.
S11). Collectively, the results show that dolomite can re-
duce NHZ-induced Fe accumulation to attenuate NH
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Figure 5. Dolomite reduces Fe accumulation to promote Arabidopsis growth and NUE under elevated NH;. A) Mean values of NH fluxes of Col-0 and
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NH; medium plus Fe'® (100 um) with or without 5 g/L dolomite (D) for 7 d. Bar = 200 um. C, D) The effects of dolomite on root growth in Col-0 and
vtc1-1 mutant plants following treatment with Fe' + NH; (100 M Fe + 5 mm NH) plus 0, 1, or 5 g/L dolomite (D) for 7 day. Bar = 1 cm. Values shown
are the means + sp (n = 12). Different letters represent means that are statistically different at the 0.05 level in the same ecotype (one-way ANOVA with
Duncan post-hoc test). E) Representative photograph of shoots from Col-0 grown on Fe'® + NH} plus 0, 1 or 5 g/L dolomite for 10 d. Bar =1 cm. F)
Whole-seedling DW of Col-0 grown on Fe'® + NH plus 0, 1, or 5 g/L dolomite for 10 d. Twenty seedlings as a group, and values shown are the means
=+ sp of five group replicates. G) Ul by division of DW (Fig. 5F) by N%pyy (Supplementary Fig. S6). Values shown are the means =+ sb of five group replicates.

Different letters represent means that are statistically different at the 0.05 level (one-way ANOVA with Duncan post-hoc test).

efflux and promote AUE in Arabidopsis at the vegetative
stage.

Dolomite downregulates NH;-dependent LPR2
expression

Since dolomite plays a critical role in regulating
NHZ-mediated Fe accumulation, we further wondered
how dolomite modulates Fe accumulation under NH con-
ditions. Medium acidification is a typical symptom of NH;

treatment (Hachiya and Sakakibara 2017), and we first asked
whether dolomite suppresses NH-mediated acidification of
the rhizosphere (Britto and Kronzucker 2005). Significant
rhizosphere acidification was detected in Col-0 grown in
+NH conditions, while rhizosphere acidification was weaker
in the dolomite-supplied +NH; medium (Supplementary
Fig. S12A).

Furthermore, a whole-transcriptome sequencing (RNA-seq)
analysis of gene expression in both mock and dolomite-treated
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Figure 6. Dolomite treatment leads to downregulation of NHZ-dependent LPR2 expression. A) Heatmap of dolomite-regulated Fe-response genes,
created from RNA-seq data. Arabidopsis Col-0 seedlings grown in Fe'® + NH; medium with or without 5 g/L dolomite for 7 d, after which the roots
were collected for RNA-seq analysis (P < 0.01). B) Effect of dolomite on gene expression of LPR2 in 7-d-old Col-0 roots. —NHZ: 0 mm; +NH: 5 mm;
Fe'%: 100 um; Fe®®%: 200 um; +Dolomite: 5 g/L. Values shown are the means = sp of five replicates. C) Effect of low pH on gene expression of LPR2 in
7-d-old Col-0 roots. —NHZ: 0 mm; +NHZ: 5 mm; Fe'®%: 100 um. Values shown are the means = sp of six replicates. D) Appearance of root Fe staining
(Perls staining) of Col-0 and LPR2 CRISPR/Cas9 editing plants following treatment with Fe'® + NH (100 um Fe + 5 mm NH) for 7 d. Bar = 200 um.
E) A representative photograph of shoots from the 10-d-old Col-0, Ipr2-c1, and Ipr2-c2 grown on with or without 5 mm NHZ medium plus 100 um Fe
(Fe'®). Bar = 1 cm. F) Whole-seedling DW of 10-d-old Col-0, Ipr2-c1, and Ipr2-c2 grown with or without 5 mm NH} medium plus 100 um Fe (Fe'®).
Twenty seedlings as a group, and values shown are the means =+ sp of five group replicates. G) Ul of 10-d-old Col-0, Ipr2-c1, and Ipr2-c2. Values shown
are the means + sp of five group replicates. Different letters represent means that are statistically different at the 0.05 level (one-way ANOVA with
Duncan post-hoc test).

