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Ammonium (NH ,%) is a ubiquitous intermediate of nitrogen metabolism but is notorious for its toxic effects on most organisms.
Extensive studies of the underlying mechanisms of NH," toxicity have been reported in plants, but it is poorly understood how
plants acclimate to high levels of NH,". Here, we identi ed an Arabidopsis (Arabidopsis thaliadamutant, ammonium overly
sensitivel(amos1), that displays severe chlorosis under Ni stress. Map-based cloning showsamoslto carry a mutation in
EGY1 (for ethylene-dependent, gravitropism-de cient, and yellow-green-like proteinl), which encodes a plastid metalloprotease.
Transcriptomic analysis reveals that among the genes activated in response to NH*, 90% are regulated dependent onAMOS1/
EGYL Furthermore, 63% of AMOS1/ EGY1-dependent NH ,*-activated genes contain an ACGTG motif in their promoter region,
a core motif of abscisic acid (ABA)-responsive elements. Consistent with this, our physiological, pharmacological,
transcriptomic, and genetic data show that ABA signaling is a critical, but not the sole, downstream component of the
AMOS1/ EGY L-dependent pathway that regulates the expression of NH, -responsive genes and maintains chloroplast
functionality under NH ,* stress. Importantly, abi4 mutants defective in ABA-dependent and retrograde signaling,
but not ABA-de cient mutants, mimic leaf NH ," hypersensitivity of amosl In summary, our ndings suggest that an
NH ,"-responsive plastid retrograde pathway, which depends on AMOS1/ EGY1 function and integrates with ABA
signaling, is required for the regulation of expression of NH ,"-responsive genes that maintan chloroplast integrity in

the presence of high NH," levels.

Ammonium (NH ) is a key intermediate of nitrogen
metabolism in most living organisms (von Wirén and
Merrick, 2004). For bacteria, fungi, and plants, NH," is
also the preferred nitrogen source. However, sensitiv-
ity to NH ," occurs widely in animals, plants, and mi-
croorganisms (Britto and Kronzucker, 2002; von Wirén
and Merrick, 2004). Extensive studies have been car-
ried out that dissect the underlying mechanisms of
NH ," toxicity in plants, animals, and microorganisms
(Britto and Kronzucker, 2002; Hess et al., 2006;
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Norenberg et al., 2009). The paradox of NH," is par-
ticularly serious in plants, where stunted growth of
roots and chlorosis of leaves are two major symptoms
of toxicity (Britto and Kronzucker, 2002). Several
physiological responses, including increased proton
ef ux, de ciency of other cations, carbon shortage,
disruptions in hormonal homeostasis, damaged chlo-
roplast ultrastructure, uncoupling of photophosphor-
ylation, disruptions in photosynthesis, and energy
depletion linked to futile transmembrane NH ," cy-
cling, have all been implicated in NH ,* stress in plants
(Britto and Kronzucker 2002). Recently, the sites of
action of NH ," and underlying molecular mechanisms
in plants have been addressed in more detail. For ex-
ample, NH " inhibition of root growth was shown to
target primarily cell elongation and require direct
contact of the root tip with NH ,*. Furthermore, root
growth inhibition was directly linked to excessive
NH ," ef ux in the root elongation zone (Li et al., 2010).
The sensitivity of root elongation to NH ," has been
shown to be related to impaired functioning of the
GDP-Man pyrophosphorylase (GMPase), which con-
trols the synthesis of GDP-Man and is involved in the
N-glycosylation of proteins, and, as such, is believed to
in uence general cellular stability and the regulation
of NH ,* transport (Qin et al., 2008; Barth et al., 2010; Li
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et al., 2010). However, recently, defects in GMPase
alone were found to be insuf cient to explain root
NH ," sensitivity (Kempinski et al., 2011). For example,
NH ,*-induced reduction of lateral root formation re-
sults from contact of the shoot with NH ," and decreased
transport of shoot-derived auxin to roots, via the auxin
in ux carrier AUX1 (Li et al., 2011a, 2011b). Interest-
ingly, defects in dolichol phosphate Man synthasel re-
sult in both leaf chlorosis and the inhibition of root
elongation in the presence of excess NH', not only
linking to impaired N-glycosylation but also to a re-
duction in glycosyl phosphatidylinositol anchor attach-
ment (Jadid et al., 2011). These studies, in combination,
provide a signi cantly improved understanding of the
process of NH," toxicity in plants.

