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ABSTRACT 17 

Nitrate (NO3
-) is a signaling molecule that regulates gene expression in plants. The nitrate 18 

response has been extensively characterized at the transcriptome level. However, we know 19 

little about RNA nucleocytoplasmic dynamics during nitrate response. To understand the 20 

role of mRNA localization during the nitrate response, we isolated mRNA from the 21 

nucleus, cytoplasm, and whole-cells from nitrate-treated Arabidopsis roots and performed 22 

RNA-seq. We identified 402 differentially localized transcripts (DLTs) in response to 23 

nitrate. DLTs were enriched in GO-terms related to metabolism, response to stimulus, and 24 

transport. DLTs showed five localization patterns: nuclear reduction, cytoplasmic 25 

reduction, nuclear accumulation, cytoplasmic accumulation, or delayed-cytoplasmic 26 

accumulation in response to nitrate. DLTs exhibited large changes in RNA polymerase II 27 

occupancy of cognate genes and high mRNA turnover rates, indicating these are rapidly 28 

replaced mRNAs. The NITRATE REDUCTASE 1 (NIA1) transcript exhibited the largest 29 

changes in synthesis and decay. Using single-molecule RNA FISH, we showed that NIA1 30 

nuclear accumulation occurs mainly at transcription sites. The decay profiles for NIA1 31 

showed a higher half-life when the transcript accumulated in the nucleus than in the 32 

cytoplasm. We propose that regulating nucleocytoplasmic mRNA distribution allows 33 

tuning transcript availability of fastly replaced mRNAs, controlling plants’ adaptive 34 

response to nitrogen nutrient signals. 35 
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INTRODUCTION 37 

 Nitrogen (N) is an essential macronutrient whose availability limits growth and 38 

development in plants (Andrews et al., 2013; Gutiérrez, 2013; Fredes et al., 2019; Araus et 39 

al., 2020; Vidal et al., 2020; Alvarez et al., 2021). Nitrate is the most abundant source of N 40 

in agricultural soils (Owen and Jones, 2001). Nitrate acts as a signaling molecule (Scheible 41 

et al., 1997; Wang et al., 2004) that initiates a signal transduction cascade (Undurraga et al., 42 

2017; Vidal et al., 2020). The dual-affinity transceptor NPF6.3/NRT1.1 senses nitrate (Ho 43 

et al., 2009). Different regulatory factors, at the local and systemic level, orchestrate 44 

downstream responses affecting nutrient metabolism and a series of developmental 45 

processes associated with root development (Forde and Walch-liu, 2009; Vidal et al., 2010; 46 

Gruber et al., 2013; Alvarez et al., 2014; O’Brien et al., 2016; Canales et al., 2017), shoot 47 

development (Rahayu et al., 2005; Landrein et al., 2018; Poitout et al., 2018; Moreno et al., 48 

2020), seed dormancy (Alboresi et al., 2005; Yan et al., 2016), and flowering time (Castro 49 

Marín et al., 2011; Gras et al., 2018). In addition to the NRT1.1 transceptor, critical 50 

components in the nitrate signaling pathway include CIPK23 kinase (Liu and Tsay, 2003), 51 

calcium as a second messenger (Riveras et al., 2015), and a myriad of transcription factors 52 

controlling transcriptional responses such as NLP7 (Marchive et al., 2013; Alvarez et al., 53 

2020), TGA1 and TGA4 (Alvarez et al., 2014; Swift et al., 2020), NAC4 (Vidal et al., 54 

2013b), SPL9 (Krouk et al., 2010), HRS1 and HHO1 (Medici et al., 2015; Maeda et al., 55 

2018), NRG2 (Xu et al., 2016), TCP20 (Guan et al., 2017), and CRF4 (Varala et al., 2018). 56 

  In eukaryotic cells, mRNA synthesis and processing occur in the nucleus, and 57 

translation mainly in the cytoplasm (Martin and Koonin, 2006). This compartmentalization 58 

of mRNA processes allows for sophisticated regulation of gene expression 59 

(Wickramasinghe and Laskey, 2015). The nucleocytoplasmic dynamic of transcripts is 60 

mainly determined by synthesis, export, and decay factors (Bahar Halpern et al., 2015; 61 

Hansen et al., 2018). Synthesis and decay rates have been quantified at the genome-wide 62 

level in yeast (Miller et al., 2011; Sun et al., 2012; Eser et al., 2014), mouse 63 

(Schwanhausser et al., 2011; Tippmann et al., 2012; Rabani et al., 2014; Jovanovic et al., 64 

2015), flies (Chen and Van Steensel, 2017), and plants (Gutierrez et al., 2002; Sorenson et 65 

al., 2018; Szabo et al., 2020). These results indicate that synthesis and decay rates 66 
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contribute to mRNA steady-state levels in a species-specific manner. The sequencing of 67 

RNA from cellular fractions of different eukaryotic species showed that transcripts are 68 

asymmetrically distributed between the nucleus and cytoplasm (Barthelson et al., 2007; 69 

Djebali et al., 2012; Solnestam et al., 2012; Bahar Halpern et al., 2015; Battich et al., 2015; 70 

Chen and Van Steensel, 2017; Kim et al., 2017; Pastro et al., 2017; Abdelmoez et al., 2018; 71 

Benoit Bouvrette et al., 2018; Lee and Bailey-Serres, 2019; Palovaara and Weijers, 2019; 72 

Reynoso et al., 2019). Controlling mRNA nuclear export to change the availability of 73 

transcripts for translation allows the cell to fine-tune gene expression according to 74 

environmental and cellular requirements (Parry, 2015; Wickramasinghe and Laskey, 2015; 75 

Chen and Van Steensel, 2017; Yang et al., 2017; Lee and Bailey-Serres, 2019).  76 

In plants, the export-machinery components are more diverse than in yeast or 77 

animals (Yelina et al., 2010; Pfaff et al., 2018), suggesting their ability to regulate 78 

cytoplasmic mRNA levels in response to a stimulus is more versatile (Ehrnsberger and 79 

Grasser, 2019). Some studies have shown that subsets of mRNAs display particular 80 

nucleocytoplasmic distributions during different plant processes, such as cell cycle control 81 

(Yang et al., 2017), ethylene signaling (Chen et al., 2019), RNA-directed DNA methylation 82 

(Choudury et al., 2019), and stress response (Yeap et al., 2019). However, the mRNA 83 

nucleocytoplasmic dynamics at the genome-wide level have only been described in 84 

response to flooding stress (Lee and Bailey-Serres, 2019; Reynoso et al., 2019). Genome-85 

wide changes in gene expression in response to nitrate treatments have been thoroughly 86 

characterized in several studies (Wang et al., 2003; Wang et al., 2004; Gutiérrez et al., 87 

2007; Wang et al., 2007; Gifford et al., 2008; Hu et al., 2009; Krouk et al., 2009; Krouk et 88 

al., 2010; Patterson et al., 2010; Ruffel et al., 2011; Vidal et al., 2013a; Alvarez et al., 2014; 89 

Walker et al., 2017; Gaudinier et al., 2018; Varala et al., 2018; Alvarez et al., 2019; Moreno 90 

et al., 2020; Swift et al., 2020). However, we currently lack an understanding of the 91 

importance of mRNA nucleocytoplasmic dynamics in the nitrate response. 92 

In this work, we aimed to understand the nucleocytoplasmic dynamics of mRNAs in 93 

response to nitrate treatments. We used RNA-seq analysis from nuclear, cytoplasmic, and 94 

total fractions to identify differentially localized transcripts (DLTs) in response to nitrate 95 

treatment. Integrated analysis of our genome-wide data showed that DLTs have significant 96 
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synthesis and decay rate changes, indicating these mRNAs are rapidly replaced during the 97 

nitrate response. Our results propose a role for mRNA nuclear export in regulating gene 98 

expression, which is critical for the plants' ability to adapt to nutritional changes 99 
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RESULTS 101 

Identification of differentially expressed genes in response to nitrate in subcellular 102 

fractions  103 

To understand the distribution of mRNAs between nucleus and cytoplasm, we 104 

analyzed mRNA levels in response to nitrate treatments in nuclear and cytoplasmic 105 

subcellular fractions. Total RNA was obtained from nuclear, cytoplasmic, and total 106 

fractions. RNA samples were prepared from Arabidopsis roots 0, 20, 60, and 120 minutes 107 

after nitrate or control treatments. We quantified RNA levels for selected transcripts using 108 

RT-qPCR as a control experiment. As shown in Supplemental Figure 1, we observed 109 

enrichment of unprocessed transcripts in the nuclear fraction and a significant reduction in 110 

the cytoplasmic fraction compared to total RNA. We performed RNA-seq analysis with the 111 

material obtained from subcellular and total fractions. We analyzed three independent 112 

replicates for each condition (separate plant material grown independently). Supplemental 113 

Table 1 summarizes quality parameters for all libraries. We found high reproducibility 114 

among replicate experiments with a mean Pearson correlation of 0.985 ± 0.003 115 

(Supplemental Table 1). Sequence data were filtered by quality, mapped to the Araport11 116 

Arabidopsis genome, and normalized as detailed in Materials and Methods. 117 

To identify genes with changes in their mRNA levels in response to the treatments, 118 

we performed analyses of variance (ANOVA) for the total or each subcellular fraction 119 

separately. Our ANOVA model evaluated the effect of treatments (KCl and KNO3), time 120 

(20, 60, 120 min), or their interactions (Supplemental Figure 2A-C). We selected 121 

significant models with a p-value < 0.01 after FDR correction. We found 6,006 genes 122 

whose mRNA levels changed by the treatment or interactions in the total fraction 123 

(Supplemental Data Set 1). Analysis of gene ontology (GO) terms identified over-124 

represented biological processes in response to the nitrate treatment, such as nitrate 125 

response, nitrate transport, nitrate assimilation, development, response to hormones, amino 126 

acid metabolism, nucleotide metabolism, carbon metabolism, among others (Supplemental 127 

Data Set 2). We identified 4,445 differentially expressed genes in the nuclear or 128 

cytoplasmic fractions (Supplemental Figure 2B-C, Supplemental Data Set 1), where 1,183 129 

genes did not show significant changes in the total fraction (Supplemental Figure 3). This 130 
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result indicates that the nitrate-response analysis from subcellular fractions provides 131 

complementary information to the analysis of total RNA, detecting genes whose mRNAs 132 

accumulate specifically in one fraction and cannot be easily detected in total RNA. 133 

Interestingly, despite extensive transcriptome analysis of the nitrate response in 134 

Arabidopsis, 445 genes differentially expressed in this study have not been identified 135 

previously (Supplemental Figure 4). These genes code for proteins involved in growth and 136 

development (e.g., AUXIN RESISTANT 1, GROWTH-REGULATING FACTOR 2 and 137 

BRASSINOSTEROID-INSENSITIVE 2), cell cycle (e.g., INCREASED LEVEL OF 138 

POLYPLOIDY1-1D), signaling (e.g., CBL-INTERACTING PROTEIN KINASE 19 and MAP 139 

KINASE 7), protein modification (e.g., SUMO-ACTIVATING ENZYME 2 and UBIQUITIN 140 