Col-0 seedlings under Fe'® + NH; conditions (Supplementary ~ treatment under NH} (Supplementary Data Set 2;

Data Set 2) was performed. Of the genes encoding productsin-  Supplementary Fig. $12, B and C).

volved in the Fe response, LPR2, which is known to encode a To validate the role of LPR2 in Fe-regulated AUE, we gen-
protein involved in NHZ-mediated root Fe accumulation (Liu  erated genome-edited alleles of LPR2 by CRISPR/Cas9 editing
et al. 2022a), was decreased by dolomite compared with  (lpr2-c1 and Ipr2-c2) (Supplementary Fig. S13). Consistent
mock under Fe'® + NH} (Fig. 6A; Supplementary Data Set 2).  with the previous report, the root Fe level of the Ipr2-c1
RT-gPCR analysis confirmed that LPR2 was strongly induced  and Ipr2-c2 mutants was lower than that of Col-0 on a
by NHZ but not in the presence of a high Fe level in roots Fe'% + NHZ medium (Fig. 6D). Phenotype analysis indicated
(Fig. 6B), and dolomite could downregulate NHZ-dependent  that the Jpr2-c1 and Jpr2-c2 mutants had a growth advantage
LPR2 expression (Fig. 6B). We also examined whether low pH under Fe'% + NH; conditions (Fig. 6, E and F). The DW of the
affects LPR2 expression. However, RT-qQPCR analysis showed  two mutants of LPR2 was higher (increased by ~24% to 29%)
that low pH treatment had no effect on LPR2 expression in than that of Col-0 plants, when they were directly germi-
the absence of NH; (Fig. 6C), suggesting that dolomite down- nated on a Fe'® + NH; medium (Fig. 6F). As shown in
regulates LPR2 expression not via pH regulation. Moreover, ex- Fig. 6G, Ipr2-c1 and Ipr2-c2 plants showed a higher Ul (in-
cess protons, produced as a by-product of ammonium creased by ~18% to 29%) than Col-0 plants under high
assimilation, are pumped out by plasma-membrane (PM) NHZ. Collectively, these results indicate that dolomite down-
H*-ATPases and then induce acidification (Zhu et al. 2009;  regulates NHZ-dependent LPR2 expression, which is asso-
Zhang et al. 2018). Expression of H™-ATPase isoform 9 (AHA9) ciated with NHZ-mediated Fe accumulation. Moreover, the
(Palmgren 2001) and Proton Pump Interactor 2 (Ppi2), which  response of the Arabidopsis Iron-regulated transporter 1
encodes a protein that stimulates PM H*-ATPase activity  (JRT1) and Natural resistance-associated macrophage protein
(Anzi et al. 2008), was distinctly decreased by dolomite 1 (NRAMP1) mutations to ammonium was also assessed.
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Ammonium-use efficiency depends on plant Fe status

IRT1 is a major player in the regulation of plant iron homeosta-
sis and facilitates high-affinity Fe uptake under Fe-deficient
conditions in Arabidopsis (Vert et al. 2002). NRAMP1 also is
a metal transporter and has been reported to regulate iron up-
take in Arabidopsis (Castaings et al. 2016). As shown in
Supplementary Fig. S14, however, Col-0, irt1-2, and nramp1
knockout plants showed comparable root growth and Fe accu-
mulation in roots under Fe'® + NH; conditions.