Previous studies on the NH," stress response have
focused largely on either a selected single gene or only
a few genes. To gain insights into the global effects of
NH " stress on plant gene expression, and to identify
possible key regulators, we combined in this study the
screening of mutants hypersensitive to NH," using
forward genetics approaches with transcriptomics us-
ing the full genome microarray, along with bioinfor-
matic analyses and physiological experiments. We
identi ed the ammonium overly sensitive(amos} mu-
tant in Arabidopsis (Arabidopsis thaliana which dis-
played severe chlorosis under NH," stress and was
affected in its global expression of NH,"-responsive
genes. Map-based cloning revealed thatamoslwas an
allelic mutation of the gene encoding ETHYLENE-
DEPENDENT GRAVITROPISM-DEFICIENT AND
YELLOW-GREEN-LIKE PROTEIN1(EGY1), which
is known as a nucleus-encoded, plastid-localized,
membrane-associated, and ATP-independent metal-
loprotease site-2 protease (S2P; Chen et al., 2005). It is
required for normal chloroplast development, including
the formation of thylakoid grana, the lamella system,
and the accumulation of chlorophyll and chlorophyll
a b-binding proteins in chloroplast membranes. Ad-
ditionally, EGY1 is required for ethylene-dependent
gravitropism of light-grown hypocotyls, a process
linked to the regulation of endodermal plastid size and
number (Chen et al., 2005; Guo et al., 2008). Our work
furthermore explores the role of abscisic acid (ABA)
signaling as a downstream component of an AMOS1/
EGY l-dependent plastid retrograde signaling pathway,
in the context of regulation of the gene expression and
protection of chloroplast functionalites from NH ,
stress. Additionally, we examine the involvement of
the reactive oxygen species (ROS) response in chloro-
plasts of guard cells as an upstream component of
ABA signaling in the AMOS1/EGYl-dependent path-
way during the NH ,* stress response.

Our ndings not only document, to our knowledge
for the rsttime, the global pro le of NH ,*-responsive
genes under NH," stress but identify the critical role
during NH ,° stress for the plastid metalloprotease
EGY1-dependent retrograde signaling pathway in the
control of nuclear gene expression through recruitment
of ABA signaling.
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RESULTS

Identi cation of the amosl Mutant

Based on enhanced leaf chlorosis on medium contain-
ing NH ,", we isolated three independent amosmutants
from 5,160 lines of a chemical-inducible activation-
tagging T-DNA insertion line library in the ecotype
Columbia (Col-0) background on growth medium
(GM) supplemented with 30 mwm (NH ,),SO, and 10 mv
of the inducer 1,7-b-estradiol (Supplemental Fig. S1, A
and B). These mutant lines also displayed the chlorosis
phenotype on NH," medium in the absence of 1,7-
b-estradiol (Supplemental Fig. S1C), suggesting that
the mutations in the three lines were a result of the
position of insertion of the T-DNA rather than of the ac-
tivation of adjacent genes. Genetic analyses indicated that
the three identi ed mutants, named amos1-lamosl1-2and
amos1-3 were allelic and that the NH ,™-induced leaf
chlorosis phenotype in amoslseedlings is caused by single
recessive mutations in a nuclear gene (Supplemental Table
S1). In the following experiments, all further phenotypic
analyses were based onamos1-1

The (NH ,),SO,-induced chlorosis in amoslseedlings
was reversible upon transfer to medium without
(NH ,),S0,, on which green leaves were formed again
(except cotyledons; Supplemental Fig. S1D). This sup-
ported the notion that the observed phenotype was
indeed a consequence of exposure to high levels of
(NH ,),S0O,. Because the screening medium contained
not only NH ," but also a relatively high concentration
of SO422 , it was necessary to analyze the specic factor
that led to the observed phenotype of amos1Our data
show that leaf chlorosis in amosliwas indeed speci ¢ to
NH ,*, rather than being caused by SQ? or ionic stress
(Supplemental Fig. S1E).

