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ABSTRACT

Nitrogen (N) is an essential macronutrient required for plant growth and
development. A number of genes respond to N starvation conditions. However,
the functions of most of these N-starvation responsive genes are unclear. Our
recent survey suggested that many miRNAs are responsive to N starvation in
Arabidopsis thaliana. Here, we identified a new miRNA (miR5090) from the
complementary transcript of the MIR826 gene. Further investigation
uncovered that both miRNA genes recently evolved from the inverse
duplication of their common target gene, AOP2. Similar to miR826, miR5090 is
induced by N starvation. In contrast, the AOP2 transcript level was negatively
correlated with miR826 and miR5090 under N starvation. GUS-fused AOP2
expression suggested that AOP2 was post-transcriptionally suppressed by
miR826 and miR5090. miRNA transgenic plants with significantly low AOP2
expression accumulated much less methionine-derived glucosinolates,
phenocopying the aop2 mutants. Most glucosinolate synthesis associated
genes were repressed under N starvation conditions. Furthermore, miRNA
transgenic plants with less glucosinolate displayed enhanced tolerance to N
starvation, such as high biomass, more lateral roots, increased chlorophyll and
decreased anthocyanin. Meanwhile, N-starvation-responsive genes were
upregulated in transgenic plants, implying improved N uptake activity. Our
study reveals a mechanism by which A.thaliana regulates the synthesis of

glucosinolates to adapt to environmental changes in N availability.
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INTRODUCTION

mMiRNAs are a class of endogenous non-coding small RNAs that regulate gene
expression post-transcriptionally. miRNAs originate from primary miRNAs
(pri-miRNAS) transcribed by RNA polymerase Il. Dicer-like proteins in the
nucleus orchestrate conversion of the pri-miRNAs to precursor miRNAs
(pre-miRNAs) and then to mature miRNAs (Chen X.M., 2005; Voinnet O.,
2009). The mature miRNA duplexes are then methylated by HEN1 and
exported to the cytoplasm by HASTY (the plant ortholog of exportin 5), where
they are incorporated into RNA-induced silencing complexes (RISCs). In the
RISC complex, miRNAs can either cleave the target mRNA or repress its
translation through perfect, or almost perfect, complementary base pairing with
its target sequences (Lu et al., 2008; Voinnet O., 2009).

Plant miRNAs regulate many aspects of plant growth and development,
such as leaf morphogenesis (Palatnik et al., 2003), floral development and the
juvenile-to-adult transition (Wu et al., 2009). Recent reports revealed that
several plant miRNAs are also involved in plant nutrient metabolism
(Khraiwesh et al., 2012). Sulfate starvation induces miR395, which regulates
sulfate assimilation and allocation by targeting APSs (APS1, APS3 and APS4)
and SULTR2;1 (SULFATE TRANSPORTER 2;1) in A. thaliana (Liang et al.,
2010). Phosphate deficiency upregulates miR399, which controls phosphate
acquisition and root-to-shoot translocation by repressing PHO2 (UBC24)
(Chiou et al., 2006). Copper limitation induces miR397, miR398, miR408 and
miR857, which regulate copper homeostasis by mediating the cleavage of
genes encoding copper/zinc superoxide dismutases, copper chaperone for
superoxide dismutase and Laccases (Yamasaki et al., 2007; Abdel-Ghany et
al., 2008; Beauclair et al., 2010). During N deficiency, miR169 is
downregulated, whereas its targets NFYA (Nuclear Factor Y, subunit A) family
members are induced. Overexpression of miR169 results in the accumulation
of less N than in wild-type, suggesting a role in impairing N uptake (Zhao et al.,
2011). In addition, high-throughput sequencing of Arabidopsis miRNAs
uncovered many miRNAs responsive to different nutrient deficient conditions
(Hsieh et al., 2009; Pant et al., 2009; Liang et al., 2012).

Nitrogen (N) is a key component of many fundamental biological molecules,
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such as nucleic acids, amino acids, proteins and N-containing metabolites.
Thus, plants must obtain sufficient N for normal growth and development
(Peng et al., 2007; Wang et al.,, 2012). As sessile organisms, most plants
absorb N from the soil through their roots. However, there is not always
sufficient N in the soil because soil erosion, rainwater leaching, and microbial
consumption have removed it. To cope with this N limitation, plants have
evolved sophisticated mechanisms to adapt to inhospitable environments.
These adaptation mechanisms include regulating N uptake system activity and
modulating root system architecture (Peng et al., 2007; Tsay et al., 2011). N
uptake by plant roots involves multiple uptake systems (Vidal et al., 2008;
Maathuis, 2009). Arabidopsis primarily acquires N in the form of NO3 using
NOj  transporters from the NRT1 and NRT2 families. Some of them are
induced by NOj3 to ensure increased uptake when the substrate becomes
available. The plant N status also affects NO3™ uptake, with glutamine acting as
a negative feedback signal (Miller et al., 2007). NH;" is another form of
inorganic N that is taken up by a relatively large number of high and low affinity
NH," transporters encoded by the AMT family (Miller et al., 2009). However,
the molecular mechanisms of N sensing, the N signaling network and the
developmental responses to N limitation are not well studied.

Glucosinolates are a group of plant secondary metabolites that are largely
limited to species of the order Brassicales, which include nutritionally important
Brassica crops as well as the model plant A. thaliana (Wittstock and Halkier,
2002). Glucosinolates are N-rich metabolites; therefore, N availability is crucial
for their synthesis. The biosynthesis of glucosinolates includes three main
processes: side-chain elongation of amino acids, core structure formation, and
modifications of the side-chain (Grubb and Abel, 2006). ALKENYL
HYDROXALKYL PRODUCING 2 (AOP2) is responsible for the side chain
modification of methionine-derived glucosinolates (Kliebenstein et al., 2001,
Grubb and Abel, 2006; Neal et al., 2010). Modifications of the glucosinolate
side-chain are particularly important because the structure of the side-chain
affects the biological activity of the glucosinolates and their degradation
products (Hansen et al., 2007).

Although many N-starvation responsive miRNAs have been identified

(Krapp et al., 2011; Liang et al., 2012), the functions for most of them are
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unclear under N starvation conditions. Our previous research revealed that
miR826 is significantly induced by N starvation (Liang et al., 2012). Here, a
novel miRNA (miR5090) was identified from the complementary transcripts of
MIR826. Similar to miR826, miR5090 is also upregulated by N starvation.
Further investigation suggested that both miRNAs can improve the adaptation
of A. thaliana to N starvation by directly affecting the synthesis of

methionine-derived glucosinolates.

