PNAS

RESEARCH ARTICLE PLANT BIOLOGY

L)

Check for
updates

PIF4 enhances the expression of SAUR genes to promote growth

in response to nitrate

Matfas Ezequiel Pereyra®®
David Alabadi®®, Miguel A. Blazquez®

,Anne F. Jarrell“", Austin S. Hovland®
. Jason W. Reed®

, Cecilia Costigliolo Rojas®
, Rodrigo A. Gutiérrez’

, Stephen A. Snipes©

. William M. Gray (2, and Jorge José Casal®®!

, Punita Nagpal©,

Edited by Mark Estelle, University of California, San Diego, CA; received March 18, 2023; accepted August 9, 2023

Nitrate supply is fundamental to support shoot growth and crop performance, but
the associated increase in stem height exacerbates the risks of lodging and yield losses.
Despite their significance for agriculture, the mechanisms involved in the promotion
of stem growth by nitrate remain poorly understood. Here, we show that the elon-
gation of the hypocotyl of Arabidopsis thaliana, used as a model, responds rapidly
and persistently to upshifts in nitrate concentration, rather than to the nitrate level
itself. The response occurred even in shoots dissected from their roots and required
NITRATE TRANSPORTER 1.1 (NRT1.1) in the phosphorylated state (but not
NRT1.1 nitrate transport capacity) and NIN-LIKE PROTEIN 7 (NLP7). Nitrate
increased PHYTOCHROME INTERACTING FACTOR 4 (PIF4) nuclear abundance
by posttranscriptional mechanisms that depended on NRT1.1 and phytochrome B. In
response to nitrate, PIF4 enhanced the expression of numerous SMALL AUXIN-UP RNA
(SAUR) genes in the hypocotyl. The growth response to nitrate required PIF4, positive
and negative regulators of its activity, including AUXIN RESPONSE FACTORs, and
SAURs. PIF4 integrates cues from the soil (nitrate) and aerial (shade) environments
adjusting plant stature to facilitate access to light.

NRT1.1 | NLP7 | ARF7 | shade

Nitrogen levels required to optimize crop yield potential can lead to taller plants with
reduced root anchorage relative to the size of the shoot, weaker basal internodes, and
hence higher risks of lodging (1). Nitrate-enhanced lodging causes important yield losses
in staple crops, including wheat (2), rice (3), maize (4), sunflower (5), and rapeseed (6).
During the “Green Revolution” in the 1960s, the introduction of semidwarf varieties of
wheat, involving the introgression of stable versions of the growth repressor DELLA
proteins, reduced lodging susceptibility and allowed higher rates of nitrogen supply
(7, 8). However, this approach decreased nitrogen use efficiency (9—12), forcing the overuse
of nitrogen fertilization with the associated negative environmental and economic conse-
quences (13).

In well-aerated soils, nitrogen predominates in the form of nitrate (NO5). Due to its
negative charge, this chemical form is mobile, and its levels can fluctuate dramatically
(14). Nitrate provides a signal that affects growth and development, and other sources of
nitrogen cannot replace this function (15, 16). The NITRATE TRANSPORTER 1.1
(NRT1.1) transceptor is both a dual affinity transporter of nitrate and a nitrate receptor
(17-19). Low concentrations of nitrate lead to phosphorylation of the threonine 101
residue and monomerization of the NRT1.1 protein, whereas high concentrations lead
to dephosphorylation and dimerization of NRT1.1 (20, 21). Phosphorylation of T101
increases transport affinity (22), but its impact on the sensory function of NRT1.1 is
strongly context dependent (17, 19). Nitrate sensed by NRT1.1 triggers cytoplasmic waves
of calcium that activate different CALCIUM SENSOR PROTEIN KINASES (CPKs),
which in turn phosphorylate the transcription factor NIN-LIKE PROTEIN 7 (NLP7)
to induce the expression of multiple nitrate responsive genes, including those related to
nitrate transport and assimilation and nitrate-induced growth (23-25). NLP7 is also a
nitrate sensor by virtue of a domain conserved in bacteria and cyanobacteria nitrate sensor
proteins (26). Full phosphorylation and nuclear retention of NLP7 require the synergistic
action caused by nitrate binding and the CPKs pathway (23, 26, 27).

Nitrate effects on root architecture involve NRT1.1, NLP7, and auxin transport and
perception (24, 28-31). The promotion of foliage expansion by nitrate involves the induc-
tion of endoreplication and the increase in cell size mediated by the cyclin-dependent
kinase inhibitor LOSS OF GIANT CELLS FROM ORGANS (LGO) (32), the induction
of cytokinin synthesis in the root and the enhanced expression of CYTOKININ RESPONSE
FACTOR 2 (CRF2), CRF3, and CRF6 and downstream PIN-FORMED (PIN) genes in
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the cotyledons (33), and the stimulation of the target-of-rapamycin
(TOR) pathway by any of several nitrogen sources (34). Despite
the effects of nitrogen on stem growth in numerous species (2,
35, 36) and its agricultural relevance due to the increased risk of
lodging (2-6), we do not know the mechanisms by which nitrate
affects stem growth.