It was recently suggested that NH," accumulation in
leaves via direct uptake into shoots from the medium
can exceed the accumulation that results from root-to-
shoot translocation following uptake into roots (Li et al.,
2011a). Therefore, we asked as well whether chlorosis of
amoslwas induced by NH ," contact of the root or the
shoot. Our results show that amoslseedlings were able
to grow normally when only the root was in contact
with NH ,* following transfer, whereas they exhibited
chlorotic leaves when the shoot was in direct contact
with NH ,* following transfer (Supplemental Fig. S2).
Generally, in addition to foliar application incurred
from NH ,"-releasing fertilizers, leaves of species such
as Arabidopsis easily come into contact with NH ,*
when seedlings are germinated and grown directly in
soil or sterile medium. Our results show that amosl
indeed displays chlorotic leaves when germinated and
grown directly in NH ," medium (Supplemental Fig.
S2). These results, together with previous results (Li
et al., 2011a, 2011b), suggest that seedlings in the
germination and early developmental stages suffer
NH ," stress more readily because their leaves are able
to contact NH," in the medium directly.
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We further analyzed leaf chlorophyll content in
amosland wild-type seedlings in response to a range
of NH ,* concentrations. In these solid agarose-based
nutrient media, chlorophyll concentrations of Col-0
wild-type seedlings increased in the presence of NH,"
up to a concentration of 25 mm and decreased when
NH ," concentrations reached or exceeded 40 m (Fig.
1A). By contrast, chlorophyll content in amoslwas
reduced by approximately 25% and 50%, respectively,
when the NH ," concentration was raised to 20 and 25
mwm (Fig. 1A). The most sizable differences in chloro-
phyll accumulation in amosland wild-type seedlings
occurred at higher NH " concentrations, between 25
and 40 mm (Fig. 1A). We compared chlorophyll accu-
mulation and chloroplast uorescence betweenamosl
and wild-type seedlings under identical concentrations
of (NH ,),SO, and K,SO,. Chlorophyll accumulation
and chloroplast uorescence were severely affected in
amoslseedlings when exposed to (NH,),SO, but not
K,SQ, (Fig. 1, B and C). Furthermore, we analyzed the
phenotypes of amosland wild-type seedlings in re-
sponse to 25 and 40 nw NH, over time. In GM
without NH ,*, the chlorophyll content of amoslseed-
lings was between 66.3% and 55.5% of the wild type
level (Supplemental Fig. S3, A and B). The difference in
chlorophyll content between wild-type and amosl
seedlings remained similar 24 h after NH," addition
but was clearly exacerbated with prolonged NH ,*
treatment. Chlorophyll contents in amosiwere reduced
to 24.5% or 12.7% of the wild type, respectively, in the
presence of 25 and 40 mw NH," treatment for
7 d (Supplemental Fig. S3, A and B). Shoot fresh
weight was 10% to 30% lower in amoslhan in the wild
type at these time points in GM containing NH ,"
(Supplemental Fig. S3, C and D). The rate of shoot

Figure 1. The amos1 mutant is hypersensitive to
excess NH,". A, Relative chlorophyll concentra-
tions in rosettes of 7-d-old wild-type (Col-0) and
amoslseedlings exposed to serial concentrations
of NH," [provided as (NH,),S0,] for 7 d, nor-
malized to values for control medium (GM
without NH ;) for each genotype. B, Leaf chlo-
rosis (representative images) in 7-d-old wild-type
and amoslseedlings, treated with 25 nm NH ,* or
mock (12.5 mm K,SQ,) for 7 d. Bars = 0.3 cm. C,
Representative images of chlorophyll RBuores-
cence of true leaves (top row) and chloroplasts
(bottom row) in seedlings as described in B.
Bars = 100mm in the top row and 10 nm in the
bottom row. D, NH ,* accumulation in shoots of
amosland wild-type seedlings. Treatment was as
described in B. Values are mean§ se(n $ 4). No
signibcant differences were detected between the
wild type and the mutant (StudentOs test, P .
0.05). FW, Fresh weight.
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biomass production of amoslseedlings over time
was not reduced upon short-term exposure to NH ,*,
then decreased with longer term NH ," treatments, al-
though the reduction was similar to the wild type
(Supplemental Fig. S3, C and D). Furthermore, inhi-
bition of root growth in response to NH ,*, as assessed
by primary root length and lateral root number, was
not exacerbated in amoslseedlings when compared
with the wild type (Supplemental Fig. S3, E and F).
This is distinct from previously described NH ,'-
hypersensitive mutants of Arabidopsis, in which root
morphological changes were the most visible pheno-
type (Qin et al., 2008; Jadid et al., 2011; Li et al., 2012).
Considering these results jointly, amoslemerges as a
novel NH ,"-hypersensitivity mutant, displaying se-
vere leaf chlorosis without any impairment of root
growth or root development.

