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SUMMARY

Alternative transcription start sites (TSS) are widespread in eukaryotes and can alter the 50 UTR length and

coding potential of transcripts. Here we show that inorganic phosphate (Pi) availability regulates the usage

of several alternative TSS in Arabidopsis (Arabidopsis thaliana). In comparison to phytohormone treatment,

Pi had a pronounced and specific effect on the usage of many alternative TSS. By combining short-read

RNA sequencing with long-read sequencing of full-length mRNAs, we identified a set of 45 genes showing

alternative TSS under Pi deficiency. Alternative TSS affected several processes, such as translation via the

exclusion of upstream open reading frames present in the 50 UTR of RETICULAN LIKE PROTEIN B1 mRNA,

and subcellular localization via removal of the plastid transit peptide coding region from the mRNAs of

HEME OXYGENASE 1 and SULFOQUINOVOSYLDIACYLGLYCEROL 2. Several alternative TSS also generated

shorter transcripts lacking the coding potential for important domains. For example, the EVOLUTIONARILY

CONSERVED C-TERMINAL REGION 4 (ECT4) locus, which encodes an N6-methyladenosine (m6A) reader,

strongly expressed under Pi deficiency a short noncoding transcript (named ALTECT4) ~550 nt long with a

TSS in the penultimate intron. The specific and robust induction of ALTECT4 production by Pi deficiency led

to the identification of a role for m6A readers in primary root growth in response to low phosphate that is

dependent on iron and is involved in modulating cell division in the root meristem. Our results identify

alternative TSS usage as an important process in the plant response to Pi deficiency.

Keywords: ECT4, noncoding RNA, phosphate deficiency, transcription start sites, upstream open reading

frame.

INTRODUCTION

Alternative transcription start site (TSS) usage is an impor-

tant regulatory mechanism altering mRNA and protein

diversity (de Klerk & ’t Hoen, 2015; Forrest et al., 2014; Kuri-

hara et al., 2018; Ushijima et al., 2017; Wang et al., 2019). In

humans, an average of four different TSS are expressed per

gene, many exhibiting tight tissue- or cell-type-specific reg-

ulation (de Klerk & ’t Hoen, 2015; Forrest et al., 2014).

Indeed, alternative transcription initiation and termination,

rather than alternative splicing, are the main drivers of tran-

script isoform diversity in humans (Reyes & Huber, 2018).

Alternative TSS usage is also common in plants, with a

recent study identifying more than 2000 genes in Arabidop-

sis (Arabidopsis thaliana) containing alternative TSS that

were more than 100 bp apart (Zhang et al., 2022). Alterna-

tive TSS can affect the presence of regulatory elements

found in the 50 UTRs of mRNAs, often fine-tuning transla-

tion. For instance, blue light induces downstream TSS

usage in two key light-inducible transcription factor genes,

HY5 and HYH, producing shorter transcripts with higher

translation efficiency, as they lack inhibitory upstream open

reading frames (uORFs) (Kurihara et al., 2018). In many

cases, alternative TSS usage produces shorter protein

sequences that display differential elements within their N-

termini, including transit peptides. Such isoforms play an

important role in light-dependent changes in the subcellular

localization of proteins, such as GLYCERATE KINASE

(GLYK) (Ushijima et al., 2017). GLYK functions as a photo-

respiration enzyme in chloroplasts; however, shade induces

the expression of an isoform that lacks the chloroplast sig-

nal peptide and is thus retained in the cytoplasm, a process

that plays an important role in plant adaptation to light
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fluctuations. Alternative TSS usage can also produce tran-

script isoforms that are significantly shorter than the anno-

tated reference isoforms (Forrest et al., 2014; Wang

et al., 2019), with many that are likely too short to encode

for functional proteins. However, the functions of noncod-

ing transcript isoforms originating from alternative TSS

usage are poorly characterized.

Phosphorus (P) is one of the most important elements

limiting plant growth, in large part because it is poorly

assimilated from the soil due to the presence of insoluble

complexes of P with calcium as well as oxides and hydrox-

ides of iron and aluminum (Roy et al., 2016). High crop

yield is thus often attained through the use of fertilizers

containing large amounts of soluble inorganic orthophos-

phate (Pi). Unfortunately, Pi obtained from the mining and

transformation of phosphate rock is a non-renewable

resource, with a major impact on the environment (Sattari

et al., 2016). Hence, there is an increasingly urgent need to

improve plant Pi acquisition and usage to enable the lower

use of fertilizers with minimum impacts on crop yield. Pi

deficiency leads to broad changes in gene expression and

associated metabolic and physiological adaptive changes

in plants to optimize Pi acquisition and use (Poirier

et al., 2022), including changes in root architecture (Guti�e-

rrez-Alan�ıs et al., 2018) and the secretion of organic acids

and enzymes in the root apoplast to optimize Pi acquisition

(Zhang et al., 2014). Consequently, Pi homeostasis is

tightly regulated by various molecular mechanisms, from

the transcriptional to post-translational levels (Guti�errez-

Alan�ıs et al., 2018; Ham et al., 2018; Jung et al., 2018).

Genome-wide transcriptomic analysis has revealed

numerous protein-coding genes, as well as long noncod-

ing RNAs and small regulatory RNAs, that are transcrip-

tionally regulated by Pi deficiency (Bazin et al., 2017; Hsieh

et al., 2010; Misson et al., 2005). Such studies have uncov-

ered numerous genes with key roles in the adaptation of

plants to Pi deficiency, such as genes involved in lipid

remodeling (Cruz-Ram�ırez et al., 2006), the small RNA

miR399 and its noncoding target mimic IPS1

(Franco-Zorrilla et al., 2007), as well as several cis- and

trans-natural antisense transcripts affecting mRNA transla-

tion (Deforges, Reis, Jacquet, Sheppard, et al., 2019;

Deforges, Reis, Jacquet, Vuarambon, et al., 2019; Reis

et al., 2020). Analysis of transcriptomic data also revealed

an important role for alternative splicing in the adaptation

of plants to Pi deficiency (Dong et al., 2018; Li et al., 2013;

Tian et al., 2021), including the alternative splicing of REG-

ULATOR OF LEAF INCLINATION (RLI1) in the control of leaf

growth in rice (Oryza sativa) (Guo et al., 2022). Whereas

identifying alternative TSS has the potential to uncover

genes involved in the adaptation of plants to the environ-

ment (Kurihara et al., 2018; Ushijima et al., 2017), the con-

tribution of alternative TSS to the response of plants to Pi

deficiency is unknown.

Here, we studied the alternative TSS usage landscape

induced by Pi deficiency in Arabidopsis. We identified sev-

eral Pi-specific alternative transcripts, including shorter

transcripts lacking uORFs and other putative inhibitory ele-

ments, as well as transit peptide sequences. Several of the

proteins encoded by the identified shorter transcripts

lacked (either partially or fully) their functional domain(s).

Among these, the N6-methyladenosine (m6A) reader gene

EVOLUTIONARILY CONSERVED C-TERMINUS 4 (ECT4)

expressed a short isoform (ALTECT4) specifically in

response to Pi starvation. The ALTECT4 transcript is likely

non-coding, with no conserved coding sequence and lack-

ing a functional domain. A higher-order null mutant for the

major m6A readers in Arabidopsis (i.e., the ect2 ect3 ect4

triple mutant) was affected in primary root growth under Pi

deficiency, a process that involves the modulation of meri-

stematic zone size based on the presence of iron, thus

revealing an important role for the m6A RNA modification

pathway in root development and Pi homeostasis.

