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Abstract

The AMT] family comprises major ammonium transporters in rice roots. In this study, we utilized AMTI RNAi mutants
(amtl) to explore how AMTI affects NH,*- and NO; -mediated morphological development and NH,-responsive gene
expression in roots. In the presence of NH,", amsI showed inhibition of NO;™- dependent lateral root development. The
inhibitory action of NH,* on lateral root growth was independent of the NO;~ concentrations supplied to amtI roots. The
results of split root assays indicated that NH,* exerts systemic action in inhibiting NO; -dependent lateral root development
in amtl. Further study with NAA and NOA, a potent auxin flux inhibitor, suggested that perturbation of membrane dynam-
ics might not be the primary cause of the inhibitory action of NH,* on NO; -mediated lateral root growth in amtI mutants.
RNA-seq analysis of NH,*-responsive genes showed that approximately half of DEGs observed in wild-type roots were not
detected in the DEGs of amtl roots. Gene ontology enrichment analysis suggested that the expression of specific functional
gene groups were affected by amtI during the early response to NH,*. Auxin-responsive gene expression and root gravity
responses were altered in amtl. This study demonstrated that AMTI affects the interactions not only between ammonium
and nitrate in lateral root growth but also between auxin and NH," in rice roots.
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into root cells, which is primarily facilitated by a specific
transporter. NH,* ions accumulate in cells either by direct
uptake from the rhizosphere via ammonium transporters
(AMTs) or by reduction of NO5™. Rice plants have devel-
oped a high tolerance against NH,* toxicity compared with
other grasses, which depends on an energetically favorable
equilibration of NH,* influx and efflux under conditions of
elevated NH," levels (Britto et al. 2001). High-affinity NH,*
uptake into root cells is mediated by AMT-type ammonium
transporters; in rice, this comprises a family of ten AMT
paralogs in four subfamilies (Suenaga et al. 2003; Loque
and von Wiren 2004). The paralogs AMTI1;1, AMTI;2, and
AMT1;3 are most important for physiological and morpho-
logical responses. Overexpression of AMT1;] enhanced
NH," uptake and improved plant growth and yield produc-
tion in rice under specialized N-fertilization conditions
(Ranathunge et al. 2014). By contrast, overexpression of
AMT1I;3 resulted in poor growth and reduced NH,* uptake
in rice (Bao et al. 2015).

Extensive studies have reported that early genomic
responses of rice and Arabidopsis to exogenous NH,* trig-
gers multiple specific changes in gene expression, metab-
olism, hormonal signaling, redox status, and root system
architecture (Patterson et al. 2010; Li et al. 2010; Lima et al.
2010; Fernanandez-Crespo et al. 2015; Xuan et al. 2013,
Xuan et al. 2019; Moon et al. 2019; Kim et al. 2019). Many
of these responses are independent of NH,* assimilation;
therefore, NH,* has been considered as a signaling mol-
ecule and AMT1 acts as a sensor (Gaur et al. 2012; Son-
ada et al. 2003). In Arabidopsis, AMTI;3 is required for
NH,"-dependent lateral root branching (Lima et al. 2010).
It has been reported that nitrate transporters act as sen-
sors in NO; -dependent root growth. NRT1.1 controls the
growth of lateral root primordia under conditions of low
NO;™ (Bouguyon et al. 2016). Under N-limited conditions,
AtNRT2.1 may act as a NO;™ sensor or signaling component
that represses lateral root initiation, which is independent of
NO;™ uptake activity (Little et al. 2005; Remans et al. 2006).
The negative effect of NRT1.1/NRT2.1 on lateral root devel-
opment may represent a distinct systemic pathway under low
nitrate conditions.

Many studies have reported that hormonal signaling
pathways are tightly connected with NH,*-related plant
growth and stress responses. The auxin-resistant aux/,
axrl, and axr2 mutants are insensitive to NH4+-mediated
inhibition of root growth in Arabidopsis (Cao et al. 1993).
Application of NH," to shoots causes the auxin influx car-
rier AUX1 to inhibit lateral root emergence (Li et al. 2011).
ARGI (ALTERED RESPONSE TO GRAVITY]) is required
for normal AUX]I expression and basipetal auxin transport
in the root apex, and argl mutants are sensitive to NH,*
(Zou et al. 2013). Ethylene production in shoots is associated
with NH,*-mediated lateral root inhibition (Li et al. 2013).
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The activation of ABA signaling reduces NH,*-induced
stress in a mutant of AMOSI (AMMONIUM OVERLY
SENSITIVED/EGY1 (ETHYLENE-DEPENDENT, GRAVIT-
ROPISM-DEFICIENT, AND YELLOW-GREEN-LIKE PRO-
TEINI) (Li et al. 2012). RAVLI (RELATED TO ABI3/VPI-
LIKE]), a key brassinosteroid (BR) signaling transcription
factor in rice, regulates BR-mediated induction of AMT1I;2
and NH,* uptake (Xuan et al. 2017). High concentrations
of NH,* in rice induce primary root coiling in the light,
which is rescued by inhibition of NH,* assimilation (Hirano
et al. 2008; Shimizu et al. 2009). However, few studies have
explored the relationship between hormones and NH,™.

In this study, we examined NH,*- or NO;™-mediated root
growth and gene expression using AMT1 RNA interference
(RNAi) mutants (amt]). The results demonstrated that NH,*
systemically suppressed NO;™-dependent lateral root devel-
opment in amt! mutants. The inhibitory action of NH,* on
lateral root development (especially the number of lateral
roots) was independent of the NO;™ concentrations supplied
to amtl roots. We performed RNA-seq and gene ontology
(GO) enrichment analysis to evaluate how AMT] activity
affects the expression of NH,*-responsive genes, and exam-
ined the expression patterns of auxin-related genes and root
gravity responses in amtl. This study demonstrated that
AMT1 substantially affected not only the interaction between
ammonium and nitrate in lateral root growth but also auxin-
responsive gene expression and gravity responses in roots.

Materials and Methods
Construction of AMT1 RNAi Vector

To generate AMTI;1 RNAI transgenic plants, 5’ and 3' frag-
ments of the AMTI;1 ORF were amplified using the fol-
lowing primer sets: Ri5-F (gagctcggtaccctcgecgegeacgtcate-
cag) and Ri5-R (gaattcctgcaggeatgtgcttgaggecgaaga); Ri3-F
(gagctcggtaccctcgeggegeacatcgtgeag) and Ri3-R (gaattcct-
gcagttacacttggttgttgetgtt), respectively. The PCR products
were digested and cloned into EcoRI and Sacl sites for the
sense orientation insertion and into Kpnl and Xhol sites for
the antisense orientation insertion in a pBluscript-catalase
intron vector. After sequencing, the whole inserts (Fig. S1a)
were cloned into Sacl and Kpnl sites of the PGA1611 binary
vector.