In addition, we determined the accumulation of
NH," in shoots, which is considered an important
factor contributing to NH ,* sensitivity in plants (Britto
and Kronzucker, 2002; Balkos et al., 2010; Li et al.,
2011a). Compared with mock treatment, NH," con-
tents in shoots of amosland wild-type seedlings were
increased more than 150-fold upon exposure to 25 mu
NH ,*, but they were not signi cantly different be-
tween genotypes (Fig. 1D). Thus, the NH," sensitivity
of amosiseedlings was not related to excess NH' ac-
cumulation when compared with the wild type. Given
that the gene VITAMIN C-1 (VTC1), encoding the en-
zyme GMPase, has been implicated as an important
genetic locus for NH," sensitivity in roots of Arabi-
dopsis (Qin et al., 2008; Barth et al., 2010), we asked
whether the chlorosis phenotype under NH ,” exposure
is related to this gene. However, amos1vtcl double
mutants displayed a similar leaf chlorosis response to
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amoslseedlings while displaying a root growth re-
sponse similar to vtcl seedlings (Supplemental Fig. S4),
suggesting that the NH,™-induced leaf chlorosis of
amoslseedlings was not related to the GMPasegene.

Identi cation of the AMOS1 Locus

Since T-DNA insertion loci isolated by thermal
asymmetric interlaced PCR were not associated with
the NH ,"-hypersensitivity phenotype, a map-based
cloning strategy was pursued to isolate the mutated
gene. Theamoslallele was located on chromosome 5
(Supplemental Fig. S5A) and was found to correspond
to a segmental deletion of 1,071 bp in the gene
At5g35220 (Fig. 2A; Supplemental Fig. S5B), which
encodes the previously described S2P metalloprotease
EGY1. No expression of EGY1mRNA was detected in
amoslseedlings (Supplemental Fig. S5C). Thusamosl
was a true null mutant. With exposure to 25 mm NH ",
chlorophyll accumulation in egyl-land egyl-2seed-
lings was indeed similar to amoslseedlings (Fig. 2B).
Furthermore, complementation of the amoslmutant
with wild-type EGYL1 restored wild-type levels of
chlorophyll accumulation in the presence of NH ,* (Fig.
2B). Collectively, these results show that the amosl
mutant carries a loss-of-function mutation in the S2P
metalloprotease geneEGY1 EGY1 has been identi ed
as the rst S2P metalloprotease homolog in plants
(Chen et al., 2005; Chen and Zhang, 2010) and has
been localized to chloroplasts (likely the thylakoid
membrane system), based on the analysis ofEGY1-
GFP fusion constructs, and the defect arising from
expressing the N-terminal transit peptide removed
EGY1lin egylseedlings (Chen et al., 2005; Zhang et al.,
2008).

Figure 2. AMOSL1 identibcation. A, Diagram illustrating the genomic
coding sequence of the ArabidopsisAMOS1/EGY1gene and the lo-
cations of the mutant allelesamosl-1, egyl-1, egyl-2, and egyl-3.
UTR, Untranslated region. B, Phenotypes of 7-d-old seedlings of wild-
type Col-0, amosl-1, egyl-1, egyl-2, and amosl-1 complemented
with AMOS1/EGY1(T3 generation), treated with 25 nw NH ,* for 7 d.
One representative image is shown for each line. The experiments
were reproduced at least twice.
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Regulation of the Expression of NH ," Stress-Responsive
Genes by AMOS1/EGY1

To elucidate the molecular function of AMOS1/
EGYLlin the NH ," stress response, we used full ge-
nomic microarray hybridization to analyze the differ-
ence of the Arabidopsis transcriptome between amosl
and the wild type under both NH , and mock condi-
tions. First, we analyzed the effect of the AMOS1/EGY1
mutation on the transcriptional responses under both
conditions. Only four genes were expressed at higher
levels, but 888 genes were expressed at lower levels
in amoslseedlings under both mock and NH," con-
ditions, compared with the wild type ( q # 5 and
fold change $ 2 or # 0.5, respectively; Fig. 3A;
Supplemental Data Set S1). Of these, 867 (97.2%) were
lower in amoslthan in the wild type exclusively under
NH ," stress (Fig. 3A). Surprisingly, the most strongly
enriched Gene Ontology (GO) categories in cellular
components of these genes were in the nucleus, with
only a small representation of chloroplasts (Fig. 3B).
GO categories in biological processes indicated that
genes in a broad range of pathways known to be as-
sociated with biotic and abiotic stress responses, such
as“response to chitin,” “ response to heat; “ cell redox
homeostasis’ “ toxin catabolism,” “ autophagy,” and
“response to oxidative stress,”were expressed at lower
levels in the amosImutant than in the wild type under
NH ," stress (Fig. 3C). Consistently, among the 10
genes showing the largest alterations in transcript
levels in amos] eight were repressed (Fig. 3D). Addi-
tionally, it is noteworthy that three small HEAT
SHOCK PROTEINs(HSP9 were among the repressed
genes (Fig. 3D). These results indicate that in the
presence of NH,", the full level of expression of
nucleus-encoded genes associated with several biotic
and abiotic stress-response pathways depends on
plastid AMOS1/EGYL