PROTEIN LIGASE 6), nitrogen compound metabolism (e.g., METHIONINE OVER-141 

ACCUMULATOR 2 and NICOTINAMIDASE 1), response to stress (e.g., ANKYRIN 142 

REPEAT-CONTAINING PROTEIN 2 and C-REPEAT/DRE BINDING FACTOR 1), among 143 

other functions. Furthermore, uncharacterized long non-coding RNAs (AT1G06103, 144 

AT1G08697, AT2G09525, AT3G05055, AT4G06085, AT4G06935, AT4G06945, 145 

AT5G06585, AT5G09125) and antisense long non-coding RNAs (AT1G34844, 146 

AT1G67328, AT2G07275, AT3G01205, AT3G09575, AT4G05015, AT4G22233, 147 

AT5G01375, AT5G08235, AT5G09595) were also regulated in response to nitrate in the 148 

subcellular fractions (Supplemental Data Set 1). These genes represent new components of 149 

the nitrate response and could contribute to the plant adaptation to N availability changes. 150 

 151 

Differentially localized transcripts in response to nitrate treatments 152 

We calculated the delta between normalized counts in nuclear and cytoplasmic 153 

fractions (ΔNC) to identify genes that change their nucleocytoplasmic distribution in 154 

response to nitrate. These ΔNC values were used for two-way ANOVA analysis to evaluate 155 

the effect of the treatment, time, or their interactions in mRNA nucleocytoplasmic 156 

distribution. We selected significant models with a p-value < 0.01 after FDR correction. 157 

Differentially localized transcripts (DLTs) in response to nitrate were defined as transcripts 158 

whose ΔNC values depend on the treatment or the treatment-time interactions (p-159 

value<0.01). We identified 402 DLTs in response to nitrate treatments in Arabidopsis roots 160 
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(Supplemental Figure 2D, Supplemental Data Set 3). mRNA levels for DLTs in the total 161 

fraction should be a combination of the levels we measured in each fraction. To confirm 162 

this assumption, we estimated a 'reconstituted cell' count for each DLT by simply adding 163 

nuclear and cytoplasmic normalized counts (Figure 1A). A high correlation (Pearson 164 

correlation value of 0.99) was observed when 'reconstituted cell' counts (i.e., 165 

Nuclear+Cytoplasmic levels) were compared with mRNA levels obtained in the total 166 

fraction, validating our experimental approach and data analysis procedure (Figure 1B). 167 

Twenty-two percent (88/402) of DLTs were not identified as regulated in the total RNA 168 

fraction (Supplemental Figure 5). Some of these genes have biological functions in 169 

transcriptional regulation (e.g., ERF1, ERF105, and AFP3), nutrient metabolism (e.g., 170 

CYANASE – CYN - and SERINE ACETYLTRANSFERASE 2;1 - SERAT2;1), auxin response 171 

(SAUR-59), and root development (e.g., POPCORN) (Supplemental Data Set 3).  172 

To understand the nitrate response dynamics of mRNA levels in the different 173 

fractions, we performed a hierarchical clustering analysis for the 402 DLTs. We obtained 174 

13 clusters with five or more genes, including 389 DLTs (Figure 1A). As shown in Figure 2 175 

and Supplemental Figure 6, these 13 clusters correspond to five different localization 176 

patterns in response to the nitrate treatment: Nuclear reduction (NR), containing 81 genes 177 

with decreasing RNA levels in the nucleus; Cytoplasmic reduction (CR), with 125 genes 178 

with decreasing RNA levels in the cytoplasm; Nuclear accumulation (NA), containing 76 179 

genes with increasing levels in the nucleus; Cytoplasmic accumulation (CA), with 72 genes 180 

with increasing levels in the cytoplasm; and Delayed-cytoplasmic accumulation (D), 181 

containing 33 genes which showed nuclear enrichment at 20 min of treatment and 182 

cytoplasmic enrichment at later times (Figure 2, Supplemental Data Set 3). 183 

Significantly over-represented gene ontology (GO) and Kyoto Encyclopedia of 184 

Genes and Genome (KEGG) terms in DLTs include metabolic processes (cofactor, nitrogen 185 

compound, carbohydrate, glycerolipid, energy metabolism), localization (anion, amine, and 186 

organic acid transport), and response to stimulus functions (Figure 3, Supplemental Data 187 

Set 4, Supplemental Data Set 5). We identified anion transport, histidine biosynthesis, and 188 

nucleotide biosynthesis in the nuclear accumulation pattern. In the cytoplasmic 189 

accumulation pattern, we found nicotianamine biosynthesis, regulation of organic acid and 190 
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amino acid export, and sulfur metabolism pathways over-represented. Besides, we found 191 

that the following biological processes were over-represented among DLTs with a delayed-192 

cytoplasmic accumulation pattern: carbohydrate metabolism (specifically 193 

glycolysis/gluconeogenesis and TCA cycle), nitrogen compound metabolism, cofactor 194 

metabolic process, and cellular amino acid biosynthesis. In the cytoplasmic reduction 195 

pattern, we found the response to stimulus and glycerolipid metabolism functions. We did 196 

not observe over-represented terms for the nuclear reduction pattern (Figure 3, 197 

Supplemental Data Set 4, Supplemental Data Set 5). These results demonstrate that 198 

mRNAs with relevant functions for the nitrate response are differentially distributed in the 199 

cellular fractions. 200 

We selected two representative genes from each localization pattern to validate the 201 

RNA-seq data. We measured mRNA levels by RT-qPCR in the time-point where the most 202 

significant differences were observed between cellular fractions (Supplemental Figure 7). 203 

The selected genes were: MPK9 and SDR2 for the nuclear reduction pattern; SUFE2 and 204 

RCAR1 for the cytoplasmic reduction pattern; NRT2.2 and BCA4 for the nuclear 205 

accumulation pattern; BZIP3 and AT1G49230 for the cytoplasmic accumulation pattern; 206 

and NIA1 and IDH1 for the delayed-cytoplasmic accumulation pattern. We validated the 207 

differential mRNA localization pattern in all cases (Supplemental Figure 7), confirming the 208 

RNA-seq and data analysis results. 209 

Our cell-fractionation/RNA-seq strategy allowed us to identify transcripts with 210 

differential localization in the nucleus and cytoplasm in response to nitrate. The 211 

corresponding genes have relevant functions for the nitrate response, suggesting that 212 

controlling nucleocytoplasmic localization is an important mechanism to regulate gene 213 

expression in response to nitrate. Moreover, more than 20% of these genes have not been 214 

previously characterized in the plant’s N nutrients response. 215 

 216 

 217 

 218 

Transcripts from DLT localization patterns showed characteristic structural features. 219 
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To evaluate whether specific sequence features could be associated with the 220 

differential mRNA localization, we evaluated features described to associate with 221 

nucleocytoplasmic levels in other species (Palazzo and Lee, 2018). Sequence features could 222 

be related to RNA binding protein recognition leading to different RNA processes (Chen 223 

and Van Steensel, 2017; Benoit Bouvrette et al., 2018; Dedow and Bailey-Serres, 2019). 224 

Furthermore, nuclear retention is associated with RNA length and splicing events 225 

(Monteuuis et al., 2019; Mordstein et al., 2020). We found differences in length, guanine-226 

cytosine (GC) content, and splicing junction density in DLTs as compared to transcripts 227 

without differences in the nucleocytoplasmic distribution in response to nitrate treatment 228 

(Figure 4 and Supplemental Figures 8 and 9). Cytoplasmic accumulated transcripts showed 229 

shorter RNAs and lower GC content in their exonic regions than transcripts induced in 230 

response to nitrate but are not differentially localized (Figure 4A-B). These differences are 231 

mainly due to shorter CDS regions and lower GC content in the UTRs (Supplemental 232 

Figure 8A-F). Cytoplasmic reduced transcripts also showed shorter exonic regions than 233 

transcripts repressed in response to nitrate but are not differentially localized (Figure 4A-B, 234 

Supplemental Figure 8A-B). To evaluate whether these sequence features could be 235 

associated with RNA secondary structure formation differences, we predicted RNA folding 236 

energy in silico using the RNAfold software. DLTs with cytoplasmic accumulation or 237 

reduction patterns exhibited less stable mRNA structures than RNAs that respond to the 238 

treatment in the total fraction (induction or repression, respectively) (Supplemental Figure 239 

8G). These differences are also observed in the cytoplasmic accumulation pattern when 240 

only the UTRs sequences were analyzed (Supplemental Figure 8H-I). Besides, we observed 241 

differences in splicing junction density in DLTs as compared to transcripts without 242 

differences in nucleocytoplasmic localization in response to nitrate treatments (Figure 4C). 243 

Transcripts in the cytoplasmic reduction pattern showed lower splicing junction density 244 

than repressed transcripts in the total fraction. Moreover, transcripts in the nuclear 245 

accumulation and delayed-cytoplasmic accumulation patterns also showed higher splicing 246 

junction density as compared to induced transcripts in the total fraction. On the other hand, 247 

transcripts in the cytoplasmic accumulation pattern showed the lowest splicing junction 248 

density values among DLTs (Figure 4C).  249 
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These results show that transcripts with differential localization in response to 250 

nitrate have characteristic sequence features. These sequence features have been associated 251 

with the modulation of nucleocytoplasmic distribution in yeast and animal systems 252 

(Palazzo and Lee, 2018). Our results suggest similar mechanisms may be implicated in the 253 

differential localization of plant transcripts. 254 

Increased RNA polymerase II occupancy is associated with induced DLT genes.  255 

Synthesis is one of the most critical processes determining nucleocytoplasmic 256 

mRNA levels inside the cell (Bahar Halpern et al., 2015; Hansen et al., 2018). Therefore, 257 

we mined published data from our group obtained under the same experimental conditions 258 

(Alvarez et al., 2019) to evaluate whether DLTs exhibit specific synthesis changes during 259 

nitrate treatment (Figure 5A). We analyzed changes in the RNPII occupancy 12 min after 260 

nitrate treatments (Figure 5A, Supplemental Data Set 6). Most of the repressed genes in 261 

response to the nitrate did not exhibit changes in RNPII occupancy. We did not observe 262 

differences between transcripts with nuclear reduction or cytoplasmic reduction as 263 

compared to repressed genes in the total fraction. On the contrary, induced genes by the 264 

nitrate treatments also exhibited increased RNPII occupancy. Transcripts with nuclear, 265 

cytoplasmic, and delayed-cytoplasmic accumulation showed higher values than transcripts 266 

of induced genes that are not differentially localized in response to nitrate. 267 

These results indicate that an increase in mRNA synthesis rate leads to nuclear 268 

accumulation. Interestingly, DLTs with cytoplasmic accumulation, which also exhibited a 269 

significant increment in RNPII occupancy, require other regulatory mechanisms (e.g., 270 

increased nuclear-to-cytoplasmic transport) to explain their nucleocytoplasmic distribution. 271 

 272 

Negative correlation between mRNA decay rates and mRNA accumulation for DLTs 273 

In addition to synthesis, decay is also essential to determine nucleocytoplasmic 274 

mRNA distribution (Bahar Halpern et al., 2015; Hansen et al., 2018). We measured global 275 

mRNA decay rates and estimated half-lives using RNA-seq of rRNA-depleted samples. We 276 

extracted total RNA from nitrate or control-treated roots in the presence of cordycepin as 277 
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done previously (Gutierrez et al., 2002; Nagarajan et al., 2019). Sequence data were filtered 278 

by quality, mapped to the Araport11 Arabidopsis genome, and counts were normalized to 279 

analyze mRNA decay profiles (Materials and Methods) (Supplemental Figure 10). 280 

