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Nitrogenis an essential macronutrient that is absorbed by roots and
stored in leaves, mainly as ribulose-1,5-bisphosphate carboxylase/

oxygenase'”. During nitrogen deficiency (-N), plants activate leaf
senescence for source-to-sink nitrogen remobilization for adaptative
growth’ . However, how —N signals perceived by roots are propagated

to shoots remains underexplored. We found that ELF18-INDUCED LONG
NONCODING RNA 1(ELENAI)is-Ninducible and attenuates -N-induced
leaf senescence in Arabidopsis. Analysis of plants expressing the ELENAI
promoter 3-glucuronidase fusion gene showed that ELENA1 is transcribed
specifically inroots under —N. Reciprocal grafting of the wild type and elenal
demonstrated that ELENAI functions systemically. ELENAI dissociates the
MEDIATOR SUBUNIT 19a-ORESARAL1 transcriptional complex, thereby
calibrating senescence progression. Our observations establish the
systemic regulation of leaf senescence by aroot-derived long non-coding
RNA under -NinArabidopsis.

Nitrogen is one of three essential macronutrients for plant growth'.
In soil, nitrogen is available mainly in the form of nitrate ions', which
are taken up by nitrate transporters expressed in roots. Nitrate ions
can be transported to shoots and assimilated into various essential
biological molecules such as DNA, RNA and proteins"*’. A major part
ofthe nitrogen contentin plantsis stored as ribulose-1,5-bisphosphate
carboxylase/oxygenase (RUBISCO) in leaves’.

During nitrogen deficiency (-N), the master transcription factor
of plant senescence ORESARAI (OREI) is expressed. Together with
MEDIATOR SUBUNIT 19a (MED19a)?, ORE1 activates the transcription
of several senescence-associated genes such as BIFUNCTIONAL NUCLE-
ASE1(BFNI),RIBONUCLEASE 3(RNS3), SENESCENCE ASSOCIATED GENE
29 (SAG29), SEVEN-IN-ABSENTIA 1 (SINAI) and VND-INTERACTING 2
(VNI2)inleaves'**° Enzymes encoded by these OREI target genes are
responsible for the degradation of nitrogen-rich moleculesin mature

leaves for the redistribution of nitrogen-containing metabolites to
nitrogen-demanding organsin a source-to-sink manner*,

However, how signals perceived by roots are used to systemically
regulate leaf senescence during —N-adaptive growth remains underex-
plored. Here we show that the MED19a-associated" long non-coding
RNA (IncRNA) ELF18-INDUCED LONG NONCODING RNA 1 (ELENAI)
transcripts are mobile and can move from roots to shoots to calibrate
therate of OREI-dependent leaf senescence under —-N by dissociating
the MED19a-OREl transcription complex.

To examine the inducibility of ELENAI under —-N, a time-course
assay of wild-type (WT) seedlings grown on nitrogen-sufficient (+N)
and -N media was performed, and RNAs from shoots and roots were
extracted. Figure 1a shows that ELENAI transcripts were induced
in a time-dependent manner under —-N, beginning from day 2 of -N
treatment, and accumulated in shoots up to about 400-fold on day
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Fig.1|Longnon-coding RNA ELENA1 attenuates senescence induced by -N.

a, Quantitative RT-PCR (RT-qPCR) analysis of ELENAI transcripts in shoots
androots of WT plants under +N and —N conditions at the indicated time after
treatments. The value of +N shoots at day O was set as 1. The data are shown as
means +s.d. n =3 (biologically independent samples). Each sample contained

20 seedlings, and individual data points are shown as overlays. The asterisks
indicate statistically significant differences. *P < 0.05; **P < 0.01 (one-way analysis
of variance (ANOVA), Dunnett’s multiple comparison analysis). b, -N-induced
leaf senescence phenotype of 17-day-old Arabidopsis plants of the indicated
genotypes treated on -N medium for 17 days. Scale bar, 1 cm. ¢, Total chlorophyll
content in different leaf groups of the indicated genotypes treated on -N
medium. The letters indicate groups with statistically significant differences
(P<0.05,one-way ANOVA, Tukey’s multiple comparison analysis). L, leaf number;
FW, fresh weight. d, Transcript analysis of OREI target genes BFN1, RNS3, SAG29,
SINAIand VNI2in the indicated genotypes treated on +N or -N medium. The
expression of each gene inthe WT (+N) was set to 1. The data are shown as

means + s.d. n =3 (biologically independent samples). Each sample contained 20
seedlings, and individual data points are shown as overlays. The asterisks indicate
statistically significant differences compared with the WT (+N).*P < 0.05;

**P < 0.01(two-way ANOVA, Dunnett’s multiple comparison analysis).

8 compared with day 0. By contrast, root ELENAI transcript levels
increased to about 60-foldin day 8 rootsrelative to day 0. The differen-
tialaccumulation of ELENAI transcripts in shoots compared with roots
suggests that ELENAI may play aregulatoryrolein the adaptive devel-
opmental processes of shoots under —N, one of which is -N-induced
leaf senescence.