Generation of AMT7 RNAi Transgenic Lines

The AMT1 RNAI transgenic lines were generated from
japonica rice cultivar ‘Dongjin’ via Agrobacterium
(LBA4404 strain)-mediated transformation using calli
derived from dry seeds (Chin et al. 1999). The following
transgenic lines were selected and propagated: 5" AMTI
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RNAI lines 5-1, 5-2, and 5-3; 3' AMTI RNAI lines 3-11,
3-12, 3-13, 3—-14, and 3-17.

Plant Materials and Growth Conditions

The japonica cultivar Dongjin (WT), three 5’ AMT1 RNAi
lines (5-1, 5-2, and 5-3), and five 3' AMTI RNAI lines
(3-11, 3-12, 3-13, 3—14, and 3-17) were utilized in the
experiments. Rice seeds were surface-sterilized with
0.05% SPORTEX and then germinated for 3 days in the
dark. Uniformly germinated seedlings were selected and
cultured hydroponically in different nutrient solutions [V4
MS (Murashige and Skoog), ¥4 KB (Kimura B), and %
NS (Nutrient Solution)] containing NH,* or NO;™ as the
sole nitrogen source. Detailed information on the solu-
tion components is given in Table S1. Hydroponic nutrient
solutions were replaced with fresh media every 2 days for
2 weeks. Roots were examined after culture for 14 days in
a growth chamber under the following conditions: 16/8 h
light/dark, light intensity 280 pmol m~2 s~!, temperature
26 °C/18 °C, and 70% humidity. To measure the expression
levels of three OSAMTI (1;1, 1,2, and 1,3) genes, AMT2;1,
GS1;2, NADH-GOGATI, GDHI, and GDH2, seedlings
were grown hydroponically in % nutrient medium sup-
plemented with 0.5 mM NO;~ or 0.5 mM NH,* for 7 days.
Total cellular RNAs were extracted from roots. For media
shift assays, germinated seeds were cultured in modified %
NS containing 0.1 mM NH,NO; for 7 days. The samples
were transferred and cultured in the nutrient solution con-
taining 0.1 mM of either NH,NO;, NH4+, or NO;™ for an
additional 7 days. The same solutions were replaced with
fresh medium every 2 days. To investigate the combinatory
effects of auxins and inhibitors, germinated seeds were
cultured in modified ¥4 NS containing 0.01 pM 1-naphtha-
leneacetic acid (NAA), 0.01 pM 1-naphthoxyacetic acid
(NOA), 0.01 pM N-1-naphthylphthalamic acid (NPA),
NAA +NOA, or NAA + NPA for 14 days. The same solu-
tions were replaced with fresh medium every 2 days.

Methylammonium (MeA) Treatment

Uniformly germinated seeds were grown hydroponically
in modified full nutrient (FN) medium (2 mM NH,NO;,
1 mM KH,PO,, 1 mM MgSO,, 250 mM K,SO,, 250 mM
CaCl,, 100 mM NaFe-EDTA, 50 mM KCl, 50 mM H;BO;,
5 mM MnSO,, 1 mM ZnSO,, 1 mM CuSO,, 1 mM
NaMoO,, and 1 mM MES, pH 5.8 [KOH]) (Chaudhuri
et al. 2008) supplemented with different concentrations
of methylammonium (0, 1, 2.5, and 5.0 mM) for 10 days.
Root length, shoot height, and dry weight were analyzed.

Measurements of the Seminal, Crown, and Lateral
Roots

Seminal root length was manually measured with a scale.
Crown and lateral roots were imaged by microscopy (DP70;
Olympus, Japan), and their lengths were measured using
Imagel software. Crown roots of less than 0.5 cm in length
were counted separately from those with root lengths longer
than 0.5 cm. The number of lateral roots was counted within
1.0 cm from the differential zone of seminal roots, where
lateral roots can be visibly recognized. The density of lateral
roots was calculated using ImagelJ software. The ten longest
lateral roots were measured to calculate the average length
of lateral roots.

RNA Extraction and qRT-PCR

Total cellular RNA was purified using the Qiagen RNe-
asy Mini Kit (Qiagen, Valencia, CA, USA) according to
the manufacturer’s instructions. RNA concentrations were
measured using a NanoDrop ND-1000 spectrophotometer,
and samples were treated with RQ-RNase-free DNase (Pro-
mega, Madison, WI, USA). A reverse transcriptase RNaseH
(Toyobo, https://www.toyobo-global.com/) transcription kit
was used to synthesize cDNA according to the manufactur-
er’s instructions (Promega). Then, qRT-PCR was performed
using iQ SYBR Green Supermix (Bio-Rad) and gene-spe-
cific primers using the CFX Manager software (Bio-Rad)
instrument, and values were normalized against UBIQI
levels in the same samples. A minimum of three biological
and two technical replicates were used for each analysis. All
primers used for qRT-PCR are presented in Table S2.

Determination of Ammonium Contents

Enzymatic determination of NH,* content in the roots was
performed using an F-kit (Roche) according to the manufac-
turer’s instructions (Oliveira et al. 2002).

Determination of Glutamine Contents

Enzymatic determination of glutamine contents in roots was
performed using an L-glutamine, ammonia Rapid Assay Kit
from Megazyme (Megazyme International Ireland Ltd, Co.
Wicklow, Ireland) according to the manufacturer’s instruc-
tions (Barth et al. 2010).

Split Root Assay
Surface-sterilized seeds were cultured in dH,O for 4 days.
Then, crown roots of each plant were divided into two

groups, and each group of roots was submerged in one of two
split containers filled with solutions of different N nutrients.
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After 14 days, plants displaying balanced root growth in the
split containers were selected to measure lateral root densi-
ties and seminal root lengths.

RNA-Sequencing Analysis

Wild-type (WT) japonica rice cv. Dongjin and AMTI RNAi
line 5-2 were utilized for RNA-seq analysis. Sample seed-
lings were cultured in the following way. After germina-
tion, seedlings were grown in distilled water for 14 days in
a glasshouse to ensure depletion of endosperm nutrients.
These plants were grown in % nutrient medium lacking N
for an additional 3 days and then were transferred to the
same nutrient solution containing 0.1 mM NH,* for 0 h or
3 h. Two biological replicates were used for each of the four
samples as follows: WT (0 h), WT (3 h), Ri 5-2 (0 h), and
Ri 5-2 (3 h). Total RNAs were extracted from roots of the
samples using the RNeasy Plant Mini Kit (Qiagen, https
:/l'www.qiagen.com/). Construction of cDNA libraries for
RNA-seq and data analysis is described in Supplementary
Appendix S1.