RESULTS AND DISCUSSION

Phosphate deficiency regulates alternative TSS usage

To identify transcripts with alternative TSS induced specifi-

cally by Pi deficiency, we performed JunctionSeq (Hartley

& Mullikin, 2016) of our previously published short-read

RNA sequencing dataset (Deforges, Reis, Jacquet, Shep-

pard, et al., 2019) from Arabidopsis grown in liquid culture

in the presence of a high (1 mM) or low (100 lM) Pi concen-
tration, as well as roots and shoots from seedlings grown

on agar-solidified medium supplemented with different

phytohormones, including auxin (indole acetic acid [IAA]),

abscisic acid (ABA), methyl-jasmonate (MeJA), or the eth-

ylene precursor 1-aminocyclopropane-1-carboxylic acid

(Figure 1A). We used JunctionSeq to identify the differen-

tial usage of exonic regions only; splice junctions were not

considered, and intron retention was not calculated. Con-

sequently, only alternative TSS transcripts encompassing

at least one exon in the corresponding reference gene

locus were analyzed. This approach identified 294 genes

with differential exonic regions associated with Pi defi-

ciency, 259 (88%) of which were specific to the Pi treatment

dataset (Figure 1B; Data S1). We also identified 324 genes

with differential exonic expression specific to either roots

or shoots under standard growth conditions, suggesting

that organ identity might involve differential TSS usage.

Next, we used the same RNA samples obtained from

Arabidopsis grown in high- and low-Pi media (Deforges,

Reis, Jacquet, Sheppard, et al., 2019) to analyze full-length,

capped, polyadenylated RNA using TeloPrime cDNA syn-

thesis (Cartolano et al., 2016) followed by PacBio long-read

sequencing (Figure 1A). Whereas this approach has the

advantage of analyzing full-length transcripts and is not

constrained by genomic features (e.g., exonic regions), it is
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limited by its lower coverage depth. Therefore, in the first

analysis, we used low threshold criteria to identify poten-

tial alternative TSS, defined as transcripts displaying differ-

ent 50 ends within either the 50 UTR (chi-squared test; P

value <0.05) or the coding region (chi-squared test; P value

<0.1) compared to the longest annotated full-length tran-

script. From this low-threshold analysis, 739 unique genes

were associated with at least one instance of differential

TSS usage between high- and low-Pi samples. We then

leveraged both approaches to identify higher-confidence,

Pi-specific genes that are associated with differential TSS

usage, resulting in a set of 45 genes identified by both

JunctionSeq and PacBio analyses (Figure 1C; Data S1). Evi-

dence of transcription from alternative TSSs similar to

most of these 45 genes has been reported in large-scale

TSS analysis (Nielsen et al., 2019); however, few of them

have been identified in condition-specific studies, such as

cold (Kindgren et al., 2018) and light response (Kurihara

et al., 2018; Ushijima et al., 2017) (Figure S1).

To gain insights into the possible roles of the identi-

fied genes associated with differential TSS usage specific

to Pi starvation, we first performed a gene ontology (GO)

enrichment analysis using the 259 Pi-specific JunctionSeq

genes (Figure 1B). The most highly enriched GO terms

were associated with energetic and metabolic processes,

while RNA recognition motif domain was the most abun-

dant term (Figure 1D). We then performed GO enrichment

analysis using the 45 genes identified by both JunctionSeq

and PacBio analyses. Terms associated with energetic

processes showed the highest enrichment scores, while

chloroplast and transmembrane were the most abundant

terms (Figure 1D, inset). Altogether, our analyses revealed

45 high-confidence, Pi-starvation-specific genes associated

with alternative TSS usage that are potentially involved in

processes such as energy balance and processes occurring

in the chloroplast.

Presence of uORF regulated by differential usage of

alternative TSS

The presence of a uORF is a common feature of the 50

UTRs of mRNAs in Arabidopsis; uORFs often function as

translation inhibitors of the related main ORF (mORF)

(Ebina et al., 2015; Kurihara et al., 2018). Here, we observed

that genes associated with alternative TSS usage were

enriched for the presence of uORFs in our datasets

(Data S1). Approximately 70% of genes in the Pi-specific

JunctionSeq (186/259) and PacBio (343/495; differential

uORF analysis) datasets contained at least one uORF in

their 50 UTRs, whereas ~75% (24/31) contained at least one

uORF among the subset of Pi-specific genes identified in

both analyses. The latter dataset corresponds to a subset

of the 45 high-confidence Pi starvation-specific genes

(described above) in which only genes displaying differen-

tial TSS usage within their 50 UTR were considered. uORFs

that are translated are more likely to have inhibitory effect

on translation of the main ORF and a recent work reported

Figure 1. Pi deficiency regulates genome-wide alternative transcription start site (TSS).

(A) Experimental design for alternative TSS identification. Total RNA was extracted from the roots and shoots of phytohormone-treated 10-day-old seedlings

grown on solid Murashige and Skoog (MS) medium and 7-day-old seedlings grown in Pi-deficient (100 lM versus the standard 1 mM Pi) liquid MS medium.

RNA-Seq data were produced for all samples and analyzed using JunctionSeq. PacBio long-read data were produced from full-length cDNA samples (TeloPrime)

of Pi-sufficient and Pi-deficient plants.

(B) Venn diagram showing the number of significant differentially expressed genes (P < 0.01) in the JunctionSeq data.

(C) Venn diagram showing the number of significant differentially expressed genes in the Pi-specific JunctionSeq (P < 0.01) and PacBio (P < 0.05 for 50 UTRs

and P < 0.1 for coding regions) data.

(D) Gene ontology (GO) analysis of the Pi-specific JunctionSeq dataset. GO analysis of Pi-specific genes in the overlap between JunctionSeq and PacBio data is

shown in the inset.
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high-depth analysis of uORF translation (Wu et al., 2024).

Using this published dataset, we compared the presence

of translated uORF in genes identified in our selected data-

sets with that of translated uORF in randomly selected Ara-

bidopsis gene lists of corresponding size (Data S1) present

in the Wu et al. (2024) dataset and in our transcriptome.

The number of translated uORFs in our JunctionSeq_Pi

(49/259), PacBio (51/495) and overlapping (10/31) datasets

is significantly higher (Fisher’s exact test; average P-value

from 1000 iterations) than that in random gene lists, indi-

cating that genes with differential TSS usage in Pi starva-

tion are enriched for the presence of translated uORFs

(Figure 2A).

Translation inhibition of the mORF by an uORF in the 50

UTR has been observed for several transcripts (Ebina

et al., 2015; Kurihara et al., 2018; Srivastava et al., 2018),

with potential effects on plant development and adaptation.

For example, translational inhibition of PHOSPHATE1

(PHO1) by a uORF regulates rosette growth under low phos-

phate levels (Reis et al., 2020). Here, among the genes har-

boring uORFs identified by both JunctionSeq and PacBio

analysis, we observed that Pi deficiency induced the expres-

sion of a longer RETICULAN-LIKE PROTEIN B1 (RTNLB1;

AT4G23630) transcript harboring nine uORFs (ranging from

21 to ~144 nucleotides long) within its 50 UTR. Strikingly, all

nine uORFs were absent from the shorter, alternative

RTNLB1 (ALTRTNLB1) transcript (Figure 2B; Figure S2a;

Table S1). In this analysis, we used as our reference tran-

script the RTNLB1 transcript annotated in Araport11 (Cheng

et al., 2017), which is the longer mRNA harboring nine

uORFs that was not detected under our control conditions.