Normalized counts were used for modeling decay rates utilizing an exponential adjustment 281 

for RNA levels as a function of time (Materials and Methods). Figure 5B and Supplemental 282 

Data Set 7 show changes in mRNA half-lives for each DLT pattern and nitrate-responsive 283 

transcripts not differentially localized in the total fraction. Most repressed mRNAs did not 284 

change half-lives in response to the treatments. In contrast, transcripts in the delayed-285 

cytoplasmic accumulation, nuclear accumulation, and cytoplasmic accumulation patterns 286 

showed significantly faster turnover rates in response to the nitrate treatments (Figure 5B, 287 

Supplemental Data Set 7). Moreover, transcripts with delayed-cytoplasmic accumulation 288 

showed significantly higher destabilization than those from the nuclear accumulation 289 

pattern, indicating the cytoplasmic accumulation leads to faster turnover rates of these 290 

transcripts in response to the nitrate treatment. 291 

Interestingly, we found a significant negative correlation when we compared 292 

changes in RNPII occupancy and half-lives (Figure 5C) for all nitrate-responsive genes 293 

(Pearson correlation = -0.36, p <0.0001). We found an even stronger negative correlation 294 

when only DLTs were included in the comparison (Pearson correlation = -0.48, p<0.0001). 295 

We calculated the mean rank for RNPII occupancy and half-live changes and found that the 296 

top 5% were primarily DLTs in the delayed-cytoplasmic accumulation pattern (green dots 297 

in the top left quadrant Figure 5C Supplemental Data Set 8). Among these, the mRNA that 298 

encodes the nitrate reduction enzyme NIA1 stood out as the transcript with the biggest 299 

differences (red arrow in Figure 5C).  300 

These results reinforce that synthesis, decay rates, and nucleocytoplasmic 301 

distribution of DLTs in response to nitrate are connected processes. Furthermore, the 302 

negative correlation between RNPII occupancy and half-life changes indicates that induced 303 

DLTs are molecules with a rapid replacement in response to the nitrate treatment. This 304 

result suggests a role for nucleocytoplasmic dynamics in controlling gene expression, 305 

especially for those with delayed-cytoplasmic accumulation patterns (e.g., NIA1). 306 

 307 
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NIA1 delayed-cytoplasmic accumulation allows extending the mRNA half-life after a 308 

strong transcriptional activation 309 

We selected the NIA1 transcript for validation and further characterization of 310 

extreme DLT patterns to obtain insights into the role of nucleocytoplasmic dynamics during 311 

the nitrate treatment. We selected this transcript for three main reasons: (1) the importance 312 

of the NIA1 gene for the nitrate response, (2) the nitrate-induced changes in mRNA 313 

synthesis and decay described in the previous section, and (3) its delayed-cytoplasmic 314 

accumulation, which allow us to study its nuclear (20 min of treatment) and then its 315 

cytoplasmic (60-120 min of treatment) accumulation phases (Figure 6A). NIA1 mRNA 316 

localization at the subcellular level was evaluated by single-molecule RNA FISH (smFISH) 317 

in root tip cells (Figure 6B). The number of nuclear, cytoplasmic, and total mRNA 318 

molecules was calculated using the FISHquant software (Material and Methods). As shown 319 

in Figure 6B, the probe signal showed two different patterns: (1) small fluorescent dots 320 

corresponding to nucleoplasmic or cytoplasmic single-molecules (2) big fluorescent foci 321 

located in the nucleus, which correspond to active transcription sites. These big nuclear foci 322 

disappeared after cordycepin treatments, confirming they are associated with active 323 

transcription (Supplemental Figure 11A). We calculated the number of transcripts for 324 

whole cells considering single-molecule counts and the estimated number of molecules in 325 

transcription sites. As expected, we observed a higher number of RNA molecules per cell 326 

area in the nitrate than the control-treated cells (Figure 6C). We found that the number of 327 

molecules increases more in the cytoplasm than the nucleus at 120 min in the nitrate 328 

condition (Figure 6D-E), which is consistent with the delayed-cytoplasmic accumulation 329 

DLT pattern described for this transcript. This result validates the differential localization 330 

pattern for NIA1 mRNA observed in the RNA-seq data at a cellular level. Higher RNA 331 

levels at 20 minutes of nitrate treatment are observed in the transcription sites but not in the 332 

nucleoplasm (Figure 6F-G). This result indicates that differences in mRNA nuclear levels 333 

for NIA1 derive from more nascent RNAs or mRNAs accumulating at transcription sites. 334 

This phenomenon can be explained for the activation of more synthesis loci, observing a 335 

higher number of active transcription sites per cell at 20 min as compared to the 120 min 336 

after nitrate treatments (Supplemental Figure 11B), more than differences in the intensity of 337 

these loci (Supplemental Figure 11C).  These results indicate that early nuclear 338 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 9, 2022. ; https://doi.org/10.1101/2022.01.07.475360doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.07.475360


 

13 
 

accumulation of NIA1 is associated with a strong transcriptional activation. After some 339 

minutes, RNA accumulation at transcription sites diminishes, and mRNAs accumulate in 340 

the cytoplasm, presumably due to increased release from the DNA locus and nuclear export 341 

rates. 342 

Furthermore, to evaluate the relationship between decay and the nuclear or 343 

cytoplasmic accumulation phases, we measured RNA levels by RT-qPCR after cordycepin 344 

treatments and compared differences in NIA1 decay rates at 20 min and 120 min of nitrate 345 

treatments (Figure 6H-I). In its nuclear-accumulation phase, the NIA1 transcript showed a 346 

half-life 12.7 times greater than in its cytoplasmic-accumulation phase. We obtained similar 347 

results for VRN1, another gene with a similar localization profile (Supplemental Figure 348 

12A), that showed a 2.11-fold higher half-life at 20 min compared to 120 min 349 

(Supplemental Figure 12B-C).  350 

These results provide evidence for a relationship between differential subcellular 351 

localization and mRNA stability for these nitrate-responsive genes. These results also 352 

suggest a role for nucleocytoplasmic dynamics in controlling transcript levels of rapidly 353 

replaced mRNAs. In the case of delayed-cytoplasmic transcripts (particularly NIA1), the 354 

control of the mRNA release from the DNA locus, and subsequent nuclear-to-cytoplasm 355 

export, could explain the lag in cytoplasmic mRNA accumulation. This strategy could 356 

avoid large quantities of newly synthesized mRNA (in the first minutes after the nitrate's 357 

perception) overwhelming translation machinery. It could also play a role in coordinating 358 

the expression of multiple genes required for specific biological processes to operate in 359 

response to nitrate.  360 
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DISCUSSION 362 

 This study described genome-wide mRNA nucleocytoplasmic dynamics in response 363 

to nitrate treatment in Arabidopsis thaliana roots. In addition to identifying new nitrate-364 

responsive genes, we described 402 differentially localized transcripts (DLTs) in response 365 

to nitrate treatment using nuclear and cytoplasmic transcriptome data. These DLTs have 366 

relevant functions in the nitrate response and have characteristic sequence features 367 

associated with their localization pattern. Most of the induced DLTs showed big changes in 368 

synthesis and decay rates in response to nitrate treatments, indicating they are rapidly 369 

turned over. Our results suggest that controlling mRNA nucleocytoplasmic distribution is a 370 

strategy to fine-tune gene expression for mRNAs transcribed in bursts of gene expression. 371 

These findings highlight the relevance of modulating mRNA localization for controlling 372 

gene expression during the plant's adaptive response to nitrogen nutrient signals. 373 

mRNA nucleocytoplasmic dynamics is regulated for relevant genes in the plant’s 374 

nitrate response 375 

Using cell-fractionation and RNA-seq analysis, we obtained a high-resolution 376 

subcellular transcriptome in response to nitrate treatment in Arabidopsis thaliana roots. 377 

Thousands of genes have been previously reported as differentially expressed in response to 378 

nitrate treatments under various experimental conditions (Wang et al., 2004; Krouk et al., 379 

2010; Canales et al., 2014; Varala et al., 2018; Alvarez et al., 2019; Swift et al., 2020), and 380 

several gene expression layers have been described (Vidal et al., 2020; Alvarez et al., 381 

2021). Notwithstanding, we identified 1,183 regulated genes in the subcellular fractions 382 

that are not detected as regulated in the total fraction. A large proportion of these genes 383 

were not detected as nitrate-regulated in previous studies. This result indicates that our 384 

approach provides new information about mRNA accumulation in response to nitrate 385 

treatments, describing the mRNA levels in subcellular compartments and identifying new 386 

genes that have not been characterized in the Arabidopsis thaliana’s response to nitrate. 387 

The nitrate response is a dynamic process. For instance, transcripts associated with 388 

nitrogen uptake and assimilation are enriched among regulated genes at early time points 389 

(5-15 minutes). Furthermore, other metabolic and developmental processes are regulated 390 

later (after the first hour) (Varala et al., 2018). Our work described the temporal dynamic of 391 
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mRNA accumulation in subcellular fractions and showed that transcripts with different 392 

functions accumulate at different time points in the nucleus or cytoplasm. Furthermore, we 393 

identified a group of genes with delayed-cytoplasmic accumulation, which accumulates in 394 

the nucleus at early time points and later in the cytoplasm. These results indicate that 395 

transcript localization is fast and dynamically regulated in response to nitrate treatments. 396 

Two previous studies reported a similar temporal fraction-dependent regulation in plants 397 

when the nuclear transcriptome was compared with the cellular fraction (total poly(A)+) in 398 

response to hypoxia conditions (Lee and Bailey-Serres, 2019; Reynoso et al., 2019). These 399 

studies identified nuclear-retained transcripts under hypoxia associated with other stress 400 

functions. The authors proposed this mechanism as a strategy for minimizing the energetic 401 

demands after conditions of limited reserves in different plant species (Lee and Bailey-402 

Serres, 2019; Reynoso et al., 2019), highlighting the plants' ability to change transcripts' 403 

availability in response to stimuli in a fast and dynamic manner.  404 

Unlike previous evidence for nucleocytoplasmic mRNA localization in plants (Lee 405 

and Bailey-Serres, 2019; Reynoso et al., 2019), our study is not focused on a stressful 406 

condition, but it also represents a stimulus where energy optimization is crucial for plant 407 

growth and development (Vidal et al., 2020). Our results provide functional evidence for 408 

mRNA nucleocytoplasmic dynamics regulating gene expression. On the one hand, and 409 

comparable to previous reports in yeasts and plants under stress conditions (Saavedra et al., 410 

1996; Zander et al., 2016; Lee and Bailey-Serres, 2019; Yeap et al., 2019), we observed 411 

that mRNAs with critical biological functions (e.g., nitrate metabolism) are enriched in the 412 

cytoplasm, indicating their accumulation is favored to sustain translation of genes that play 413 

essential roles in response to the nutrient. On the other hand, we also identified enriched 414 

GO-terms associated with nitrogen processes (for example, nucleotide biosynthesis and 415 

nitrate transporters) in nuclear-accumulated transcripts. Considering that nuclear-retained 416 

transcripts diminish their association to polysomes and thus protein synthesis (Pastro et al., 417 