To test whether the genes showing lower expression
in NH ,"-exposed amosIplants than in the wild type are
part of the transcriptional NH ," response of Arabi-
dopsis, we further analyzed the genome-wide tran-
scriptional response of the wild type and amoslo NH ,*
stress. Eighty-six activated genes and 42 repressed genes
were found in the wild type. In  amoslthe number of
genes activated as a consequence of Nii exposure was
reduced to 23, whereas the number of repressed genes
was increased to 199 (Fig. 4A; Supplemental Data Set
S2). Thus, accurate expression of 90% (78) of the NJi-
activated genes and 62% (26) of the NH'-repressed
genes depended upon AMOS1/EGY1 (Fig. 4A). These
results support the conclusion that AMOS1/EGYL1lis in-
deed required for regulation of the expression of NH ,*-
responsive genes, particularly those genes showing
higher transcript levels in NH ,"-exposed plants. The
largest group of 183 genes, however, showed a decrease
in transcript levels in response to NH," exposure in
amoslwithout responding to NH ," in the wild type.

A comparison of GO categories in biological pro-
cesses of AMOS1/EGYZ-dependent NH,"-responsive
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Figure 3. Transcriptional proble in
amosl compared with the wild type
(WT) under NH," stress. A, Total
number of genes for which transcript
levels were signibcantly changed in
amosl relative to the wild type after
mock treatment or NH," stress condi-
tions imposed for 6 h @ # 5 and fold
change$ 2 or# 0.5). B, Enriched GO
categories in cellular components of
867 genes expressed at signibcantly
lower levels in amos1than in the wild
type under NH," stress. C, Enriched
GO categories for biological processes
of 867 genes expressed at signibcantly
lower levels in amos1than in the wild
type under NH," stress P, 0.001).
Numbers in B and C indicate the
counts of each GO category that ap-
pear in the 867 genes. D, The 10 genes
exhibiting the largest difference in
transcript levels in amos1 (relative to
the wild type) under NH," conditions
(mock conditions given for reference).

genes (Fig. 4B) and the 867 genes repressed iamosl
under NH ," stress (Fig. 3C) revealed that‘ response to
chitin” was the most enriched biological process in the
category of NH ,"-repressed genes in the wild type and,
more pronouncedly, in amosl1However, “response to
toxin catabolism,” “ response to oxidative stress,

heat,

and “Suc transport’ emerged as NH,™-activated bio-
logical processes in the wild type but not in amos1The
biological process “cell redox homeostasiS was only
found among NH ,"-repressed genes ofamosl but not
the wild type. Other biological processes, such as
“autophagy,” were not enriched among NH," stress-

Figure 4. Genome-wide responses of transcript levels to Nif in shoots of amos1 and the wild type (WT). A, Numbers of genes
showing signibcant changes in transcript levels in response to NHin the wild type and amoslaccording to the set thresholds (N
relative to mock, q [%] # 5 and fold change$ 2 or # 0.5, respectively). B, Enriched GO categories for biological processes of the
NH ,"-activated (78 in the wild type and 15 inamos1) and NH,*-repressed (26 in the wild type and 183 iramos1) genes depending on
AMOS1/EGY1 C, Percentage of promoters containing at least one occurrence of the ACGTG element in wild-type NHactivated
genes: 86, NH, -activated genes in the wild type; 78, AMOS1/EGY tdependent NH,"-activated genes; 43AMOS1/EGY tdependent
NH ,"-activated genes in which transcript levels inamos1 are 50% or lower of those in the wild type during NH," stress.
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responsive genes. Additionally, “transcription factor

import into nucleus,” “ ethylene-mediated signaling

pathway,” “ cotyledon development,” and “response to
singlet oxygen” were enriched among NH ,"-activated

genes in the wild type and also appeared to depend on
AMOS1/ EGY1 function (Fig. 4B), but they were not

identi ed as signi cantly less active in amos1Irelative to

the wild type (Fig. 3C). Unexpectedly, despite the severe
leaf chlorosis, there were few known genes involved in

chloroplast development or chlorophyll biosynthesis,

except coproporphyrinogen Il oxidase (hemf2), which
was reduced to 22% at the transcript level in amosl
but remained at 75% in the wild type under the NH ,*

condition (relative to mock) among the NH ,"-

repressed genes inamos1(Fig. 4B; Supplemental Data
Set S2).