Toinvestigate the function of ELENAI under -Ninshoots, we per-
formed —-N-induced leaf senescence assays using ELENAI knockdown
(KD) and overexpressing (OE) plants described previously and com-
pared their phenotypes against the well-characterized controls, orel
and OREI OE". ELENA1KD plants (EL-KD#10 and EL-KD#20) and ELENA1

OE plants (EL-OE#16 and EL-OFE#29) displayed accelerated and delayed
leaf senescence phenotypes, respectively, when compared withthe WT
(Fig. 1b,c). The phenotypes of EL-KD and EL-OE were antiparallel with
those of orel and OREI OE, respectively, and correlated with ELENAI
levelsin the mentioned genotypes (Fig. 1b,c and Extended Data Fig.1).
Transcript levels of OREI target genes (BFNI, RNS3, SAG29, SINAI and
VNI2) were monitored under —N. EL-KD#10 and EL-KD#20 exhibited
enhanced expression of ORE1 target genes, whereas EL-OE#16 and
EL-OF#29 plants showed reduced expression compared with the
WT under -N conditions (Fig. 1d). The changes in transcript levels
(Fig.1d) are consistent with the phenotypic observations (Fig. 1b,c) sug-
gesting that ELENAI could be anegative regulator of OREI-dependent
—-N-induced leaf senescence. ELENAI transcript levels in the WT (-N),
orel and OREI OF were comparable (Extended DataFig.1). Furthermore,
using OREI-HA OE plants, we found that ORE1 was not enriched on
the genomic region upstream of the ELENAI transcriptional start site
(TSS) under -N compared with +N (Supplementary Fig. 1). Together,
these results suggest that ELENAI is not a downstream target of ORE1
andis expressed in parallel with OREI (Fig.1a, Extended DataFig.1and
Supplementary Fig.1)

To investigate whether ELENAI influences plant growth under +N
conditions, we analysed chlorophyll content, plant morphology, fresh
weight, nitrate contentand the expression of OREItarget genesinthe WT,
EL-KD#10 and EL-OF#16 (Extended Data Fig. 2 and Supplementary Figs.2
and3) grownon+N medium. Total chlorophyll content, fresh weight and
nitrate content were similaramong the WT, EL-KD#10 and EL-OFE#16, sug-
gesting that ELENAI probably does notinfluence nitrate uptake, assimi-
lation or accumulation under +N condition (Extended Data Fig. 2a,b
and Supplementary Fig. 2). Furthermore, fresh weight and nitrate con-
tent between shoots and roots of the WT, EL-KD#10 and EL-OF#16 were
similar, demonstrating that ELENAI does not influence biomass and
nitrate distribution under +N conditions (Extended DataFig. 2b,d). These
results (Extended Data Fig. 2 and Supplementary Figs. 2 and 3) rule out
the possibility that the accelerated and delayed senescence of EL-KD and
EL-OE, respectively,compared with the WT (Fig. 1b) was due to differing
endogenous nitrate content prior to -N treatment. Furthermore, the
expression of ORE1 target genes under +N remained relatively similar
among the genotypes (Extended Data Fig. 2e), and the observation of
similar growth morphology between the WT, EL-KD#10 and EL-OF#16
suggests that ELENAI does not influence normal plant growth under +N
conditions (Extended Data Fig. 2e and Supplementary Fig. 3).

Several IncRNAs have been found to contain short open reading
frames that encode functional peptides'*™*. The ELENAI transcript
contains eight ATGs and five open reading frames encoding putative
peptides between 12 and 43 amino acids long". We expressed ELENA1
mutants with five or eight ATG mutations (ELM-OE and EL®M-OEF) as
described previously" and assayed plants with comparable ELENAI
expression levels to that of EL-OF#16, under —N (Extended Data
Fig. 3a). We found that the EL*-OE and EL®™-OE mutants had a com-
parable delayed senescence phenotype to that of EL-OE#16 when
compared with WT empty-vector plants (Extended Data Fig. 3). These
results suggest that the senescence-related function of ELENAI does
notinvolve any encoded peptides and that ELENAI functions asabona
fide IncRNA under -N.

Under —-N, leaf senescence progresses in the order of chrono-
logical leaf age for the remobilization of nitrogen from old to young
leaves®’. It is possible that ELENAI could act spatiotemporally in the
shoot. Analysis ofindividual WT leaves, in chronological leaf age order,
showed that ELENAI transcripts were differentially accumulated in
younger, non-senescent leaves, following the duration of —N treat-
ment (Extended Data Fig. 4). By contrast, OREI transcript levels were
relatively similar in the various leaves throughout —N treatment. This
result corroborates the earlier observation that ELENAI is a negative
regulator of —-N-induced leaf senescence and suggests that ELENAI
transcripts negatively regulate ORE1 function (Extended Data Fig. 4).
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Fig.2 | ELENA1is aroot-to-shoot signalling molecule under -N conditions.