The PHYTOCHROME INTERACTING FACTOR 4 (PIF4),
PIF5 (37-39), PIF7 (40-43), AUXIN RESPONSE FACTOR 6
(ARF6), ARF7, ARF8 (44), BRI1-EMS-SUPPRESSOR 1 (BES1),
and BRASSINAZOLE-RESISTANT 1 (BZR1) (45, 46) tran-
scription factors share many target genes, are negatively regulated
by DELLA proteins (47-50), and play a fundamental function in
hypocotyl-growth promotion by neighbor cues and warm tem-
peratures in Arabidopsis thaliana. ELONGATED HYPOCOTYL
5 (HY5) competes with PIF4 for promoter binding to antagonis-
tically control its activity (51). Here, we show that nitrate pro-
motes hypocotyl growth in A. thaliana via NRT'1.1, NLP7, and
PIF4, which enhance the expression of numerous SMALL
AUXIN-UP RNA (SAUR) genes, defining a mechanism that inte-
grates nutrient and growth pathways.

Results

Upshift in Nitrate Availability Promotes Hypocotyl Elongation.
We grew Arabidopsis seedlings on agar containing either 0.5 or
5.0 mM potassium nitrate. One hour after the beginning of the
photoperiod of the fourth day, we transferred half of the seedlings

of each group to the contrasting concentration and the controls to
fresh substrate. The hypocotyl growth rate during the remaining
9 h of the photoperiod increased in response to the 0.5 to 5.0
mM upshift (Fig. 14). This promotion was rapid (detectable
after 3 h of treatment) and persistent (Fig. 1B), resulting in
seedlings with longer hypocotyls than those grown on constant
nitrate concentrations (SI Appendix, Fig. S1A). Nitrate also
promoted cotyledon expansion (Fig. 1B). Continuous growth
at 0.5 compared to 5.0 mM nitrate had no effects (Fig. 14
and SI Appendix, Fig. S1 A and B), but the shift from 5.0 to
10.0 mM was effective (SI Appendix, Fig. S1C), suggesting the
occurrence of nitrate-induced desensitization. A dose—response
curve for hypocotyl growth showed saturation at 10.0 mM
potassium nitrate, whereas potassium chloride was ineffective
(Fig. 1C). Transferring the seedlings to 0.5 mM nitrate plus either
ammonium or glutamine to provide the same amount of nitrogen
as 5.0 mM nitrate was not effective (Fig. 1D and SI Appendix,
Fig. S1D), indicating that the promotion of hypocotyl growth
is specific for nitrate. Genetic modification of the TOR pathway
(which is induced by diverse nitrogen sources) did not affect the
response to nitrate (S/ Appendix, Fig. S2). Surgically removing the
roots did not eliminate the hypocotyl elongation response to the
nitrate upshift (Fig. 1E).

Nitrate Upshift Sensing by NRT1.1 Promotes Hypocotyl
Elongation. The hypocotyls of the ¢h/I-9 mutant allele of the
NRT1.1 transceptor, impaired in nitrate transport but not in
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Nitrate upshifts sensed by NRT1.1 promote hypocotyl growth. (A) Hypocotyl growth rate in seedlings grown on 0.5- or 5.0-mM potassium nitrate and