RESULTS

Identification of a novel miRNA in A. thaliana

In our previous work (Liang et al., 2012), we used deep sequencing to analyze
two small libraries derived from seedlings with or without N deprivation
treatment. We found two small RNAs that completely matched with the
complementary transcript (At4g03038) of the MIR826 gene (At4g03039) (Fig.
1A). This transcript was annotated as another RNA. By prediction of its RNA
secondary structure, a canonical miRNA precursor stem-loop structure was
produced. The two small RNAs perfectly correspond to the miRNA/MIRNA*
complex with 2 nt 3' overhangs (Fig. 1C). We speculated that At4g03038 is an
miRNA-encoding gene. To investigate this hypothesis, we searched the
Arabidopsis MPSS Plus Database (http://mpss.udel.edu/at) for small RNA

signatures that match with the stem loop sequence. We found that many small
RNA reads are completely identical to the miR826 and mi826* sequences in
the MIR826 gene, and that many small RNA reads match with the putative
miRNA and miRNA* sequence in the At4g03038 transcript (Fig. 1B; Fig. S1A).
The combination of the stem loop structure and putative miRNA/mMiRNA*
sequence suggests that At4g03038 may be an authentic MIRNA gene. To
confirm our hypothesis, we cloned the stem loop region downstream of the
CaMV 35S promoter, and performed Agrobacterium-mediated transient
expression experiments in Nictotiana benthamiana leaves. The antisense
sequence of the putative miRNA was used as a probe to detect the expression
of the miRNA by northern blotting. As shown in Fig. S1B, compared with the

empty vector with no signal detected, the 35S promoter-driven stem loop
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sequence accumulated a high abundance of mature small RNA sequence. To
determine whether the small RNA products are DCL1 dependent, we detected
their abundance in the dcl1-9 mutant, revealing that these small RNAs are
undetectable in the dcl1-9 mutant compared with the wild type (Fig. 1D).
Analysis of the highthroughput sequencing data deposited in MPSS revealed
that both miR826 and the novel miRNA sequences were undetectable in the
dcl1-7 mutant, but highly abundant in the wild type and dcl2/3/4 mutant (Fig.
S1C). Therefore, our results indicate that At4g03038 is an miRNA-encoding
gene. This miRNA was designated as miR5090 according to the miRNA

annotation system (Ambros et al., 2003).

MIR826 and MIR5090 are recently evolved miRNAs originating in A.

thaliana genomes by duplication of AOP2

mMiR826 was identified as a recently evolved miRNA, which is only present in A.
thaliana. To investigate whether miR5090 is conserved in other plant species,
we searched the miRNA database (www.mirbase.org) for potential homologs
of miR5090. However, no miR5090 homolog was found. We further searched
the NCBI nucleotide database (http://blast.ncbi.nlm.nih.gov) for highly similar
sequences of miR5090 by BLASTN, and found that miR5090 only matches
with the A. thaliana AOP2 gene. Thus, the miR5090 sequence is specifically
present in A. thaliana. When the stem loop region sequence of miR5090 was
used in a BLAST search for similar Arabidopsis transcripts, the only significant
result was AOP2, which showed 89% similarity over a region of 278
nucleotides (E-value=4e™?) that extends well beyond the 21-nucleotide-long
miR5090 pairing site. Target prediction (Dai and Zhao, 2011) results also
indicated that AOP2 is the candidate target of miR5090. Allen et al. (2004)
suggested that new miRNAs evolve through inverted duplication of target gene
sequences. Therefore, we speculated that the MIR5090 gene originates from a
duplication of its target, AOP2. To confirm our hypothesis, we compared the
genome sequences of AOP2 and MIR5090. As shown in Fig. 2, six regions (F1
to F6) with a high similarity (>90%) are shared by AOP2 and MIR5090.
Apparently, the MIR5090 gene is a duplicate of the AOP2 gene 3' terminal

region containing two exons and one intron. In contrast to AOP2, the MIR5090
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gene contains an extra inverted F5 fragment (Fig. 2), which results in the stem
loop structures in miR826 and miR5090 precursors (Fig. 1C). We also
compared their flanking sequences with no significant similarity found. In the A.
thaliana chromosome, MIR826, MIR5090, and three AOP genes exist in a
cluster (Fig. 2). In contrast, only two AOP genes were found in A. lyrata, from
which A. thaliana is thought to be derived (Yogeeswaran et al., 2005). This
suggested that MIR826 and MIR5090 are recently evolved miRNAs.

AOP2 is the common target of miR826 and miR5090

The AOP2 gene has been identified as the target of miR826 (Rajagopalan et
al., 2006; Liang et al., 2012), which encodes a 2-oxoglutarate-dependent
dioxygenase that is involved in glucosinolate biosynthesis. Interestingly, target
prediction results suggested that AOP2 is also the target of miR5090. As
shown in Fig. 3A, the target site of miR5090 is shifted by 5 nt from that of
miR826. Usually, the target cleavage mediated by a plant miRNA occurs in the
10" nucleotide from the 5' end of the miRNA (Allen et al., 2005). We identified
two AOP2 cleavage sites by 5'RACE experiment from N-starvation
Arabidopsis seedlings, both of which are identical to the cleavage sites
retrieved from degradome data (German et al., 2008; Liang et al., 2012) and
perfectly match with the 10™ nucleotides of miR826 and miR5090, respectively
(Fig. 3A). Thus, these two cleavage products might result from cleavage by
miR826 and miR5090. To further investigate whether both miRNAs mediate
the putative cleavage of AOP2, we performed an Agrobacterium-mediated
transient assay by coexpressing the miRNA genes (35S:MIR826 or
35S:MIR5090) with AOP2 (35S:A0P2) in N. benthamiana leaves. The results
showed that AOP2 mRNA levels decreased to 10% or 30% when
coexpressing with miR826 or miR5090 compared with the control level,
respectively (Fig. 3C). To further confirm whether the cleavage of AOP2 occurs
in the predicted target sites, several synonymous substitutions were
introduced to generate miR826- and miR5090-resistant versions of AOP2
(35S:mAOP2) (Fig. 3B). When miR826 or miR5090 were coexpressed with
mAOP2, the mRNA levels of AOP2 were not affected. These results confirmed
that AOP2 is the common target of miR826 and miR5090.
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The transcript abundance of miR826 and miR5090 is negatively

correlated with that of AOP2 in response to N starvation

Previously, we found that miR826 transcript abundance was particularly high in
the N deprivation library, and miR5090 transcript was only found in the N
deprivation library (Liang et al., 2012). To investigate whether both miRNAs are
specifically responsive to N deprivation, we tested the expressions of miR826
and miR5090 in seedlings grown under different nutrient deprivation conditions.
In contrast to the slight change caused by sulfur (S), potassium (K), or
phosphorus (P) deprivation, both miR826 and miR5090 were strongly induced
by N starvation (Fig. 4A), indicating that miR826 and miR5090 were
specifically upregulated by N starvation. miRNAs suppress their target
transcripts; therefore, the expression of miRNAs is usually inversely correlated
with that of their targets. Therefore, we detected the transcript levels of miR826,
mMiR5090 and AOP2 transcripts in 10-day-old seedlings grown on medium
supplemented with different N concentrations (N-sufficient (3 mM), N-low (0.3
mM), and N-free (0 mM)). As expected, both miR826 and miR5090 expression
levels increased with the decrease in N concentration, whereas AOP2 showed
the reverse trend (Fig. 4B). Similar results were observed when roots and
shoots were examined separately (Fig. S2). These results suggested that
AOP2 expression is negatively correlated with the expressions of miR826 and
miR5090.