a, GUS reporter assay of ELENAI promoter activity under +N and —N conditions.
Top, schematic of pELENA1(3k)::GUS construct. The solid arrow indicates the
genomicregion upstream of ELENAI, and the numbers represent bp upstream of
the ELENAITSS. Bottom, representative GUS activity of the indicated transgenic
lines expressing GUS treated on +N and —-N media for ten days and incubated
with GUS staining solution overnight. b, Determination of ELENAI transcript
levelsin the WT, pELENA1(3k)::GUS #34 and pELENA1(3k)::GUS #40 treated for
zero, two, five and eight days in —N conditions. The value for the WT at day O was
setas 1. ¢, Determination of GUS transcript levels in pELENA1(3k)::GUS #34 and
PELENA1(3k)::GUS #40 treated for zero, two, five and eight days in —-N conditions.

RNA was extracted from shoots and roots. The value for line #34 shoots at day
Owassetas1.d,-N-induced leaf senescence phenotype of 21-day-old WT and
elenal graft chimeras treated on -N medium for 17 days. e, Total chlorophyll
content in different leaf groups of the indicated graft chimeras treated on -N
medium. The value for the WT(S)/WT(R) +N shoot was set to 1. f, Quantification
of ELENAI transcript levels in the shoots and roots of the indicated graft chimeras
treated on +N or -N medium. Inb,c,e.f, the dataare shownas means +s.d.n=3
(biologically independent samples). Each sample contained 20 seedlings, and
individual data points are shown as overlays. The asterisks indicate statistically
significant differences. **P < 0.01 (one-way ANOVA, Dunnett’s multiple
comparison analysis).
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Fig. 3| ELENAI genetically interacts with MED1I9a and ORE1 under -N
a,-N-induced leaf senescence phenotype of 17-day-old Arabidopsis plants of the
indicated genotypes treated on -N medium for 17 days. Scale bar,1 cm. b, Total
chlorophyll content in different leaf groups of theindicated genotypes treated on
—-N medium. The data are shown as means + s.d. n = 3 (biologically independent
samples). Each sample contained 20 seedlings, and individual data points are
shownas overlays. The letters indicate groups with statistically significant
differences (P < 0.05, one-way ANOVA, Tukey’s multiple comparison analysis).

¢, RT-qPCR analysis of OREI target genes BFN1, RNS3, SAG29, SINA1 and VNI2
intheindicated genotypes treated on +N or -N medium. The asterisks indicate
statistically significant differences compared with the WT (+N). **P < 0.01
(two-way ANOVA, Dunnett’s multiple comparison analysis). The expression of
eachgeneinthe WT (+N) was setto 1. The data areshownasmeans +s.d.n=3
(biologically independent samples). Each sample contained 20 seedlings, and
individual data points are shown as overlays.

The differential accumulation of ELENA1inshoots and roots raises
the physiologicalissue of the site of ELENAI transcription under —N. To
this end, we produced transgenic plants harbouring an ELENAI pro-
moter-(3 kbp)-B-glucuronidase (GUS) fusion gene, and two independ-
ent homozygous lines, pELENA1(3k)::GUS #34 and #4.0, were analysed

(Fig. 2a and Supplementary Fig. 4). GUS staining under +N and -N
treatment showed that the ELENAI promoter was active in roots but
notshootsunder —N (Fig.2a). Furthermore, ELENAI levelsin lines #34
and #40were similar to that of the WT under -N (Fig. 2b). By contrast,
GUStranscripts were found tobeinduced only inroots but notin shoots
of these two lines under —N (Fig. 2c).

To determine the systemic function of ELENAI transcripts under
-N, we generated an elenal CAS9 knockout allele that contained a
deletionin the genomicregion —297 to -7 base pairs (bp) upstream of
the TSS using the promoter YAO CRISPR-CAS9 technology®. Plants
homozygous for the elenal allele did not express ELENAI transcripts
under —-N, unlike the WT (Extended Data Fig. 5), demonstrating that
elenal is a null allele under —N. Reciprocal graft chimeras of the WT
and elenal were generated: WT scion (S) with WT rootstock (R) (WT(S)/
WT(R)), elenal(S)/elenal(R), elenal(S)/WT(R) and WT(S)/elenal(R).
These graft chimeras were assayed on —N for phenotypes and tran-
scriptlevels (Fig.2d,e). The WT(S)/WT(R) graft chimera displayed the
-N-induced leaf senescence phenotype, whereas elenal(S)/elenal(R)
displayed an accelerated senescence phenotype, consistent with
the phenotypes of WT and EL-KD plants (Fig. 1a,b). Furthermore,
elenal(S)/WT(R) exhibited -N-induced leaf senescence comparable
tothat of WT(S)/WT(R) (Fig.2d,e), whereas WT(S)/elenal(R) displayed
accelerated senescence comparable to that of elenal(S)/elenal(R)
(Fig. 2d,e). Moreover, ELENAI transcript analysis in shoots and roots
ofthe reciprocal graft chimeras demonstrated that WT rootstock was
necessary for the normal expression of ELENAI transcripts, and the use
of elenal rootstock was sufficient to completely suppress ELENAI tran-
script expressionin the reciprocal graft chimeras (Fig. 2f). Transcript
analysis of ORE1target genes under -Ninshoots of thereciprocal graft
chimeras showed that the presence of WT(R), ineither WT(S)/WT(R) or
elenal(S)/WT(R), was sufficient to activate OREI target genes at normal
levels under -N (Extended Data Fig. 6). By contrast, WT(S)/elenal(R)
and elenal(S)/elenal(R) had elevated expression of ORE1 target genes
under -N (Extended Data Fig. 6). These results (Fig. 2 and Extended
DataFig. 6) show that ELENAI transcripts are transcribed in roots and
act systemically in shoots to negatively regulate OREI-dependent
senescence under -N.