either transferred to the contrasting condition or left unchanged, 1 h after the beginning of the photoperiod of day 4 (growth rates measured between 1 and 10
h after the beginning of the photoperiod). (B) Kinetics of hypocotyl growth (Left) and cotyledon expansion accumulated over the same period (Right) after transfer
from 0.5 to 5.0 mM nitrate, compared to the control that remained at 0.5 mM nitrate. The arrowheads define length increments in pictures of representative
seedling. (C) Hypocotyl growth in seedlings transferred from 0.5 mM nitrate to the concentration of potassium nitrate or potassium chloride indicated in abscissas.
(D) Hypocotyl growth rate in seedlings transferred from 0.5 to 5.0 mM nitrate or to 0.5 mM nitrate plus ammonium or glutamine to provide the equivalent amounts
of nitrogen as 5.0 mM nitrate. (E) Hypocotyl growth in shoots isolated from their roots 1 h after the beginning of the photoperiod of day 4 and incubated the
subsequent 9 h in 0.5- or 5.0-mM nitrate. (F) Hypocotyl growth rate in seedlings of the Columbia wild type and the following alleles of NRT7.1: ch/1-9 (deficient
in transport), ch/1-5 (null), chl1-5 complemented with NRT1.17'°" (nonphosphorylatable) and ch/7-5 complemented with NRT1.17'%"® (phosphomimetic). (G) GUS
staining in the hypocotyl driven by the pCHL1:CHL1-GUS transgene, 4 h after the shift in nitrate. (H) GUS staining in the hypocotyl driven by the pCHLT:CHL1-GUS
transgene, 5 h after the beginning of the photoperiod of day 4. (/) Hypocotyl growth rate in seedlings of the Columbia wild type and the ch/7-5 null mutant
complemented with either the NRT1.17'°" (nonphosphorylatable) or NRT1.1"'°"? (phosphomimetic) alleles. (/) Hypocotyl growth in the n/p7-2 mutant. Data are
means + SE and individual values (A and D-/) and means + SE of 7 (B) or 3 (C) replicate boxes of seedlings. Different letters indicate significant differences (P <
0.05) in Tukey tests. Asterisks indicate the significance of the effect of nitrate in Student's t tests or Bonferroni tests following significant interaction (int): *P <
0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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nitrate sensing (17, 52), showed a wild-type response to the
nitrate upshift (Fig. 1F). The ch/1-5 allele, impaired both in nitrate
transport and sensing, failed to respond (Fig. 1F), indicating that
the sensing capacity of NRT1.1 mediates the hypocotyl growth
response. To investigate the importance of phosphorylation
of the regulatory T101 residue, we used the ch/I-5 mutant
complemented with either the NRT1.1"'""* allele, where a
phosphorylatable residue is replaced by a nonphosphorylatable
amino acid, or the NRT1.1""®| which is a phosphomimetic
allele. The NRT1.1""*"* mutant failed to respond to the nitrate
upshift, whereas the NRT1.1"'® showed a wild-type response
(Fig. 1F), indicating that the promotion of hypocotyl growth
requires NRT'1.1 phosphorylation at T101. Nitrate treatment
rapidly increases the expression of NRT1.1 in different systems
(53-55), and the nitrate upshift enhanced the abundance of
NRT1.1 in the hypocotyl, visualized by the protein fused to GUS
under the control of the endogenous promoter (Fig. 1G). On
the contrary, prolonged growth on 5.0 mM nitrate reduced the
level of NRT1.1 (Fig. 1A and ref. 56), which could contribute
to the observed desensitization toward nitrate. We also reasoned
that, since the hypocotyl growth response requires NRT1.1
phosphorylation and high nitrate concentration reduced NRT1.1
phosphorylation (17), this could explain in part why prolonged
exposure to 5.0 mM nitrate has negligible effects on growth.
Consistent with this possibility, the growth of the NRT1.1"'P
phosphomimetic allele was higher on continuous 5.0 than 0.5
mM nitrate (Fig. 17). The hypocotyl growth response to nitrate
also required NLP7 (Fig. 1/ and SI Appendix, Fig. S3A).

The Hypocotyl Elongation Response Requires PIF4, ARF6/ARF7/
ARF8, BES1/BZR1, HYS5, and DELLAS. The pif4, arf6 arf7, arf7 arfS,
arf6 arf7 arf8, besl bzrl, and hy5 mutants affected in transcription
factors involved in hypocotyl growth responses to shade or warmth,
and the repressor of gal-3 (rga) gibberellic acid insensitive (gai) loss-
of-function and rga-A17 gain of function mutants affected in
DELLAEs all failed to respond to nitrate (Fig. 2 A-E). The pifl,
pif3, pif5, and pif7 mutations did not reduce the response, and
the combination of pif5 and pif/ caused a weak recovery of the
response in the pif4 background (Fig. 24).

Nitrate Upshift Increases PIF4 Nuclear Abundance in Hypocotyl
Cells. Prompted by the results of genetic experiments, we analyzed
by confocal microscopy the nuclear levels of PIF4, ARF6, ARF7,
BES1, HY5, and RGA proteins fused to fluorescent tags under
the control of the endogenous promoters in hypocotyl cells.
In response to the nitrate upshift, PIF4 and ARF7 increased,
whereas ARF6, BES1, and HY5 remained unaffected (Fig. 2F).
Consistently with previous observations in roots (57), the nitrate
upshift enhanced the nuclear levels of RGA in hypocotyl cells
(Fig. 2F). As DELLAs decrease growth, this mechanism may be a
safeguard regulatory feedback loop against excessive elongation.
The nitrate upshift also increased PIF4-GFP expressed under
the control of the 355 promoter, indicating the occurrence of
posttranscriptional effects, but no response was detected in the

¢chl1-5 background (Fig. 2G).