Arabidopsis contains 21 RTNLB genes (Nziengui et al., 2007)

encoding proteins that help confer curvature to the endo-

plasmic reticulum (ER) and are required for regulating the

transport of newly synthesized FLAGELLIN SENSITIVE2

(FLS2) from the ER to the plasma membrane (RTNLB1 and

RTNLB2) (Lee et al., 2011) and the formation of primary

plasmodesmata (RTNLB3 and RTNLB6) (Knox et al., 2015).

To investigate the possible regulatory role of uORFs in

RTNLB1 mRNA, the RTNLB1 short (i.e., ALTRTNLB1) 5
0 UTR,

the long (i.e., RTNLB1) 50 UTR as well as a mutated version

of the long 50 UTR (RTNLB1 ΔuORF ) where all nine ATG

codons of the uORFs were mutated to ATT (Table S1),

were independently fused to the Nano Luciferase gene and

the luminescence levels of the various constructs were

compared in transfected protoplasts. The fusion of the

Nano Luciferase gene to the ALTRTNLB1 and the RTNLB1

ΔuORF 50 UTRs resulted in similar luminescence level

which was sixfold higher compared to fusion to the

RTNLB1 50 UTR (Figure 2C), indicating that the long

RTNLB1 50 UTR (expressed only under low-Pi conditions)

harbors uORFs inhibiting the translation of RTNLB1. These

Figure 2. Presence of upstream open reading frame (uORF) in Pi-modulated alternative transcription start site (TSS) isoforms.

(A) Distribution of randomly selected Arabidopsis genes present in the transcriptome and harboring translated uORFs, as reported by Wu et al. (2024), is plotted

and compared to the frequency of translated uORFs in genes found in the JunctionSeq_Pi and PacBio datasets, as well as in their overlap. Randomly selected

gene lists of corresponding size to each dataset were drawn 1000 times for comparison and the P-value was calculated as the average P-value (Fisher’s exact

test, P < 0.05) of all comparisons.

(B) RNA-Seq and PacBio reads for RTNLB1 (AT4G23630) locus in Pi-deficient plants. ALTRTNLB1 sequence is depicted using RTNLB1’s annotation for its coding

sequence (thickest line; bottom panel). Exons are depicted as larger filled boxes, 50 and 30 UTRs as thinner filled boxes and introns as lines in the bottom panel,

with the direction of transcript indicated by arrowheads.

(C) Effects of variant 50 UTRs present in RTNLB1 transcripts on the synthesis of Nano Luciferase in transiently transformed Arabidopsis protoplasts. Comparison

is made between constructs harboring the long RTNLB1 50 UTR, the short 50 UTR associated with the alternative transcript ALTRTNLB1, and a mutated version of

the RTNLB1 50 UTR with all nine uORF’s ATG codons mutated to ATT (RTNLB1 ΔuORF). Normalized luminescence (nLUC:Fluc ratio) is the nano luciferase (nLuc)

luminescence normalized to the firefly luciferase (Fluc) luminescence expressed from the same plasmid (n = 8 biological replicates; one-way ANOVA,

****P < 0.0001).
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data indicate that the low-Pi-induced expression of the

long RTNLB1 transcript containing nine uORFs in its 50

UTR likely down-regulates RTNLB1 protein levels. Phos-

phate deficiency induces ER-stress-dependent autophagy

(Naumann et al., 2019). Since reticulon proteins are

involved in ER autophagy in maize (Zea mays) endosperm

(Zhang et al., 2020), it would be interesting to examine the

potential contribution of RTNLB1 to Pi-deficiency-induced

ER autophagy. Altogether, our results indicate that uORFs

are enriched in genes with differential TSS usage under Pi

starvation and that the modulation of uORF presence plays

a role in regulating the plant response to Pi starvation.

Differential usage of alternative TSS leads to the depletion

of transit peptides

Signal and transit peptides are short, typically N-terminal

amino acid sequences that target proteins through the

secretory pathway or to various organelles, respectively, in

eukaryotes (Teufel et al., 2022). Shorter transcripts encoding

proteins with disrupted signal or transit peptide sequences

might thus display altered subcellular localizations. We pre-

dicted signal or transit peptide sequences for 18 of the 45

high-confidence, Pi-specific proteins associated with differ-

ential TSS usage, including HEME OXYGENASE 1 (HY1;

AT2G26670) and SULFOQUINOVOSYLDIACYLGLYCEROL 2

(SQD2; AT5G01220; Figure 3A,B; Data S1).

HY1 (also named HO1) is a plastidial enzyme that cata-

lyzes the oxygenation of heme to biliverdin Ixa, the precur-

sor of the phytochrome chromophore (Davis et al., 1999).

The oxygenation reaction also generates carbon monoxide

and free iron. Analysis of HY1 transcripts by PacBio revealed

the presence of alternative TSS that would lead to the pro-

duction of a truncated protein without the transit peptide.

Whereas under Pi-sufficient conditions, 86% (24 out of 28) of

HY1 transcripts encoded a functional transit peptide, only

22% of HY1 transcripts (16 out of 72) under Pi-deficient con-

dition encoded a full-length protein with a transit peptide

(Figure 3A). These results indicate that the majority of HY1

protein synthesized under Pi-deficient conditions would

likely remain in the cytosol. The Arabidopsis genome

encodes three other HY1 homologous proteins (HO2-HO4),

which all contain a plastidial transit peptide at the

N-terminus (Emborg et al., 2006). Beyond phytochrome bio-

synthesis, HY1 functions in plant responses to stress condi-

tions that generate reactive oxygen species (ROS), such as

treatment with high salt, cadmium, or boron, as well as UV

and drought (Shekhawat & Verma, 2010). Notably, the cata-

lytic products biliverdin IX and carbon monoxide themselves

function in antioxidant defense mediated by HY1 (Mahawar

& Shekhawat, 2018). It would be interesting to examine

whether a cytosolic variant of HY1 functions in plant defense

against ROS generated during Pi deficiency stress.

The Arabidopsis genome contains a single SQD2 gene

encoding a plastidial enzyme involved in the synthesis of

sulfolipids (Yu et al., 2002). SQD2 expression is known to

robustly increase under Pi deficiency, a stress that results in

the replacement of phospholipids with sulfo- and galactoli-

pids (Essigmann et al., 1998). In agreement, PacBio data

showed a nearly 18-fold increase in SQD2 transcripts under

Pi deficiency (Figure 3B). Interestingly, PacBio data also

showed that several alternative TSSwere used in SQD2 tran-

scription under both Pi-sufficient and Pi-deficient conditions,

with shorter transcripts resulting in proteins with truncated

or deleted plastidial transit peptides (Figure 3B). Under Pi-

deficient condition, while the longer SQD2 transcripts

encoding a protein that included the N-terminal plastidial

transit peptide increased fivefold (from 10 to 50 transcripts)

relative to the Pi-sufficient condition, the truncated SQD2

transcripts increased by approximately 29-fold (from 11 to

323 transcripts) under the same condition. Thus, while Pi

deficiency results in an increase in transcripts encoding plas-

tidial SQD2, the increase in transcript encoding a potentially

cytosolic variant of SQD2 is even stronger. The rice genome

contains three SQD2 genes, with SQD2.1 encoding a plastid-

ial protein and both SQD2.2 and SQD2.3 encoding cytosolic

variants (Zhan et al., 2019). Notably, SQD2.1 has dual activi-

ties, as it catalyzes not only sulfoquinovosyldiacylglycerol

biosynthesis but also flavonoid glycosylation, particularly

the synthesis of apigenin-7-O-glucoside (A7G), whereas

cytosolic SQD2.2 is only involved in A7G synthesis (Zhan

et al., 2017, 2019). A7G accumulation in both plastids and the

cytosol participates in ROS scavenging under various stres-

ses, such as salinity and drought stress (Zhan et al., 2019).