To provide additional evidence of the systemic root-to-shoot
mobility of ELENAI transcripts, we generated WT(S)/WT(R) and WT(S)/
EL-OE(R) graft chimeras. The presence of transgenic ELENAI tran-
scripts in WT scions was detected by PCR using a primer pair that
specifically amplifies transgenic ELENAI transcripts that contain the
35S 3’ sequences (Extended Data Fig. 7a). The specific 200-bp PCR
ampliconwas detected in PCR with reverse transcription (RT-PCR) of
WT(S)/EL-OE(R) shoots but notin the reaction of WT(S)/WT(R) shoots
(Extended Data Fig. 7a). Sequencing of these 200-bp PCR amplicons
confirmed that these fragments were ELENAI transcripts (Extended
Data Fig. 7¢). Furthermore, we showed that transgenic ELENAI tran-
scripts were systemically mobile under +N (Supplementary Fig. 5),
suggesting that ELENAI root-to-shoot mobility is regulated by tran-
scriptabundance (Supplementary Fig. 5). Together, these observations
(Fig. 2, Extended Data Fig. 7 and Supplementary Fig. 5) demonstrate
that ELENAI transcripts are expressed specifically in roots under -N
and transported to shoots to attenuate —N-induced leaf senescence.

ELENAIwas previously reported tointeract with various mediator
subunits—namely, MED19a, MED26b and MED36a'"". We also recently
reported that ORE1 interacts with MED19a to form a MED19a-ORE1
transcriptional complex necessary for -N-induced leaf senescence’.
To investigate the genetic relationship of ELENA1, MED19a and OREI,
we generated various genetic crosses with EL-KD#10, med19a-2 and
orel to acquire med19a/orel, EL-KD#10/med19a-2 and EL-KD#10/orel.
We found that the accelerated senescence phenotype of EL-KD#10
was completely abolished in EL-KD#10/med19a-2 and EL-KD#10/orel
to a level comparable to that of med19a-2, orel and med19a-2/orel
when compared with the WT (Fig. 3a,b). A comprehensive genetic
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analysis of ELENA1, MED19a and OREI further revealed that ELENAI
OE is sufficient to block the accelerated senescence phenotypes of
MEDI19a OF and OREI OF (Extended Data Fig. 8). We also monitored
OREIand MEDI9a transcriptlevels and showed that they were compa-
rableamong the WT, EL-KD#10 and EL-KD#20 (Supplementary Fig. 6),
suggesting that ELENAI transcripts do not regulate MED19a or ORE1
expression. Transcript analysis showed that ORE1 target genes were
highly expressed in EL-KD#10 compared with the WT (-N) (Fig. 3c).
However, thisincreased expression was reduced in EL-KD#10/med19a-2
and EL-KD#10/orel to levels similar to those in the WT (+N) (Fig. 3c).
These results (Fig. 3, Extended Data Fig. 8 and Supplementary Fig. 6)
show that Med19a and OREI are both needed for ELENAI to regulate
-N-induced leaf senescence.

The genetic relationship of ELENAI, MED19a and OREI raises the
question of the possible effects of MED19a and ORE1 on the systemic
root-to-shoot mobility of ELENAI transcripts under —-N. We analysed
ELENAI transcript levels in shoots and roots of WT, med19a-2 and
orel plants treated on -N medium and found that ELENAI transcript
levels in shoots and roots of the indicated genotypes remained rela-
tively unchanged, suggesting that MED19a and ORE1 are probably not
required for ELENAI root-to-shoot mobility (Extended Data Fig. 9).