Nitrate Upshift Increases PIF4 Nuclear Abundance in Cotyledon
Cells. Nuclear PIF4-GFP levels also increased in cotyledon cells
(Fig. 2H). In luminometer readings, dominated by the cotyledons,
the nitrate upshift increased PIF4-LUC during the morning and
decreased it during the afternoon (Fig. 2 7 and ). The nitrate
upshift did not affect the activity of the PIF4 promoter during
the morning (Fig. 2K), supporting a posttranscriptional control
of PIF4. Consistently with this observation, NLP7 did not affect
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PIF4 expression (SI Appendix, Fig. S3B). The nitrate upshift
decreased the activity of the PIF4 promoter during the afternoon
(Fig. 2K), suggesting that the negative effect on PIF4-LUC in the
cotyledons at this time of the day is mainly due to a transcriptional
effect. The promotion of PIF4-LUC by the nitrate upshift was not
detectable in the ch/I-5 background, supporting a role of NRT'1.1
(Fig. 2L). In entire seedlings harvested during the morning (when
hypocotyl and cotyledons respond in the same direction), the
nitrate upshift enhanced PIF4-HA and PIF4-GFP abundance in
protein blots (Fig. 2 M and N).

The Hypocotyl Elongation Response Requires PIF4 in Hypocotyl
and Cotyledon Cells. The nitrate upshift enhanced PIF4 abundance
in the cotyledons, which typically results in elevated auxin signaling
(37, 39). Surgical excision of the cotyledons reduced the magnitude
of the hypocotyl elongation response to nitrate and addition of
the synthetic auxin Picloram (5 uM) bypassed the need of these
organs, but PIF4 was still required in the hypocotyls treated with
Picloram (Fig. 20). In additional experiments, we repositioned
excised cotyledons close to the severed petioles of wild-type
seedlings without cotyledons. The cotyledons coming from wild-
type seedlings restored a partial response to the nitrate upshift
but those coming from pif4 seedlings were not effective (Fig. 2P),
indicating that PIF4 is required not only in the hypocotyl, but
also in the cotyledons.

The Response of PIF4 Requires Active phyB. Similarly to nitrate,
the changes in plant architecture induced by canopy shade at
high plant population densities increase the risk of lodging in
crops (1, 6). The nitrate upshift increased hypocotyl elongation
under simulated shade (58) (Fig. 34). Shade reduces the activity of
phytochrome B (phyB) and cryptochrome 1 (cryl) photosensory
receptors (58—60) and the nitrate upshift promoted growth in the
phyB or cryl mutants under white light (Fig. 3B). The effect of
the nitrate upshift on PIF4-GFP nuclear levels in hypocotyl cells
(Fig. 3C) and on the PIF4-LUC during the morning (Fig. 3D)
persisted in seedlings exposed to shade, but the drop in PIF4-
LUC during the afternoon was not apparent (Fig. 3D). Since
shade leaves residual phyB activity that, combined with cryl
activity, can be biologically effective (61), we investigated whether
the nitrate upshift affects growth and PIF4-LUC abundance in
seedlings exposed to a long-wavelength pulse of far-red light
followed by darkness to virtually eliminate any phyB activity. In
contrast to the seedlings exposed to the white light photoperiod
(which activates phyB), in those exposed to far-red light, PIF4
levels failed to respond to the nitrate upshift while hypocotyl
growth still responded (Fig. 3 £ and F), likely via NLP7. Nuclear
phyB forms photobodies by liquid-liquid phase separation, which
recruit PIF4 (62). The size of these nuclear bodies is a proxy for
phyB activity; the larger the body, the higher the activity (63). We
observed a reduction in the number of large phyB nuclear bodies
in response to the nitrate upshift under both white light and shade
conditions (Fig. 3G).