Root Gravity Analysis

To analyze the gravity response in root tips, 3-day-old
WT seedlings grown in water were transferred to water or
0.05 mM (NH,),SO, solution, and reoriented so that the root
tips were set at an angle 90° away from the direction of grav-
ity. The angle between a horizontal line and the direction of
root tip growth was measured every 30 min.

Gene Ontology Enrichment Analysis

GO and rice gene assignments were downloaded from the
RiceNetDB Database (https://bis.zju.edu.cn/ricenetdb/) (Liu
et al. 2013). A total of 991 upregulated and 395 downregu-
lated gene loci were uploaded in a GO enrichment analysis
toolbox, and the biological processes, molecular functions,
and cellular components were specified for the analysis.

Image Analysis

To measure the lengths of crown roots and lateral roots, root
tissue samples were collected from 2-week-old seedlings,
fixed in 70% ethanol, and imaged by microscopy (DP70;
Olympus, Japan). The numbers of crown roots and lateral
roots were measured by Image].

Statistical Analyses
Statistical calculations were performed using Prism 5

(GraphPad, San Diego, CA, USA). Comparisons between
groups were made using one-way analysis of variance
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(ANOVA; Brady et al. 2015), followed by Bonferroni’s
correction for multiple comparisons. Differences in P val-
ues < 0.05 were considered as statistically significant. All
data are expressed as the mean + SE or SD.

Results

Generation and Expression of OsAMT1 RNAi
Transgenic Rice Lines

OsAMTI1 RNAI lines were generated by using two genomic
DNA regions as target sequences, the 269 and 277 bp
regions from the 5’ and 3’ ends of OSAMTI; 1, respectively
(Fig. Sla and b). The 5' target region of OsAMT1;1 showed
88% and 95% sequence identity with the 5’ target regions of
AMTI;2 and AMT1I;3, respectively (Fig. S1b). The 3’ tar-
get region of OsAMT1;1 showed 7.9% and 20% sequence
identity with the 3’ target regions of AMTI1;2 and AMT1I;3,
respectively (Fig. S1b). A total of three and seven RNAi
lines were generated using the 5’ and 3’ target sequences,
respectively. To measure the steady-state expression levels
of three AMT1 genes (AMTI;1, AMTI;2, and AMTI;3) in
the mutants, germinated seeds were grown hydroponically
for 10 d in % NS (Sonoda et al. 2003) containing 0.5 mM
NO; or 0.1 mM NH,* as a nitrogen source. After 7 days of
culture, the expression levels of three AMT] genes in roots
were measured by performing quantitative RT-PCR. The
expression of all three AMT1 genes was suppressed in all
ten RNAi lines grown in NO;~ (Fig. 1a) and NH,* (Fig. S2)
compared with the expression in WT plants. The mRNA
levels of AMTI;1, AMTI;2, and AMTI;3 were similar in
all RNAI lines. Thus, the RNAI lines were named as AMT1
RNAI lines (or amtl mutants) instead of AMT1;1 RNAI.
The expression levels of AMT2;1 and four genes related
to NH,* assimilation were examined, and they displayed
similar levels in RNAi and WT lines (Fig. S3a). Those
four NH," assimilation-related genes included cytosolic
glutamine synthetase (GSI,;2), NADH glutamate synthase
1 (NADH-GOGATI), and two glutamate dehydrogenases
(GDH1I and GDH?2). To investigate the long-term effects of
these RNAi mutations on NH, " uptake, plants were grown
hydroponically in modified full nutrient (FN) medium
(Chaudhuri et al. 2008) containing 0, 1.0, 2.5, or 5.0 mM
methylammonium (MeA) for 10 days (Fig. 1b—d). WT
plants treated with MeA exhibited severe growth inhibi-
tion in a dose-dependent manner. By contrast, none of the
MeA-treated amtI mutants exhibited any significant retar-
dation of the shoot and root growth. WT plants had much
lower dry weight than amt] mutants (Fig. S3b). These data
indicate that mutant roots are substantially inefficient in
NH4Jr uptake. From the total of ten RNAI lines, we selected
two lines from each of the 5" and the 3" RNAI lines for
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Fig.1 Expression of three AMTI genes (a) and methylammonium
sensitivities of OsAMTI RNAI lines (b). a Total cellular RNAs from
roots were subjected to qRT-PCR analysis to measure the expres-
sion levels of AMTI;1, AMTI;2, and AMTI;3. WT plants and ten
OsAMTI RNAi lines were grown hydroponically in Y4 NS contain-
ing 0.5 mM NOj™ for 7 days. Composition of the nutrient solution is
listed in Table S1. The mRNA levels in the samples were normalized
against those of ubiquitin mRNA. Error bars are +SD of the means
of three qPCR replicates. b Seedlings were hydroponically cultured

subsequent studies. These were Ri 5—1 and Ri 5-2 for the
5" RNAI lines, and Ri 3—1 and Ri 3-2 for the 3’ RNAI lines.
Internal NH,* levels were measured in the roots of these
four RNAI lines grown in % NS containing 0.1 mM NH,*
as the sole nitrogen source for 14 days (Fig. S4). All amtl
mutants contained approximately 30-60% lower levels of
NH," than WT plants.

NH,"-Mediated Inhibition of Lateral Root
Development in OsAMT17 RNAi Roots

The effect of N on plant growth could be modulated by
other nutrients in the culture media. Therefore, we com-
pared three well-established media to examine the effect of
NH,* and NO;~ on am¢I root growth and development. The
media included ¥4 MS (Y4-strength Murashige and Skoog)
(Murashige et al. 1962), ¥4 KB (V4-strength Kimura B) (Chen

on modified full nutrient (FN) medium containing 0, 1.0, 2.5, or
5.0 mM MeA for 10 days after germination. Primary root length (c)
and shoot length (d) was measured from 10-day-old seedlings grown
in the presence of 0, 1.0, 2.5, or 5.0 mM MeA. Data of (c) and (d) are
means +SE (n> 10 plants per line); different letters indicate signifi-
cant differences between samples (P <0.05). Significant differences
of seminal root length and shoot height in responses to MeA solution
are shown (¥*P <0.05)

et al. 2006), and % NS (Y-strength Nutrient Solution) (Abiko
et al. 2005) (Table S1). When all four AMT1 RNAI lines and
WT plants were cultured in dH,0, there was no difference
in root growth and development (Fig. S5). To examine the
effects of NH,* and NO;~ on root growth, germinating seeds
were grown for 14 days in three solutions containing either
0.1 mM NH,* or NO;" as the sole N source. The length of
seminal roots, the number of crown roots, and the density
and the average length of lateral roots were measured and
compared between mutants and WT plants grown under the
same conditions.