The observed stronger increase in synthesis of the shorter

SQD2 transcripts encoding a protein devoid of functional

transit peptide in Arabidopsis grown under Pi-deficient con-

ditions could thus represent a mechanism to increase the

synthesis of cytosolic A7G under such nutrient stress, which

is also known to be associated with increased ROS produc-

tion (Tarkowski et al., 2023).

A study of phytochrome-mediated alternative promoter

selection using the phyA phyB mutant and red-light treat-

ment identified 2104 genes associated with alternative TSS,

397 (19%) of which were predicted to encode proteins with

different subcellular localizations (Ushijima et al., 2017).

Notably, HY1 and SQD2 were not among these 397 genes.

By contrast, 18 out of 45 high-confidence genes (40%) associ-

ated with alternative TSS in plants under Pi starvation

showed altered signal or transit peptide production. Alto-

gether, these results suggest that alternative TSS selection is

a common strategy to alter the subcellular localization of

proteins in response to environmental cues.

Differential usage of alternative TSS may lead to

noncoding RNA expression

Although alternative TSS usage plays important roles in reg-

ulating gene expression and protein localization, much less

is known about its role in generating noncoding RNAs. We

� 2024 The Author(s).
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could predict protein domains for 36 out of 259 genes identi-

fied in Pi-specific JunctionSeq analysis using InterProScan5

(Jones et al., 2014), including 10 genes corroborated by Pac-

Bio analysis (Data S1). We observed that 16 genes with

shorter mRNA isoforms in Pi-specific JunctionSeq dataset

(six also in PacBio dataset) either fully or partially lacked

sequences encoding for at least one functional domain(s),

while 22 genes (five also in PacBio dataset) had at least one

complete domain sequence (Figure 4A). Shorter isoforms of

some transcripts lacked any complete domain (Figure 4B),

including EVOLUTIONARILY CONSERVED C-TERMINAL

REGION 4 (ECT4; AT1G55500), HARMLESS TO OZONE

LAYER 2 (HOL2; AT2G43920), CYCLIN-DEPENDANT KINASE

GROUP C2 (CDKC2; AT5G64960), and AT3G33530

(Figure 4C–E; Figure S2b,c). The shorter transcript isoform

of HOL2 that we identified has been annotated in Araport11

(Cheng et al., 2017) and encodes a protein with a truncated

functional domain (S-adenosyl-L-methionine-dependent

methyltransferase), thus potentially producing a protein with

different properties from the longer HOL2 transcript. On the

other hand, the shorter isoform of CDKC2, which has not

been annotated in Araport11, does not encode a protein

with a kinase domain. The shorter isoform of ECT4

(ALTECT4), also not annotated in Araport11, does not contain

any ORF in frame with the reference sequence for ECT4,

suggesting that it is a bona fide noncoding RNA. Similar dis-

ruption or exclusion of functional domains via differential

TSS usage was recently described during

pathogen-associated molecular pattern-triggered immunity

(Thieffry et al., 2022). The existence of short isoforms lacking

functional domains is intriguing because it suggests the

possibility of transcript repurposing (from coding to noncod-

ing) via alternative TSS usage.

Pi deficiency induces strong and specific expression of an

alternative promoter associated with an m6A reader

Next, we investigated alternative TSS usage at the ECT4

locus in detail. ECT4 encodes a protein containing a highly

Figure 3. Pi-modulated alternative transcription start site (TSS) isoforms lack transit peptide sequences.

(A, B) Upper panels, amino acid positions of the plastid transit peptide (cTP, pink bars), predicted domains (black bars), alternative-isoform-encoded protein

(brown bars), and reference protein (blue bars) for HY1 (A) and SQD2 (B). Alternative-isoform-encoded amino acid sequence was defined as the longest open

reading frame ending at the reference transcript’s STOP codon, i.e., exhibiting the same (complete or partial) amino acid sequence as that found in the reference

protein. Lower panels, RNA-Seq and PacBio reads for the HY1 (A) and SQD2 (B) loci in plants under Pi-sufficient and Pi-deficient conditions, with the region

encoding the transit peptide highlighted in yellow-green (UTRs are not depicted in the gene model diagram).
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conserved YT521-B homology (YTH) domain (InterPro

IPR007275) involved in binding N6-methyladenosine (m6A)

in mRNAs. m6A, the most abundant internal modification

of mRNAs in eukaryotes, affects numerous aspects of

mRNA metabolism, including secondary structure, stabil-

ity, and translation (Prall et al., 2023). m6A modification is

reversible and requires the actions of m6A methyltrans-

ferases, demethylases, and readers to deposit, remove,

and interpret, respectively, m6A on mRNAs. The modifica-

tion of mRNAs by m6A affects numerous aspects of plant

development and responses to various stresses

(Arribas-Hern�andez et al., 2018; Shao et al., 2021). The Ara-

bidopsis genome contains 13 genes encoding proteins

with an YTH domain that are collectively referred to as

“m6A readers”: ECT (ECT1-11), CPS30L, and YTH11 (Li

et al., 2014). In Arabidopsis, ECT2, ECT3, and ECT4 play

largely redundant roles in leaf growth and organogenesis

(Arribas-Hern�andez et al., 2018, 2020), as well as in ABA

responses during seed germination and post-germination

growth (Song et al., 2023). At the molecular level, this

Figure 4. Alternative transcription start site (TSS) isoforms generate transcripts lacking functional domains.

(A, B) Presence of predicted domains for proteins encoded in Pi-specific JunctionSeq dataset, i.e., total of 36 genes with one or more predicted domain, where

10 are corroborated by the PacBio analysis (Data S1). Entire domain is present (“present”), domain portion is present (“partial”), or domain is completely absent

(“absent”). (B) Same as (A), but only genes with only partial or absent domain were plotted.

(C–E) Amino acid positions of the predicted domain (black bar), alternative-isoform-encoded protein (brown bar), and reference protein (blue bar). Alternative-

isoform-encoded amino acid sequence was defined as the longest open reading frame ending at the reference transcript’s STOP codon, i.e., exhibiting the same

(complete or partial) amino acid sequence as that found in the reference protein. RNA-Seq and PacBio reads for the CDKC2 (AT5G64960) locus in Pi-sufficient

and Pi-deficient plants [(C) bottom panel]. Exons are depicted as larger filled boxes, 50 and 30 UTRs as thinner filled boxes, and introns as lines in the bottom

panel, with the direction of transcription indicated by arrows.
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redundancy is reflected by the ability of ECT2, ECT3, and

ECT4 to bind to and stabilize overlapping sets of m6A-

modified mRNAs (Arribas-Hern�andez et al., 2021; Song

et al., 2023).