The Nitrate Upshift Enhances the Expression of Selected SAUR
Genes. Since the nitrate upshift enhances PIF4 protein abundance
and the growth response requires PIF4, we analyzed the transcriptome
of hypocotyl samples harvested from wild-type and pif4-mutant
seedlings exposed to the nitrate upshift. The lack of changes in
relevant genes did not support a role of the LGO endoreduplication
(32) or CRFs—PINs (33) pathways in the promotion of hypocotyl
growth reported here (S/ Appendix, Fig. S4 A-C). Consistently with
the ARF7-VENUS response, nitrate enhanced ARF7 expression
independently of PIF4 (SI Appendix, Fig. S4D).
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cells (F), p35S:PIF4-GFP in hypocotyl cells (G, including the ch/7-5 background) or pPIF4:PIF4-GFP in cotyledon cells (H), measured by confocal microscopy 6 h after
the nitrate upshift (2 h included for pPIF4:PIF4-GFP; red shows chlorophyll fluorescence). (/-L) Bioluminescence driven by pPIF4:PIF4-LUC (I, J, and L, including
the chl/1-5 background) or pPIF4:LUC (K) during the photoperiod of day 4 (/ and K) or 1.5 h after the nitrate upshift (/ and L). (M and N) PIF4-HA (M) and PIF4-GFP
(N) protein blots of entire seedlings harvested 1.5 h after the application of nitrate (for quantification see S/ Appendix, Fig. S6). (O) Addition of 5 uM Picloram
bypasses the requirement of cotyledons for the growth promotion of Col-0 but not pif4 hypocotyls. (P) Repositioning Col-0 but not pif4 cotyledons partially
restores the elongation response of Col-0 hypocotyls without cotyledons. Data are means + SE and individual values (omitted in kinetics data). Asterisks indicate
the significance of the effect of nitrate upshift in Bonferroni tests following significant interaction (int, A-E, G, L, O, and P), the main effect of nitrate upshift if the
interaction is not significant (F, PIF4) or in Student's t tests (F, I-K, M, and N): *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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Using the RNA-sequencing data, we identified 397 genes with
expression enhanced by the nitrate upshift in the wild type (Fig. 44).
The GO term “response to auxin” and the protein class “SAUR "were
overrepresented among these genes. Supporting these observations
the nitrate upshift enhanced auxin-induced transcriptional activity

revealed by DR5:GEP in hypocotyl cells (Fig. 4B), reduced the levels

https://doi.org/10.1073/pnas.2304513120

of DII-VENUS (which decrease with auxin) both in hypocotyl and
cotyledon cells (Fig. 4 C'and D) and increased the staining driven by
PSAUR21:GUS in hypocotyl cells (Fig. 4E). The GO terms overrep-
resented among the genes with expression reduced by the nitrate
upshift included “response to water deprivation” but no functions
with obvious direct relation with the growth response (Fig. 44).
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Fig. 3. The PIF4 response to nitrate requires active phyB while the growth response does not. Seedlings transferred from 0.5 mM to 5.0 mM nitrate 1 h after
the beginning of the photoperiod of day 4 are compared to the controls that remained on 0.5 mM nitrate. (A) Hypocotyl growth rate in seedlings grown under
simulated shade (transferred to shade the day before nitrate treatments). (B) Hypocotyl growth rate in seedlings of the wild type, phyB, and cry1 mutants.
(C) Nuclear fluorescence driven by the pPIF4:PIF4-GFP transgene, measured by confocal microscopy 6 h after the nitrate upshift in seedlings simultaneously
transferred to simulated shade. (D) Kinetics of the bioluminescence driven by pPIF4:PIF4-LUC during the photoperiod of day 4 in seedlings that were simultaneously
transferred to simulated shade. (E) Bioluminescence driven by pPIF4:PIF4-LUC 1.5 h after the beginning of the white light photoperiod (WL) and in seedlings
measured simultaneously after receiving a pulse of far-red light (FR) at the subjective time of initiation of the photoperiod and followed by darkness. (F) Rate of
hypocotyl growth in seedlings treated exactly as in E. (G) Number of small and large phyB nuclear bodies in hypocotyl cells. Data are means + SE and individual
values (A-C, E, and F) or means + SE of at least 70 seedlings (four plates with control and nitrate seedlings on the same plate, D). Asterisks indicate the significance
of the effect of nitrate in Student’s ¢ tests (A, C, and D), the main effect of nitrate in two-way ANOVA that showed no significant interaction (B and G, in E data
were log transformed for the analysis to obtain homogeneity of variance) or the effect of nitrate in Bonferroni tests following significant interaction (int, £): *P

<0.05; **P < 0.01; ***P < 0.001; ns, not significant.

Many of the identified SAUR genes are binding targets of PIF4
(81 Appendix, Fig. S5A). The pifd mutation reduced the response to
the nitrate upshift of seven of them, and their expression signifi-
cantly correlated with the hypocotyl elongation response (Fig. 4F).
Several SAUR genes that respond to nitrate are binding targets and/
or require NLP7 to respond to cold (8] Appendix, Fig. S5 A and B).
The nlp7 mutation reduced the expression response to the nitrate
upshift of SAURGY (also affected by PIF4) and SAURG (not affected
by PIF4) but not that of SAUR21 (affected by PIF4) (Fig. 4 G-1).