However, we did not know if the reduction in AOP2 expression directly
resulted from the induction of miRNAs under N-starvation conditions. To
uncover the regulation of AOP2 by miRNAs, we prepared two reporters. First,
the wild-type AOP2 cDNA was fused in frame with a GUS gene driven by the
2.9kb genomic region upstream of the start codon of AOP2 (Fig. 4C). This
wild-type reporter (Proaop2:AOP2-GUS) would allow us to monitor AOP2
transcriptional and post-transcriptional regulation. In agreement with the
gRT-PCR results, Proaop2:AOP2-GUS was strongly expressed in roots and
shoots under N-sufficient conditions, whereas GUS staining was very weak

under N-free conditions (Fig. 4C). To reveal the effect of miRNAs on the
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expression of AOP2, we prepared a second reporter, with mutated AOP2
(mAOP2) (Fig.4C). Compared with N-sufficient conditions, the expression of
Proaor2:mAOP2-GUS was downregulated only moderately under N-free
conditions (Fig. 4C). GUS staining in the whole plant indicated that AOP2 was
ubiquitously expressed in inflorescence, silique, cauline and rosette leaves
(Fig. 4D). These results demonstrated that under N starvation, the expression

of AOP2 is suppressed by miRNAs at the post-transcriptional level.

Overexpression of miR826 or miR5090 suppresses the accumulation of
the AOP2 transcript

To further understand the functions of miR826 and miR5090, we generated
transgenic plants overexpressing miR826 or miR5090. Twelve and eight
independent transgenic lines for 35S:MIR826 and 35S:MIR5090 were
obtained, respectively. We determined the miRNA expression levels of five
independent lines for each genotype. The antisense DNA sequences of the
two miRNAs were labeled with 3P and used as probes to detect the
expression of these two miRNAs using northern blotting. Compared with the
wild-type, all of the transgenic plants we examined produced high quantities of
mature miRNAs (Fig. 5A). Further analysis suggested that AOP2 transcript
levels were dramatically downregulated in the transgenic plants (Fig. 5B).
When subjected to different N-starvation conditions, the transcript abundance
of AOP2 in transgenic plants remained low compared with the wild-type (Fig.
5B). The overproduction of miR826 or miR5090 correlated well with the
decreased AOP2 mRNA level in transgenic plants, suggesting that miR826
and miR5090 suppress AOP2 mRNA abundance.

Transgenic plants mimic the phenotypes of aop2 mutants

The AOP2 gene displays polymorphism across different A. thaliana ecotypes
(Kliebenstein et al., 2001). The Cvi ecotype contains a functional AOP2 gene,
whereas Col has a non-functional AOP2 gene resulting from a 5-bp deletion in
its transcript. Therefore, all our experiments are performed in A. thaliana Cvi

ecotype. Given the significant reduction of AOP2 in transgenic plants, we
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expected that they could mimic the glucosinolate profiles of Col ecotype plants
that contain a mutated aop2. Thus, we detected the glucosinolate profiles in
miR826 and miR5090 transgenic plants to determine whether the composition
of the glucosinolates had changed as a result of the downregulation AOP2
expression. As shown in Fig. 6, Cvi contains AOP2-catalyzed products,
2-propenyl (7.7 min; peak 3) and 3-butenyl (12.2 min; peak 4) glucosinolates.
By contrast, Col (a natural aop2 mutant) accumulated 3-methylsulfinylpropyl
(5.2 min; peak 1) and 4-methylsulfinylbutyl (7.0 min; peak 2) glucosinolates,
both of which are the substrates of AOP2 (Fig.6). We then detected the
glucosinolate profiles of miR826 and miR5090 transgenic plants: high levels of
3-methylsulfinylpropyl and 4-methylsulfinylbutyl glucosinolates, but not
AOP2-catalyzed products, were detected. These results suggested that
elevated miR826 or miR5090 expression suppresses the function of AOP2,

resulting in the reduction of methionine-derived glucosinolates.

Altered expression of genes involved in aliphatic glucosinolate

synthesis

Glucosinolate biosynthesis involves three stages: (a) chain elongation of
selected precursor amino acids (only Met and Phe), (b) formation of the core
glucosinolate structure, and (c) secondary modifications of the amino acid side
chain (Sgnderby et al., 2010). AOP2 is a key regulator for glucosinolate
synthesis, which is responsible for the secondary modifications of
methionine-derived glucosinolates that are the major components of aliphatic
glucosinolates. Considering the downregulation of AOP2 under N starvation
conditions, we asked whether glucosinolate synthesis associated genes would
be affected by N starvation. Among the 31 genes (Table 1), 19 of which
decreased by 35% in wild type under N-free conditions compared with that
under N-sufficient conditions. Under both N-sufficient and N-deficient
conditions, the down-regulated genes by N starvation always kept at lower
levels in miRNA transgenic plants compared with wild type. It suggested that
both N starvation and AOP2 reduction caused downregulation of glucosinolate

synthesis associated genes.
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mMiRNA transgenic plants display enhanced tolerance to N starvation

Considering the fact that miR826 and miR5090 are induced by N starvation,
we asked whether they are involved in regulating the adaptation of A. thaliana
to N deficiency. Under N starvation conditions, plants often show physiological
and developmental adaptation, such as small stature, decreased primary root
length, increased lateral root density, higher anthocyanin accumulation and
lower chlorophyll content (Maathuis 2009; Tsay et al., 2011). Therefore, we
evaluated the response of miRNA transgenic plants to N starvation. Wild-type
and transgenic plants, which were grown on N-sufficient, N-low, and N-free
agar medium, respectively, for 10 days, were used for the analysis. Under
N-sufficient and N-low conditions, the fresh weight of transgenic plants was
higher than that of the wild-type (Fig. 7A). Although wild-type and transgenic
plants displayed similar root systems under N-sufficient conditions, the
transgenic plants generated longer primary roots and higher lateral root
density than the wild-type under N-low conditions (Fig. 7B, C and Fig. S3).
With the reduction of N concentration, all plants produced more anthocyanin.
However, under N-sufficient and N-low conditions, the anthocyanin
concentration of transgenic plants was lower than in the wild-type (Fig. 7D). In
contrast, N starvation resulted in the reduction of chlorophyll concentration in
all plants, but under N-sufficient and N-low conditions, more chlorophyll was
produced in the transgenic plants compared with the wild-type (Fig. 7E). These
results revealed that miRNA transgenic plants display enhanced tolerance to N
limitation conditions, although no significant phenotypic difference was
observed between the wild-type and transgenic plants under N-free conditions.
To determine whether transgenic plants were also tolerant to long-term N
starvation, plants were grown on agar medium for three weeks. As shown in
Fig.7F, wild-type plants generated more senescent leaves than transgenic
plants under N-sufficient conditions. In contrast, under N-low conditions the
transgenic plants were significantly bigger than the wild-types, despite similar
senescent symptoms. We also determined the phenotypes of plant grown in
soil, finding that transgenic plants had a higher growth rate than wild type
plants did (Fig. S4). Total N measurement revealed that individual transgenic

plant contained more N than individual wild type plant did although their N
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concentrations were similar in both roots and shoots (Fig. S5).