Under Pi deficiency, the ECT4 locus transcribes an

alternative transcript, ALTECT4, which is initiated within the

seventh intron of ECT4, producing a 2-exon transcript of

~550 nucleotides comprising ECT4 exons 8 and 9 and thus

lacking the YTH domain (Figure 5A). We identified five

short ORFs within the ALTECT4 transcript, but none were in

frame with the full-length ECT4 CDS, suggesting that

ALTECT4 either is a noncoding RNA or encodes an ECT4-

unrelated peptide(s) that is not conserved in other plants

(Table S2). ALTECT4 expression was strongly and specifi-

cally induced by phosphate deficiency (Data S1;

Figure S2c). In addition to being unaffected by hormone

treatment (Figure S2c), ALTECT4 expression was also unaf-

fected by nitrogen deficiency (Figure S3). Reverse

transcription–quantitative PCR (RT–qPCR) showed that Pi

starvation enhanced ALTECT4 expression in roots and

shoots and that its expression increased at 7 days post-

germination, reaching its highest levels in roots after 10–
12 days of treatment (Figure 5B). Consistent with our RNA

sequencing data, full-length ECT4 expression was only

slightly induced by Pi deficiency (Figure 5B).

To further study the expression of ALTECT4, we trans-

formed plants with a construct lacking the ECT4 upstream

sequences (i.e., without its promoter and 50 UTR) and

including only the ECT4 genomic coding sequence (with

the START codon) fused in frame (STOP codon removed)

with GFP. GFP expression was induced in these transgenic

plants under Pi-deficient conditions, while a control line

expressing GFP from the CaMV35S promoter maintained

strong GFP expression under both Pi-sufficient and Pi-

deficient conditions. Together, these data show that the

transcription of GFP was independent of the ECT4 pro-

moter and was driven by promoter elements within the

genomic coding region of ECT4 that is responding to Pi-

deficiency (hereafter referred to as the ALTECT4 promoter;

Figure 5C). Analysis of the GFP mRNA by 50 RACE identi-

fied TSS near the 30 end of exon 7 and within intron 7 of

ECT4, generating 50 UTRs of ~320 bp before the start

of GFP translation (Table S3).

We then investigated the tissue-specific ECT4 and

ALTECT4 gene expression using promoter-GUS fusions

(Figure 5D). The GUS expression pattern driven by the ECT4

promoter was similar in plants grown under Pi-sufficient

and Pi-deficient conditions, with broad expression in shoots

and strong expression in the root vascular system and the

stele region of the root meristem and columella root cap

(Figure S4). By contrast, GUS expression driven by the

ALTECT4 promoter in plants grown under Pi-sufficient condi-

tions was weak at the tip and base of the leaf and cotyledon

and undetectable in roots. Under Pi deficiency, ALTECT4-

promoter-driven GUS expression was strong throughout

the leaf, especially the leaf vasculature, as well as in the vas-

culature of primary and lateral roots (Figure 5D). Notably, in

Pi-deficient plants, GUS expression driven by the ECT4 and

ALTECT4 promoters clearly overlapped in leaves and roots.

These results demonstrate that ALTECT4 expression is inde-

pendent of the ECT4 promoter region and that ALTECT4 pro-

moter is strongly and specifically induced by Pi starvation in

tissues where ECT4 is expressed.

m6A readers modulate primary root growth under

phosphate deficiency

The Pi-specific expression of ALTECT4 led us to investigate

a potential role for ECT4 and other closely related m6A

readers in Pi homeostasis. We analyzed null mutants of

ECT2, ECT3, and ECT4, which represent the main clade

of m6A readers in Arabidopsis and exhibit genetic redun-

dancy (Arribas-Hern�andez et al., 2018, 2020; Song

et al., 2023). One of the best-described developmental

responses of roots to Pi deficiency is the reduction in pri-

mary root growth due to reduced root meristem cell divi-

sion and/or cell elongation (Abel, 2017; P�eret et al., 2011).

The ect4 single and ect2 ect3 double mutants showed

wild-type primary root growth under both high- and low-Pi

conditions (Figure 6A–C). Although primary root elonga-

tion in the ect2 ect3 ect4 (te234) triple mutant was only

mildly affected under high-Pi conditions, as previously

reported (Arribas-Hern�andez et al., 2020), root growth in

the triple mutant was more strongly inhibited upon Pi defi-

ciency (Figure 6A–D). Importantly, the expression of a

ECT4-Venus fusion gene construct driven by the ECT4

native promoter rescued the te234 mutant phenotype

under low-Pi conditions (Figure 6A–C). Analysis of the

expression of genes strongly regulated by Pi deficiency in

roots, including the noncoding RNA IPS1, the galactolipid

biosynthetic gene MGD3, and the phosphate transporter

gene PHT1;4, showed similar expression levels in wild-

type, te234, and ECT4-Venus complemented plants

(Figure S5). These results suggest that m6A readers play a

role in primary root elongation under Pi deficiency without

generally perturbing the Pi signaling pathways.

To investigate how Pi starvation inhibits primary root

elongation in the te234 triple mutant, we measured meri-

stem size and cell length in the root differentiation zones

of plants under high- and low-Pi conditions. Under high-Pi

conditions, meristem size and cell length were similar

between te234 and the wild type (Figure 6E,F). In low Pi,

however, te234 had shorter meristems than the wild type,

which was reverted in the triple mutant complemented

with ECT4-Venus (Figure 6E). However, cell size in the dif-

ferentiation zone was unchanged in te234 compared to the

wild type under these conditions (Figure 6F).

Several studies have shown that the reduction in pri-

mary root growth under Pi-deficient conditions is

� 2024 The Author(s).
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Figure 5. Pi deficiency induces alternative promoter selection associated with ECT4.

(A) Illumina RNA-Seq reads density graph (upper panel) and PacBio reads for full-length mRNAs (lower panel) are shown for plants grown on Pi-deficient and

Pi-sufficient media. The ALTECT4 sequence is depicted using the annotation for ECT4’s coding sequence (thickest line; bottom panel). Exons are depicted as

larger filled boxes, 50 and 30 UTRs as thinner filled boxes, and introns as lines, with the direction of transcription indicated by arrows.

(B) Time course of ECT4 and ALTECT4 expression in plants grown on Pi-sufficient and Pi-deficient media. Reverse transcription–quantitative PCR (RT–qPCR) using
oligo pairs [see (A), bottom panel for the positions of the oligos] specific to ECT4 (top panel) or both ECT4 and ALTECT4 (bottom panel); RT–qPCR experiments

were repeated at least three times.

(C) GFP expression driven by the ALTECT4 promoter. The ALTECT4 promoter includes ~2.7 kb of the ECT4 coding sequence (ECT4GenCDS) from the start codon

(ATG) to the penultimate codon fused in frame to GFP and expressed as a transgene in a stably transformed line (L1). Free GFP control extracted from trans-

genic plants expressing GFP under the CaMV 35S promoter as well as extracts from untransformed Col-0 were used. Protein extracts were made from 7-day-old

plants grown under Pi-sufficient (+) and Pi-deficient (�) media.