The Involvement of ABA Signaling as a Downstream
Component of the AMOS1/EGY1-Dependent Response
to NH ;"

To identify the potential signaling pathway in-
volved in the AMOS1/EGYL-dependent NH " stress-
responsive gene expression, we rst analyzed the
regulatory elements enriched in 500-bp regions of the
sequence upstream of the promoters of the identi ed
AMOS1/EGYl-dependent NH , -activated and NH ,*-
repressed genes in the wild type (Fig. 4A). No signif-
icantly overrepresented regulatory element was found
among NH ,"-repressed genes. However, there were
two motifs, ACGTG and CCCTCA, that were signi-

cantly overrepresented in the promoter regions
of these AMOS1/EGYl-dependent activated genes
(Supplemental Table S2). Moreover, only ACGTG
remained enriched among the 43 AMOS1/EGYlL
dependent NH,"-activated genes that were at least
2-fold down-regulated in amoslrelative to the wild
type (Supplemental Table S2). Additionally, we ana-
lyzed the number of genes with the occurrence of
ACGTG at least once in the promoter regions among
the 86 NH,"-activated genes, the 78 AMOS1/EGY -
dependent NH ,"-activated genes, and the 43AMOS1/
EGYZldependent NH,"-activated genes that were at
least 2-fold down-regulated in amoslrelative to the
wild type. The data show that the percentage of genes
with the promoter containing ACGTG was as high as
60% in the NH ,"-activated genes and approached 70%
in the latter category of 43 genes (Fig. 4C). The ACGTG
motif is known as the core motif in both the light-
responsive G-box (CACGTG; Terzaghi and Cashmore,
1995) and the ABA response element (Hattori et al., 2002;
Himmelbach et al., 2003). This nding suggests that
ABA, one of the principal phytohormones, might be in-
volved in AMOS1/EGY Imediated expression of NH,'-
responsive genes and enhance NH tolerance during
NH " stress. Indeed, application of 1mv ABA in the me-
dium reversed the NH ,"-induced suppression of chloro-
phyll accumulation and chloroplast uorescence inamosl
seedlings. However, ABA did not improve chlorophyll
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content in amoslunder mock conditions (Fig. 5, A and
B). The recovery ofamosiseedlings by ABA was also
con rmed in the other allelic mutants, amosl-2and
egyl-2(Fig. 5B). These results indicate that ABA indeed
rescues the NH," hypersensitivity of amoslseedlings.

We further asked whether the rescue of NH," hy-
persensitivity of amosIseedlings by ABA application is
the consequence of a readjustment of the expression
AMOS1/EGYI-dependent NH ,*-responsive genes or of
a reduction in NH ," accumulation in both amosland
the wild type. To test these two hypotheses, we ana-
lyzed the global expression of AMOS1/EGY1-dependent
NH ,"-responsive genes and the NH," content of wild-
type and amosiseedlings cultivated in NH ,* medium
with or without ABA. Among the 78 AMOS1/EGY-
dependent NH ,"-activated genes in the wild type, the
majority of genes recovered to an expression level in
amoslresembling that of the wild type following 1 mw
ABA treatment for 6 h (Fig. 5C). Similarly, application
of ABA also increased the expression of mostAMOS1/
EGYldependent NH,"-repressed genes (183 genes;
Fig. 4A) in amoslto the level of the wild type
(Supplemental Fig. S6A). However, it was interesting
to nd that there were three small HSP genes among a
total of six AMOS1/EGYZl-dependent NH ,"-activated
genes for which transcript levels were still at least
2-fold lower in amosilthan in the wild type even fol-
lowing application of ABA (Supplemental Fig. S6B). In
the wild type, the expression of these small HSP genes
was almost identical with or without application of
ABA under NH ," stress (Supplemental Fig. S6B).
These results indicate that under NH," stress, the small
HSP response may occur in parallel with ABA sig-
naling. In contrast to gene expression levels, NH,"
accumulation in shoots of amosland wild-type seed-
lings was not affected by the application of 1 nm ABA
(Fig. 5D). Collectively, these results show that during
NH ," stress, enhanced ABA signaling can compensate
for the loss of the AMOS1/EGY1-dependent protection
in amoslseedlings.