Altered responses to N limitation in transgenic plants

To analyze whether the tolerance conferred by the two miRNAs in transgenic
plants resulted from variation in N acquisition, we determined the N content of
transgenic and wild-types. Five-week-old plants were subjected to N-sufficient
and N-free conditions, respectively, for 1 week, and the rosette leaves were
used for N concentration analysis. However, no significant difference was
observed between the wild-type and transgenic plants (Fig. S4). Considering
the high biomass and lateral root density of transgenic plants, we speculated
that transgenic plants might facilitate N uptake by the roots. An NOgs'-triggered
signaling pathway stimulates elongation of growing lateral roots (Zhang and
Forde, 1998). This mechanism involves three genes, ANR1 (Zhang and Forde,
1998), NRT1.1 and NRT2.1 (Remans et al., 2006a, b). Expression analysis
indicated that these genes were upregulated in transgenic plants under N
sufficient conditions (Fig.8A, B). Under N-low conditions, the enhanced lateral
root systems (Fig. 7C and Fig. S3) of the transgenic plants correlated well with
the elevated expression of ANR1 (Fig. 8A). NOs and NH;" are the two main
forms of N nutrients in soils absorbed by plant roots. NRT2 transporters are
responsible for NO3™ uptake (Miller et al., 2009). Our result revealed that
NRT2.1 expression was increased in transgenic plants under N-sufficient and
N-low conditions (Fig. 8C), implying a stimulated N uptake activity. NH,"
uptake is attributed to AMT-type transporters (Miller et al., 2009). We
determined the expressions of AMT1.1, AMT1.2, and AMTL1.5 (Fig. 8D, E, F),
demonstrating that only AMT1.5 was upregulated in transgenic plants. Taken
together, our results suggested that the N uptake system in transgenic plants

may be improved, leading to enhanced tolerance to N limitation.
DISCUSSION
Mineral nutrients are vital to plant growth and thus affect crop yield. Several

miRNAs involved in nutrient homeostasis have been characterized, such as
miR169 for N (Zhao et al., 2011), miR395 for S (Liang et al., 2010), miR397,
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miR398, miR408, and miR857 for Cu (Abdel-Ghany et al., 2008), miR399 for P
(Chiou et al., 2006), and miR827 for N and P (Kant et al.,, 2011). N, one
essential macronutrient for plant growth, is often deficient in the environment
where plants grow. Our previous research showed that many plant miRNAs
are responsive to N starvation, among which miR826 was dramatically
induced by N starvation (Liang et al., 2012). Here, we identified a novel miRNA
gene (MIR5090) from the complementary transcript of MIR826. Like miR826,
miR5090 was also significantly upregulated by N starvation. Our results
revealed that both miR826 and miR5090 regulate A. thaliana’s adaptation to

low N conditions by affecting glucosinolate synthesis.

MIR826 and MIR5090 have recently evolved from their common target,
AOP2

More than 300 miRNAs were identified in A. thaliana (miRbase;

www.mirbase.orq), about one third of which are conserved across plant

species. Generally, a conserved miRNA family contains more than one
member. By contrast, there is only one member for miR826 and miR5090
families in A. thaliana, implying that they are non-conserved miRNAs. In
contrast to conserved miRNAs, miR826 and miR5090 are only identified in A.
thaliana. We could not find their potential orthologs in A. lyrata, which shares
over 80% of its miRNA genes with A. thaliana (Fahlgren et al., 2010), implying
that they are recently evolved miRNAs. To date, two hypotheses for the origins
of miRNA have been proposed: one is the inverted duplication of the target
(Allen et al., 2004), and the other is random sequence origin (Felippes et al.,
2008). The DNA fragment containing the MIR826 and MIR5090 genes displays
high similarity to the AOP2 gene (Fig. 2), indicating that they are evolved from
an inverted duplication of the AOP2 sequence. Further sequence analysis
revealed that a short DNA fragment (34bp) is inversely duplicated, which
contains the stem loop structure of two RNA transcripts (Pri-miR826 and
Pri-miR5090). Three AOP genes are located in the same chromosome in a
tandem manner in Col ecotype (Fig. 2). Ler ecotype contains two AOP1 genes
(AOP1.1 and AOP1.2) and one AOP3, but no AOP2. Both Col and Cvi contain
one AOP1 gene and one AOP3 gene (in both ecotypes, AOP3 is
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transcriptional silent due to natural variation) (Kliebenstein et al., 2001). Thus,
a recent local genome rearrangement event has caused the tandem repeat of
AOP genes in A. thaliana. Over time, mutational drift would lead to erosion of
the extended similarities between the originating locus and the inverted repeat.
However, the sequences of the MIR826 and MIR5090 genes show high
similarity to a 3' fragment of the AOP2 gene, implying that these two miRNAs
evolved very recently. A similar example is the Arabidopsis-specific young
miRNAs, miR161 and miR163, both of which are physically linked to their
target loci and retain extended complementarity (Allen et al., 2004). Therefore,
MIR826 and MIR5090 have recently evolved from the duplication of AOP2

genomic 3' fragment.

AOP2 is downregulated by N-starvation via miR826 and miR5090

As a suppressor of target genes, miRNAs often mediate the cleavage of their
target transcripts, i.e., regulation occurs at the post-transcriptional level
(Voinnet, 2009). Target prediction indicated that AOP2 is the common target of
miR826 and miR5090. Our transient expression experiment revealed that both
MiRNAs are able to mediate the cleavage of AOP2 mRNAs. Moreover, the
cleavage positions in AOP2 transcripts perfectly match with the predicted
MiRNA cleavage sites. When nucleotide mutations were introduced into the
MiRNA recognition sites, the mutated AOP2 mRNA became insensitive to
miR826 and miR5090, suggesting that sequence complementarity of target
sites are crucial for the regulation of AOP2 by miRNAs.

MiRNA expression is inversely correlated with the expression of its target,
unless that the miRNA and its target are expressed in different tissues or cell
compartments (Voinnet, 2009). Upon a decrease in N concentration,
expressions of miR826 and miR5090 were upregulated, whereas AOP2
expression was downregulated. This negative correlation implies that AOP2
expression is spatio-temporally consistent with its suppressors (miR826 and
miR5090). The GUS reporter indicated that AOP2 is ubiquitously expressed in
the whole plant (Fig.4D). GUS expression from the wild-type reporter
(Proaor2:GUS-AOP2) was significantly repressed by N-starvation, whereas

that of mutated reporter (Proaop2:GUS-mAOP2) was less affected by N

Downloaded from www.plantphysiol.org on January 15, 2014 - Published by www.plant.org
Copyright © 2013 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plantphysiol.org/
http://www.plant.org
http://www.plant.org

544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577

starvation, indicating AOP2 is suppressed by miR826 and miR5090 at the
post-transcriptional level.

The genes from the same family are often targeted by miRNAs from different
families. For example, miR160 and miR167 target ARF genes (Wang et al.,
2005; Yang et al., 2006); miR397, miR408, and miR857 target Laccase genes
(Abdel-Ghany et al., 2008); and miR168 and miR403 target AGO genes (Allen
et al., 2005). However, it does not happen frequently that one gene is targeted
by more than one miRNA. In A. thaliana, the CHX18 gene is targeted by
miR780 and miR856 (Fahlgren et al., 2007). Jeong et al. (2011) demonstrated
that miR156a and miR529a target SPL14 in rice. Our study established that
miR826 and miR5090 can target the same target (AOP2). These two miRNAs
may have different functions under different conditions, because, in addition to
N starvation, the expression of AOP2 is also affected by light and dark (Neal et
al., 2010). Alternatively, these two recently evolved miRNAs are currently
undergoing evolutionary selection. As revealed by Fahlgren (2007), MIRNA
genes undergo relatively frequent birth and death, with only a subset being

stabilized by integration into regulatory networks.