Fe regulates growth and AUE in lettuce under

high NH;

We have shown that low iron status successfully improves
Arabidopsis growth and Ul at the vegetative stage. To estab-
lish whether applying the same strategy might have a similar
effect in other, more commercially important, plants, we also
examined the effects of low Fe on lettuce (L. sativa), which is
a widely consumed vegetable, and we analyzed growth and
AUE under high NH;. Consistently, plant size and DW under
10 um Fe (Fe') were significantly larger than those of seed-
lings when grown on 100 (Fe'®) or 200 um (Fe’®) Fe and
NH; (Fig. 7, A and C). Meanwhile, Fe'® or Fe*® plus
dolomite-treatment could increase DW by ~41% and
~130%, respectively, compared to mock condition (Fig. 7,
A and C). An increasing Fe level was obtained under Fe'®
+ NHZ conditions (Fig. 7B), but a lower Fe level was observed
in the Fe'® and/or dolomite treatment roots under NH; con-
dition (Fig. 7B). Furthermore, low-Fe- and/or dolomite-
treated lettuce plants showed a higher N%py, and Ul under
high NH (Fig. 7, C and D). We further analyzed the effects of
low iron status on lettuce plant yield and NUE. The lettuce
plants were grown on GM plus 5 mm NO3 or 5 mm NHZ
for 30 d. The Fe'%treated plants exhibited a larger size under
the NHZ condition than under the NO3 condition (Fig. 7E).
More importantly, the yield per plant was highest under
the Fe'® + NH; condition (Fig. 7F). Moreover, the NUE (as
yield/supplied N) was also highest under the Fe'® + NH} con-
dition (Fig. 7G). However, under equimolar +NO3 treatment,
there was no difference in lettuce growth or NUE between
the Fe'® and Fe'® conditions (Fig. 7, F and G).

Discussion

Improving crop NUE is a key component in the quest to en-
hance yield while minimizing the environmental problems
associated with N runoff, leaching, and outgassing losses
from agricultural fields (Coskun et al. 2017a, 2017b). Many
approaches and strategies have been taken to improve
NUE for nitrate (NO3) in various plant species (Chen et al.
2020a; Vidal et al. 2020; Wu et al. 2020; Liu et al. 2021).
AUE has been studied less although, energetically, NH is
the preferred inorganic N source (Britto and Kronzucker
2005) and forecast to increase in importance for C; species
in future environments of elevated CO, (Rubio-Asensio
and Bloom 2017; Hachiya et al. 2021). It is still largely un-
known what factors, including those brought about by vari-
ous nutrient interactions, limit the improvement of AUE
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(Chen et al. 2013; Esteban et al. 2016; Hachiya et al. 2021;
Liu and Xu 2023). Here, we found that Fe accumulation un-
der ammonium nutrition is a crucial factor limiting AUE and
have identified a substance that can effectively enhance AUE
by manipulating Fe availability. Low external availability of Fe
and/or Fe nutritional status of the plant substantially en-
hanced the growth, N content, and Ul during the vegetative
stage in Arabidopsis under elevated NHZ. When Fe was suf-
ficient, there was no difference in the Ul of Col-0 between
the NH addition and NH;-free control condition (between
Fe'® + NH and Fe'® — NH}), however, the Ul was increased
about 19% to 34% by lowering the level of external Fe under
+NH; conditions compared to other treatment (Fig. 1D).
Furthermore, dolomite-treated Col-0 plants with low Fe sta-
tus under NHZ nutrition displayed a ~38% increase in the Ul
compared to mock plants in response to Fe'® + NH; (Fig. 5,
E and G). Meanwhile, Arabidopsis LPR2 mutants accumu-
lated less Fe in tissue in response to NH, while displaying su-
perior growth and Ul compared to Col-0 (Fig. 6, D, F and G).
Even the known ammonium-hypersensitive Arabidopsis mu-
tant vtc1-1 was still able to increase its Ul by ~60% at low
Fe under high NHZ (Fig. 3F). Furthermore, low external Fe
and/or dolomite treatment increased biomass and AUE in
L. sativa, a widely grown leafy vegetable, under elevated
NHZ (Fig. 7, B and D). It is important to note that the growth-
promoting effects brought about by lowering iron status un-
der ammonium nutrition cannot be achieved by removing
iron completely, i.e. iron deficiency must be prevented
(Supplementary Fig. STA). Interestingly, low Fe status was
not involved in improving the Arabidopsis Ul for nitrate in
our study (Fig. 1), suggesting a specific role of Fe in regulating
AUE rather than NUE more generally. This conclusion was
further supported by our experiments carried out in lettuce
(Fig. 7, F and G).