Seminal roots in 14-day-old rice plants do not grow any
further, and the numbers of lateral roots on seminal roots
no longer increase, although lateral and crown roots keep
growing when cultured further. The numbers of crown roots
increase during longer culture. Crown roots less than 0.5 cm
in length were counted separately from those longer than

@ Springer
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0.5 cm. At this stage, the average length of WT crown roots
is approximately 7-8 cm. The numbers of lateral roots were
counted within 1 cm from the differential zone of seminal
roots, at which point lateral roots can be visibly recog-
nized. As there were wide variations in lateral root lengths
of both WT and mutants, the ten longest lateral roots were
counted for the average length of lateral roots. In all three
media containing 0.1 mM NOj;™ as the sole N source, amtl
mutants and WT did not display any differences in these
three growth parameters (Fig. S6). However, in all media
containing NH,*, amrI mutants displayed severe growth
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Fig.2 a-d Effect of NH,* on root development in amt/ mutants cul-
tured in three different media (MS, KB, and NS). e Images of crown
roots of plants grown in % NS containing 0.1 mM NH,*. Uniformly
germinated seeds of WT and four AMTI RNAI lines (Ri 5-1, Ri
5-2, Ri 3—1, and Ri 3-2) were cultured in Y4 MS, Y4 KB, and %4 NS
containing 0.1 mM NH,* as the sole nitrogen source for 14 d. Fresh
nutrient solutions were provided every 2 days. a, b, ¢, d show quan-
tification of seminal root length, crown root numbers, lateral root

@ Springer

retardation in roots (Fig. 2). For crown roots cultured in all
NH4+—containing media, the total numbers of crown roots
were the same in WT and amt] mutants (Fig. 2b, e). Approx-
imately 20-50% of all crown roots were short (<0.5 cm) in
amt] mutants, whereas WT did not have short crown roots.
Among three culture media, ¥4 NS showed the most distinct
effect of NH,* on root growth of amt] mutants.

To further examine the N effect on amt/ mutants, seed-
lings were grown in ¥4 NS containing a concentration series
(0.01-1 mM) of NH,*, NO;~, and NH,NO; for 14 days
(Fig. 3). The 0.1 mM NH,* or NH,NO; concentration was

b 10 O Average CR length < 0.5 cm
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density, and lateral root length, respectively. Crown roots longer than
0.5 cm were counted separately from those shorter than 0.5 cm. e
Crown roots grown in ¥ NS containing NH,*. b Each bar consists
of a number of crown roots longer than 0.5 cm (lower part) and those
shorter than 0.5 cm (upper part). Red arrows in (e) indicate crown
roots shorter than 0.5 cm. Scale bar=1 cm. Data of (a, b, ¢, d) are
means+ SE (n> 10 plants per line). Different letters indicate signifi-
cant differences between samples (P <0.05)
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the most stimulating for WT root growth. The 0.1 to 0.3 mM
NO;™ concentration was optimal for root growth of WT and
amt] mutants. The root morphologies of 14-day-old plants
grown in 0.1 and 0.5 mM NH,*, NO;~, or NH,NO; are
shown in Fig. S7. In the presence of NH,*, amtl mutants
showed much lower values of all three growth parameters
than WT [Fig. 3a(i), (iv), (vii), and (x)]. There were no
growth differences between WT and mutant roots at all
NOj;™ concentrations [Fig. 3a(ii), (v), (viii), and (xi)]. In the
presence of NH,NO;, WT and mutant seedlings displayed
comparable growth of seminal and crown roots [Fig. 3a(iii)
and (vi)], but amt] mutants displayed severely defective lat-
eral root growth [Fig. 3a(ix) and (xii)]. These data indicate
that the total number and average length of amtl mutant lat-
eral roots in the presence of NH,* and NH,NO; were much
less than those of WT. For example, at 0.1 mM NH4+ and
NH,NO;, lateral root densities in mutants were 27% and
35%, respectively, of those of WT. Detailed morphologies of
lateral roots of 14-day-old-plants grown in 0.1 and 0.5 mM
NH4+, NO;~, or NH,NOj; are presented in Fig. 3b. These
combined results indicate that lateral root development in
amt] is inhibited by NH,* even in the presence of NO5™. By
contrast, seminal and crown roots are not affected by NH4Jr
in the presence of NO;™.

To examine whether the growth defect of mutant lateral
roots grown in NH,NO; but not in NO;™ might result from
low efficiency of N assimilation, cellular levels of glutamine,
the first amino acid assimilated from exogenous NO5™ and
NH,*, were measured in roots. Wild type and amt] were
grown in 0.1 mM NH,*, 0.1 mM NO5~, 0.1 mM NH,/NO;
or 0.1 mM NH,* +1.0 mM NO;™ (Fig. 3¢). When grown
in NH4+, amtl roots accumulated much lower levels of
glutamine than WT roots, whereas when grown in NO;~,
amtl roots acuminated similar levels of glutamine to the
WT roots. When cultured in NH,NO;, amtI roots contained
less glutamine than the wild type. However, the glutamine
content of the amt/ roots grown in NH,NO; was similar to
that of amtl roots grown in NO;~ These results strongly
suggest that the lateral root developmental defect of amtl
mutants grown in NH,NOj is unlikely to be due to inefficient
N assimilation or low N nutrients.

Dominant and Systemic Effect of NH,*
on NO;™-Dependent Lateral Root Development
in amt1 Mutants

To further explore the relationship between NH,* and
NO;™ in amt] mutant lateral root development, three experi-
ments were performed. First, seedlings were grown in ¥4 NS
containing 0.1 mM NH,NO; for 7 days, and then shifted to
the same solution containing 0.1 mM of either NH,NO;,
NH4+, or NO;™ for another 7 days. After 14 days, lateral root
densities and lengths were measured and compared (Fig. 4a,

b). The lateral root densities of amt/ mutants continuously
cultured in NH,NO; were 53% of those of WT grown under
the same conditions. The amt! mutants shifted to NH,* for
the last 7 days of culture developed 38% of lateral root den-
sities of those of WT cultured under the same conditions.
By contrast, amt] mutants shifted to NO;~ had 90% of the
lateral root density of WT plants. The average lateral root
lengths of amt/ mutants grown only in NH,NO; were longer
than those of mutants shifted to NH,*, but were shorter than
those of mutants shifted to NO;™ (Fig. 4b). The morpholo-
gies of lateral roots grown in the three N culture conditions
are shown in Fig. S8a. These combined results indicate that
suppression of lateral root growth and development in the
presence of NH,NOj; could result from a dominant effect of
NH,* over NO;~ in regulating lateral root development in
amt] mutants.