The Hypocotyl Growth Response Requires Auxin SAUR and
PP2C.D genes. Supporting a role of the observed increase in
auxin signaling (Fig. 4), hypocotyl growth failed to respond to
the nitrate upshift in the shade avoidance 3 (sav3) and quintuple
yucca (yucqg) mutants, deficient in auxin synthesis (64, 65)
(Fig. 5A). Since nitrate also increased the expression of SAUR
genes (Fig. 4), we generated multiple saur CRISPR-Cas9 mutants
to investigate whether the response to nitrate requires these

PNAS 2023 Vol.120 No.39 e2304513120

genes. Effectively, the saurl9/21/23/24, saur19/20/21/22/23/24,
saurG61/62/63/64/65/66/67/68/75, saurl 9/20/121/22/23/24/61/62/6
3/64/65/66/67/68/75, saurl9/20/21/22/23/24/26/27/29/61/62/63
164/65/66/67/68/73/75, and saur9/16/19/20/21/22/23/24/26/27/2
9/61/62/63/64/65/66/67/68/73/75 mutants, all failed to respond
to nitrate (Fig. 5B). For the SAUR19 clade (SAURs 19-24), we
verified this result in three independent mutant lines. Likewise,
transgenic lines overexpressing SAUR19 or SAUR63 showed
enhanced hypocotyl growth rate and failed to respond to nitrate
(Fig. 5B), demonstrating the importance of proper regulation of
SAUR function for the normal response to nitrate.

SAUR proteins interact physically with and inhibit the activity
of the PP2C.D subfamily of type 2C protein phosphatases
(PP2C.D), which in turn inhibit the activity of plasma-membrane
proton ATPases that acidify the apoplast to favor cell-wall loos-
ening (66, 67). The pp2.cd2 pp2c.d5 pp2c.d6 mutant lacking key
members of these SAUR downstream effectors showed high rates
of hypocotyl growth and failed to respond to the nitrate upshift
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Fig. 4. The nitrate upshift enhances the expression of selected SAUR genes. Seedlings transferred from 0.5 mM to 5.0 mM nitrate 1 h after the beginning of
the photoperiod of day 4 are compared to the controls that remained on 0.5 mM nitrate. (A) Genes with expression enhanced (Left) or reduced (Right) by the
nitrate upshift in the wild type and the associated overrepresented gene ontology (GO) terms. Each datum point is the average expression of one gene in Col-0
or pif4 under control or nitrate upshift conditions (three biological replicates, RNA sequencing, Dataset S1). (B) Nuclear fluorescence driven by the pDR5:GFP
transgene measured by confocal microscopy 3 h after the nitrate upshift. (C and D) DII-VENUS measured by confocal microscopy in cotyledon (C) or hypocotyl
(D) cells 1.5 h after the nitrate upshift. (£) GUS staining in the hypocotyl driven by the pSAUR21:GUS transgene, 3.5 h after the shift in nitrate. (F) Correlation
between normalized SAUR gene expression and normalized hypocotyl growth across genotypes and nitrate conditions. Each datum point corresponds to the
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0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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Fig. 5. The hypocotyl growth response to nitrate requires auxin, SAURS, and SAUR-regulated PP2C.Ds. Seedlings transferred from 0.5 mM to 5.0 mM nitrate
1 h after the beginning of the photoperiod of day 4 are compared to the controls that remained on 0.5 mM nitrate. Hypocotyl growth rate in seedlings of the
wild type, auxin-synthesis mutants (A), multiple saur mutants or transgenic SAUR overexpressors (B, OX), multiple pp2c.d mutants (C) or multiple pp2c.d mutants
complemented by wild-type PP2C.D2-GFP or PP2C.D2"33'.GFP (D). (F) Model that integrates the results. Data are means + SE and individual values. Asterisks
indicate the significance of the effect of nitrate in Bonferroni tests following significant interaction (int): *P < 0.05; ***P < 0.001; ns, not significant.

(Fig. 5C). Finally, pp2c.d2 seedlings expressing a mutant
PP2C.D2-GFP derivative that abolishes SAUR binding (PP2C.
DY) showed reduced hypocotyl growth rate and failed to
respond to the nitrate upshift (Fig. 5D).

Discussion

Although nitrate promotes the growth of the stem in many crop
species (2, 35, 36), the mechanisms by which nitrate controls this
agriculturally important trait were poorly understood. Using the
hypocotyl of A. thaliana seedlings as a model, here, we show that
the rate of elongation responded to upshifts in nitrate concentra-
tion via the canonical NRT1.1-NLP7 pathway (Fig. 1) and the
enhancement of PIF4 abundance by posttranscriptional mecha-
nisms (Fig. 2), to promote the expression of numerous SAUR
genes (Fig. 4) and cell expansion (Fig. 5). This mechanism is dif-
ferent from those reported for root (24, 28-31) or leaf (32-32)
responses to nitrate (see Introduction). The hypocotyl response
increased plant stature and hence the ability to compete for light
when additional nitrate becomes available.