(D) Promoter-GUS staining profile using the 880 bp ECT4 promoter region (ECT4pro) or the ALTECT4 promoter (ECT4GenCDS) in tissues of plants grown on Pi-

sufficient and Pi-deficient media. For all main panels: shoot (left), primary root (upper right), and lateral root(s) (lower right) are shown. Scale bars represent

either 1 mm (green) or 250 lm (blue).
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dependent on the presence of iron (Fe) in the growth

medium (Balzergue et al., 2017; Mora-Mac�ıas et al., 2017;

M€uller et al., 2015). Indeed, we determined that the

enhanced reduction in primary root growth observed in

the te234 mutant versus the wild type was dependent on

Fe in the medium (Figure 7A–C). We visualized Fe localiza-

tion and accumulation in roots using Perls-DAB staining

(Figure 7D; Figure S6). Under both high- and low-Pi condi-

tions, the te234 mutant accumulated more Fe in the meri-

stematic and elongation zone of the root compared to both

wild-type and complemented plants. The strongest Fe

accumulation occurred in the root differentiation zone of

the te234 mutant under low-Pi conditions compared to

both wild-type and complemented plants. Together, these

results indicate that m6A readers play a role in modulating

primary root meristematic activity in response to low Pi in

an Fe-dependent manner.

CONCLUDING REMARKS

Transcript isoform diversity can arise from alternative TSS

usage, splicing, or transcript termination. Alternative

TSS usage is an important mechanism that can modulate

post-transcriptional regulation and protein localization and

function (de Klerk & ’t Hoen, 2015; Forrest et al., 2014; Kuri-

hara et al., 2018; Thieffry et al., 2022; Ushijima et al., 2017;

Wang et al., 2019). However, much less is known about its

role in generating noncoding transcripts. Our study

revealed that alternative TSS usage is specifically regu-

lated by Pi starvation at many gene loci, some of which

(e.g., RTNLB1, HY1, and SQD2) might encode proteins

Figure 6. ECT m6A readers are involved in primary root development in response to Pi deficiency.

(A–D) Primary root length of plants grown on Murashige and Skoog (MS) plates for 10 days. Representative plants of each genotype (A) and primary root length

[(B, C); one-way ANOVA; n > 30 biological replicates] are shown. Primary root length ratios of the ect2 ect3 ect4 triple mutant versus the wild type under control

(1 mM Pi) and Pi deficiency (10 lM Pi) conditions (t-test, n > 30 biological replicates) are shown in (D).

(E, F) Size of the cell division zone in the meristem, defined in (E) by the yellow and red arrows, and cell length in the differentiation zone (F). Statistical analysis

(E, F) was performed by two-way ANOVA followed by a Tukey’s test; significant differences compared to Col-0 under each growth condition are indicated by low-

ercase letters on the graphs. Scale bar: 1 mm (A) and 50 lm (E, F).
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involved in mechanisms that help plants adapt to Pi defi-

ciency, such as ER autophagy and protection from ROS.

We further demonstrated that Pi deficiency regulates the

production of novel noncoding RNAs via the use of alter-

native TSS, as shown for the ALTECT4 transcript at the

ECT4 locus. Although the function of this noncoding

ALTECT4 transcript remains unknown, its discovery led us

to identify a role for the m6A pathway in regulating pri-

mary root growth upon Pi starvation. Our work unveiled

various genes and molecular processes regulated by

Figure 7. The ect2 ect3 ect4 (te234) triple mutant shows reduced primary root growth under Pi deficiency.

(A–C) Primary root length of plants grown on MS plates for 10 days. Representative plants of each genotype (A) and primary root length [(B); one-way ANOVA;

n > 30 biological replicates] are shown. Primary root length ratios of the ect2 ect3 ect4 triple mutant versus the wild type under control conditions (t-test, n > 30

biological replicates) are shown in (C). High phosphate (1 mM Pi; +Pi), Pi deficiency (10 lM Pi; �Pi), Fe deficiency (medium lacking Fe; �Fe), and a combination

of conditions. For B and C, different letters indicate significant differences (P < 0.05).

(D) Fe accumulation and distribution in the roots of mutants grown under high- and low-Pi conditions. Plants were grown for 7 days on plates containing 1 mM

or 10 lM Pi and subjected to Perls-DAB staining for Fe visualization. Scale bars in (A, D) represent 1 cm and 1 mm, respectively.
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alternative TSS usage under Pi deficiency that are still

poorly understood. However, their study will likely yield

important new insights into the contribution of this mecha-

nism to the adaptation of plants to Pi deficiency.

METHODS

Plant material and constructs

All Arabidopsis plants used in this study, including mutants and
transgenic plants, were in the Columbia (Col-0) background. T-
DNA insertion lines ect4-2 (ect4), ect2-1/ect3-1 (ect2ect3) and ect2-
1/ect3-1/ect4-2 (ect2ect3ect4), as well as transgenic lines
ect4/ECT4p::ECT4-Venus and ect2ect3ect4/ECT4p::ECT4-Venus,
were gifts from Peter Brodersen and were previously described
(Arribas-Hern�andez et al., 2018). The ECT4 promoter region [880
upstream of the ECT4 TSS (Arribas-Hern�andez et al., 2018)], ECT4,
and ALTECT4 sequences were amplified from genomic DNA and
cloned into an ENTR vector (list of oligonucleotides in Table S4).
Binary constructs ECT4pro::GUS and ALTECT4pro::GUS were pro-
duced by LR cloning using pMDC163 (Curtis & Grossniklaus, 2003),
and ALTECT4pro::GFP was produced by LR cloning using pMDC107
(Curtis & Grossniklaus, 2003). The promoter region of ALTECT4

(i.e., ALTECT4pro; 2667 nucleotides long) was cloned as the geno-
mic sequence of ECT4 from its START codon up to the last codon
before the STOP codon (not included).

Plant growth conditions and treatments

Plants were grown on half-strength Murashige and Skoog (MS)
salts (Duchefa, Haarlem, Netherlands; M0255) containing 1% (w/v)
sucrose and 0.7% (w/v) agar and cultivated at 22°C under continu-
ous light. For experiments with variable Pi concentrations in agar,
MS salts without Pi (Caisson Labs; MSP11) were supplemented
with Pi buffer (pH 5.7, 93.5% w/v KH2PO4 and 6.5% w/v K2HPO4) to
reach a final concentration of 1 mM or 10 lM. For nitrogen starva-
tion, MS salts without nitrogen (Caisson Labs, Smithfield, UT,
USA; MSP07) were supplemented with nitrogen to a final concen-
tration of 3 mM (1 mM NH4NO3 and 1 mM KNO3) or 0.2 mM

(0.07 mM NH4NO3, 0.07 mM KNO3, and 0.93 mM KCl). Sample
material produced for RNA-Seq and PacBio sequencing has been
described previously (Deforges, Reis, Jacquet, Sheppard,
et al., 2019). In brief, wild-type Col-0 seeds were germinated in
half-strength MS liquid medium containing 1 mM or 100 lM Pi
using MS salts without Pi, as described above. Pi-deficient plants
were harvested for total RNA extraction 7 days after germination.
Plant hormone treatments were performed in standard half-
strength MS medium as described above. Ten days after germina-
tion, wild-type Col-0 seedlings were flooded with a solution of
half-strength MS containing 5 lM IAA, 10 lM ABA, 10 lM MeJA, or
no plant hormones for the untreated control. After 3 h of incuba-
tion, roots and shoots were harvested separately (three indepen-
dent biological replicates).