To investigate how ABA signaling is regulated by
the AMOS1/EGYl-dependent pathway under NH ,*
stress, we analyzed ABA levels inamosland wild-type
shoots. An approximately 2-fold increase in ABA
content was observed in wild-type shoots under NH ,*
exposure relative to mock treatment (Fig. 5E), consis-
tent with previous observations (Peuke et al., 1994;
Omarov et al., 1998). Unexpectedly, ABA content was
about 5-fold higher in amoslshoots than in the wild
type under mock treatment conditions. However, ABA
content was dramatically decreased in amoslshoots
upon NH ,* treatment (Fig. 5E), to levels that were
42.6% of those detected in the wild type under the
same condition. These results suggest that the NH'-
induced ABA accumulation depends on AMOS1/
EGYL but NH ,” can also decrease ABA levels imamos1
via another pathway. It is alternatively possible that
exposure to inhibitory NH ," exacerbates the chloroplast
defect of amoslto an extent that ABA biosynthesis
is compromised, which then leads to NH ,™-induced
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Figure 5. ABA treatment can readjust the expression of Ni-responsive genes and alleviate N stress inamos1seedlings. A,
Recovery of chlorophyll accumulation in leaves (left two; bar = 0.3 cm), chlorophyll Buorescence of true leaves (middle; bar =
100 mm), and chloroplasts (right; bar = 10mm) in amos1seedlings grown in NH,* medium through the application of external
ABA for 7 d. One representative sample is shown for each type. B, Quantibcation of chlorophyll accumulation in 7-d-old wild-
type (WT),amos1-1 amosl1-2 and egyl-2 seedlings with and without ABA treatment. Seedlings in A and B were treated with
mock (12.5 mm K,SO,), mock + ABA (1mv), NH,* [12.5 mm (NH,),SO,], or NH " + ABA (1 mw) for 7 d (n = 3). Different letters
indicate signibcantly different means between treatments within a given genotype (one-way ANOVA with DuncanOs multiple
comparison test,P, 0.05). FW, Fresh weight. C, Effects of external ABA on transcript levels of the 78 genes activated in re-
sponse to NH,” in an AMOS1/EGY tdependent manner. Transcript levels of these selected genes are shown in scatterplots of
amosl versus the wild type in medium containing 20 mv (NH,),SO, with or without 1 mv ABA for 6 h. Each data point
represents the arithmetic mean of three replicate experiments. D, Effects of external ABA on Haccumulation in shoots of
amosland the wild type under exposure to NH,” (n = 4; StudentOstest,P, 0.05). Treatments were as in B. E, Endogenous ABA
accumulation in shoots of 7-d-old seedlings of the wild type andamos1treated with mock and NH," (25 mwm) for 1 d (n = 4). F,
Chlorophyll accumulation in abi4, aba2, and aba3 mutants exposed to NH,". Seven-day-old seedlings of different Arabidopsis
genotypes were treated with mock and NH* (25 mwm) for 7 d. Asterisks indicate signibcant differences between mock and NA
treatment for the given genotype1f = 4; StudentOstest, P, 0.01). All values represent mean$ st

chlorosis in this genotype. We proceeded to test whether
a defect of ABA signaling alone can bring about hy-
persensitivity of chloroplasts to NH ,” in the wild type.
We analyzed chlorophyll accumulation in the ABA-
insensitive abi4 mutant and the ABA-de cient aba2and
aba3mutants, in the Col-0 background, under NH ,*
stress. Chlorophyll accumulation in abi4was decreased
under NH ,* stress, as was found inamos1By contrast,
NH ," stress did not result in a reduction of chlorophyll
contents in the two ABA-de cient mutants (Fig. 5F). It
has previously been reported that the ABA-insensitive
mutant abi4 is defective in retrograde signaling from
plastid to nucleus, while the other ABA-insensitive or
-de cient mutants are not impaired (Koussevitzky et al.,
2007). These results indicated that a defect in ABA
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signaling that is possibly connected to plastid retrograde
signaling, and not a defect in ABA biosynthesis, is
responsible for the hypersensitivity of amosito NH ,".
Recently, mild production of ROS in chloroplasts