Our work links plant Fe status and resultant performance dif-
ferences on NH; media to protein N-glycosylation and root NHZ
efflux in agreement with earlier studies on mechanisms of allevi-
ation from ammonium toxicity, both emerge as major factors
governing AUE and growth when Fe status is manipulated
(eg Figs. 2 and 4). Elevated NH efflux in roots is a well-
established mechanism linked to the development of ammo-
nium toxicity and, therefore, plant growth (Britto et al. 20071;
Kronzucker et al. 2001, 2003; Chen et al. 2013, 2020b). The
data presented here indicate that root NH; efflux under ammo-
nium is dependent on Fe status, and that, specifically, low Fe sta-
tus can prevent the elevation of that efflux in Arabidopsis in
response to NH; (Fig. 2, C and D). Our work shows that NH;
levels in Arabidopsis roots are not different between Fe®> and
Fe'® (Supplementary Fig. S3), although Fe'®-treated roots dis-
play larger NH; efflux (Fig. 2, C and D), indicating that the
changes in NHZ efflux are not directly linked to NHZ levels in
roots (Di et al. 2021). Protein N-glycosylation has, as well, been
previously successfully linked to the control of NH; efflux in
roots and to protecting plant growth under high NH (Li et al.
2010, 2022; Tanaka et al. 2015). We found here that
ammonium-induced Fe accumulation can provide protection
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Figure 7. Low iron status promotes plant growth, yield, and AUE in lettuce. A) Representative photograph of lettuce from the 10-d-old seedlings
under varying treatments. —NHZ: GM plus 5 mm NO3; +NH: GM plus 5 mm NH;; +Dolomite: 5 g/L. Bar = 1 cm. B) Lettuce root Fe staining (Perls
staining) from 10-d-old seedlings under varying treatments. Bar = 1 cm. C) Whole-seedling DW of lettuce from 10-d-old seedlings under varying
treatments. Three seedlings as a group, and values shown are the means =+ so of four group replicates. D) Ul by division of DW by N%py.

Values shown are the means =+ sp of four group replicates. E) Lettuce growth under Fe'® and Fe

190 treatment and NO3 versus NHZ conditions.

Lettuce seedlings were grown on media for 30 d, and a representative photograph of shoots is displayed. Bar = 1 cm. F) Yield per plant. G) NUE
of lettuce seedlings. Lettuce seedlings were grown on media for 30 d, and the yield (fresh weight of shoots) and NUE (yield/supplied nitrogen
(N)) were analyzed. Data are presented as the means & sp (n =8 to 10). Different letters represent means that are statistically different at the

0.05 level (one-way ANOVA with Duncan post-hoc test).

by inducing N-glycosylation mediated via VTC1 (Figs. 2, E and F
and 4, A and B), thereby partially inhibiting NHZ efflux. Previous
studies have shown that NH can induce the accumulation of
VTC1 protein (Zhang et al. 2021), and we here show that this in-
duction depends on an increase in plant Fe levels (Fig. 4, C and D;
Supplementary Fig. S7). Interestingly, under NH treatment, low
iron status can effectively enhance the protein N-glycosylation
level in Col-0 Arabidopsis, and similar results are also seen in
the vtc1-1 mutant (Fig. 4B), suggesting that low iron status pro-
motes N-glycosylation levels through pathways independent of
VTC1. One possible explanation for how low Fe enhances
vtc1-1 N-glycosylation may relate to decreasing NUDX9 expres-
sion under elevated NH;, (Supplementary Fig. S6). Previous stud-
ies have demonstrated that increased GDP-D-mannose
pyrophosphohydrolase (NUDX9) gene expression and activity
could reduce GDP-mannose levels in roots, which subsequently
repressed protein N-glycosylation in ammonium-treated roots in
Arabidopsis (Tanaka et al. 2015; Di et al. 2021). However, the
underlying molecular mechanisms will require further
exploration.