Root measurement, microscopy, and staining

Root length was measured using seedlings grown on vertically
oriented plates. The plates were scanned on a flatbed scanner to
produce image files suitable for quantitative analysis using Ima-
geJ software (v1.44p).

Confocal microscopy was performed using a Zeiss LSM 880
confocal laser scanning microscope. Plant roots were treated with
ClearSee solution and stained with calcofluor white (Ursache
et al., 2018) to visualize cell walls.

Roots were stained for GUS activity as previously described
(Lagarde et al., 1996). The tissues were vacuum infiltrated to
enhance tissue penetration. Stained tissues were cleared in chloral
hydrate solution (2.7 g ml�1 in 30% glycerol) and analyzed under
a Leica DM5000B bright-field microscope.

Iron accumulation in seedlings was assayed by Perls-DAB
staining as previously described (M€uller et al., 2015). Briefly, seed-
lings were incubated in 4 ml of 2% (v/v) HCl and 2% (w/v) potas-
sium ferrocyanide for 30 min. The samples were washed with
water and incubated for 45 min in 4 ml of 10 mM NaN3 and 0.3%
H2O2 in methanol. The samples were washed with 100 mM Na-
phosphate buffer (pH 7.4) and incubated for 30 min in the same
buffer containing 0.025% (w/v) DAB and 0.005% (v/v) H2O2. Finally,
the samples were washed twice with water, cleared with chloral
hydrate (1 g ml�1, 15% v/v glycerol), and analyzed under an opti-
cal microscope.

RNA-seq and JunctionSeq analysis

The RNA-Seq dataset was previously published (Deforges, Reis,
Jacquet, Sheppard, et al., 2019). Here, we applied JunctionSeq
analysis (Hartley & Mullikin, 2016) to all RNA-Seq reads mapped
against TAIR10 annotated genes. JunctionSeq was set to analyze
differential exons only, and thus splice junctions were excluded,
with a false discovery rate (FDR) of 0.01.

TeloPrime cDNA library preparation and PacBio

sequencing

The same RNA extracted from plants was used for RNA-Seq (see
above) and PacBio long-read analysis. A TeloPrime Full-Length
cDNA Amplification Kit (Lexogen, Vienna, Austria) was used to
generate full-length cDNA from 1 lg of total RNA by the Genomic
Technology Facility at the University of Lausanne. Briefly, first-
strand cDNA synthesis was initiated using a 30 oligo-dT anchoring
primer (RP: 50-TCTCAGGCGTTTTTTTTTTTTTTTTTT-30) and gener-
ated by reverse transcription. The cDNA:RNA hybrid molecules
were column purified and ligated to the double-stranded linker
(cap-dependent linker ligation) carrying a 50 C overhang, thus
allowing base pairing with the G nucleotide of the 50 mRNA CAP.
The ligation products were again column purified, and the result-
ing eluted fragments were converted to full-length double-
stranded cDNA by second-strand cDNA synthesis.

PacBio library preparation and sequencing in a Pacific Biosci-
ences Sequel system were performed by the Genomic Technology
Facility at the University of Lausanne. PacBio consensus
sequences were obtained from subreads using CSS v4.1.0
(https://github.com/PacificBiosciences/ccs). Since first-strand
cDNA synthesis was initiated using a 30 oligo-dT anchoring primer
(RP: 50-TCTCAGGCGTTTTTTTTTTTTTTTTTT-30), the orientation of
the consensus sequence was established by detecting the pres-
ence of an “AGGCGTTTT” sequence within the first 50 nucleotides
of the consensus sequence (indicating that it was a reverse com-
plement sequence) or the presence of a “AAAACGCCT” within the
last 50 nucleotides of the consensus sequence (indicating that it
was properly oriented). Full-length sequences were selected by
detecting the presence of a “CTCACTATAG” within the first 100 nt
of oriented sequences. Full-length sequences were mapped
against the Arabidopsis genome (TAIR10) using minimap2 v2.17-
r954-dirty with the option -ax splice:hq --seed 11 -t24 --secondary=
no -r300k. Forward- and reverse-oriented sequences were used to
detect potential alternative TSS between Pi starvation and control
conditions. For both conditions, more than half of the sequenced
cells generated a circular consensus sequence (CCS), i.e., 282 768
and 266 909 CSSs from a total of 510 489 and 520 022 sequenced
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cells under Pi starvation and control conditions, respectively. The
orientations of full-length CCS sequences with 50 caps and poly-A
tails were evenly split between forward and reverse sequences.
The 50 end differences of full-length transcripts (annotated full-
length, truncated, and exon-skipped exon) between the low and
high Pi conditions were compared using a chi-squared test uncor-
rected for low counts or FDR. Data S1 reports genes displaying
different 50 ends within either the 50 UTR (P < 0.05) or the coding
region (P < 0.1).

Protoplast transfection and luminescence analysis

DNA fragments encompassing the RTNLB1 short (i.e., ALTRTNLB1)
50 UTR, the long (i.e., RTNLB1) 50 UTR, as well as a mutated ver-
sion of the long 50 UTR (RTNLB1 Δ uORF ) where ATG codons in
uORFs were mutated to ATT, were all cloned upstream of the
nano luciferase gene expressed under the control of the Arabidop-
sis RGS1-HXK1 INTERACTING PROTEIN 1 (RHIP1) promoter into
the plasmid pNF_RHIP1pro (Table S1). This plasmid also contains
the firefly luciferase gene under the control of the RIBOSOMAL
PROTEIN 5A (RPS5A) promoter, which is used for normalization.

Arabidopsis protoplasts were produced and transformed with
the various constructs as previously described (Yoo et al., 2007).
In brief, wild-type Col-0 plants were grown in short photoperiod
(8 h light and 16 h dark at 21°C) for 4–5 weeks and leaves were
cut with razor blades to produce 0.5–1 mm leaf strips. These
were submerged in enzyme solution (1% cellulase, 0.25% macero-
zyme, 0.4 M mannitol, 20 mM KCl, 20 mM MES and 10 mM CaCl2),
vacuum infiltrated, and incubated at room temperature for 2 h.
Protoplasts were harvested by centrifugation at 100 g for 3 min,
washed with W5 solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl
and 2 mM MES) and resuspended in MMG solution (4 mM MES,
pH 5.7, 0.4 M mannitol, and 15 mM MgCl2) at 1 9 106

protoplast ml�1. Protoplast transformation was performed by
combining ~1.5 9 105 protoplasts, 5 lg of plasmid, and PEG solu-
tion (40% PEG 4000, 0.2 M mannitol and 100 mM CaCl2). After
replacing PEG solution with W5 solution by consecutive washings,
protoplasts were kept in the dark for approximately 16 h at 21°C.
Transformed protoplasts were harvested by centrifugation at
6000 g for 1 min, and resuspended in 19 Passive Lysis buffer
(Promega, Madison, WI, USA; E1941). The lysate was used for
luminescence quantification using Nano-Glo� Dual-Luciferase�

Reporter Assay System (Promega; N1610). Luminescence pro-
duced by nano luciferase was normalized for loading using that
produced by firefly luciferase.