Second, to evaluate whether the effect of NH4+ on
NOj;™-dependent lateral root growth might be influenced by
NOj;™ concentration, mutants were incubated in media con-
taining a series (0.1, 1.0, 2.5, 5.0, and 10 mM) of NO;™ con-
centrations along with 0.1 mM NH,*. In the presence of
0.1 mM NH4+, all amt] mutants grown in various concen-
trations of NO;™ displayed similarly defective lateral root
growth (Fig. 4c, d). Lateral root densities were essentially
constant among mutants grown in different NO;™ concentra-
tions, although those of WT plants were slightly reduced as
NO;™ concentrations increased. Lateral root lengths slightly
increased in amt/ mutants as NO;~ concentrations increased
(Fig. 4d). The morphologies of lateral roots grown in 0.1,
1.0, or 5.0 mM NO;~ along with 0.1 mM NH,* are shown
in Fig. S8b. WT plants and amtl mutants cultured only in
NO;™ displayed normal lateral root growth under various
NO;™ concentrations (Fig. S9a). Seminal and crown root
growth in amt] mutants were essentially identical to those
of WT grown in media containing different NO;™ concen-
trations with or without NH4Jr (Fig. S9b). Therefore, the
specific suppression effect of NH,* on NO, -dependent
lateral root growth in amt/ mutants is independent of
NO;™ concentration.

Third, we performed split root assays to evaluate
whether the suppression effect of NH,* could be systemic
and specific to NO;~ during lateral root development in
amt] mutants. Germinated seeds cultured in dH,O for
4 d displayed well-developed primary root and crown
roots. For split root assays, uniformly developed roots
were divided into two equivalent parts and placed in two
separate nutrient media solutions (Fig. 5). To examine the
systemic effect of NH,* on NO; -dependent lateral root
development, one side of the split root system was cul-
tured in NO;™ and the other side was cultured in either
NH4+, NO;™, or no N for 14 days (Fig. 5a). Seminal roots
were placed in the NO;~ containers and were examined for
lateral root densities and lengths (Fig. 5a). In WT, lateral
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«Fig.3 a Seminal, crown, and lateral root growth of amt/ mutants
cultured in Y nutrient solution containing a concentration series of
NH,, NO;~, and NH,NO;. b Lateral roots grown in 0.1 and 0.5 mM
NH,*, NO;~, and NH,NO;. ¢ Glutamine contents of WT and amt]
(Ri 5-2 and Ri 3-1) roots grown in 0.1 mM NH,*, 0.1 mM NO;~,
0.1 mM NH,NO;, or 0. mM NH,* +1.0 mM NO;". a Uniformly
germinated seeds of WT and two AMT! RNAI lines (Ri 5-2 and Ri
3-1) were cultured in ¥4 NS containing 0, 0.01, 0.05, 0.1, 0.2, 0.3,
0.5, and 1.0 mM of NH,* [(i), (iv), (vii), and (x)], NO;™ [(ii), (V),
(viii), and (xi)], and NH,NO; [(iii), (vi), (ix), and (xii)] for 14 days.
Fresh nutrient solutions were provided every 2 days. After 14 days,
root growth and development were analyzed. Seminal root length
shown in (i), (ii), and (iii); crown root numbers shown in (iv), (v),
and (vi). Only crown roots longer than 0.5 cm were counted for
the measurements. Lateral root density is shown in (iii), (vi), and
(ix); average length of ten lateral roots shown in (x), (xi), and (xii).
The average length of lateral roots is measured using the ten long-
est ones. b Lateral roots on seminal roots of plants grown in % NS
containing 0.1 and 0.5 mM NH,*, NO;~, and NH,NO; for 14 days.
Scale bar=1 mm. ¢ Uniformly germinated seeds of WT and two
AMT]1 RNAI lines (Ri 5-2 and Ri 3—1) were cultured in % NS con-
taining 0.1 mM NH,*, 0.1 mM NO,, 0.1 mM NH,NO,, or 0.1 mM
NH,* +1.0 mM NO;~ for 14 d. Fresh nutrient solutions were pro-
vided every 2 days. After 14 days, whole roots were ground in lig-
uid nitrogen and the glutamine content per gram of fresh weight was
measured using the L-Glutamine, Ammonia Rapid Assay Kit (Mega-
zyme Ltd.) at 340 nm. Values are means=+ SE of three independent
replicates. Different letters indicate significant differences between
samples (P <0.05)

root density in the split roots cultured in media containing
NO;™ was slightly adversely affected when the other half
of roots was cultured in NH,*, compared with the density
when the other half of roots was cultured in either NO;™ or
no N. By contrast, in amt] mutants, the lateral root density
when cultured in NO;~ displayed 49% reduction when the
other half of roots was cultured in NH4+, compared with
the density when the other half of roots was cultured in
either NO;™ or no N. In amt] mutants, lateral root length in
NH,*-containing media was reduced by 35-40% compared
with lateral root lengths when the other half of roots was
cultured in media containing either NO;™ or no N, respec-
tively. To examine the specificity of NH,"-mediated sup-
pression of NO; -dependent lateral root development, one
side of the split root system was cultured in media lack-
ing a N source and the other side was cultured in media
containing NH4+, NO;™, or no N (Fig. 5b). Seminal roots
were placed in media lacking a N source, and then were
inspected for lateral root density and length. WT plants
and amt] mutants displayed essentially identical lateral
root densities and lengths in media lacking N for all three
split root assays when the other half of roots was cultured
in NH4+, NOj~, or no N (Fig. 5b). These combined results
indicate that the suppression effect of NH,* is specific
to NO; -dependent lateral root development. These data
strongly suggest that NH,* has a dominant systemic sign-
aling activity that specifically suppresses NO; -dependent
lateral root development in am¢] mutants.