Previous genetic studies demonstrated that Arabidopsis muta-
tions in VTCT (Li et al. 2010), NUDX9, and WRKY46 (Tanaka et al.
2015; Di et al. 2021) all lead to alterations in root NH; efflux.

However, no compounds and/or pharmacological methods to re-
duce NH; efflux have emerged. Here, we report that dolomite
can significantly reduce excess Fe accumulation under NHZ nutri-
tion and facilitate a reduction in NH; efflux in Arabidopsis roots
(Fig. 5, A and B). Dolomite has previously been reported to modu-
late Fe toxicity in plants (Suriyagoda et al. 2017), and here we
show its utility, and the linked mechanisms, for enhancing AUE
in Arabidopsis. Liu et al. (2022b) have linked the well-established
increase in proton secretion from roots and consequent medium
acidification that take place during ammonium uptake (Britto
and Kronzucker 2005) with increases in Fe solubilization in the
rhizosphere along the Arabidopsis root. Under ammonium treat-
ment, raising the pH of the medium or preventing rhizosphere
acidification have been widely reported to be beneficial for alle-
viating ammonium toxicity and promoting plant growth
(Britto and Kronzucker 2002; Kempinski et al. 2011; Hachiya
et al. 2021; Liu et al. 2022b; Xiao et al. 2022). These previous,
and our own, results suggest that dolomite application increases
the pH of the root medium and prevents rhizosphere acidifica-
tion (Suriyagoda et al. 2017 Supplementary Fig. S12A).
Dolomite decreased AHA9 and Ppi2 expression, which may
have led to the regulation of ammonium-mediated acidification
(Supplementary Fig. S12, B and C), but further investigation is
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Figure 8. Schematic model of the mechanism of Arabidopsis growth
and AUE regulation by Fe under elevated NHZ. Under a high iron
(Fe) environment (left panel), ammonium-induced LPR2 gene expres-
sion and rhizosphere acidification promote high tissue Fe accumula-
tion. NH;-mediated Fe accumulation restricts NH; efflux and its
attenuation of growth and AUE in Arabidopsis. In comparison with a
high-ammonium/high-Fe environment, a low Fe status enhances pro-
tein N-glycosylation via a VTCl-independent pathway to contribute
to a reduction in root NH; efflux and consequent increase in AUE
and plant growth (right panel). Dolomite application can reduce the
Fe status of Arabidopsis seedlings under ammonium nutrition by inhi-
biting LPR2 gene expression and rhizosphere acidification. The width of
the black arrows and bars represents the physiological processes be-
coming stronger or weaker. The direction of the gray arrows represents
the physiological processes and gene expression becoming up or down.