To investigate the biochemical relationship between ELENAI,
MED19a and ORE1, we performed an in vitro RNA pull-down assay.
We found that the MED19a carboxy-terminal region but not the
amino-terminal region, described previously'®, was necessary and
sufficient to interact with biotinylated ELENAI transcripts (Fig. 4a).
The MED19a C-terminal region was previously found to be necessary
for OREl interaction®. This result raises the possibility that ELENAI
transcripts could dissociate the MED19a-ORE1 complex by competing
with OREL for the MED19a C-terminal region. An in vitro interaction
assay of the MED19a-OREI1 protein complex with ELENAI transcripts
was performed, and antisense ELENAI transcripts were used as anega-
tive control (Extended Data Fig. 10). Extended Data Fig. 10 shows that
ELENAIRNA, butnotantisense ELENAIRNA, was sufficient to dissociate
the MED19a-ORE1 complex. We performed in vivoimmunoprecipita-
tion experiments using XVE::ELENA1/MED19a-FLAG OE/OREI-HA OE
plants grownunder -Nand treated with 3-estradiol inducer. We found
that increasing ELENAI transcript levels were sufficient to dissociate
the MED19a-ORE1 complex in vivo (Fig. 4b,c). Furthermore, MED19a
and ORE1form heterotypic condensates in vitro®, which can be dissoci-
ated by ELENAIbut not antisense ELENAIRNA (Supplementary Fig. 7).

Todetermine the function of ELENAI transcriptsin MED19aenrich-
ment on the genomic regions upstream of BFNI and RNS3 under -N,
we performed a chromatin immunoprecipitation (ChIP) assay of
MED19a-FLAG (Fig. 4d,e). We previously reported that the enrich-
ment of MED19a on the promoters of BFNI and RNS3is dependent on
ORE1 and ORE1 binding sites. WT, MED19a-FLAG OE, MED19a-FLAG
OE/EL-KD#10 and MED19a-FLAG OE/EL-OE#16 were treated under
+N and -N conditions, and FLAG ChIP was performed (Fig. 4d,e). We
found that enrichment levels of MED19a on BFN1#2, BFN1#3, RNS#2
and RNS#3 under —N were significantly elevated in MEDI9a-FLAG
OE/EL-KD#10 (-N) compared with MED19a-FLAG OE (-N) but reducedin
MEDI19a-FLAG OF/EL-OF#16 tolevels similar to thosein MEDI9a-FLAG
OE (+N) (Fig. 4d,e). These results are consistent with the observation
that ELENAI attenuates OREI-dependent senescence under —-N (Fig. 1)
and that ELENAI transcripts are sufficient to dissociate the MED19a-
OREl transcriptional complex (Fig. 4).

Systemically mobile RNAs have been found to harbour RNA struc-
tures and motifs such as tRNA-like structures” and polypyrimidine
tracts thatbind to polypyrimidine-binding proteins'®". To determine
whether ELENAI contains any of these features, we performed an in
silico analysis of the secondary structure of ELENAI (Supplementary
Fig. 8) using RNAfold*’. The predicted minimal free energy and cen-
troid RNA structures of ELENAI did not reveal a tRNA-like structure
(Supplementary Fig. 8). The RNA sequence of ELENAI was analysed,

and two regions with high polypyrimidine content were identified
(Supplementary Fig. 9) and annotated as polypyrimidine tract 1 and
2 (PT1and PT2). PT1and PT2 contained higher pyrimidine (cytosine
and uracil) content, 75% and 65%, respectively, than the 52% found in
full-length ELENAI. The presence of PT1and PT2 raises the possibility
that polypyrimidine-binding proteins could facilitate the systemic
mobility of ELENAI under —-N conditions.

Like many transcription factors, OREL1 is regulated by post-
translational modifications such as polyubiquitination®, deubiqui-
tination’ and phosphorylation®. Our study shows the disruption of
the MED19a-OREL1 transcriptional complex by IncRNA ELENAI tran-
scripts under —N, thus adding another level of regulatory complexity.
In addition, the tissue-specific expression of ELENAI under —-N raises
interesting questions on the role of this IncRNA in root development
and the regulation of root nitrate transporters under —-N conditions.
In summary (Fig. 4d), we have shown that the -N-inducible ELENA1
transcripts are transcribed in roots, are root-to-shoot mobile and are
sufficient to dissociate the MED19a-ORE1 complex in leaves, thereby
calibrating the progression of -N-induced leaf senescence. Future
work should be directed towards understanding the mechanism of
inter-organ movement of ELENAI.

Methods

Plant materials, preparation of constructs and transgenic
plants, and growth conditions

Arabidopsis thaliana ecotype Columbia-0 was used as the WT. The
ELENAIKD lines (EL-KD#10 and EL-KD#20), ELENA1 OE lines (EL-OE#16
and EL-OE#29) and ELENAI mutant variant overexpressing lines
(ELENA1_5M (EL°M) and ELENAI_8M (EL®™)) have been described
previously".

The mutants med19a-2 (SALK_034955) and orel (SALK_090154)
were acquired from the Arabidopsis Biological Resource Centre. The
MED19a-FLAG and OREI-HA OE lines and MED19a-FLAG OE/OREI-
HA OE double expression lines have been described previously®.
EL-KD#10 was crossed with med19a-2, MED19a-FLAG OE, orel and
OREI-HA OE to generate EL-KD#10/med19a-2, EL-KD#10/MEDI19a OE,
EL-KD#10/orel and EL-KD#10/ORE1 OE, respectively. EL-OE#16 was
crossed with medi19a-2, MED19a OE, orel and ORE1 OE to generate
EL-OF#16/med19a-2, EL-OE#16/MED19a OE, EL-OF#16/orel and EL-OF#16/
ORE1OE, respectively.