The promotion of hypocotyl growth was specific for nitrate and
required a nitrate upshift and the phosphorylated form of NRT1.1,
but not its transport function (Fig. 1). NRT1.1 phosphorylation
did not trigger a constitutive growth response, indicating that this
condition is necessary but not sufficient and high nitrate levels are

PNAS 2023 Vol.120 No.39 e2304513120

still required. Thus, at 0.5 mM, NRT'1.1 would be phosphorylated
(68), but hypocotyl elongation is reduced due to the absence of the
high nitrate cue. Under constant 5.0 mM hypocotyl elongation is
reduced presumably because at that concentration, the high nitrate
cue is present but NRT1.1 is unphosphorylated (68). The shift to
high nitrate promotes growth because it is predicted to combine
transiently high NRT1.1 phosphorylation (68) and high nitrate. In
support of this hypothesis, a phosphomimetic allele of NRT1.1
showed enhanced hypocotyl elongation in response to continuous
high nitrate, a condition that was not effective in the wild type.

PIF4 levels increased in the hypocotyl cells (Fig. 2), where it was
required for the nitrate response likely because its ability to directly
bind SAUR gene promoters and enhance their activity (49). In addi-
tion, the nitrate upshift increased PIF4 levels in the cotyledons
(Fig. 2), where it was also required for the hypocotyl growth
response, likely due to its positive effect on auxin synthesis (37, 39).
The observed effects of the nitrate upshift on DII-VENUS and
PDR5:GFPactivity (Fig. 4) and the bypass of the cotyledon require-
ment by Picloram (Fig. 2) are consistent with this possibility.

The regulation of nitrate metabolism by phytochrome signaling
is well established (69). Conversely, here, we show that nitrate
regulates phyB and PIF4. The PIF4 response to the nitrate upshift
required active phyB (Fig. 3). The active form of the light and
temperature sensor phyB undergoes liquid-liquid phase separation
to form nuclear droplets, where it selectively recruits interacting
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partners like PIF4 (62). Large phyB nuclear bodies form when
phyB activity is high (63). phyB negatively regulates PIF4 stability
by favoring its phosphorylation and degradation in the 26S pro-
teasome (70). Since the nitrate upshift reduced the abundance of
large phyB nuclear bodies, we hypothesize that it could reduce
phyB-mediated induction of PIF4 degradation; however, the post-
transcriptional mechanisms by which NRT'1.1 affects PIF4 remain
to be elucidated.

The growth response also required BES1, BZR1, ARF6, ARF?7,
ARF8, DELLA, and HY5 (Fig. 2). At least BZR1 and ARF6 phys-
ically interact with PIF4 synergistically controlling gene expression
(e.g., the promotion of SAURI5 expression) and are negatively
regulated by DELLA proteins (47-50). HY5 and PIF4 antago-
nistically regulate common gene targets through direct binding
to the same cis element (51). Thus, the growth response to the
nitrate upshift would require positive and negative regulators of
PIF4 to maximize its impact on hypocotyl elongation. ARFs
would also mediate the elevated transcriptional response to auxin
(71) (Fig. 4). The nuclear abundance of two of these regulators
(ARF7 and RGA) responded to the nitrate upshift.

During the green revolution, breeders introduced dwarfing
gain-of-function mutant alleles of DELLA genes into elite wheat
cultivars to reduce lodging (8). Here, we show that the DELLA
protein RGA increases its abundance in the hypocotyl in response
to nitrate upshifts. DELLASs negatively regulate PIF4 (47), required
for the growth response (Fig. 24). This means that the approach
used during the green revolution was basically an upgrade of a mech-
anism that already existed in nature. The use of DELLA has draw-
backs because it reduces nitrogen use efficiency (9-12). Since
SAURs work downstream of the PIF-DELLA module, they could
offer targets to seek for cultivars resistant to nitrogen-induced lodg-
ing but without reduced nitrogen-use efficiency.

Materials and Methods

Plant Material. We used with A. thaliana Col-0 as wild type and mutants and
transgenic lines in the same background, unless indicated otherwise (S/Appendix,
Table S1).

Growth Conditions. Seeds were sown on filter paper or nylon mesh in contact
with 25 mL of 0.8% agar in transparent plastic boxes (85 mm x 45 mm) or 200
ulLof 0.8% agar per well of 96-well microplates (Greiner Lumitrac 600, luminom-
eter experiments). The agar contained 0.5 or 5.0 mM KNO, (as indicated). Then,
the seeds were stratified at 5 °C in darkness for 2 to 5 d and placed in a growth
chamber at 22 °C and a white light photoperiod of 10 h provided by an array of
LED and halogen lamps.The photosynthetically active radiation (400 to 700 nm)
was 120 pmol m™2s™", and the red/far-red ratio was 1.1.

Nitrogen Treatments. One hour after the beginning of day 4, all the seed-
lings (including the controls that did not change the features of their substrate)
were transferred on filter paper or nylon mesh from the initial medium to a new
medium (0.8% agar, pH 6.2) with the final concentration of KNO,, KCI, NH,Cl, or
glutamine indicated in each case.