2017; Benoit Bouvrette et al., 2018; Lee and Bailey-Serres, 2019; Reynoso et al., 2019), it 418 

is not clear why these transcripts are nuclear-retained. A possible explanation for this 419 

phenomenon is that those transcripts could increase their levels in the cytoplasm after the 420 

120 minutes analyzed, similar to the delayed-cytoplasmic accumulation pattern. The 421 

expression of these genes may not be required in rapid responses to the stimulus but for 422 
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later processes, similar to that observed for general-function mRNAs in yeasts in response 423 

to heat stress (Saavedra et al., 1996; Zander et al., 2016). Alternatively, the accumulation of 424 

some transcripts in response to nitrate treatments may be an unintended consequence of 425 

activating a chromatin domain (Zhao et al., 2009; De and Babu, 2010). Therefore, 426 

nucleocytoplasmic regulation is relevant to fine-tune gene expression and coordinate the 427 

plant response to nitrate treatments. 428 

RNA-binding proteins may control RNA localization in response to nitrate 429 

treatments. 430 

Possible mechanisms explaining localization patterns are associated with variations 431 

in sequence features (Palazzo and Lee, 2018). In agreement with previous work in flies, 432 

humans, and parasites (Solnestam et al., 2012; Pastro et al., 2017; Benoit Bouvrette et al., 433 

2018), we observed that cytoplasmic-accumulated mRNAs are shorter and have lower GC 434 

content than nuclear-accumulated transcripts. We also observed that mRNAs that 435 

accumulate in the nucleus are longer and have higher splicing-junction density than those 436 

enriched in the cytoplasm, agreeing with studies in animals and protozoa (Pastro et al., 437 

2017; Benoit Bouvrette et al., 2018). A higher frequency of splicing sites could increase the 438 

processing time or the probability for intron retention, inhibiting their release from the 439 

DNA locus and delaying their cytoplasmic delivery (Custódio et al., 1999; Pandya-Jones et 440 

al., 2013; Ietswaart et al., 2017; Monteuuis et al., 2019) 441 

Sequence features are directly connected with RNA-binding protein (RBP) 442 

specificity. Particular nucleotide sequence motifs and secondary structures are determinants 443 

for protein-RNA recognition (Silverman et al., 2013; Gosai et al., 2015; Dedow and Bailey-444 

Serres, 2019). Transcripts that share biological functions work as RNA regulons, 445 

coordinating their splicing, export, translation, and degradation (Keene, 2007; Culjkovic-446 

Kraljacic and Borden, 2018). A positive correlation between nuclear accumulation, mRNA 447 

length, and specific motif-containing RBPs was described in Drosophila and human cells 448 

(Benoit Bouvrette et al., 2018). Furthermore, mRNAs with cytoplasmic enrichment have 449 

lower free energy for the predicted secondary structure in carcinoma cells (Solnestam et al., 450 

2012). Our data showed differences among DLTs in the predicted RNA folding energy, 451 
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suggesting transcripts with different localization patterns could bind to different nitrate-452 

regulated RBPs. 453 

Plants have a higher diversity of RBPs than other eukaryotic species, suggesting a 454 

better ability to adapt stimuli responses (Marondedze et al., 2016; Köster et al., 2017; 455 

Dedow and Bailey-Serres, 2019). For instance, the A. thaliana genome encodes four 456 

orthologs for the human export protein RBP ALYREF (ALY1, ALY2, ALY3, and ALY4) 457 

(Pfaff et al., 2018). Nevertheless, these RBPs have specific functions, considering that only 458 

ALY1 is associated with RNA-directed DNA-methylation transcripts in inflorescences 459 

(Choudury et al., 2019). Our analysis identified 131 out of 426 differentially expressed 460 

genes with ‘mRNA binding protein’ annotated molecular function in response to nitrate 461 

treatments. These results suggest that specific RBPs could promote RNA regulon formation 462 

to control functionally related mRNAs localization in response to nitrate treatments, as 463 

observed in other eukaryotic species. 464 

Differential RNA localization tunes gene expression for transcripts with rapid 465 

turnover. 466 

Our evidence supports a role for RNA synthesis and degradation in modulating 467 

nuclear and cytoplasmic mRNA levels, considering the synthesis occurs in the nucleus and 468 

most of the degradation in the cytoplasm (Łabno et al., 2016). A previous study in plants 469 

had proposed that nuclear accumulation of transcript is related to the activation of RNA 470 

synthesis when they observed higher transcript levels for nuclear-enriched RNA in 471 

Arabidopsis embryos (Palovaara and Weijers, 2019). Our data lend support to this 472 

hypothesis. DLTs with nuclear enrichment patterns have significant increments in RNPII 473 

occupancy and high transcript accumulation in synthesis loci by smFISH in response to 474 

nitrate treatments. Our data indicate that nuclear-accumulated transcripts are mostly newly 475 

synthesized after the nitrate treatment and do not reach the cytoplasm at the same rate they 476 

are transcribed, generating a differential nucleocytoplasmic distribution. 477 

In agreement with our results, a negative correlation for RNA synthesis and decay 478 

has been reported for yeast, mouse, and fly cells under basal conditions (Miller et al., 2011; 479 

Tippmann et al., 2012; Chen and Van Steensel, 2017). Interestingly we found a stronger 480 

negative correlation when only DLTs were considered, comparable to the observed in 481 
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Saccharomyces cerevisiae, where transcripts with specific functions in the osmotic stress 482 

response showed a stronger negative correlation (Miller et al., 2011). The increase of all 483 

RNA kinetic rates is a strategy for controlling transient induction and diminishing 484 

transcriptional noise (Rabani et al., 2014). For instance, rapid turnover occurs co-485 

translationally in plants during the response to excess-light stress for a faster tuning of the 486 

genetic response to the stimulus (Crisp et al., 2017). This evidence suggests that DLTs 487 

undergo a faster replacement, probably due to their specific role in the cellular response to 488 

nitrate. Control of mRNA nucleocytoplasmic distribution would be another regulatory layer 489 

contributing to the expression of these transcripts. 490 

RNA nuclear export as a mechanism for buffering cytoplasmic transcript levels in 491 

response to nitrate treatments 492 

 Modulating mRNA nuclear export rates is a strategy for controlling transient 493 

cellular responses in different cellular and environmental stimuli. For example, mRNAs 494 

with stage-specific functions change between nuclear and cytoplasmic compartmentation 495 

during Trypanosoma cruzi development, regulating their expression (Pastro et al., 2017). 496 

Furthermore, mRNA nuclear export is regulated in transcripts with stress response 497 

functions in Drosophila (Chen and Van Steensel, 2017) and Arabidopsis (Lee and Bailey-498 

Serres, 2019). Export, synthesis, and cytoplasmic decay rates are sufficient to predict 499 

nucleocytoplasmic mRNA levels using mathematical models (Bahar Halpern et al., 2015; 500 

Battich et al., 2015; Hansen et al., 2018), indicating that the contribution of other outputs 501 

for mRNA levels such as mRNA nuclear degradation (Das et al., 2003) and extracellular 502 

export (Thieme et al., 2015) cannot be considered in some cases. Our results show that 503 

nucleocytoplasmic accumulation of transcripts is a dynamic process whereby hundreds of 504 

genes change their distribution between cellular compartments in response to nitrate 505 

treatments. The synthesis and decay features for DLT transcripts do not explain the 506 

differential distribution in the nucleus and cytoplasm by themselves, suggesting a role for 507 

mRNA nuclear export modulation. 508 

 This potential nuclear export control is evident for the delayed-accumulated 509 

transcripts, which showed a temporal decoupling of nuclear and cytoplasmic mRNA-level 510 

increment. As we previously described, transcripts from the delayed-cytoplasmic 511 
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accumulation pattern have a strong synthesis in response to nitrate. A low export rate would 512 

be required to maintain these high steady-state levels in the nucleus. In contrast, a high 513 

export rate would be required to keep cytoplasmic levels high during later times when the 514 

synthesis rate. Besides, delayed-cytoplasmic accumulated transcripts showed the highest 515 

destabilization among DLT patterns, increasing decay rates when the transcripts are more 516 

accumulated in the cytoplasm. This evidence suggests a connection between decay and 517 

export. A positive correlation between decay and export has been previously reported in 518 

flies (Chen and Van Steensel, 2017) and provides evidence on the importance of controlling 519 

the export rate to maintain cytoplasmic mRNA levels under cell requirements. 520 

In this context, we propose mRNA nuclear export as a mechanism for buffering the 521 

expression levels of critical genes for the nitrate response. The temporal retention of 522 

mRNAs in the nucleus is a strategy for controlling the expression of transcripts synthesized 523 

during bursts of transcription (Bahar Halpern et al., 2015; Tudek et al., 2019). This can be 524 

achieved, for instance, by blocking the release of the transcripts from the gene locus and 525 

avoiding them from reaching the nuclear pore complex (Katahira et al., 2019; Singh et al., 526 

2019). Our results are consistent with this model. In particular, NIA1 showed a delayed-527 

cytoplasmic accumulation in response to nitrate, with early nuclear retention at 528 

transcription sites. This gene encodes an enzyme involved in the first step of nitrate 529 

reduction (Cheng et al., 1988; Santos-Filho et al., 2014). This is a committed step that is 530 

subject to multiple levels of regulation (Yanagisawa, 2014; Krapp, 2015), including 531 

transcriptional regulation (Zhao et al., 2018) and mRNA decay (Wu et al., 2020). A recent 532 

study showed that NIA1 degradation generates many siRNAs, some of which regulate their 533 

own expression, allowing the plant to quickly adapt its metabolism to the nutritional state 534 

(Wu et al., 2020). Thus, regulating NIA1 mRNA localization could allow postponing the 535 

turnover of this transcript to efficiently regulate the plant nutritional status in response to 536 

nitrate treatments.  537 

We described the mRNA nucleocytoplasmic dynamics in response to nitrate in 538 

Arabidopsis roots. The patterns observed for differentially localized transcripts can be 539 

partially explained by characteristic mRNA sequence features, synthesis, or decay rates. 540 

We propose that controlling nuclear-to-cytoplasm delivery is a strategy for buffering RNA 541 
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levels and fine-tune gene expression for transcripts that undergo a fast turnover. 542 

Understanding how nitrate regulates the expression of genes involved in metabolism, 543 

growth, and development is essential for developing new biotechnological solutions in 544 

agriculture. Our research gives new insights into plants' post-transcriptional RNA 545 

regulation and provides the basis for elucidating the role of mRNA nuclear export in the 546 

context of nitrogen nutrition.  547 
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METHODS 549 

Plant growth and nitrate treatments 550 

Arabidopsis thaliana seedlings (Col-0 ecotype) were grown in hydroponic media 551 

for 15 days, using ammonium succinate as the only nitrogen source in the PhytatrayTM 552 

system (Sigma, Cat.P1552). Treatments with KNO3 (or KCl as control) to a final 553 

concentration of 5 mM were performed, according to Alvarez et al., 2014). Root tissue was 554 

collected at 0, 20, 60, and 120 min of treatment and immediately frozen in liquid nitrogen 555 

until processing. 556 

RNA extraction from cellular fractions 557 

Cell subfractionation was achieved through differential centrifugation in a sucrose 558 

solution according to the protocol published by Xu and Copeland, (2012): the pellets 559 

obtained correspond to the nuclear fraction, and the supernatants collected correspond to 560 

the cytoplasmic fraction. Unfractionated tissue was stored from ground roots for ‘total’ 561 