To generate the fusion of the ELENAI promoter and GUS, a DNA
fragment 3 kbp upstream of ELENA1 TSS was amplified by PCR and
clonedinto pDONR221by BP reaction (Invitrogen) followed by LR reac-
tion (Invitrogen) with pKGWFS7 (ref. 22) to obtain pELENA1(3k)::GUS.
After sequence verification, the construct was transformed into Agro-
bacterium strain GV3101. Agrobacterium-mediated transformation by
floral dipping®was performed on WT plants to obtain pELENA1(3k)::GUS
transgenic plants. The lines were analysed for single insertion, and
homozygous pELENAI(3k)::GUS #34 and pELENA1(3k)::GUS #40 lines
were selected for experiments.

Togenerate the elenal Cas9 mutant, the pYAO-activated CRISPR-
Cas9 system was utilized”. Guide RNAs targeting genomic regions
flanking regions were designed with Benchling software. Successful
CRISPR-Cas9 knockout was confirmed by PCR using flanking primers.
Stable elenal mutant plants were obtained from the T, generation, and
PCR amplicons obtained from PCR with genomic DNA were verified
with DNA sequencing.

To generate the XVE::ELENA1/MEDI9a OF/ORE1 OE lines, ELENA1
was cloned into pER8-DC** by LR cloning (Invitrogen) to obtain
XVE::ELENA1.The XVE::ELENAI construct was verified by DNA sequenc-
ingand was transformed into Agrobacterium GV3101 followed by floral
dipping® to generate XVE::ELENA1/MED19a OE/OREI1 OF seeds. The
lines were analysed for single insertion and ELENAI inducibility with
B-estradiolinducer treatment®.

T,and T, homozygous seeds were obtained for experiments.
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Plant growth conditions and -N treatment

Seeds on Murashige and Skoog (MS) medium without sucrose (-S)
were stratified for at least two days, and the plates were placed verti-
cally under 16 h/8 h light/dark conditions with 100 pmol m~2s light
intensity. Seven-day-old seedlings were transferred to another MS
medium (-S) for further propagation vertically for another ten days.
Thel7-day-old seedlings were transferred to phytatrays (Sigma) contain-
ing Hoagland’s® hydroponics +N and -N medium with 1.2% Bactoagar.

+Nand -N phenotypic observations and chlorophyll
quantification

Seventeen-day-old Arabidopsis grown vertically on MS (-S) were
treated on +N and —N media. The plants were observed 21 days post
transfer to Hoagland’s hydroponics +N or —-N medium®’. For chlorophyll
quantification, leaves from —N-treated plants were separated into three
groups in chronological developmental order: L1, L2-14 and L5-L7.
For plants treated on +N medium, the leaves were separated into four
groups:L1,L2-L4,L5-L7,and L8 and L9.

The samples were pulverized with a mortar and pestle, and chlo-
rophyll was extracted by incubating the powder with 80% ethanol
overnight in 4 °C. The plant debris was pelleted by centrifugation
at 21,000 g, and total chlorophyll was quantified by a 96-well plate
reader (Tecan)®’.

Fresh weight and total nitrate content quantification
Fifteen-day-old seedlings propagated on MS medium (-S) were ana-
lysed. Shoots and roots derived from 20 seedlings were pooled sepa-
rately to obtain the average fresh weight values of the two organs. The
pools of plant tissues were pulverized with a mortar and pestle, and
nitrate contents were determined using the salicylic-sulphuric acid
colorimetric method®.

RNA extraction, RT and qPCR

Plants grown on +N and —-N media were pulverized with a mortar and
pestle. Total RNAs were extracted using the Qiagen RNeasy plant mini kit
with DNase treatment following the manufacturer’s instructions. RNA
concentrations were quantified using nanodrop and RT reactions with
iScript (Bio-Rad) following the manufacturer’s instructions. The cDNA
generated was diluted appropriately. The qPCR reactions were prepared
with cDNA, SyBR Green (Bio-Rad) and the appropriate qPCR primer pairs.
The Bio-Rad CFX96 real-time system was used for qPCR measurement.

Plant grafting and ELENAI mobility assay
Five-day-old seedlings were used for grafting using transverse cut-butt
grafting’”. The seedlings were dissected at the hypocotyl with arazor
blade to generate shoot and root. Chimeric combinations were gener-
ated accordingto experimental requirements. The graft chimeras were
further propagated for another seven days. Successful graft chimeras
were selected by physical examination under a bright field light micro-
scope; the success rate was 50% to 80%. Adventitious roots were removed
with arazor blade, and the plants were further propagated for an addi-
tional sevendays. The 18- to19-day-old seedlings were treated on +N/-N,
and samples were harvested according to experimental requirements.
The ELENAI mobility assay was performed with WT/WT and
WT/UBQI0::ELENA1 OE chimeras. Chimeric plants were treated on—-N
medium for21days, and root and shoot samples were harvested sepa-
rately. RNA and genomic DNA were extracted according to a previous
report”®. RT-PCR, noRT-PCR, genomic DNA-PCR and ACTIN2 PCR were
performed using Phusion polymerase for 35 cycles. PCR products were
analysed on a1.5% TAE agarose.