Overexpression of miR826 and miR5090 results in reduced accumulation

of methionine-derived glucosinolates

Our results suggested that AOP2 is the common target of miR826 and
miR5090. Compared with wild-type plants, AOP2 in miR826 and miR5090
transgenic plants is strongly downregulated, regardless of the N status of the
environment. Hence, it is expected that transgenic plants can phenocopy aop2
mutants. AOP2 functions in the side chain modification of methionine-derived
glucosinolates (Kliebenstein et al., 2001; Neal et al., 2010). Loss-of-function of
AOP2 led to considerably lower accumulation of methionine-derived
glucosinolates than in an A. thaliana ecotype with one functional AOP2 allele
(Kliebenstein et al., 2001; Wentzell et al., 2007). Our results also confirmed
that aop2 mutant accumulates much less alkenyl glucosinolates
(methionine-derived glucosinolates) (Fig. 6). As expected, miRNA transgenic
plants have a very similar glucosinolate profile to aop2 mutants. Therefore,

overexpression of mMiRNAs is sufficient to reduce the accumulation of
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methionine-derived glucosinolates. Our work provides a molecular tool for
breeding of Brassica vegetable crops with decreased levels of
methionine-derived glucosinolates, which has implications for production of

functional foods enriched with particular glucosinolates.

Loss-of-function of AOP2 causes improved N-starvation adaptation in A.

thaliana

In our N-starvation adaptation experiments, transgenic plants displayed
significant growth advantages compared with the wild-type. Corresponding to
the phenotypes, the expressions of N-starvation responsive genes were
altered in transgenic plants (Fig. 8). The increases in the expressions of
N-starvation responsive genes may stimulate N uptake abilities of transgenic
plants because the total N amount of individual transgenic plants was higher
than that of individual wild type (Fig. S5). Under N-sufficient conditions, no
morphological difference was observed for the roots of transgenic plants and
wild type. In contrast, the under N-low conditions, transgenic plants had longer
primary roots and more lateral roots than wild type. In agreement with root
phenotypes, NRT2.1, a key regulator in root development under N-limited
conditions (Remans et al., 2006b), increased in transgenic plants compared
with wild type. Therefore, in addition to the increased expression of N
transporters, transgenic plants also enhanced their root systems for adaptation
to N-low conditions. Despite having the same origin, the mature sequence of
miR826 is different from that of miR5090. However, miR826 transgenic plants
displayed phenotypes nearly identical to that of miR5090 transgenic plants.
The only common feature for miR826 and miR5090 is that they have the same
target gene, AOP2. Therefore, loss-of-function of AOP2 in transgenic plants
causes the enhanced adaptation to N starvation. As a key enzyme in
glucosinolate synthesis, AOP2 is the major regulator for aliphatic glucosinolate
accumulation (Wentzell et al., 2007). An AOP2 null variant shows up to
three-fold less aliphatic glucosinolates compared with the functional AOP2
variant (Kliebenstein et al., 2001). In miRNA transgenic plants, the function of
AOP2 was dramatically suppressed, which may reduce the consumption of N

used for glucosinolate synthesis, thereby increasing the synthesis of
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N-containing metabolites that are necessary for plant growth and development
under N starvation conditions. Meanwhile, N is one of the major components
that are integrated into glucosinolates; therefore, it is possible that the
reduction of glucosinolates promotes plants to acquire more N to meet the
demand of glucosinolate synthesis. Correspondingly, N starvation also
repressed most glucosinolate synthesis associated genes (Table 1). Under N
sufficient conditions, the expression levels of glucosinolate synthesis
associated genes were lower in miRNA transgenic plants than in wild type,
implying that the suppression of AOP2 by miRNAs mimics N starvation. Indeed,
as shown in Fig.8, several N starvation responsive genes were upregulated in
mMiRNA transgenic plants. A similar negative feedback regulation was reported,
where N influx increased when glutamine synthesis was blocked (Rawat et al.,
1999). Given that the loss-of-function of AOP2 caused the enhanced
N-starvation adaptation, we also compared mAOP2 transgenic plants with wild
type under N-starvation conditions and found that they showed similar
N-starvation adaptation (data not shown), which implied that elevated AOP2 is
not sufficient to raise N consumption. Plants have evolved diverse
mechanisms to adapt to N starvation conditions. Apparently, reduction of N
consumption and increased N absorption is an efficient strategy to maintain
normal growth and development of plants when N is unavailable. Our work
suggested that A. thaliana plants have evolved new miRNAs that affect
glucosinolate synthesis, leading to improved adaptation to N starvation

conditions.

MATERIALS AND METHODS

Plant Material and Growth Conditions

A. thaliana ecotype-Cape Verde Islands (Cvi) was used as the wild-type plant
in all our experiments. The seeds were surface-sterilized with 20% bleach and
washed three times with sterile water. Sterilized seeds were suspended in
0.1% agarose and plated on MS medium. After vernalization for 2 days in the

dark at 4°C, the plates were transferred to the culture room at 22°C under a 16
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h light/8 h dark photoperiod. For determination of glucosinolate content,
7-day-old seedlings were planted in soil maintained in growth chambers: 22°C
and 75% humidity under a 16 h light/8 h dark photoperiod. For observation of
root phenotypes, seedlings were grown on vertical MS agar medium
containing 0.8% agar. N content in the medium was 3 mM (1 mM NH4NO3 and
1 mM KNOs3), 0.3 mM (0.1 mM NH4sNO3; and 0.1 mM KNOs), and N-free
respectively. To evaluate the seed batch variation, homozygous T3 and T4
generation transgenic plants were respectively used for evaluation of

phenotypes.

5" RACE

Following the manufacturer’s instructions for the SMARTerTM RACE cDNA
Amplification Kit (Clontech), 1ug of total RNA isolated from seedlings grown on
N-free MS medium was used for reverse transcription. Gene specific primers
(designed according to the protocol) and the UPM primer (provided by Kkit)

were used to conduct PCRs, and purified PCR products were sequenced.

Construct Generation

The putative promoters of AOP2 were amplified from A. thaliana (Cvi) genomic
DNA using primers Pro-AOP2-F and Pro-AOP2-R (Table S1). The fused
Proaop2-GUS-(m)AOP2 was cloned into the pOCA28 vector containing a
kanamycin resistance gene. The genomic sequences containing the
stem-loops of MIR826 or MIR5090 were used as synthetic precursor
sequences. The sequences were amplified from A. thaliana genomic DNA by
PCR wusing primers Pre-miR826-F, Pre-miR826-R, Pre-miR5090-F and
Pre-miR5090-R (Table S1). The PCR products of the precursor sequence
were cloned into the pMD18-T vector (Takara, http://www.takara.com.cn) and
confirmed by sequencing. The miR826 and miR5090 precursors were
subcloned into the pOCA30 vector containing the CaMV 35S promoter. All the
constructs were then transformed into Agrobacterium tumefaciens strain

GV3101. Arabidopsis transformation was performed by the floral dip method
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(Clough and Bent, 1998). Transgenic plants were selected using 50 pg/ml

kanamycin.