NAA/NOA Exerts Similar, But Not the Same, Action
as NH," on Lateral Root Growth in amt1 Mutants

Exposure to external NH,* causes more dramatic changes
in apoplastic pH or membrane polarization in amtl roots
than in WT roots (Liu and von Wiren 2017; Wang et al.
1994). To evaluate these dramatic effects on membrane
dynamics in amtl root cells, mutant roots were grown in
the presence of both NAA and the potent auxin transport
inhibitor NOA. NOA modulates overall auxin transport
(both influx and efflux) across the plasma membrane
(Lankova et al. 2010). Germinating seeds were grown for
14 days in nutrient media containing 0.01 uM NAA and
0.01 uM NOA. As controls, germinating seeds were grown
for 14 days in nutrient media containing 0.01 uM of either
a combination of NAA and its efflux inhibitor NPA, or
only NAA, NOA, or NPA (Fig. 6a). The root parameters
of WT and amt]l mutant plants did not significantly differ
in the presence of only NAA, NOA, or NPA. By contrast,
mutant lateral roots showed hypersensitive response to the
combination of NAA/NOA and NAA/NPA (Fig. 6a). In
the presence of NAA/NOA, lateral root density in amt]
mutants was reduced to approximately 30% of that of
WT. In the presence of NAA/NPA, lateral root density
in amt] mutants was approximately 75% of that of WT.
However, there were no differences in lateral root length
between amtl mutants and WT exposed to either NAA/
NOA or NAA/NPA [Fig. 6a(ii)]. The morphologies of WT
and mutant lateral roots grown in the presence of NAA,
NAA/NOA, or NAA/NPA are presented in Fig. 6a(iii). By
contrast, primary and crown root growth were the same in
mutant and WT plants exposed to both combinations of
auxin and inhibitors (Fig. S10). These results suggest that
amt] mutants became hypersensitive to changes of plasma
membrane environments, which might lead to suppression
of lateral root development.

To evaluate whether NO;™-dependent lateral root growth
is affected by cellular environments induced by NAA/NOA,
seedlings were grown for 14 days in % NS with the fol-
lowing components: (1) 0.01 uM NAA/NOA and 0.1 mM
NO;7, (2) only 0.01 uM NAA/NOA, or (3) only 0.1 mM
NO;™ (Fig. 6b). After 14 days, the primary, crown, and lat-
eral roots were measured. The results showed that there were
no differences in all root development parameters between
mutants and WT grown in all three treatments (Fig. 6b for
lateral roots and Fig. S11 for primary and crown roots).
Next, we examined whether NAA/NOA affected the inhibi-
tory action of NH,* on NO; -dependent lateral root growth
(Fig. 6¢). Mutants were grown in solutions containing both
NH,NO; and NAA/NOA. The results showed that NH,*
inhibited lateral root density and length even in the presence
of NAA/NOA (Fig. 6¢). These combined results strongly
suggest that perturbation of membrane dynamics may not
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Fig.4 a, b Lateral root densities (a) and lengths (b) in plants shifted
to NH,NO, NH,* or NO;" after growing in NH,NO, for 7 days. ¢, d
Effect of NH,* on lateral root densities (¢) and lengths (d) in plants
grown in a series of NO;~ concentrations. a, b Seedlings grown in
0.1 mM NH,NO; for 7 days were transferred and cultured in nutrient
solution containing 0.1 mM of NH,NO;, NH,*, or NO;~ for another
7 days. After 14 days culture, lateral root densities (a) and lengths

be the primary cause of the inhibitory action of NH,* on
NO;-mediated lateral root growth in amt/ mutants.

Comparative Analysis of Transcriptomic Profiling
Between AMT1 and amt1 Roots

Our previous work showed that many genes show dramatic
expression changes in roots within 3 h after NH,* treatment
(Xuan et al. 2013). To estimate how many NH, *-responsive
genes are affected by AMT1 function, we performed tran-
scriptomic profiling using roots of amt/ mutants and WT
that were exposed to 0.1 mM NH,* for 0 and 3 h. Sam-
ple seedlings were cultured as follows. After germination,
seedlings were grown in distilled water for 14 days in a
glasshouse to ensure the depletion of endosperm nutrients.
These plants were grown in % nutrient medium lacking N
for an additional 3 days, and were then transferred to the
same nutrient solution containing 0.1 mM NH,* for 0 or
3 h. Under these culture conditions, mutant roots did not
show any morphological defects. The total cellular RNA
samples from roots were used for RNA-seq. Based on
our analysis of RNA-seq reads and comparative analysis
of transcriptomic profiles, differentially expressed genes

@ Springer

Average LR length cm =

= Z
é
%

0.5
0 4
NH,NO; — NO5-
awT
d,. a DRi 5-2

Average LR length cm

0.1 1 2.5 5

10 mM NO5

0.1 mM NH,~

(b) were measured for WT, Ri 5-2, and Ri 3—1 plants. ¢, d Seedlings
were cultured in nutrient solution containing 0.1, 1.0, 2.5, 5.0, or
10 mM NO; along with 0.1 mM NH,*. After 14 d of culture, lateral
root densities (¢) and lengths (d) were measured for WT, Ri 5-2, and
Ri 3—1 plants. Values are means + SE (n> 10 plants per line). Differ-
ent letters indicate significant differences between samples (P <0.05)

(DEGs) were identified in roots of WT and mutant plants.
NH,*-responsive DEGs showed at least > twofold differ-
ences in expression levels when compared between 0 and 3 h
treatments of WT or mutant plants. Based on AMT1 func-
tion, the NH4+-responsive DEGs were classified into two
groups, class I and II. Class I represents ‘AMTI-dependent’
NH,*-responsive genes that showed twofold differences in
expression levels between 0 and 3 h after NH,* treatment
in WT but not mutant roots (Fig. 7a). Among a total of 991
upregulated and 395 downregulated genes identified in WT
roots, 467 and 223, respectively, failed to respond to N H4Jr
treatment in mutant roots. These genes are listed in Table S3.
Class 1I is called ‘AMTI-independent’ NH,*-responsive
genes. They showed at least twofold differences in expres-
sion levels between WT and mutant plants before and after
NH,* treatment (Fig. 7a). A total of 524 upregulated and 172
downregulated genes in WT roots showed similar expression
patterns in amt]/ mutant roots (Table S3). We performed
gRT-PCR to confirm the expression patterns of some tran-
scription factor genes of class I and II (Fig. 7b).