Heterologous recombinant protein expression and
purification

MBP-tagged full-length MED19a, truncated nMED19a, cMED19a
and GST-tagged ORE1 constructs were described previously>.The

expression constructs were transformed into Escherichia coli strain
Rosetta, and expression clones were selected by appropriate anti-
biotics. The inducibility of the protein of interest was analysed by
SDS-PAGE.

The proteinexpression and purification procedure was described
previously". Briefly, induced cells were lysed in lysis buffer and soni-
cated (Qsonica) onice at 40% amplitude, 15 son, 30 s off, 15 cycles. Cell
lysates were centrifuged at 21,000 g for 1 h (Beckman Coulter). The
supernatant was mixed with equilibrated amylose (NEB) or glutathione
Sepharose 4B (GE healthcare) beads, and the manufacturers’ instruc-
tions were followed to obtain purified proteins.

Invitro transcription of RNA

PCR was performed to generate DNA templates harbouring the T7 pro-
moter upstream of the genes of interest (ELENAI and antisense ELENAI).
Purified PCR fragments were added to the Megascript (Invitrogen)
in vitro transcription (IVT) reaction and performed according to the
manufacturer’s instructions to generate label-free RNA. To generate
biotin-labelled RNA, the IVT reaction NTP mix was replaced with biotin
RNA labelling mix (Roche). RNA was purified with a Qiagen RNeasy mini
kit and frozen at —-80 °C for experiments.

Invitro protein, RNA pull-down assay and protein-RNA
interaction assay
We incubated 1,000 ng of purified IVT biotinylated RNA with 500 ng
oftarget proteinin each tube in the RNA pull-down buffer. The bound
proteins were washed three times with wash buffer (20 mM Tris HCI,
200 mM NacCl, 0.5% glycerol in DEPC treated H,0)"'¢.
MBP-MED19a-MYC and GST-ORE1-HA proteins were prein-
cubated for an hour in RNA pull-down buffer at room temperature
to allow for complex formation. To test for the activity of IVT RNAs,
ELENAI and antisense ELENAI were added in increasing amounts (O,
0.5,1and 2 uM) and incubated for an hour at room temperature. Equili-
brated amylose (NEB) beads were added to each reaction tube and
incubated for one hour. The beads were washed three times in wash
buffer. The bound proteins were eluted by the addition of SDS-PAGE
loading mix and analysed by 10% SDS-PAGE followed by western blot-
ting with the appropriate antibodies. MYC tag antibody (Proteintech,
16286-1-AP) and HA tag antibody (Proteintech, 51064-2-AP) were used
at1:5,000 dilution.

In vitro condensate assay

Theinvitro condensate assay’ was performed by the addition of 10 uM
cMED19a-mCherry to1 pM ORE1-mECFP proteinsinareaction buffer
containing 20 mM Tris pH 7.4,200 mM NaCl and 10% (w/v) PEG 8000.
ELENAI and antisense ELENAI, transcribed in vitro, were added in
increasing amounts (0, 0.5,1and 2 uM) to the reaction mixture.

ChIP

Three grams of plant materials were harvested and crosslinked with
formaldehyde. Isolated nuclei were sonicated to shear DNA?**°, Equili-
brated FLAG-M2 (Sigma-Aldrich) beads were added to immunopre-
cipitate FLAG-tagged protein—-DNA complex. Reverse crosslinking was
performed, and DNA was purified using a DNA extraction kit (Qiagen).
The percentage input of ChIP samples against 1% input was measured
with qPCR (Bio-Rad).

B-estradiol treatment and nuclear in vivo co-IP

B-estradiol was dissolved in dimethyl sulfoxide. XVE::ELENA1/UBQI10::
MEDI9a-FLAG/35S::0REI-HA plants were grown on—N medium for 14
days. XVE::ELENA1/ UBQ10::MED19a-FLAG/35S::0REI-HA plants were
treated with 50 pM -estradiol for 0,4, 8 and 16 h. The nuclei wereiso-
lated”’, and equilibrated FLAG-M2 (Sigma-Aldrich) beads were added
tobind MED19a-FLAG. The bound proteins were eluted by the addition
of SDS-PAGE loading mix and analysed by western blotting with the
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appropriate antibodies. MYC tag antibody (Proteintech, 16286-1-AP),
HAtagantibody (Proteintech, 51064-2-AP) and FLAG tag antibody (Cell
signalling, 9A3) were used at 1:5,000 dilution.