Histochemical GUS Staining

Plant samples were immersed immediately in 1.5 ml staining solution
containing 0.5 mg/ml 5-bromo-4-chloro-3-indoyl-b-D-glucuronide (X-gluc,
Sigma) in 0.1 M sodium phosphate buffer (pH 7.3). The reaction was
performed in the dark at 37°C until a blue-indigo color appeared. After the
reaction, seedlings were rinsed in 0.1 M sodium phosphate buffer (pH 7.3).

The samples were then rinsed twice in 70% ethanol to remove chlorophylls.

Gene Expression Analysis

For gene expression analysis, plants were grown on MS medium with the
indicated N concentrations for 10 days.

Total RNA was extracted with the Trizol reagent (Invitrogen). Low-molecular
weight RNAs were separated by electrophoresis through denaturing 15%
polyacrylamide gels, and miRNA gel-blot hybridizations were performed as
described previously (Liang et al., 2010). DNA oligonucleotides
complementary to miR826 or miR5090 were end-labeled with [a -*2P] dATP
using T4 polynucleotide kinase and used for hybridizations.

For real-time RT-PCR, 0.5 ug of total RNA was reverse transcribed using an
oligo(dT)is primer (Fermentas) in a 20 pl reaction mixture with RevertAid
M-MuLV reverse transcriptase (Fermentas). After heat inactivation, a 1 pl
aliquot was used for real-time quantitative RT-PCR. All quantitative RT-PCR
analyses were performed using a Lightcycler FastStart DNA Master SYBR
Green | kit on a Roche LightCycler real-time PCR machine
(http://www.roche.com), according to the manufacturer's instructions.
Real-time RT-PCR for miRNAs was detected by stem-loop RT-PCR. To
produce miRNA-fused stem-loop cDNA, 0.5 ug of total RNA was used for the
reverse transcription, with miRNA mature-sequence-specific stem-loop RT

primers designed according to the stem-loop RT-PCR protocol (Varkonyi-Gasi

Downloaded from www.plantphysiol.org on January 15, 2014 - Published by www.plant.org
Copyright © 2013 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plantphysiol.org/
http://www.plant.org
http://www.plant.org

710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

et al.,, 2007). ACTIN2 (AT3G18780) was used as a control for quantitative
RT-PCR. The primers used in quantitative RT-PCR are listed in Table S1.

Transient Expression in N. benthamiana

Constructs were transformed into A. tumefaciens strain EHA105 and selected
on Luria-Bertani medium containing rifampicin at 50 pg/mL and spectinomycin
at 100 mg/L. Agrobacterium cells were then infiltrated into leaves of N.
benthamiana. For coinfiltration experiments, equal volumes of an
agrobacterium culture containing 35S:MIR826, 35S:MIR5090, or vector (ODggo
= 1.75) and 35S:(m)AOP2 (ODgoo = 0.25) were mixed before infiltration into N.
benthamiana leaves. Leaves were harvested 3 d after infiltration, and total

RNA was extracted for small RNA blotting and real-time RT-PCR experiments.

Measurement of Chlorophyll Content

Chlorophyll contents were measured as described by Woodward and Bennett
(2005). The pigments from leaves of 10-day-old seedlings were extracted with
5 ml of dimethylformamide for 24 h in the dark at 4°C, and the optical densities
(ODsgss and ODea47) for each sample were measured. The chlorophyll content
was calculated as: ((ODeggsa x 7.04) + (ODea7 x 20.27)) x5/ sample weight (g)
=ug chlorophyll /g FW.

Measurement of Anthocyanin Content

Ten-day-old seedlings grown on MS medium with the indicated N
concentrations were used for anthocyanin analysis. Anthocyanin contents
were measured as described previously (Rabino and Mancinelli, 1986). The
pigments were extracted from leaves with 99:1 methanol:HCI (v/v) overnight at
4°C. The ODs3y and ODgs7 for each sample were measured, and ODs3p — 0.25
x ODgs7 was used to compensate for the contribution of chlorophyll and its

products to the absorption at 530 nm.
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N content Analysis

The shoots and roots of plants grown in soil for four or five weeks were
separately harvested and dried at 65°C for 3 d. The samples were milled to a
fine powder for N analysis. N analysis was performed using a carbon and
nitrogen analyzer (Vario MAX CN; Elementar Analysen systeme GmbH,

Germany).

Glucosinolate Extraction

Glucosinolate extraction was performed as described by Kliebenstein (2001)
and Neal (2010). Leaves of 5-week-old wild type and transgenic plants were
harvested, freeze-dried and then ground to powder. 250 mg of the powder was
then suspended in 5 ml of 70% methanol. After incubation at 70°C for 20
minutes, 1ml Ba(OAc), (0.4mol/L) was added and centrifuged at 3000 rpm for
5 minutes, and then the supernatant was added to DEAE-Sephadex A25. The
column was then washed twice with water and twice with 1 ml of 20 mM
sodium acetate. Sulfatase solution (75 p |) (prepared as described by Graser
(2000)) was then added to the column and left to stand overnight.
Desulfonated glucosinolates were eluted in 1 ml aliquots of deionised water

and analyzed by UPLC-MS/MS.

UPLC-MS/MS Analysis of Glucosinolates

Glucosinolate samples were analyzed using a Waters ACQUITY UPLC system
and Xevo™ TQ-S mass spectrometer. Samples (20 pl) were separated using a
Agilent zorbax SB-C18 column (4.6x 250 mm i.d., 5 ym particle size) operated
at 1 ml/min at 30°C using the following separation gradient described by Neal
(2010). Solvent A: H,0O; Solvent B: MeCN: 1.5 - 5% (v/v) B (6 min), 5- 7% (v/v)
B (2 min), 7 - 21% (v/v) B (10 min), 21-29% (v/v) B (5 min), 29 - 57% (v/v) B
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(14 min), followed by a cleaning cycle: 57 - 93% (v/v) B (2 min ), 5 min hold, 93
- 1. 5% (v/v) B (3 min), 6 min hold. Eluting compounds were monitored at 229
nm. The mass spectral (MS) analysis of glucosinolates was obtained with
positive electrospray ionization (ESI) in multiple reaction monitoring (MRM)
mode. The ESI source was operated at 4 kV, and the sample cone was
operated at 20 V. Nitrogen was used both as bath gas (100°C; 250 L/h) and
nebulizing gas (15 L/h). ESI spectra were recorded in the mass range m/z 100
-800. Mass spectral of 3-methylsulfinylpropyl, 4-methylsulfinylbutyl, 2-propenyl
and 3-butenyl glucosinolates was analyzed with detecting a single M+Na"
specific for the glucosinolate being tested. 2-propenyl glucosinolate in the

samples was further identified with its standard purchased from Sigma-Aldrich.
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947  Table 1. Relative expression of genes involved in aliphatic glucosinolate pathway.
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(EE Wild-type  35S:MIR5090 35S:MIR826 Wild-type  35S:MIR5090 35S:MIR826 Wild-type  35S:MIR5090 3
;id%%:hain elongation
?C%%ﬁ’ AT3G49680 1.00 0.97 0.70 0.93 0.76 0.68 0.85 0.78