warranted. In addition, dolomite can impact the expression of
genes related to the Fe response in Arabidopsis under Fe'®
+ NH conditions (Fig. 6A). IRT1 facilitates high-affinity Fe uptake
under Fe-deficient conditions (<1 um) (Castaings et al. 2016).
Consistent with this, the irt7-2 mutant shows similar Fe levels
and root growth to Col-0 under abundant iron (100 pm) and
+NH; conditions (Supplementary Fig. S14). Alternatively, recent
studies showed that LPR2 controls iron translocation in
Arabidopsis (Xu et al. 2022; Zhu et al. 2022). Dolomite reduces
LPR2 expression, while lowering LPR2 levels, and, thereby, helps
reduce tissue Fe accumulation under ammonium nutrition (Liu
et al. 2022a; Fig. 6B). Acidification of the medium did not induce
LPR2 expression in Arabidopsis in our study (Fig. 6C), suggesting
that there are other ammonium- and/or dolomite-regulated
LPR2 expression responses that are independent of the acidifica-
tion pathway, which deserves further study. CaCOj; has also been
demonstrated to be capable of alleviating ammonium toxicity
(Roosta and Schjoerring 2008; Supplementary Fig. S11); mechan-
istically, carbon from carbonates, in the form of bicarbonate at
cellular pH, can serve as a substrate for PEP carboxylase (Britto
and Kronzucker 2005; Roosta and Schjoerring 2008; Balkos
et al. 2010), stimulating NH; metabolism and drawing down
free, potentially toxic, NH;; this is then, in turn, linked to reduc-
tions in NH efflux (Supplementary Fig. S8). Taken together, pre-
vious (Britto et al. 20071; Qin et al. 2008; Chen et al. 2013; Liu et al.
20223, 2022b, 2023b) and present results lead us to propose a
model for Fe-regulated growth and AUE in Arabidopsis under ele-
vated NH; (Fig. 8). In a high-Fe environment, ammonium-in-
duced LPR2 gene expression and rhizosphere acidification
promote high tissue Fe accumulation. NH;-mediated Fe accumu-
lation is then a crucial factor promoting NH; efflux in roots to
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attenuate growth and AUE. In comparison with conditions of
high ammonium and high Fe, a low Fe status enhances protein
N-glycosylation via a VTC1 independent pathway to contribute
to the reduction in NH; efflux and, thus, increase AUE and
growth. Dolomite application can reduce Fe accumulation in
Arabidopsis seedlings under ammonium nutrition by inhibiting
LPR2 gene expression and rhizosphere acidification. We believe
that the unraveling of this mechanistic connection between plant
Fe status and AUE brings us closer to an understanding of how to
improve AUE genetically. In the context of increasing global food
shortages and environmental pollution, our approach provides a
potential means for enhancing NUE, with the real-life possibility
of increasing crop yields without further increasing, indeed per-
haps reducing, N fertilizer applications.

Materials and methods

Plant materials and growth conditions

Plant materials used in this work included wild-type (Col-0)
Arabidopsis (A. thaliana L.) and the mutants vtc1-1 (CS8326),
nramp1 (Gao et al. 2018), and irt1-2 (Mao et al. 2014), derived
from the Col-0 background. For overexpression of VTC1 with
green fluorescent protein (VTC1-GFP) in vtc1-1, the full cod-
ing sequence of VTC1 was amplified by the polymerase chain
reaction (PCR), using the Sall and BamHI sites, and cloned
into pBinGFP4. The resulting plasmids were then introduced
into vtc1-1, and the transgenic lines were confirmed by
ammonium-sensitivity phenotypic recovery and GFP fluores-
cence intensity. Seeds were surface-sterilized and cold-
treated at 4 °C for 48 h prior to being sown onto standard
GM. The standard GM was as described previously (Li et al.
2013) and was composed of 2 mm KH,PO,, 5 mm NaNO;,
2mm MgSO, 1mm CaCl,, 50 um H3BO5;, 12 um MnSO,,
1 um ZnCly, 1 um CuSOy, 0.2 um Na,MoOy, 1% (w/v) sucrose,
0.8% (w/v) agar (Sinopharm Chemical Reagent Co. Ltd,
10000561) (pH 5.7, adjusted with 1 m NaOH); for treatment
with Fe and/or NHg, the GM medium was supplemented
with the indicated concentrations of (NH,),SO, and/or
FeSO,—EDTA (1:1). The day of sowing was considered day
0. Arabidopsis seedlings were grown, oriented vertically on
the surface of the culture plates in a growth chamber, set
to a 16 h light:8 h dark photoperiod, an irradiance of
100 umol m~* 5™, and a temperature of 23 + 1 °C. To study
the effect of different iron forms, FeSO, or FeCl;—EDTA (1:1)
were added to the medium. For the dolomite (D)
[CaMg(CO3),, Macklin, C14535894] experiment, three dolo-
mite (over a hundred-mesh sieve) application rates were
used in the study: 0 (no addition of dolomite), 1 and 5 (ap-
plication of dolomite at a rate of 1 and 5 g/L, respectively).
The lettuce (L. sativa) variety used in our study was “Grand
Rapids”, and the Arabidopsis standard GM and the growth
chamber conditions specified above were used for lettuce
as well as for Arabidopsis. For treatment with NO3 and/or
NH;, the GM medium was supplemented with 5 mm
NaNO; (—NHZ) and/or 2.5 mm (NH,),SO,4 (+NHZ) plus 10,
100, or 200 um FeSO,—EDTA (1:1). Dolomite (5 g/L) was
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used for the dolomite experiment. The day of sowing was
considered day 0.