Insilico RNA structure and sequence analysis

TheRNA sequence of ELENAI was analysed with RNAfold*’ to obtain the
predicted minimal free energy, centroid RNA secondary structures and
the RNA secondary structure mountain plot. The ELENA1RNA sequence
was visualized with Benchling.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data generated or analysed in this study are included in this Letter
andits Supplementary Information files. The materials and transgenic
plants generated in this study are available from the corresponding
authoronreasonable request. Source data are provided with this paper.
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Extended Data Fig. 2| ELENA1 does not influence growth, nitrate content and
expression of ORE1 target genes under nitrogen sufficient (+N) conditions.
(a) Average fresh weight of shoots and roots in the indicated genotypes grown
under +N conditions. (b) Shoot-to-root ratio of fresh weight in the indicated
genotypes. (c) Total nitrate content in shoots and roots of the indicated
genotypes grown under +N conditions. (d) Shoot-to-root ratio of total nitrate
contentin the indicated genotypes. (e) Transcript analysis of OREI target genes

BFNI1,RNS3,SAG29, SINAI and VNI2in the indicated genotypes treated on +N
medium. nsindicated not statistically significant, P> 0.05; two-way ANOVA,
multiple comparison with Dunnett post hoc analysis. Value of eachgenein WT
(+N)wassettol.(a,b,c,d, e) Dataare means + SD. n =3 and individual data
points as overlays. ns, no statistical difference; one-way ANOVA (a,b,c,d), two-way
anova (e) Dunnett’s multiple comparison analysis.
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Value of EV (+ N) was set to 1. (b, c) Data are means + SD. n = 3 (biologically
independent samples). Each sample contained 20 seedlings and individual

data points as overlays. ns, no statistical difference; one-way ANOVA, Dunnett’s
multiple comparison analysis.
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The expressionlevel of L1+ N at eachindicated day was setat 1.
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Extended DataFig. 5| Genetic information of elenal mutant. (a) Schematic deficient (-N) medium. Data are means * SD. n = 3 (biologically independent
of ELENAI genomic lociin WT and elenal. In elenal, the genomic region between samples). Each sample contained 20 seedlings and individual data points as
-297 and -7 upstream of transcriptional start site of ELENAI was excised by CAS9. overlays. Expression level in day O WT was set as 1. Asterisks indicate statistically
(b) DNA sequencing result of indicated genomic lociin (A) of elenal aligned to significant difference compared with WT. **P < 0.01; one-way ANOVA, Dunnett’s
that of WT. (c) ELENAI expression level of WT and elenal treated on nitrogen multiple comparison analysis.
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Extended Data Fig. 6 | Transcript analysis of ORE1 target genes in shoots of gene transcriptin WT (+ N) was set to 1. Each sample contained 20 seedlings
graft chimeras under -N. RT-qPCR analysis of ORE1 target genes BFN1, RNS3, and individual data points as overlays. Asterisks indicate statistically significant
SAG29, SINAI and VNI2in the indicated genotypes treated on +N or -N medium. difference compared with WT/WT (+ N). ns, no statistical difference.**P < 0.01;
Dataare means + SD. n = 3 (biologically independent samples). Value of each two-way ANOVA, Dunnett’s multiple comparison analysis.
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Extended DataFig. 7| Transgenic ELENAI transcripts are root-to-shoot

mobile under nitrogen deficient (-N) condition. (a) Schematic of primer design
for specific detection of transgenic ELENAI. (b) ELENAI transcripts root-to-shoot
mobility assay. Indicated graft chimeras were generated and treated on -N. Shoot
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PCR, gDNA-PCR and ACT2 correspondingly for 35x PCR cycles. Numbers indicate

biological repeat sample. (c) DNA sequencing of the PCR ampliconin RT-PCR
reactionin (b).
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Extended Data Fig. 8 | Comprehensive genetic analysis of MED19a/
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treated on-N medium. Leaf number, L. FW, fresh weight. Data are means + SD.

n =3 (biologically independent samples). Each sample contained 20 seedlings
and individual data points as overlays. Alphabets indicate statistically significant
groups with P < 0.05. One-way ANOVA, Tukey’s multiple comparison analysis.
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Extended Data Fig. 9 | ELENAI transcripts show systemic root-to-shoot samples). Value of WT (+ N) shoot was set to 1. Each sample contained

movement under nitrogen deficiency (-N) isindependent of MED19a and
OREL. FLENAI1 expression levels in shoots and roots of WT (+N), WT (-N),
medI9a-2(-N), and orel (-N). Data are means + SD. n = 3 (biologically independent

20 seedlings and individual data points were shown. ns, no statistical difference;
one-way ANOVA, Dunnett’s multiple comparison analysis.
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Extended Data Fig. 10 | Effects of increasing concentrations of ELENAI and antisense ELENA1 transcripts on MED19a-ORE1 complex invitro. Left panel,
sense ELENAIRNA; Right panel, antisense ELENAI RNA. Experiment was repeated 3 times with similar results.
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/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

D

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XXO OO 000K 07 00

X

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection 1) For gPCR, Biorad CFX96 was used.
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Data analysis 1) GraphPad Prism Version 9 was used for statistical analysis
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