RNA extraction. RNA extraction from all cellular fractions was performed using an acid 562 

phenol-chloroform protocol published by Darnell, (2012). Finally, all extracted RNA 563 

samples were purified following the Clean-up for Liquid Samples protocol from 564 

PureLink® RNA Mini Kit (Ambion, Cat, 12183018A). Concentration, integrity, and purity 565 

parameters were evaluated for RNA extractions by capillary electrophoresis (Fragment 566 

Analyzer, STANDARD SENSITIVITY RNA ANALYSIS KIT DNF-471, Advanced 567 

Analytical Technologies) and spectrophotometry (Nanodrop2000, Thermo Scientific), 568 

procuring to have more than two micrograms of RNA, RNA Quality Number (RQN) higher 569 

than 6.0, and optimal absorbance ratios (A260/A280 and A260/A230) for each extraction. 570 

RT-qPCR measurements 571 

cDNA was synthesized from nuclear and cytoplasmic RNA using Improm II RT 572 

(Promega, Cat. #A3800), and cDNA levels were measured by qPCR using the Brilliant III 573 

Ultra-Fast qPCR Kit (Agilent Technologies, Cat. #600880) and the StepOnePlusTM qPCR 574 

System (Agilent Technologies). Primers listed in Supplemental Table 2 were used for 575 

qPCR measurements. cDNA levels were calculated using the LinRegPCR software 576 

(Ramakers et al., 2004). 577 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 9, 2022. ; https://doi.org/10.1101/2022.01.07.475360doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.07.475360


 

24 
 

Nuclear transcript enrichment was evaluated by RT-qPCR detection of specific 578 

regions of unprocessed transcripts in genes with constitutive expression [CLATHRIN COAT 579 

ASSEMBLY, RAN3, and EIF4G]. Primers were designed to detect intronic regions for 580 

unprocessed RNAs and between two exons (at the end of an exon and the beginning of the 581 

closest neighbor exon) for processed RNAs (Supplemental Table 2). The analysis was 582 

performed from cDNA synthesized from RNA extractions obtained for different cellular 583 

fractions using random primers (Promega, Cat. #C1181). Unprocessed RNA levels were 584 

normalized using the mean value of three processed mRNAs. 585 

Differential RNA levels in the cellular fractions were confirmed, measuring MPK9, 586 

SDR2, SUFE2, RCAR1, NRT2.2, BCA4, BZIP3, AT1G49230, NIA1, and IDH1 587 

(representative transcripts for DLT localization patterns). The mean RNA levels for 588 

CLATHRIN COAT ASSEMBLY and PP2AA3 were used as a normalizer factor. For RNA 589 

decay evaluation by qPCR, NIA1 and VRN1 levels were measured from cordycepin-treated 590 

plants, using the mean level of RAN3 and MON1 as a normalizer factor. For both 591 

experimental designs, the best pair of normalizer genes was validated following the strategy 592 

described by Remans et al., (2014), using NormFinder (Andersen et al., 2004). cDNA was 593 

synthesized using the oligo(dT) 5’-TTTTTTTTTTTTTTTTTTTTV-3’.  594 

RNA sequencing from cellular fractions 595 

cDNA libraries (from PolyA enriched RNA) were prepared by Macrogen service 596 

(South Korea), using TruSeq® Stranded mRNA LT Sample Preparation Kit (Illumina, Cat. 597 

RS-122-2101). Libraries were synthesized with RNA from each cellular fraction (nuclear, 598 

cytoplasmic, and total) for control (KCl) and treated (KNO3) conditions for the four time-599 

points collected (0, 20, 60, and 120 minutes). Libraries were sequenced in the Illumina 600 

Novaseq6000 platform with 100 bp paired-end reads by Macrogen. 601 

RNA-seq data analysis 602 

R software software packages (CRAN R Project) were used for most data analysis. 603 

The FastQC software (0.10.0 version, Babraham Bioinformatics) was used to check the 604 

reads' quality, and then the sequences were processed with Trimmomatic v0.36 (Bolger et 605 

al., 2014) for removing the low-quality reads. The sequences were mapped to the 606 
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Arabidopsis thaliana genome (Araport11 annotation) using HISAT2 (Kim et al., 2015), and 607 

finally, Rsubread R Library (Liao et al., 2013) was used for calculating the number of reads 608 

in Transcripts Per Million (TPM). 609 

We used quantile normalization to identify differentially expressed genes in the 610 

cellular fractions (Smyth, 2005). This strategy was considered the best for reducing the bias 611 

generated by the different conditions of the subcellular fractions. Nuclear and cytoplasmic 612 

TPMs were quantile normalized together (for comparisons between cellular fractions), and 613 

total TPMs were analyzed separately. To identify genes that are differentially accumulated 614 

by the treatment and change during the time-course, a two-way ANOVA model was 615 

performed from the quantile normalized counts (in log2 scale) of each cellular fraction, 616 

evaluating the effects of treatment (KCl and KNO3), time (20, 60, 120 min) and their 617 

interaction through the model. In this way, transcripts that fit the model with a significant 618 

p-value for treatment (T) or its interaction with time (Treatment:Time) were considered as 619 

genes whose mRNA levels change within the cellular fraction in response to nitrate. 620 

Given that nuclear and cytoplasmic fractions are not independent of each other, a 621 

ΔNC value (Normalized counts in nuclear fraction minus normalized counts in cytoplasmic 622 

fraction) was calculated to identify genes whose transcripts show different distributions 623 

between these cellular fractions. From these values, a similar analysis (as mentioned above) 624 

was performed. The transcripts whose ΔNC values fit the 2-way ANOVA model with a 625 

significant p-value (<0.01) for treatment or its interaction with time were considered 626 

differentially localized transcripts (DLTs) in response to the nitrate treatments.  627 

The different lists of regulated genes were compared using the Sungear software 628 

(Poultney et al., 2007). The Multiple Experiment Viewer (MeV) software (Saeed et al., 629 

2003) was used to visualize and cluster the data. Gene groups were defined by hierarchical 630 

clustering from their Pearson correlation, using an average linkage method and defining a 631 

threshold distance of 0.5. Enrichment analysis of Gene Ontology (GO) and Kyoto 632 

Encyclopedia of Genes and Genomes (KEGG) terms were performed using the BioMaps 633 

software from VirtualPlant v1.3 (Katari et al., 2010), selecting terms with a p-value with 634 

FDR (False Discovery Rate) correction lower than 0.05. GO terms were summarized with 635 

REVIGO (http://revigo.irb.hr) set to obtain a medium-size list of terms according to Resnik 636 
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similarity (Supek et al., 2011). The sequence features of these transcripts were analyzed, 637 

extracting the information from the Generic Feature Format (GFF) file of Araport11 638 

annotation for each gene's most abundant isoform according to the RNA-seq data. 639 

Prediction of mRNAs secondary structure was performed using the RNAfold function from 640 

ViennaRNA Package 2.0 (Lorenz et al., 2011). 641 

RNA stability evaluation 642 

Arabidopsis thaliana seedlings were treated with a transcription inhibitor after the 643 

treatment with the nutrient, and RNA decay rates and half-lives were calculated for each 644 

condition (KNO3 and KCl). 15-day old Arabidopsis thaliana seedlings were treated as 645 

described above. After 20 or 120 min of nutrient treatment, the plants were transferred to a 646 

solution of cordycepin 0.6 mM (Sigma Cat. #C3394) prepared in MS without nitrogen 647 

(PhytoTechnology Laboratory Cat. #M407) in a growth chamber with low agitation. Roots 648 

were collected at 0, 30, 60, and 120 min after the cordycepin treatment. RNA was extracted 649 

using TRIzolTM reagent (Invitrogen Cat. 15596) following the protocol described by 650 

Macrae (2007). RNA was used for cDNA synthesis and subsequent quantification by RNA-651 

seq (for RNA from seedlings treated for 120 min with nitrate) or qPCR to evaluate stability 652 

at other treatment times. 653 

For RNA-seq analysis, twenty-four different libraries were synthesized from RNA 654 

extracted from three experiments (separate plant material grown independently). cDNA 655 

libraries (from rRNA-depleted RNA) were prepared by Macrogen service (South Korea) 656 

with TruSeq® Stranded Total RNA Library Prep Plant (Illumina, Cat. 20020611) using 657 

RNA from nitrate or control conditions after cordycepin treatment. Libraries were 658 

sequenced by Macrogen in Illumina Novaseq6000 platform with 100 bp paired-end reads, 659 

requesting 40 million reads per sample. Raw data were analyzed as described above for 660 

RNA-seq from cellular fractions until obtaining TPM normalized counts. The Multiple 661 

Experiment Viewer (MeV) (Saeed et al., 2003) software was used to visualize and cluster 662 

the data. Gene clusters were defined by hierarchical clustering from their Pearson squared 663 

correlation, using a complete linkage method, defining a threshold distance of 0.5. 664 

Decay rates (kdecay) and then half-lives (t1/2) were calculated by adjusting the 665 

measured RNA levels (C) as an exponential function of time (t). The mathematical 666 
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adjustment for C(t) was developed assuming a constant decay rate, according to the 667 

function: C(t) = e-kdecay * t (Gutierrez et al., 2002; Narsai et al., 2007; Sorenson et al., 2018). 668 

‘RNA decay’ R-package (Sorenson et al., 2018) was used for decay modeling for RNA-seq 669 

data. Models in which decay rate changed or not between KNO3 and KCl treatments were 670 

evaluated, and the model with the lowest Akaike Information Criterion (AIC) statistics was 671 

selected.  672 

RNA polymerase II occupancy changes 673 

Data from RNA Polymerase II Chromatin Immunoprecipitation sequencing (RNPII-674 

ChIPseq) was analyzed (Alvarez et al., 2019). This data was obtained from Arabidopsis 675 

thaliana roots treated for 12 min with nitrate in the same conditions used to identify DLTs. 676 

Normalized sequence counts in regions between 500 bp upstream the TSS and 500 bp 677 

downstream the TTS were evaluated by differential accumulation with DESeq2 package 678 

(Love et al., 2014), calculating a fold change of RNPII occupancy between treated (KNO3) 679 

and control condition (KCl). 680 

RNA single-molecule FISH 681 

RNA single-molecule Fluorescence in situ Hybridization (RNA smFISH) was 682 

performed according to the protocol described in Duncan et al., (2017). Forty-eight probes 683 

were designed using the Stellaris Probe Designer software (version 2.0 from Biosearch 684 

Technologies) to recognize exonic regions for the NIA1 transcript. Probes with Quasar670 685 

fluorophores were synthesized by Stellaris. Probe sequences are listed in Supplemental 686 

Table 3. 687 

Fifteen-day-old A. thaliana seedlings were treated with nitrate (and KCl as control) 688 

for 20 and 120 min. Some of these plants were also treated with cordycepin 0.6 mM for 120 689 

min after nutrient treatment for transcription site analysis. Roots were collected, fixed in 690 