Mineral content analysis

To measure NHZ content, the roots were weighed and frozen
in liquid nitrogen, and then extracted with 1 mL of 10 mm
formic acid for the NH; content assay by high-performance
liquid chromatography (HPLC), following derivatization with
o-phthaldialdehyde, as described previously (Li et al. 2012).
For the analysis of Fe and other ions, the roots were dried
at 75 °C prior to analysis, and samples were digested with
HNO; and subjected to Inductively Coupled Plasma Mass
Spectrometry (ICP-MS, Agilent, Santa Clara, CA, USA).

Histochemical staining and GS activity analysis

The Fe-specific Perls staining was adapted from Roschzttardtz
etal. (2009). Localization of Fe was observed and imaged using
an Olympus BX51 microscope equipped with differential
interference contrast (DIC) optics and an Olympus DP71
camera. VTC1-GFP expression in roots of 35S-VTC1-GFP
transgenic plants was observed using an LSM 710 confocal
microscope (Zeiss), and the excitation (ex)/emission (em)
parameters for confocal analyses were as follows: ex:
488 nm, em: 500 to 550 nm. GS activity was detected by a
GS kit (BC0910, Solarbio) (Li et al. 2019). The specific enzyme
activity (U/g FW) was defined as the amount of enzyme units
catalyzing the transformation of 1 um substrate per minute by
the amount of fresh weight of seedlings in grams.

Measurement of net NH; fluxes with the noninvasive
microtest technology system

The noninvasive microtest technology (NMT) technique
(NMT system BIO-IM; Younger USA, LLC, Amherst, MA,
USA) was used to monitor net NHZ fluxes at the surface of
the root tip transition zone. The NMT system and its use
in detecting net NH; fluxes have been described in detail
elsewhere (Li et al. 2010). The seedlings were grown on
Fe’~NHZ medium for 7 d of growth and transferred to vary-
ing Fe and NH; treatments for 24 h. Then, the roots of
Arabidopsis were equilibrated in the buffered measuring so-
lution for 30 min. All measurements of net NH fluxes were
carried out at the Xuyue Science and Technology Co., Ltd
(Beijing, China).

Measurement of 15N uptake rate

>NH; and ""NOj3 uptake was measured as described previously
(Tian et al. 2021). For "°NH;, uptake, Arabidopsis seedlings were
grown in GM plus 5 or 100 um Fe medium for 10 d, then treated
with 5 mm NH,Cl concentration, identical to the following "°N
treatment, for 1 h before the uptake experiment. The seedlings
were then treated with the indicated "°NH,Cl concentration for
30 min (pH 5.7). For °NO3 uptake, Arabidopsis seedlings were
grown in GM with 5 mm NHZ plus 5 or 100 um Fe in the medium
for 10 d, then treated with 5 mm NaNO; concentration, identi-
cal to the following "N treatment, for 1 h before the uptake
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experiment. The seedlings were then treated with the indicated
Na'°NO; concentration for 30 min (pH 5.7). Atomic percent
>N (50%) was detected using a Euro-EA Euro Vector elemental
analyzer coupled with an IsoPrime mass spectrometer (GV
Instruments). The total N amount was calculated according
to the equations by Drescher et al. (2020). Total N uptake (g)
=%N in sample X DW (g)/100. The % atom '"°N in excess in
sample = % atom "N in sample — 0.3663% (natural '°N abun-
dance). Total >N amount (g) = Total N uptake X (% atom "°N
in excess in sample/% atom '°N in excess in fertilizer). The for-
mula used for "N influx was: total >N amount/DW/0.5 h, yield-
ing the amount of "°N taken up per unit weight per unit time.