>5
3’0254 AT3G19710 1.00 0.97 0.56 0.80 0.40 0.50 0.32 0.11
?Agﬁg AT4G12030 1.00 1.02 0.84 0.93 0.60 0.80 0.50 0.31
e ij AT4G13430 1.00 0.90 0.73 1.25 0.87 0.77 0.90 0.67
.ezgtiy AT2G43100 1.00 0.37 0.55 0.79 0.59 0.80 0.47 0.31

S
.eé% AT3G58990 1.00 1.00 0.67 1.06 0.79 0.77 0.61 0.51
ngf 7 AT5G14200 1.00 1.02 0.63 0.87 0.61 0.66 0.47 0.36
P/lié/-fz AT1G80560 1.00 0.69 0.69 0.99 1.08 1.21 0.91 0.89
P/I/lgH.? AT1G31180 1.00 0.59 0.41 0.91 0.63 0.74 0.62 0.33


http://www.plantphysiol.org/
http://www.plantphysiol.org/
http://www.plant.org
http://www.plant.org

> 3
S

R

o} tructure

A4
wol pppeoju

N
<

€T0Z QUbLAGPO

d:

MI\MQ
©
N
~\

4
lland

591 S}
Aq pa

vy «
S porty
! N
S

~\

(e}

sToc

AT5G23010

AT5G23020

AT1G16410

AT1G16400

AT4G13770

AT3G03190

AT1G78370

AT4G30530

AT2G20610

AT2G31790

AT1G74090

AT1G18590

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

0.73

0.13

0.91

0.79

0.75

0.91

0.61

0.81

0.68

1.00

0.94

0.93

0.51

0.17

0.65

0.68

0.53

0.79

0.44

0.67

0.58

0.63

0.80

0.56

0.68

0.19

0.74

0.98

0.84

0.95

0.59

1.02

0.86

0.43

0.14

0.56

0.88

0.52

0.62

0.30

1.80

0.65

0.83

0.61

0.55

0.11

0.59

0.98

0.47

0.77

0.37

1.07

0.73

0.77

0.66

0.61

0.60

0.41

0.46

0.74

0.59

0.37

0.24

1.63

0.84

0.70

0.76

0.48

0.18

0.16

0.17

0.39

0.26

0.25

0.16

1.80

1.06

0.55

0.72

0.40


http://www.plantphysiol.org/
http://www.plantphysiol.org/
http://www.plant.org
http://www.plant.org

secondary modification
TMO§3X—OX7 AT1G65860

M@EX OoXxX2 AT1G62540

1q6uA
wiouy

M@g)( OX3 AT1G62560

Mg)%)( OX4 AT1G62570

eoLI
1sAyd

M@‘z}sx OX5 AT1G12140

;s§§H AT4G03060
o5
108, AT2G25450
&8
rafscription factor
<
1¥B28 AT5G61420
//y%g AT5G07690
> AT5G07700

A1YBZ6

Jnkonwn function

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.31

1.53

1.02

1.01

1.04

0.73

0.26

1.48

1.09

0.93

0.89

1.08

0.87

0.92

0.88

0.81

0.03

0.78

0.80

0.86

2.32

0.91

1.98

1.70

0.67

0.50

0.78

0.84

0.61

0.78

1.94

0.68

2.70

1.70

0.36

0.20

0.54

0.59

0.32

0.87

2.95

0.87

2.67

1.88

0.26

0.02

0.86

0.61

0.36

0.84

2.97

0.57

7.37

2.55

0.24

0.31

1.00

0.39

0.27

0.49

2.24

0.24

5.98

2.40

0.20

0.08

0.90

0.19

0.24


http://www.plantphysiol.org/
http://www.plantphysiol.org/
http://www.plant.org
http://www.plant.org

0.32

0.57

0.20

0.44

0.85

0.21

0.52

1.00

10P1

[ee)

<

Bownloaded from www.plantphysiol.org on January 15, 2014 - Published by www.plant.org
Copyright © 2013 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plantphysiol.org/
http://www.plant.org
http://www.plant.org

949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982

Figure legends

Figurel. Identification of miR5090.

A. Precursor sequences of miR826 and miR5090 with a tally of reads (from the
N starvation library) mapping to the hairpins.

B. Lines denote the sequences mapping to the miRNA precursors. The
thickness and color of the lines correspond to the number of total reads
representing each small RNA species in the Arabidopsis MPSS Plus Database.
C. The predicted miRNA precursors.

D. RT-PCR analysis of miRNAs in wild-type and dcl1-9 mutant.

Figure 2. Extended homology between miRNA genes and the AOP2 gene,
suggestive of common origin. Three AOP genes and two miRNA genes are
closely linked. The open bars and closed bars indicate introns and extrons.
F1-F6 correspond to the homologous sequences between the AOP2 gene and

the miRNA genes.

Figure 3. AOP2 is the common target of miR826 and miR5090.

A. Predicted miRNA/target duplex. Vertical arrows indicate the target cleavage
positions. The number indicates the number of corresponding cleavage
products from 5’RACE experiment.

B. Synonymous nucleotide substitutions in miRNA binding sites of AOP2.

C. Cleavage of AOP2 transcripts by miR826 and miR5090 in planta.
Constructs harboring the wild-type or mutated AOP2 driven by the 35S
promoter were co-agroinoculated with the 35S:MIR826 or 35S:MIR5090
constructs in tobacco leaves. Empty vector was used as a negative control.

Total RNAs were extracted after a 3-d inoculation and examined by gRT-PCR.

Figure 4. AOP2 is regulated post-transcriptionally.

A. Expression of miR826 and miR5090 under different nutrient deficiencies.
FN, -N, -P, -S, and -K indicate full nutrient, N, P, S, and K deficiencies.
Student's t test indicated that the values marked by one asterisk are
significantly different from the corresponding wild-type value (P < 0.01; n = 3).
B. Expressions of miRNAs and AOP2 under N starvation. A-B, Ten-day-old

seedlings were used for RNA extraction. The quantitative RT-PCR analysis
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was repeated for three biological replicates, each of which consisted of three
technical replicates. The error bars represent the SDs from triplicate samples.

C. GUS staining under N starvation conditions. The scheme represents two
reporters with wild-type or mutated AOP2. Ten-day-old seedlings were used for
GUS staining.

D. GUS staining under different tissues and organs. 2-month-old

Proaor2:AOP2-GUS reporter line was used for GUS staining.

Figure 5. Expressions of miR826, miR5090, and AOP2 in wild-type and
transgenic plants.

A. Leaves from 4-week-old plants were used for RNA extraction. rRNA/tRNA
staining is shown as a loading control. 20ug of total RNA was used for northern
blotting. #1-#5 represent different transgenic lines.

B. Expression of AOP2. Plants were grown for 10 days on MS medium with the
indicated N concentrations. RNA was isolated from whole seedlings. The
guantitative RT-PCR analysis was repeated for three biological replicates,
each of which consisted of three technical replicates. The error bars represent
the SDs from triplicate samples. Student’s t test indicated that the values
marked by one asterisk are significantly different from the corresponding
wild-type value (P < 0.01; n = 3).