4% paraformaldehyde solution, and squashed on microscope slides to obtain cell 691 

monolayers. Fixed samples were hybridized with the probe set and then with DAPI 100 692 

ng/mL. The visualization and imaging were performed with a Zeiss LSM800 inverted 693 

microscope, using an x63 oil-immersion objective and a cooled quad-port CCD (charge-694 

coupled device) ZEISS Axiocam 503 mono camera. The following wavelengths were used 695 
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for fluorescence detection: for Quasar670, an excitation filter 625-655 nm was used, with 696 

signal detection at 665-715 nm; for DAPI, an excitation filter of 335-383 nm with signal 697 

detection at 420–470 nm. For all experiments, a series of optical sections with z-steps of 698 

0.22 µm were collected. Maximum projections and analysis of three-dimensional pictures 699 

were performed using Fiji. For image deconvolution and quantification, FISH-quant 700 

software was used (Mueller et al., 2013). Tutorial instructions for batch analysis for 701 

"Mature mRNA quantification" and "Nascent mRNA quantification" were followed 702 

(Mueller et al., 2013). 703 

Accession numbers 704 

Accession numbers based on The Arabidopsis Information Resource (TAIR) 705 

(https://www.arabidopsis.org) for all genes examined in this study are: NIA1 (AT1G77760), 706 

RAN3 (AT5G55190), EIF4G (AT3G60240), CLATHRIN COAT ASSEMBLY PROTEIN 707 

(AT4G24550), PP2AA3 (AT1G13320), MON1 (AT2G28390), MPK9 (AT3G18040), SDR2 708 

(AT3G51680), SUFE2 (AT1G67810), RCAR1 (AT1G01360), NRT2.2 (AT1G08100), 709 

BCA4 (AT1G70410), BZIP3 (AT5G15830), IDH1 (AT4G35260), VRN1 (AT3G18990). 710 

Sequence data from this article can be found in the National Center for Biotechnology 711 

Information Gene Expression Omnibus under the project accessions: PRJNA720236 (data 712 

from cellular fractions) and PRJNA791353 (data from stability assays).  713 

Supplemental Data files 714 

Supplemental Figures 715 

Supplemental Figure 1. Unprocessed transcripts are enriched in nuclear fractions and 716 

reduced in cytoplasmic fractions.  717 

Supplemental Figure 2. Number of differentially expressed genes in cellular fractions 718 

Supplemental Figure 3. Differentially expressed genes in response to nitrate treatment in 719 

cellular fractions. 720 

Supplemental Figure 4. Comparison of regulated genes in response to nitrate treatments 721 

from different transcriptomic studies 722 
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Supplemental Figure 5. DLTs in response to nitrate treatments that are not regulated in the 723 

total fraction. 724 

Supplemental Figure 6. DLT expression clusters for the different localization patterns in 725 

response to nitrate treatments. 726 

Supplemental Figure 7. qPCR validation for differential accumulation of representative 727 

DLTs. 728 

Supplemental Figure 8. Extended sequence-related features for DLTs in response to 729 

nitrate treatments. 730 

Supplemental Figure 9. Sequence features for DLTs in response to nitrate treatments 731 

separated by expression clusters. 732 

Supplemental Figure 10. Decay profiles for DLTs in response to nitrate treatments. 733 

Supplemental Figure 11. Transcription sites analysis by RNA single-molecule FISH 734 

during nitrate treatment. 735 

Supplemental Figure 12. Decay profiles for VRN1 transcript in response to nitrate 736 

treatments 737 

 738 

Supplemental Tables 739 

Supplemental Table 1. RNA-seq libraries parameters from total and cellular fractions. 740 

Supplemental Table 2. List of primers 741 

Supplemental Table 3. List of probes for NIA1 RNA smFISH  742 

 743 

Supplemental Data Sets 744 

Supplemental Data Set 1. Differentially expressed genes in response to nitrate treatments 745 

in subcellular fractions. 746 

Supplemental Data Set 2. Over-represented GO-terms for differentially expressed genes 747 

in response to nitrate treatment in cellular fractions. 748 
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Supplemental Data Set 3. List of DLTs in response to nitrate treatments. 749 

Supplemental Data Set 4. Over-represented GO-terms in DLTs. 750 

Supplemental Data Set 5. Over-represented KEGG-terms in DLTs. 751 

Supplemental Data Set 6. RNA polymerase II occupancy changes for DLTs. 752 

Supplemental Data Set 7. Decay profiles and estimated half-lives for DLTs. 753 

Supplemental Data Set 8. Ranking for RNA polymerase II occupancy and half-life 754 

changes for DLTs. 755 

 756 

ACKNOWLEDGMENTS 757 

We thank Luis Villarroel, Ph.D. (Pontificia Universidad Católica de Chile) for help 758 

with data normalization and statistics strategy. This work was supported by grants from the 759 

Fondo de Desarrollo de Áreas Prioritarias (FONDAP), Center for Genome Regulation 760 

(15090007), and the Agencia Nacional de Investigación y Desarrollo (ANID), through 761 

ANID–Millennium Science Initiative Program-Millennium Institute for Integrative Biology 762 

(iBio), FONDECYT 1180759 to R.A.G and Ph.D. scholarship (21161516) to A.F. 763 

 764 

AUTHOR CONTRIBUTIONS 765 

A.F. and R.A.G. designed this research. A.F. wrote the manuscript, with corrections 766 

from T.M., S.R., and R.A.G. A.F., T.M, and R.A.G designed the RNA-seq data analysis 767 

pipeline. A.F. performed all the experiments that involved bench work and analyzed the 768 

data. T.M. analyzed the RNAseq data. S.R. designed, supervised, and discussed smFISH 769 

experiments. R.A.G supervised the study. 770 

COMPETING INTERESTS 771 

The authors declare no competing interests.  772 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 9, 2022. ; https://doi.org/10.1101/2022.01.07.475360doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.07.475360


 

1 
 

FIGURE LEGENDS 773 

Figure 1. Differentially localized transcripts (DLTs) in response to nitrate treatments. 774 

Heatmap with mRNA levels in cellular fractions for DLTs in response to nitrate treatments. 775 

Genes were hierarchically clustered using the correlation of mRNA levels in the nuclear 776 

and cytoplasmic fractions (panel I). mRNA levels in the total fraction are shown in panel II. 777 

We calculated Nuclear+Cytoplasmic mRNA levels using data from each fraction, which 778 

are shown in panel III. Cluster numbers are indicated on the dendrogram to the left of the 779 

heatmap. Each column represents the mRNA levels for one replicate under each condition. 780 

(B) Scatter plot for comparing the mean mRNA levels of DLTs in the Total and 781 

Nuclear+Cytoplasmic data. The Pearson correlation (R) is indicated. 782 

Figure 2. DLT localization patterns in response to nitrate treatments. 783 

Five different localization patterns in response to nitrate treatments. NR – Nuclear 784 

reduction, CR – Cytoplasmic reduction, NA – Nuclear accumulation, CA – Cytoplasmic 785 

accumulation, and D – Delayed-cytoplasmic accumulation. DLTs in response to nitrate 786 

treatments were separated by the cellular fraction where the main changes were observed 787 

(Nuclear or cytoplasmic) and if they showed an accumulation or reduction of mRNA levels 788 

in the nitrate condition. Graphs show mean values of z-scored normalized mRNA levels 789 

(line) and 95% confidence interval for mean values of each DLT for the three independent 790 

experiments (shadow).  791 

Figure 3. Over-represented terms in DLTs in response to nitrate treatments. 792 

Summary of significant (p<0.05) over-representation of (A) GO, and (B) KEGG-Terms 793 

enriched in the lists of all DLTs, or the DLT localization patterns (NR – Nuclear reduction, 794 

CR – Cytoplasmic reduction, NA – Nuclear accumulation, D – Delayed-cytoplasmic 795 

accumulation, and CA – Cytoplasmic accumulation) according to VirtualPlant output 796 

(Katari et al., 2010). GO-terms were summarized by non-redundant 5 and 6 levels using 797 

REVIGO (Supek et al., 2011). 798 

 799 
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Figure 4. Differences in sequence-related features of DLTs in response to nitrate 800 

treatments. 801 

Sequence features of the most abundant isoform for nitrate-regulated genes, according to 802 

Araport11 annotation. Violin plots show the distribution of (A) exonic region length, (B) 803 

exonic region GC content, and (C) splicing junction density for DLTs in each pattern (NR – 804 

Nuclear reduction, CR – Cytoplasmic reduction, NA – Nuclear accumulation, D – Delayed-805 

cytoplasmic accumulation, and CA – Cytoplasmic accumulation). We also include nitrate-806 

regulated genes in the total fraction that are not differentially localized as a control (TA – 807 

Total accumulated, or TR – Total reduced). Boxes inside show the interquartile range (IQR 808 

– 25-75%), the horizontal line indicates the median value. Whiskers show the ±1.58xIQR 809 

value. We compared the distributions using one-way ANOVA and Dunnett post-test. We 810 

include p-values and brackets to highlight relevant comparisons. 811 

Figure 5. Changes in RNA polymerase II (RNPII) occupancy and half-lives for DLTs in 812 

response to nitrate treatments. 813 

(A) Changes in RNPII occupancy after 12 min and (B) Changes in half-lives after 120 min 814 

of nitrate treatment. Violin plots show the distribution for DLTs in each pattern (NR – 815 

Nuclear reduction, CR – Cytoplasmic reduction, NA – Nuclear accumulation, D – Delayed-816 

cytoplasmic accumulation, and CA – Cytoplasmic accumulation). We also include nitrate-817 

regulated genes in the total fraction that are not differentially localized as a control (TA – 818 

Total accumulated, or TR – Total reduced). Boxes inside show the interquartile range (IQR 819 

– 25-75%), indicating the median value as a horizontal line. Whiskers show the ±1.58xIQR 820 

value. We compared the distributions using one-way ANOVA and Dunnett post-test. We 821 

include p-values and brackets to highlight relevant comparisons. (C) Scatter plot showing 822 

the relationship between changes in RNPII occupancy and half-lives for all genes that 823 

respond to nitrate in any cellular fraction. Linear regression and Pearson correlation 824 

coefficient are indicated for all data (gray) and DLTs only (red). The red arrow shows 825 

NITRATE REDUCTASE 1 (NIA1) as the DLT with the biggest changes in RNPII 826 

occupancy as well as half-life values. 827 

Figure 6. RNA single-molecule FISH detection and decay profiles for NIA1 transcript in 828 

nuclear and cytoplasmic accumulation phases 829 
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(A) mRNA levels in cellular fractions measured by RNA-seq. (****) indicates statistical 830 

differences between nuclear and cytoplasmic fractions. 831 

(B) Representative microscopy deconvoluted images for NIA1 in situ detection in 832 

Arabidopsis root cells by RNA single-molecule FISH (smFISH). White color corresponds 833 

to signal detected for NIA1 specific fluorescent probes. The blue color corresponds to the 834 

DAPI stain. Scale bar = 10 µm. 835 

(C-G) Quantification of the RNA smFISH. Violin plots show the distribution for transcript 836 

quantification in the nitrate (KNO3, black) or control (KCl, white) conditions at 20 or 120 837 

min after the treatment. Boxes inside show the interquartile range (IQR – 25-75%), 838 

indicating the median value as a horizontal line. Whiskers show the ±1.58xIQR value. (C) 839 

Estimated number of transcripts per cell area in whole cells (nucleus+cytoplasm). (D) 840 