Root growth and seedling biomass measurements
and assessment of NUE

The lengths of primary roots of individual Arabidopsis seed-
lings were measured directly with a ruler and using the
Image) software, from digital images captured with a
Canon G7 camera. Whole Arabidopsis and lettuce plants
were sampled with 20 or 3 seedlings as a group, respectively,
at 10 d after germination. All samples were kept in a dry oven
at 80 °C for 3 d, and dry mass was measured. The total nitro-
gen and carbon contents were determined using a carbon/
nitrogen elemental analyzer. For estimating NUE at the vege-
tative stage, the Ul for N was calculated according to Wada
et al. (2015) and represented as Ul by division of the DW by
the N%pw. For yield and NUE determination of lettuce, let-
tuce plants were grown on GM medium plus 5 mm NaNO;
(—=NHZ) and/or 2.5 mm (NH,),SO, (+NHZ) for 30d, and
the yield was based on the fresh weight of shoots. NUE =
Yield/supplied N.

Determination of rhizosphere pH in the agar rooting
medium

The pH of the agar rooting medium was determined based
on the method described by Zhu et al. (2019). The rooting
medium was collected into a 15-mL centrifuge tube and
then frozen at —20 °C overnight. The tube was thawed at
room temperature to free the aqueous phase from the
agar. The mixture was then filtered at room temperature
and the pH of the supernatant was determined using a desk-
top pH electrode (Mettler Toledo). Measurements were ta-
ken on agar from four replicate plates per treatment, each
of which contained 20 seedlings.

N-glycoprotein assays

The extent of mature N-glycoproteins of Arabidopsis roots
after growth for 7 d was examined using anti-horseradish per-
oxidase (anti-HRP) (HRP, 1:200,000; Sigma—-Aldrich), as de-
scribed previously (Di et al. 2021). Intensities of the
N-glycosylation zone were quantified using Image) software.
The site-specific N-glycoproteomic assay and bioinformatic
analysis was performed in Hangzhou Micron Biotechnology
Co., Ltd. Briefly, samples of 7-d-old Arabidopsis root tissue
were ground by liquid nitrogen into cell powder and then
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subjected to protein extraction. After trypsin digestion, pep-
tide was desalted using a Strata X C18 SPE column
(Phenomenex) and vacuum-dried. Then, after HPLC fraction-
ation and affinity enrichment, the peptides were subjected to
an NSI source followed by tandem mass spectrometry (MS/
MS) in Orbitrap FusionTribrid (Thermo) coupled online to
UPLC. The resulting MS/MS data were processed using the
Maxquant search engine (v.1.5.2.8).

RNA isolation, reverse transcription-quantitative
polymerase chain reaction (RT-qPCR), and
sequencing

For RT-qPCR analysis, total RNA was extracted from
Arabidopsis roots. Gene-specific primers for qPCR were de-
signed using Primer-5 software (Supplementary Table S1),
and the relative RNA abundance was normalized to the
ACTIN2 internal control ([mRNA]gene/[mRNA]JACTIN2).
The RNA-seq assay was performed in Shanghai Biozeron
Biotech. Co,, Ltd. The methods for first-strand and double-
stranded cDNA synthesis and purification, sample library
construction, and differentially expressed gene (DEG) identi-
fication are as described in detail elsewhere (Di et al. 2021).
Genes with a log,-fold change > 0.5 and a P-value < 0.01
were considered differentially expressed (Lanver et al. 2018).

Statistical and graphical analyses

For all experiments, data were statistically analyzed using the SPSS
13.0 program (SPSS Chicago, IL, USA.). Details are shown in figure
legends. Graphs were produced using GraphPad Prism 8.0.2.

Accession numbers

ALIRTT (At4g19690), AtNRAMPT (At1g80830), AtVTCT (At2g397
70), AtLPR2 (At1g71040), AtNUDX9 (At3g46200), AtAHA9
(At1g80660), AtPpi2 (At3g15340), and AtACTIN2 (At3g18780).
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