Figure 6. UPLC profile of glucosinolates from different plants. Peak 1
corresponds to 3-methylsulfinylpropyl glucosinolate. Peak 2 corresponds to
4-methylsulfinylbutyl glucosinolate. Peak 3 corresponds to 2-propenyl

glucosinolate. Peak 4 corresponds to 3-butenyl glucosinolate.

Figure 7. Transgenic plants are less sensitive to N starvation.

A. Biomass. Values are the means of three replicates of 20 plants.

B. Primary root length.

C. Lateral root density.

D. Anthocyanin concentration. Shoots were harvested for analysis.

E. Chlorophyll concentration. Shoots were harvested for analysis.

A-E, Ten-day-old plants grown on plates were used for analysis. Error bars

indicate the SDs (n = 3). The asterisk indicates statistical significance at P <
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0.01 compared with wild-type (Student’s t test).
F. Three-week-old seedlings grown on medium with the indicated N

concentrations.

Figure 8. Expression of N starvation responsive genes.

A. ANR1; B. NRT1.1; C. NRT2.1; D. AMT1.1; E. AMT1.2; . AMT1.5. A-F,
Roots of 10-day-old plants were used for expression analysis. The guantitative
RT-PCR analysis was repeated for three biological replicates, each of which
consisted of three technical replicates. The error bars represent the SDs from
triplicate samples. Student’s t test indicated that the values marked by one
asterisk are significantly different from the corresponding wild-type value (P <
0.01; n = 3).

Supplemental Data

Figure S1. Analysis of small RNA sequences.

A. Precursor sequences of miR826 and miR5090 with a tally of reads mapping
to the hairpins. The numbers represent each small RNA species in the
Arabidopsis MPSS Plus Database (http://mpss.udel.edu/at).

B. Northern blotting of miR5090 mature sequence. 35S:MIR5090 was
transiently expressed in N. benthamiana leaves.
C. Read number of miRNA in different genotypes. The small RNA information

was retrieved from Arabidopsis MPSS Plus Database (http://mpss.udel.edu/at)
Figure S2. Expression of miRNAs and AOP2 under N starvation. A-B, Roots

and shoots were harvested separately from 10-day-old seedlings and used for
RNA extraction. The quantitative RT-PCR analysis was repeated for three
biological replicates, each of which consisted of three technical replicates. The
error bars represent the SDs from triplicate samples.

Figure S3.Phenotypes of transgenic plants grown on plates.

Ten-day-old seedlings were grown on vertical MS agar medium containing the
indicated N concentrations.

Figure S4. Phenotypes of transgenic plants grown in soil.

A. Plants grown in soil for 2, 3, and 4 weeks were photographed.

B. Fresh weight of plants grown in soil for 2, 3, and 4 weeks. Student’s t test
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indicated that the values marked by one asterisk are significantly different from

the corresponding wild-type value (P < 0.01).

Figure S5. N contents of wild-type and transgenic plants. Four/five-week-old
plants grown in soil were used for total N measurement.

A. N concentration in roots and shoots.

B. N amount for individual plant. Student’s t test indicated that the values
marked by one asterisk are significantly different from the corresponding

wild-type value (P < 0.01).

Table S1. Primers used in this study.
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Figure1. Identification of miR5090.
A. Precursor sequences of miR826 and miR5090 with a tally of reads (from the N starvation library) mapping to the hairpins.
B. Lines denote the sequences mapping to the miRNA precursors. The thickness and color of the lines correspond to the
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C. The predicted miRNA precursors.
D. RT-PCR analysis of miRNAs in wild-type and dc¢/7-9 mutant
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Figure 3. AOP2 is the common target of miR826 and miR5090.
A. Predicted miRNA/target duplex. Vertical arrows indicate the target cleavage positions.
The number indicates the number of corresponding cleavage products from 5’RACE experiment.
B. Synonymous nucleotide substitutions in miRNA binding sites of AOP2.
C. Cleavage of AOP2 transcripts by miR826 and miR5090 in planta. Constructs harboring the wild-type
or mutated AOP2 driven by the 35S promoter were co-agroinoculated with the 35S:MIR826 o
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Total RNAs were extracted after a 3-d inoculation and examined by gRT-PCR.
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Figure 4. AOP2 is regulated post-transcriptionally.

A. Expression of miR826 and miR5090 under different nutrient deficiencies. FN, -N, -P, -S, and -K indicate
full nutrient, N, P, S, and K deficiencies. Student’s t test indicated that the values marked by one asterisk
are significantly different from the corresponding wild-type value (P < 0.01; n = 3).

B. Expressions of miRNAs and AOP2 under N starvation. A-B, Ten-day-old seedlings were used for RNA extraction.
The quantitative RT-PCR analysis was repeated for three biological replicates, each of which consisted of three
technical replicates. The error bars represent the SDs from triplicate samples.

C. GUS staining under N starvation conditions. The scheme represents two reporters with wild-type or mutated
AOP2. Ten-day-old seedlings were used for GUS staining.

D. GUS staining under different tissues and organs. 2-month-old ProAOP2:AOP2-GUS reporter line was used
for GUS staining.
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Figure 5. Expressions of miR826, miR5090, and AOP2 in wild-type and transgenic plants.

A. Leaves from 4-week-old plants were used for RNA extraction. rRNA/tRNA staining is shown as a loading control.
20pg of total RNA was used for northern blotting. #1-#5 represent different transgenic lines.

B. Expression of AOP2. Plants were grown for 10 days on MS medium with the indicated N concentrations.

RNA was isolated from whole seedlings. The quantitative RT-PCR analysis was repeated for three biological
replicates, each of which consisted of {yag teehRicRIISRIGRIF iaHiSHoLRl BRILIPBERREDY e, S drom Rdcat oy v
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corresponding wild-type value (P < 0.01; n = 3).
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Figure 6. UPLC profile of glucosinolates from different plants.

Peak 1 corresponds to 3-methylsulfinylpropyl glucosinolate.

Peak 2 corresponds to 4-methylsulfinylbutyl glucosinolate.

Peak 3 correspopfmlﬁwm%%ﬁg

Peak 4 corresponds to 3-butenyl glucosinolate.
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Figure 7. Transgenic plants are less sensitive to N starvation.

A. Biomass. Values are the means of three replicates of 20 plants.

B. Primary root length.

C. Lateral root density.

D. Anthocyanin concentration. Shoots were harvested for analysis.

E. Chlorophyll concentration. Shoots were harvested for analysis.

A-E, Ten- day -old plants were used for analysis. Error bars indicate the SDs (n =
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F. Three-week-old seedllngs grown on medium with the indicated N concentrations.
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Figure 8. Expression of N-related genes.

A. ANR1; B. NRT1.1; C. NRT2.1; D. AMT1.1; E. AMT1.2; F. AMT1.5.

A-F, Roots of 10-day-old plants were used for expression analysis.

The quantitative RT-PCR analysis was repeated for three biological replicates, each of which consisted of three technical replicates.
The error bars represent the SDs from triplicate samples. Student’s t test indicated that the values marked by one asterisk are

significantly different from the corresponding wild-type value (P < 0.01; n = 3).
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