Number of transcripts per nuclear area. The number of nucleoplasmic transcripts and the 841 

estimated number of transcripts in transcription sites are included. (E) Number of 842 

cytoplasmic transcripts per area. (F) Number of active transcription sites per cell. (G) 843 

Estimated number of transcripts in each transcription site. 844 

(H-I) Comparison of NIA1 half-lives (t1/2)  after  20 min (nuclear phase) or 120 min 845 

(cytoplasmic phase) of KNO3 or KCl treatments. RNA levels were determined by RT-846 

qPCR. Half-lives and coefficients of determination for regression models are indicated in 847 

each graph. 848 

  849 
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SUPPLEMENTAL MATERIAL 850 

Supplemental Figure 1. Unprocessed transcripts are enriched in nuclear fractions and 851 

reduced in cytoplasmic fractions.  852 

RNA levels measured by RT-qPCR for unprocessed transcripts in the different cellular 853 

fractions (Total, nuclear, and cytoplasmic). RNA was extracted from root tissue from 854 

nitrate- or control-treated seedlings for 60 min (KNO3 or KCl, respectively). Three different 855 

constitutive-expressed transcripts were detected: (A) EIF4G, (B) CLATHRIN COAT 856 

ASSEMBLY PROTEIN, and (C) RAN3. RNA values were normalized with mean processed 857 

RNA levels. Detection was performed using primers flanking (processed RNA) or inside 858 

(unprocessed RNA) intronic regions for each gene. Bars represent the mean ± standard 859 

error of 3 independent experiments. Statistical analysis was performed using 860 

ANOVA/Tukey’s HSD test. Different letters above bars denote statistically significant 861 

differences (ANOVA/Tukey’s HSD test, p<0.05). 862 

Supplemental Figure 2. Number of differentially expressed genes in cellular fractions 863 

The lists of genes with significant factors obtained by two-way ANOVA analyses of 864 

RNAseq data is represented using the Sungear tool (Poultney et al., 2007). The triangle 865 

shows the factors at the vertexes (Treatment, time, and the interaction between both). The 866 

circles inside the triangle represent the genes controlled by the different factors, as 867 

indicated by the arrows around the circles. The size of each circle is proportional to the 868 

number of genes associated with that circle. The number of genes in the circle is shown 869 

next to the corresponding circle. (A) Total fraction, (B) Nuclear fraction, (C) Cytoplasmic 870 

fraction, and (D) Nuclear-Cytoplasmic subtraction. Differentially expressed genes in 871 

response to nitrate treatments are colored in red. 872 

Supplemental Figure 3. Differentially expressed genes in response to nitrate treatment in 873 

cellular fractions. 874 

(A) Sungear representation for comparing the lists of differentially expressed genes in 875 

Total, nuclear, and cytoplasmic fractions (vertexes) in response to nitrate (KNO3) compared 876 

with control (KCl) treatments. Circles indicate the number of genes shared among each list. 877 
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(B) Heatmap with mRNA levels in cellular fractions for differentially expressed genes in 878 

subcellular fractions that are not identified in the total fraction. Genes were hierarchically 879 

clustered using the correlation of mRNA levels in the nuclear and cytoplasmic fractions 880 

(panel I). mRNA levels in the total fraction are shown in panel II. Each column represents 881 

the mRNA levels for one replicate under each condition. Nuclear (Nuc) or Cytoplasmic 882 

(Cyt) regulation is indicated on the figure's right side. Three replicates from independent 883 

experiments are shown as separated columns for each condition. 884 

Supplemental Figure 4. Comparison of regulated genes in response to nitrate treatments 885 

from different transcriptomic studies 886 

The lists of differentially expressed genes in response to nitrate in different transcriptomic 887 

studies are represented using the Sungear tool (Poultney et al., 2007). Vertexes of the 888 

polygon show different lists for  ALVAREZ_2019 (Alvarez et al., 2019), CANALES_2014 889 

(Canales et al., 2014), KROUK_2010 (Krouk et al., 2010), Swift_2019 (Swift et al., 2020), 890 

VARALA.ROOT_2018 (Results for root tissue in Varala et al., 2018), 891 

WANG.ROOT_2004 (Results for root tissue in Wang et a., 2004), TOTAL_FRACTION, 892 

NUCLEAR_FRACTION, and CYTOPLASMIC_FRACTION (results from this work). The 893 

circles inside the polygon represent the identified genes from each work, as indicated by the 894 

arrows around the circles. The size of each circle is proportional to the number of genes 895 

associated with that circle. Genes only identified in cellular fractions are colored in red, and 896 

the number of these genes in each list is indicated as text. 897 

Supplemental Figure 5. DLTs in response to nitrate treatments that are not regulated in the 898 

total fraction. 899 

(A) Sungear representation for comparing lists of total differentially regulated genes and 900 

DLTs in response to nitrate treatment. 901 

(B) Heatmap with mRNA levels in cellular fractions for DLTs that are not identified in the 902 

total fraction. Genes were hierarchically clustered using the correlation of mRNA levels in 903 

the nuclear and cytoplasmic fractions (panel I). mRNA levels in the total fraction are shown 904 

in panel II. Each column represents the mRNA levels for one replicate under each 905 

condition. 906 
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Supplemental Figure 6. DLT expression clusters for the different localization patterns in 907 

response to nitrate treatments. 908 

We identified 13 expression clusters (Figure 1) for DLTs in response to nitrate treatments. 909 

The localization pattern (NR – Nuclear reduction, CR – Cytoplasmic reduction, NA – 910 

Nuclear accumulation, D – Delayed-cytoplasmic accumulation, and CA – Cytoplasmic 911 

accumulation) each cluster represents is indicated. DLTs in response to nitrate treatments 912 

were separated by the cellular fraction where the main changes are observed (Nuclear or 913 

cytoplasmic) and if they show an accumulation or reduction in the nitrate condition. Graphs 914 

show mean values of z-scored normalized RNA levels (orange line) and 95% confidence 915 

interval for mean values for three biological replicates (shadow).  916 

Supplemental Figure 7. qPCR validation for differential accumulation of representative 917 

DLTs. 918 

mRNA levels for representative genes from DLT localization patterns in response to 919 

nitrate. The mRNA levels were analyzed at the time-point, where the most significant 920 

differences between nuclear and cytoplasmic levels were observed in RNAseq data. The 921 

left panels show the mRNA levels in all time-courses measured by RNA-seq. The asterisks 922 

indicate statistical differences between nuclear and cytoplasmic levels in a specific time-923 

point (Two-way ANOVA, Tukey post-test. *; p<0.05; **: p<0.01, ***: p<0.001, ****: 924 

p<0.0001). The right panels show the mRNA levels measured by RT-qPCR. The different 925 

letters denote statistically significant differences (Two-way ANOVA, Tukey post-test, 926 

p<0.05). 927 

(A) RNA levels for MPK9 (nuclear reduction – NR - pattern). qPCR measurements were 928 

performed at 20 min of treatment.  929 

(B) RNA levels for SDR2 (nuclear reduction – NR - pattern). qPCR measurements were 930 

performed at 120 min of treatment.  931 

(C) RNA levels for SUFE2 (cytoplasmic reduction – CR - pattern). qPCR measurements 932 

were performed at 120 min of treatment.  933 

(D) RNA levels for RCAR1 (cytoplasmic reduction – CR - pattern). qPCR measurements 934 

were performed at 120 min of treatment.  935 
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(E) RNA levels for NRT2.2 (nuclear accumulation – NA - pattern). qPCR measurements 936 

were performed at 120 min of treatment. 937 

(F) RNA levels for RCA4 (nuclear accumulation – NA - pattern). qPCR measurements 938 

were performed at 120 min of treatment.  939 

(G) RNA levels for BZIP3 (cytoplasmic accumulation – CA - pattern). qPCR 940 

measurements were performed at 20 min of treatment.  941 

(H) RNA levels for AT1G49230 (cytoplasmic accumulation – CA - pattern). qPCR 942 

measurements were performed at 20 min of treatment.  943 

(I) RNA levels for NIA1 (delayed cytoplasmic accumulation – D - pattern). qPCR 944 

measurements were performed at 20 and 120 min of treatment. 945 

(J) RNA levels for IDH1 (delayed cytoplasmic accumulation – D - pattern). qPCR 946 

measurements were performed at 20 and 120 min of treatment. 947 

Supplemental Figure 8. Extended sequence-related features for DLTs in response to 948 

nitrate treatments. 949 

Sequence features of the most abundant isoform for nitrate-regulated genes, according to 950 

Araport11 annotation. Violin plots show the distribution of (A-C) length features, (D-E) 951 

GC content, and (G-H) free energy for optimal secondary structure prediction (RNAfold 952 

software) for DLTs localization patterns (NR – Nuclear reduction, CR – Cytoplasmic 953 

reduction, NA – Nuclear accumulation, D – Delayed-cytoplasmic accumulation, and CA – 954 

Cytoplasmic accumulation). We also include nitrate-regulated genes in the total fraction 955 

that are not differentially localized as a control (TA – Total accumulated, or TR – Total 956 

reduced). Boxes inside show the interquartile range (IQR – 25-75%), indicating the median 957 

value as a horizontal line. Whiskers show the ±1.58xIQR value. We compared the 958 

distributions using one-way ANOVA and Dunnett post-test. We include p-values and 959 

brackets to highlight relevant comparisons. 960 

Supplemental Figure 9. Sequence features for DLTs in response to nitrate treatments 961 

separated by expression clusters. 962 
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Sequence features of the most abundant isoform for DLTs, according to Araport11 963 

annotation. Box plots show minimum to maximum (bars) and 5-95 percentile (boxes) 964 

distributions. Clusters were grouped based on their localization pattern patterns (NR – 965 

Nuclear reduction, CR – Cytoplasmic reduction, NA – Nuclear accumulation, D – Delayed-966 

cytoplasmic accumulation, and CA – Cytoplasmic accumulation). The mean value from all 967 

DLTs is indicated in the dashed line. (*) show statistical differences (p<0.05) among 968 

clusters and DLTs distribution from One-way ANOVA, Tukey post-test analysis. (A-D) 969 

Length features (E-H) GC content features (I-K) Free energy for optimal secondary 970 

structure prediction (RNA fold software) (L) Splicing junction density (Calculated as two 971 

times the number of introns divided by exonic region length). (M) Changes in RNPII 972 

occupancy after 12 min of treatment. Values are graphed as the fold change (FC) of the 973 

KNO3/KCl ratio in a logarithmic scale (log2). (N) Changes in half-life after 120 min of 974 

treatment. Values are graphed as the fold change (FC) of the KNO3/KCl ratio in a 975 

logarithmic scale (log2). 976 

Supplemental Figure 10. Decay profiles for DLTs in response to nitrate treatments. 977 

Decay profiles for the 402 DLTs in response to nitrate treatments. RNA levels were 978 

measured by RNAseq from KNO3 (Left panel) or KCl (Right panel) treated roots for 120 979 

min and then treated with cordycepin for 0, 30, 60, or 120 min. The RNA levels were 980 

normalized using the mean value at 0 min (T0) of cordycepin treatment. Genes were 981 

hierarchically clustered in six groups according to their decay profiles in the KNO3 982 

condition (indicated in the left part of the figure). The localization patterns with which each 983 