We used bioinformatics tools provided by bis.zju.edu.cn
and pantherdb.org to perform GO enrichment analysis of
1386 NH,-responsive genes identified in WT roots. GOs of
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Fig.5 For split root assays, one side of the split roots was cultured in
media containing NO5;™ (a) or no N source (b), and the other side of
the split roots was cultured in NH,*, NOj7, or no N. Roots of WT and
Ri 5-2 seedlings that were grown in dH,O for 4 days were split into
two separate nutrient media. One side was cultured in media contain-
ing NO5™ (a) and no N (b), whereas the other side was cultured in
NH4+, NOjs™, or no N. After 14 d culture, lateral root densities and

class I ‘“AMTI-dependent’ genes were compared with GOs
of class I ‘“AMTI-independent’ genes for the biological pro-
cess [Fig. 7c(i) and (ii)], cellular component [Fig. 7c(iii) and
(iv)], and molecular function [Fig. 7c¢(v) and (vi)]. The most
interesting observation is that certain GOs in class I ‘AMTI-
dependent’ genes are absent in class II ‘AMT]-independent’
genes. Otherwise, the distributions and frequencies of the
remaining genes were similar in class I and class II in all
three GO terms. In the biological process term, upregulated
NH,*-responsive genes of class II are missing in the GO
classes of metabolism, response to abiotic stimulus, response
to endogenous stimulus, signal transduction, postembryonic
development, and signal transduction [Fig. 7c(1)]. Similarly,
among the downregulated genes of class II, GOs of mac-
romolecular metabolism, protein metabolism/modification,
and transport were missing [Fig. 7¢c(ii)]. In the cellular pro-
cess term, the only mitochondrial group was absent in the
GOs of class II upregulated genes [Fig. 7c(iii)], whereas
three GOs (membrane, plasma membrane, and thylakoid)
were absent in class II downregulated genes [Fig. 7c(iv)].
In the molecular function term, the following GOs were
absent in class II upregulated genes: transferase activity,
hydrolase activity, DNA binding, transcription factor activ-
ity, and transcription regulator activity [Fig. 7c(v)]. For class
II downregulated genes, transferase activity, protein binding,
nucleotide binding, transport activity, DNA binding, and
kinase activity were absent [Fig. 7c(vi)]. The GO analysis

lengths on seminal roots cultured in NO5™ (a) or no N (b) were meas-
ured for plants with the other side cultured in NO;™, no N, or NH4+.
White, red, and blue columns indicate lateral root densities of roots
when the other half of roots were cultured in NO5™, no N, or NH4+,
respectively. Values are means of + SE (n> 10 plants per line). Differ-
ent letters indicate significant differences between samples (P <0.05).
White arrow heads in the left panels mark the seminal roots

clearly demonstrates that AMT activity profoundly impacts
the expression of specific functional gene groups during the
early stages of root response to NH,*.

Alteration of Auxin-Responsive Gene Expression
and Root Gravity in amt1 Mutants

Ammonium affects root architecture, auxin transport, and
gravity responses in roots (Zou et al. 2012; Liu and von Wiren
2017). The RNA-seq analysis recognized some auxin-related
genes as ‘AMT1-dependent’ genes (Table S4). To further
examine the relationship between AMTI and those auxin-
related genes, ammonium- and auxin-induction kinetics of
these genes were compared by qPCR with RNAs of WT and
amtl roots treated with NH,* or NAA. Sample seedlings were
grown in the same way as those used for the RNA-seq experi-
ments. Whole roots were harvested at 0, 1, 3,6, 12, and 24 h
after administration of NH,™ or NAA. qRT-PCR analyses were
performed to determine expression kinetics induced by NH,*
or NAA. Comparisons of NH,* and auxin-induction kinetics
of some of auxin-related genes in WT and amt! roots are pre-
sented in Fig. 8. The auxin-induction kinetics of these genes
were dependent on AMT] function. The expression kinetics
of these genes showed similar patterns in both auxin- and
NH,*-treated samples. For example, the expression of LOC_
0s09g37330 became hypersensitive to both NH,* and NAA
in the mutant compared with that of WT (Fig. 8a, b). Other
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Fig.7 a Classification of DEGs identified by RNA-seq analysis. b
Quantitative RT-PCR analysis to verify genes identified by RNA-seq
in WT and amt] mutants. ¢ GO enrichment analysis of class I and II
genes. a Genes that were differentially expressed by NH,* treatment
in WT roots were classified based on their expression patterns in
amt] mutant roots. Left and right graphs indicate the total numbers of
DEGs that were upregulated and downregulated, respectively, in WT
roots treated with NH,* for 3 h. Gray color indicates class I DEGs
that did not respond to NH,* in amt/ mutants. Yellow color indi-
cates class II DEGs that showed similar expression patterns in both
WT and amt] mutant roots. Numbers within the box are the numbers
of DEGs that belong to the corresponding classes. b Total cellular
RNAs from roots of WT and amt/ mutants were used for qRT-PCR

genes became less sensitive to both NH,* and NAA in mutant
roots than in WT roots (Fig. 8c—h). To further examine the
involvement of AMT1 in interactions between auxin and NH,*,
the gravity response was examined in WT and mutant roots.
Three-day-old seedlings grown in dH,O were subjected to a
90° change in orientation with respect to gravity in two nutri-
ent media containing 0.1 mM NH," or without NH,*. Root
tip angles were recorded every 30 min. From 120 to 150 min
after changing the gravity direction and in the presence of
NH,*, root tips showed significantly wider angles of curvature
in amtl mutants than in WT plants (Fig. 9). However, with-
out NH,", the roots of both WT and mutants showed similar
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3 class1
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analysis. Some of class I ‘AMTI-dependent’ (a, b, e, f) and class 1I
‘AMTI-independent’ (c, d, g, h) genes were examined by qRT-PCR
to measure mRNA levels before and 3 h after NH," treatment. UBQ!
was used as a control to normalize the expression data. Error bars
represent+ SD of the means of three qPCR replicates. ¢ GO enrich-
ment of a total of 1386 genes of class I and II was analyzed with
respect to the following three terms: biological process (i and ii), cel-
lular component (iii and iv), and molecular function (v and vi). Each
class was divided into two groups of upregulated and downregulated
genes. GO terms that were enriched in class I genes but not in class 11
genes are indicated with dotted boxes. Further information about the
genes is presented in Table S3