RNA isolation, RT–qPCR, and 50 RACE analysis

Total RNA for RT–qPCR analysis was extracted from roots, shoots,
and seedlings using an RNA purification kit, as described by the
manufacturer (Jena Bioscience, Jena, Germany; PP-210), followed
by DNase I treatment. cDNA was synthesized from 0.5 lg RNA
using M-MLV Reverse Transcriptase (Promega; M3681) and oligo
d(T)15 following the manufacturer’s instructions. qPCR analysis
was performed using SYBR Select Master Mix (Applied Biosys-
tems, Waltham, MA, USA; 4472908) with primer pairs specific to
genes of interest and ACT2, which was used for data normaliza-
tion. Primer sequences are listed in Table S4. Analysis of TSS by
50 RACE was performed using a SMARTer� RACE 50/30 Kit (Takara,
Shiga, Japan) as described in the manufacturer’s protocol.

Western blot analysis

Whole 7-day-old seedlings were harvested, grounded in liquid
nitrogen and mixed with protein extraction buffer (500 mM Tris-
HCl pH 7.5, 150 mM NaCl, 10% [v/v] glycerol, 0.1% [v/v] NP-40, 19

Roche cOmpleteTM Protease Inhibitor Cocktail). Samples were cen-
trifuged at 14 000 g for 10 min, the supernatant was recovered,
and protein concentration was determined by Bradford assay. For
protein separation, protein samples were mixed with 49 Loading
Buffer (4% [w/v] sodium dodecyl-sulfate [SDS], 160 mM Tris-HCl,
pH 8.5, 40% [v/v] glycerol, 2 mM EDTA) to a final concentration of
19. Sixty micrograms of total protein of Col0 and ECT4GenCDS::
GFP samples, and 15 lg of the 35S::GFP samples, were heated at
70°C for 10 min and loaded in a 4–12% gradient SDS-PAGE gel.
Proteins were transferred to a polyvinylidene fluoride membrane
for 1 h at 100 V, followed by blocking in phosphate-buffered
saline buffer (PBST) containing 1% (w/v) BSA for 1 h. The mem-
brane was incubated with a1:500 dilution of anti-GFP antibody
(Santa Cruz Biotechnology, Dallas, TX, USA; sc-8334) in PBST 1%
(w/v) BSA for 2–3 h, followed by incubation with goat anti-rabbit
IgG-horseradish peroxidase-coupled secondary antibody (Santa
Cruz Biotechnology; sc-2004) at a 1:20 000 dilution in PBST 1%
(w/v) BSA for 1 h before chemiluminescence-image capture using
the SuperSignalTM West Femto substrate (ThermoFisher, Waltham,
MA, USA; 34096).

Analysis of uORFs and prediction of domains and signal

peptide sequences

For each selected transcript, one transcript sequence (Araport11)
derived from a corresponding representative gene model was
obtained via Sequence Bulk Download from TAIR. uORFs were
defined as any ORF ≤200 nt long whose ATG START codon was
located at a position ≤200 nt upstream of the start codon (ATG) in
the main ORF. We translated the longest reference ORF within
each transcript and used InterProScan 5 (Jones et al., 2014) to
detect and predict functional domains (default parameters). Simi-
larly, each reference amino acid sequence was used to predict sig-
nal peptides using TargetP-2.0 (Almagro Armenteros et al., 2019)
(organism group, plant). For alternative transcripts, the longest
ORF ending at the corresponding reference ORF’s STOP codon
was selected for comparative analysis.

GO analysis

Gene ontology analysis was performed using the online tool
DAVID (Sherman et al., 2022), specifically the Gene Functional
Classification Tool using default parameters.
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Data S1. Alternative TSS genes. Genes identified by JunctionSeq
and PacBio, as well as analysis of uORF, signal peptide and
domain.

Figure S1. Comparison of TSS position identified in this work (45
genes identified by both JunctionSeq and PacBio analyses) with
published data, when available. Large-scale TSS dataset (Nielsen
et al., 2019) and condition-specific datasets, i.e., cold (Kindgren
et al., 2018) and light response (Kurihara et al., 2018;
Ushijima et al., 2017), were used. The relative positions of the TSS
on the Arabidopsis genome are shown as colored heatmap.

Figure S2. Gene expression from Illumina RNA-seq analysis show-
ing alternative TSS for selected genes. Total RNA was extracted
from root and shoot of hormone-treated 10-day-old seedlings
grown on solid MS medium, and Pi-deficient (1 mM versus 100 lM
Pi) 7-day-old seedlings grown in liquid MS medium. For each
gene (a, RTNLB1; b, CDKC2; c, ECT4), the bottom panels show
exons as filled boxes and introns as lines, with the direction of
transcript indicated by arrows. The 50 and 30 UTRs are not shown.

Figure S3. Effect of nitrogen levels on ECT4 and ALTECT4 expres-
sion. Time course of expression profile of ECT4 and ALTECT4 in
plants grown on nitrate-sufficient and nitrate-deficient media. RT–
qPCR using oligo pairs that specifically only detect ECT4 (top
panel) or that detect both ECT4 and ALTECT4 transcripts (bottom
panel). Experiment was repeated once with three biological repli-
cates (one-way ANOVA).

Figure S4. Promoter-GUS staining profile using the 880 bp ECT4
promoter region (ECT4pro) in primary root tip of plants grown on
Pi-sufficient (high Pi) and Pi-deficient (low Pi) media.

Figure S5. Expression of phosphate starvation markers. Plants were
grown on high phosphate (1 mM Pi; +Pi) or Pi deficiency (10 lM Pi;
�Pi) media for 10 days before harvesting roots. Experiment was
repeated once with three biological replicates (one-way ANOVA).

Figure S6. Fe accumulation and distribution in the roots of
mutants grown under high and low Pi conditions as visualized fol-
lowing Perls-DAB staining. Staining was compared between Col-0,
the ect2 ect3 ect4 triple mutant (te234) and the te234 line comple-
mented with the ECT4-Venus construct (E4V). Staining at the root
tip and differentiation zone (DZ) of the root are shown.
Scale = 100 lm.

Table S1. Sequences of wild-type and mutated 50 UTRs of the
RTNLB1 gene. The ATG start codons associated with uORFs are in
bold while the ATG codon used to define the start of the RTNLB1
protein is underlined. The ALTRTNLB1 50 UTR is found in transcripts
from plants grown under both Pi-deficient and Pi-deficient condi-
tions while the longer RTNLB1 50 UTR is found primarily in tran-
scripts from Pi-deficient plants. RTNLB1 ΔuORF is a mutated form
of the wild-type RTNLB1 50 UTR where all nine ATG codons asso-
ciated with uORFs are mutated to ATT.

Table S2. Annotated ALTECT4 sequence. ALTECT4 sequence
obtained from PacBio long read and presented in GeneBank
format.

Table S3. Transcription start sites from transgenic lines with GFP
inserted at the 30 end of ECT4 coding genomic region (ALTECT4

promoter). The coding genomic region of ECT4 from the ATG start
codon to the TAA stop codon is shown, with exons in capital let-
ters and introns in small letters. The region transcribed to gener-
ate the spliced ALTECT4 transcript detected in Pi-deficient WT
plants is shown in red. TSS detected in 12 independent 50 RACE
clones obtained from transgenic plants expressing GFP from the
ALTECT4 promoter are highlighted in green, blue or pink if they
were found once, twice or three times, respectively.

Table S4. Primer list.
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