Hypocotyl Growth Rate. To determine the growth rate of the hypocotyl,
after stratification, the boxes were turned to place with the agar vertically. The
seedlings were photographed from their side on a fixed support with a digital
camera (Nikon D5600 with the AF-S Micro-Nikkor 60 mm /2.8 G ED lens) at the
beginning of treatment and at the end of the photoperiod of that day (unless
otherwise indicated). The length of each hypocotyl was measured with Fiji (72)
ateach time point, and the difference was calculated and divided by the number
of hours between successive measurements to calculate the growth rate. In
cotyledon growth experiments, the agar remained at the horizontal position
throughout the experiments, and the seedlings were photographed from above.
In experiments involving different nitrate (or nitrogen) treatments applied only
to the wild type, each biological replicate is the pooled data of all the seedlings
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of the growth box. In experiments comparing the response to nitrate of different
genotypes, each seedling is a replicate because all the genotypes were in the
same growth box.

Gene Expression by Real-Time PCR. At least three biological samples of
approximately 100 seedlings were harvested from each treatment between
2 and 6 h from the beginning of the nitrate treatment and frozen in liquid
nitrogen; the total RNA was extracted with the Spectrum Plant Total RNA Kit
(Sigma-Aldrich) and subjected to a DNase treatment with RQ1 RNase-Free
DNase (Promega). From this RNA, cDNA was synthesized using M-MLV (Promega)
and oligo-dT. The synthesized cDNAs were amplified with FastStart Universal
SYBRGreenMaster (Roche) using an ABI PRISM 7500 Real-Time PCR System
(Applied Biosystems). UBQ10 was used as housekeeping, and the expression
was calculated as 272297 (73).

RNA Sequencing. Seedlings of three biological replicates (different dates) of Col-0
and pif4-107 were harvested and fixed 3.5 h after the beginning of the nitrate upshift
in 90% cold acetone undervacuum. Fixed seedlings were dissected in ethanol 70%to
separate hypocotyls, which were recovered in ethanol 100%. The RNA was extracted
with the Spectrum Plant Total RNAKit (Sigma-Aldrich). The construction of libraries and
sequencing (100 bp, paired end) were performed by Beijing Genomics Institute China
using the BGIseq500 platform, obtaining approximately 50,000,000 reads in each
sample.The reads were aligned to the Arabidopsis genome (TAIR10) using HISAT2 (74)
and counts were calculated with Htseq (75). Pearson’s correlation coefficients between
replicate samples were >0.99 and were significantat P < 0.0001.

Confocal Microscopy. We followed the protocols previously established (63,
76). Briefly, an LSM 510 Meta (Zeiss) or LSM 710 (Zeiss) laser scanning confocal
microscope was used with an EC Plan-Neofluar 40x/1.3 lens. GFP and YFP marks
were excited by an argon laser (A = 488 nm) and emission detected from 505
to 530 nm. VENUS was excited by the argon laser (. = 514 nm) and emission
detected from 525 to 580. Chloroplasts were visualized by exciting the chlorophyll
with a He-Ne laser (A = 543 nm) and emission detected above 560 nm. The
images were analyzed with Fiji software (72). When required to keep the timing
of sampling, seedlings were fixed as described in S/ Appendix, Materials and
Methods, Fixation for Confocal Microscopy.

p-glucuronidase Activity. Transgenic seedlings bearing the p-glucuronidase
(GUS) reporter were fixed, stained, and photographed as described in S/ Appendix,
Materials and Methods, B-glucuronidase Activity. Each replicate corresponds to
the average of the seedlings of one growth box normalized to the average of all
the boxes of each experiment.

Luciferase Activity. Luciferase activity assays were conducted using a Centro Xs*
LB 960 Berthold microplate luminometer as described in S/ Appendix, Materials
and Methods, Luciferase Activity. Each seedling was randomly assigned to the
different wells of the microplate and used as replicate in statistics.

Protein Blots. Proteins were extracted, separated in SDS gels, transferred, and
revealed with primary and secondary antibodies as described in S/ Appendix,
Materials and Methods, Protein Blots. Immunoblot bands were quantified by
using ImageJ software and normalized band intensity against the corresponding
antiactinimmunoblot bands for each sample (see S/ Appendix, Fig. S6 for details
of quantification and normalization).

statistics. The criteria used for replication and normalization are indicated above
for each output variable. The specific tests applied in each instance are indicated
inthe legends of the figures and further described in S/ Appendix, Materials and
Methods, Statistics.

Data, Materials, and Software Availability. RNA sequencing data have been
deposited in National Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) (PRINA997577)(77).All study data are included in the article
and/or supporting information.
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