bending kinetics to the gravity change. The same experiment
was performed with roots treated with NO;™, but NO5™ did not
alter the root gravity responses of mutants (Fig. S12). These
results clearly demonstrated that amt/ mutation altered the
gene expression and gravity response interactions between
auxin and NH,*.
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Fig.8 Expression kinetics of auxin-related genes that were induced
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mutant lines (Ri 5-2 and Ri 3—7) were used for qRT-PCR analysis.
The gene expression levels were examined at 0, 1, 3, 6, 12, and 24 h
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Fig.9 Gravity responses of WT a -N
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(a) and absence (b) of NH,*. 1
Two-day-old seedlings grown =60 1 Ri 5-2
in water were transferred to a b
. . . = 50 A
V4 nutrient medium contain- E 35 A
ing 0.1 mM NH," orno N S 40 - )
source. The gravity direction <
o S 30
was changed 90°, and bend- 2 25
ing angles of root tips were £ 20 - I
measured at various time points. a
The right graphs are magnifica- 10 1 ¥ l
tions of the dotted boxes in the 0 +— =" , ; . X 15 T T )
left graphs. The experiments 0 30 60 90 120 180 240 min 90 120 180 min
were repeated at least three
times, and values represent
means + SE (n> 10). Significant b NH,*
differences in gravity responses 70 - 45
in 0.05 mM (NH,),SO, solution
are shown (*P <0.05) e 60 1 T [
%D 50 4 3 35 -
g 1 1
40 |
g 1
30 -
§ 25 A
& 20 4 T
] 10 z
I N . . , , 15 — ' -
0 30 60 90 120 180 240 min 2 120 180 min
Discussion development are not affected by the disruption of membrane

The exogenous NH,* supply profoundly impacts root sys-
tem architecture (for review, Britto and Kronzucker 2002;
Li et al. 2010; Liu et al. 2013; Araya et al. 2016; Liu et al.
2017). In this study, amt] mutants were analyzed to estimate
the role of AMTI in NH,*-mediated root development. The
main objective of this study was to explore prominent phe-
notypes of amtI roots, which could elucidate possible inter-
actions between AMT1 and N-dependent root development.

This study showed that NH,™ or NAA/NOA treatments
specifically inhibited lateral root growth in am¢] mutants. In
mutant root cells with low AMT] activity, NH,* dramatically
changed apoplastic pH and membrane polarization (Husted
and Schjoerring 1995). The combined action of NAA and
NOA is expected to disrupt intracellular membrane traffick-
ing and apoplasmic accumulation of auxin (Lankova et al.
2010; Imhoff et al. 2000). Under these disturbances of cel-
lular membrane processes, amtl failed to maintain normal
development of lateral roots. Therefore, our work strongly
suggests the possibility that AMT1 might have a role in lat-
eral root growth by supporting membrane dynamics and
integrity.

The most significant finding of this study is the observa-
tion that amtI mutants exhibit NH,*-induced suppression
of NO; -dependent lateral root elongation. NAA/NOA do
not affect NO; -dependent lateral root growth. This indi-
cates that NO;™-dependent cellular processes for lateral root

dynamics. These data suggest that the mechanism of NH,*
inhibition of lateral root development in am¢/ mutants is
different from that of NAA/NOA. As amt] mutants accu-
mulated lower levels of cellular NH,* than WT plants, it is
very unlikely that intracellular toxicity of NH," is related
to the suppression of lateral root growth. One might sus-
pect that NH," could interfere with NO;~ uptake, which
subsequently results in retardation of lateral root elonga-
tion. It has been reported that NH,* can inhibit NO; ™ uptake
in rice, barley, and Arabidopsis (Kronzucker et al. 1999a,
b; Cerezo et al. 2001). However, in barley and Arabidop-
sis, inhibition of total NO;™ uptake by NH, was signifi-
cant under low NO;™ conditions, suggesting that the high-
affinity transport system (HATS) is involved. The following
observations strongly suggest that NH,* triggers indirect
and systemic signaling, rather than directly interfering
with NO;™ uptake, in inhibiting NO;™-mediated lateral root
growth. (1) NH,*-induced inhibition of lateral root devel-
opment (especially lateral root numbers) is independent of
the NO,~ concentrations applied to mutant roots. (2) NH,*
can systemically prevent lateral root development. (3) NH,*
does not affect NO; -dependent crown root development.
Depending on the NO;™ concentration, different NO;™ sign-
aling pathways have different effects on the development of
lateral roots (for review, Sun et al. 2017). In general, low
NO;™ exerts stimulatory or inhibitory effects on lateral root
development, whereas high NO;™ supply has an inhibitory
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effect on lateral root development. In our study, there were
no preferential ranges of NO;~ concentrations at which NH,*
most effectively inhibited lateral root development (espe-
cially lateral root numbers). There was no difference in
growth defect severity among roots exposed to a wide range
(from 0.1 mM to 10 mM) of NO;™. Glutamine contents were
similar in mutant roots grown in either NO;~, or NH,NO;,
suggesting that the inhibition of lateral root development
should not be due to an N nutrient effect that results from
inefficient NO;~ uptake. NH,* can exert systemic action
without direct contact with lateral roots. Our data strongly
suggest that NH,* can trigger a secondary cellular messen-
ger that prevents NO;™-mediated lateral root elongation. This
study supports the notion that N signaling for lateral root
elongation is interactive between NH,* and NO;™.

It has been reported that more than 2,000 genes have been
identified in rice root in response to NH,* treatment within
3 h (Xuan et al. 2013). Our RNA-seq analysis found that
AMT! function is required for the early response to NH,* by
half of the NH,*-responsive genes. GO enrichment analysis
showed that specific functional gene groups required AMT1
function for the early response to NH,* treatment. This work
showed that AMT1 activity was necessary for auxin induc-
tion of some NH,*-responsive genes. The requirement of
AMT1 function for the expression of these genes can be
explained in three ways. (1) These genes are sensitive to
differences in NH,*-dependent acidification of apoplasts
between amtl roots and WT roots (Patterson et al. 2010).
(2) NH,* assimilation and subsequent metabolite produc-
tion could be essential processes for the expression of these
genes. (3) AMTI might act as a sensor to regulate the expres-
sion of these genes in the presence of NH,*. Further work
is required to distinguish these possibilities. This study also
showed that amtI became hypersensitive to gravity in the
presence of NH,*. It has been reported that excess NH,*
reduces the gravity response of roots by affecting auxin
distribution and the activity of a potassium transporter in
Arabidopsis (Zou et al. 2012). The gravity response of rice
root tips is delayed in the presence of NH,* (Xuan et al.
2018). Compared with WT, amtl showed a hypersensitive
gravity response in the presence of NH,*. These data suggest
that AMT1 is involved in NH,*-triggered gravity response
in roots.

Currently, little is known about cellular chemicals or
messengers that can convey signals triggered or induced by
NH,* or AMT] for root growth or gene expression. Our data
on NH,*-triggered phenotypes of amtI mutants might pro-
vide a basic platform to identify these signals and to explore
molecular or cellular mechanisms underlying the interac-
tions between NH,* and AMT1 in root development.
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