has been proposed as an important plastid retrograde
signal triggering processes that protect the plant from
moderate environmental stress (Galvez-Valdivieso
and Mullineaux, 2010). Therefore, we tested whether
the ROS response in chloroplasts is affected inamos1
during NH ,* stress. To quantify the ROS response in
amoslseedlings under NH," stress, we analyzed the
accumulation of hydrogen peroxide (H ,0,) using 2979
dichlorodihydro uorescein diacetate (H,DCFDA) uo-
rescence. The signal of HDCFDA uorescence in
leaves was indeed enhanced in wild-type and amosl
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ground, followed by extraction with 1.0 mL of methanol containing 20% water
(v/v) at 4°C for 12 h. [ 2HJABA (50 ng g**) was added to plant samples as the
internal standard prior to grinding. After centrifugation (10,000 rpm, 4°C, 20
min), the supernatant was collected and passed through a C-18 (100 mg) SPE
cartridge, which was preconditioned with 8 mL of water, 8 mL of methanol,
and 8 mL of methanol containing water (20%, v/v). Eluates were pooled and
evaporated under a stream of nitrogen gas and reconstituted in 1 mL of water.
The solution was acidi ed with 120 m_ of 0.1 mol L?* HCI and extracted with
ethyl ether (4 3 1 mL). The ether phases were combined, dried under nitrogen
gas, and reconstituted in 80mL of acetonitrile. To the resulting solution, 10 mL
of trimethylamine (20 mmol mL?% and 10 mL of 3-bromoactonyl-
trimethylammonium bromide (20 mmol mL?%) were added. The reaction so-
lution was vortex mixed for 30 min and evaporated under nitrogen gas,
reconstituted with 200 mL of acetonitrile containing 20% (v/v) water, and
10 mL of the solution was subjected to HPLC-electrospray ionization-tandem
mass spectrometry analysis.

Microarray Analysis and Data Mining

Seven-day-old amosland Col-0 seedlings were treated with 20 mm K,SO,
(mock), 20 mm (NH ,),SO,, and 20 mm (NH ,),SO, with 1 mv ABA for 6 h. Total
RNA was extracted from shoots using Trizol reagent (Invitrogen) and was
further puri  ed using NucleoSpin RNA clean-up (Macherey-Nagel) according
to the manufacturer’s instructions. The RNA was used to prepare Cy,-dCTP-
labled cDNA. Three independent biological replicate experiments were carried
out, composed of approximately 80 pooled seedlings for each treatment. The
NimbleGen Arabidopsis thaliana Gene Expression 12 135K array was used in
these microarray experiments, which were carried out according to the
NimbleGen Expression users guide and performed at CapitalBio in Beijing,
China. Unless stated otherwise, the differentially expressed genes were de-
termined by the microarray software (SAM, version 3.02), with a selection
threshold of false discovery rate (q [%] # 5; Storey and Tibshirani, 2003) and
fold change $ 2.0 in the SAM output result. The differentially expressed genes
were evaluated for enrichment of biological functions and cellular components
in GO categories by use of the CapitalBio Molecule Annotation System
(http://bioinfo.capitalbio.com/mas3/). The results were converted into cor-
responding graphs with SigmaPlot 10.0 software, based on statistical signi -
cance P value) and count (the total number of times the GO category occurred
in these genes). Promoter analysis (http://element.cgrb.oregonstate.edu/)
was performed as described previously (Nemhauser et al., 2004).

Statistical and Graphical Analyses

For all experiments, statistical analyses of data and graph production were
carried out using SPSS 13.0 and SigmaPlot 10.0 software. Details are presented
in the gure legends. All the images and graphs were arranged with Adobe
Photoshop 7.0 software.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AMOS1/EGY1 (At5G35220) and CBP20
(At5G44200).
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The following materials are available in the online version of this article.

Supplemental Figure S1. Isolation and characterization of the amosl
mutant.

Supplemental Figure S2. NH ,"-induced chlorosis in leaves of amosiseed-
lings dependent on the direct contact between NH,*-containing medium
and shoot tissues.

Supplemental Figure S3. Concentration dependence of chlorophyll con-
centrations and morphological parameters in amosland the wild type in
response to NH," stress.

Supplemental Figure S4. Phenotypes of amosl/vtcldouble mutants ex-
posed to NH,".

Supplemental Figure S5. Map-based cloning of AMOS1 and con rmation.
Supplemental Figure S6. Effect of external ABA on the levels of transcripts

responsive to NH," in amos1
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Supplemental Figure S7. Stomatal density of wild-type and amoslseed-
lings.

Supplemental Table S1. Genetic analysis of theamosImutants.

Supplemental Table S2. The regulatory elements enriched in 500-bp pro-
moter regions upstream of AMOSI1/EGYZI-dependent NH ,"-activated
genes.

Supplemental Table S3. InDel markers selected from the database
(Salathia et al., 2007) used for map-based cloning as described in
Supplemental Figure S5.

Supplemental Data Set S1. Comparison of genes differentially expressed
in amosZrelative to Col-0 under NH ,* and mock treatment.

Supplemental Data Set S2. Comparison of genes differentially expressed
in NH ," relative to mock treatment in amosland Col-0.

Supplemental Materials and Methods S1.
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