DLT belongs are indicated in the right part of the figure. Replicates from independent 984 

experiments are shown as separate columns for each condition. 985 

Supplemental Figure 11. Transcription sites analysis by RNA single-molecule FISH 986 

during nitrate treatment. 987 

(A) Representative microscopy deconvoluted images from two independent experiments 988 

for NIA1 detection in Arabidopsis root cells from nitrate (KNO3, top) or control (KCl, 989 

bottom) for 20 min, and then treated with cordycepin 0.6 mM for 0 (left) or 120 (right) min. 990 

The white signal corresponds to specific probes for NIA1 associated with Quasar670 991 

fluorophore. The blue signal corresponds to the DAPI stain. Scale bar = 10 µm. 992 
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(B-C)  Transcription site analysis. Violin plots show the distribution for transcript 993 

quantification in the nitrate (KNO3, black) or control (KCl, white) condition after 20 or 120 994 

min of treatment (Figure 6E). Boxes inside show the interquartile range (IQR – 25-75%), 995 

indicating the median value as a horizontal line. Whiskers show the ±1.58xIQR value. One-996 

way ANOVA Tukey post-test p-values for significant differences are indicated (n.s: non-997 

significant, p-value>0.1). Four images from different roots from two independent 998 

experiments were quantified for each time/condition. (B) Number of active transcription 999 

sites per cell. (C) Estimated number of transcripts by each active transcription site. 1000 

 1001 

Supplemental Figure 12. Decay profiles for VRN1 transcript in response to nitrate 1002 

treatments 1003 

(A) mRNA levels in cellular fractions measured by RNA-seq for VRN1. Asterisks (****) 1004 

indicate statistical differences between nuclear and cytoplasmic fractions, according to two-1005 

way ANOVA, Tukey post-test. SEM from three independent experiments is shown as error 1006 

bars. 1007 

(B-C) Comparison of half-lives (t1/2) for  VRN1 between nuclear (B) and cytoplasmic (C) 1008 

phases. RNA levels were determined by RT-qPCR. Measured half-lives and the 1009 

determination coefficient for linear regression are indicated for each graph. SEM from three 1010 

independent experiments is shown as error bars. 1011 
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SUPPLEMENTAL TABLES 1013 

Supplemental Table 1. RNA-seq libraries parameters from total and cellular fractions. 1014 
Parameter Total Nuclear Cytoplasmic 

Library concentration range (nM) 22.49 - 356.94 72.53 - 136.50 50.03 - 119.51 
Library size range (bp) 316 - 353 274 - 300 270 - 292 

Number of reads (in millions) [Mean 
± SD] 68.92 ± 9.26 70.57 ± 7.33 70.75 ± 5.37 

Q30 (%) [Mean ± SD] 94.72 ± 0.31 93.98 ± 0.19 93.69 ± 0.32 
Reads after quality filters (%) [Mean 

± SD] 93.31 ± 0.54 89.56 ± 0.44 88.92 ± 0.60 

Mapped reads to the genome (%) 
[Mean ± SD] 

92.01% ± 
1.44% 

86.05% ± 
3.80% 

84.12% ± 
6.91% 

Correlation between replicates 
[Mean ± SD] 0.988 ± 0.002 0.984 ± 0.003 0.984 ± 0.003 

 1015 
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Supplemental Table 2. List of primers 1017 
Primer sequence (5'->3') Gene Sense Use Experiment 

CAACACGCTTCCTTGCCTAGAG MPK9 Forward qPCR DLT confirmation (NR pattern) 
GGGTCGTGACTAAAGACGCTATGG MPK9 Reverse qPCR DLT confirmation (NR pattern) 

TGGAATGGGACCACACGCTTAC SDR2 Forward qPCR DLT confirmation (NR pattern) 
TAGCTCACACGCTGCGTTCTTG SDR2 Reverse qPCR DLT confirmation (NR pattern) 
CGTGGCACAACGTGTTGATGAG SUFE2 Forward qPCR DLT confirmation (CR pattern) 
TTTGATGCGCCACGTCAGTAGC SUFE2 Reverse qPCR DLT confirmation (CR pattern) 
ACCAGTGTACCTCTGCTCTTGTC RCAR1 Forward qPCR DLT confirmation (CR pattern) 

TCATGGGAATCTTGGTGCTCACG  NRT2.2 Forward qPCR DLT confirmation (CR pattern) 

ACGGCGTACCATAGAATCTTTCCG  NRT2.2 Reverse qPCR DLT confirmation (NA pattern) 
GCATCAGCGAGGAACAAGATCAAG BCA4 Forward qPCR DLT confirmation (NA pattern) 
AGCGATACGTTCACAGCTTCCTTC BCA4 Reverse qPCR DLT confirmation (NA pattern) 
TCTCCGTACAAGTGACCAAACGAG RCAR1 Reverse qPCR DLT confirmation (NA pattern) 

TCTCACAGGTTGCTTGGCT BZIP3 Forward qPCR DLT confirmation (CA pattern) 
GATGTGATAACCTGACGAAGCTCC BZIP3 Reverse qPCR DLT confirmation (CA pattern) 

ATGCGAGAAGATTGCCGACTGC AT1G49230 Forward qPCR DLT confirmation (CA pattern) 
TGATGCTGTCTTGTGGTGGTTGAG AT1G49230 Reverse qPCR DLT confirmation (CA pattern) 

AAGGCAAAGGCAACTTCCTGGT NIA1 Forward qPCR DLT confirmation (D pattern) | Decay 

TCATCCTCGGTTCTGTTTGCGT NIA1 Reverse qPCR DLT confirmation (D pattern) | Decay 

GTCATGCCTGGAGGAAATGTTGGG IDH1 Forward qPCR DLT confirmation (D pattern) 

TGCTGATGCACCTTGCTCGAATAC IDH1 Reverse qPCR DLT confirmation (D pattern) 
AGACCGGCGCCAACTAGGA PP2AA3 Forward qPCR Normalizer 

GCTATCCGAACTTCTGCCTCATT PP2AA3 Reverse qPCR Normalizer 
AACTCTATGCAGCATTTGATCCACT MON1 Forward qPCR Normalizer 

TGATTGCATATCTTTATCGCCATC MON1 Reverse qPCR Normalizer 

AGGCACATCAGTATCAACTGGGG 

CLATHRIN 
COAT 

ASSEMBLY 
PROTEIN  Forward qPCR 

Normalizer | Processed RNA (fraction 
control) 

ACCCCTGAACCTGAAGAACTCCT 

CLATHRIN 
COAT 

ASSEMBLY 
PROTEIN  Reverse qPCR 

Normalizer | Processed RNA (fraction 
control) 

AATACGCGCTGAGTTCCCTT 

CLATHRIN 
COAT 

ASSEMBLY 
PROTEIN  Forward qPCR Unprocessed RNA (fraction control) 

AGCACCGGGTTCTAACTC 

CLATHRIN 
COAT 

ASSEMBLY 
PROTEIN  Reverse qPCR Unprocessed RNA (fraction control) 

ATCTGCGTCATTCCTAAGCTCAC RAN3 Forward qPCR 
Normalizer | Processed RNA (fraction 

control) 

GTTTGCTGGTTAGGTAGAGCCATC RAN3 Reverse qPCR 
Normalizer|| Processed RNA (fraction 

control) 

TGCTGCTTTGACTTAGTTTGTCTG RAN3 Forward qPCR Unprocessed RNA (fraction control) 

GCCAAATGCATCCAACTACTGA RAN3 Reverse qPCR Unprocessed RNA (fraction control) 

ATGCTCACTCTCGCTCTCAAGGAG EIF4G Forward qPCR Processed RNA (fraction control) 

AGGTCCGGTGTTTCTGTTGAACG EIF4G Reverse qPCR Processed RNA (fraction control) 

TGTGTCTCGAACTTTGCTTCTG EIF4G Forward qPCR Unprocessed RNA (fraction control) 

CAGGCCAGCAAATCGCAATA EIF4G Reverse qPCR Unprocessed RNA (fraction control) 
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GTACCAGCCAACAAAGGGTATGC VRN1 Forward qPCR Decay 

GGCGTTGGCTCTTCAGCTTTAAC VRN1 Reverse qPCR Decay 
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Supplemental Table 3. List of probes for NIA1 RNA smFISH  1019 
Targe
t 

Probe 
name Sequence (5'->3') 

Probe 
position 

GC 
Percentage 

NIA1 NIA1_1 tggttttggtttggtttgtg 52 40.00% 
NIA1 NIA1_2 ataatggcggttatcgacgg 128 50.00% 
NIA1 NIA1_3 ggtcgaatgagcgaggagaa 195 55.00% 
NIA1 NIA1_4 atgacgtcgagagtttggtt 229 45.00% 
NIA1 NIA1_5 gtgatgacttcggtttcttt 271 40.00% 
NIA1 NIA1_6 gagtcgtcgtaactgtctac 298 50.00% 
NIA1 NIA1_7 cagctctttgtagtaaggga 356 45.00% 
NIA1 NIA1_8 gacggttctaaatcgctgtt 388 45.00% 
NIA1 NIA1_9 ttgaatccaactatcagccg 434 45.00% 
NIA1 NIA1_10 cggcgttgaatggatgtttt 483 45.00% 
NIA1 NIA1_11 ggagtgatgaatccatggtg 526 50.00% 
NIA1 NIA1_12 attgaccagtctgaccaatt 592 40.00% 
NIA1 NIA1_13 ctggggaactcggagattag 661 55.00% 
NIA1 NIA1_14 agagaagtagatactccggc 772 50.00% 
NIA1 NIA1_15 ctccttcgaagcaaacgttt 861 45.00% 
NIA1 NIA1_16 ccttcttaatacttgttccg 915 40.00% 
NIA1 NIA1_17 catgatccggcgttaaaagc 990 50.00% 
NIA1 NIA1_18 acaatgacccgaaccggaaa 1012 50.00% 
NIA1 NIA1_19 ttgaggcgtgacgatgattc 1073 50.00% 
NIA1 NIA1_20 aaaatctctgcgtgaccagg 1234 50.00% 
NIA1 NIA1_21 acggcttctgagtagtgaat 1266 45.00% 
NIA1 NIA1_22 cagaaacaccagcaccagaa 1417 50.00% 
NIA1 NIA1_23 tctttagcactgagcagatc 1459 45.00% 
NIA1 NIA1_24 ggttccagatgagtttatca 1521 40.00% 
NIA1 NIA1_25 ggtcgggtgttcgaaaacta 1616 50.00% 
NIA1 NIA1_26 ggaaatctcaagctgacgct 1673 50.00% 
NIA1 NIA1_27 ttcgaggcagtgttcatgaa 1735 45.00% 
NIA1 NIA1_28 caatctgtacctgcgtttat 1882 40.00% 
NIA1 NIA1_29 ccaaaagcttcttggctttg 1932 45.00% 
NIA1 NIA1_30 gtgatgagttcaccgatacg 1960 50.00% 
NIA1 NIA1_31 cgttaggggaagagtcgtag 1986 55.00% 
NIA1 NIA1_32 tttgaggcaccatgaactga 2008 45.00% 
NIA1 NIA1_33 ggagttagctctttgattgg 2047 45.00% 
NIA1 NIA1_34 gggttgaccaaagcaatgtt 2074 45.00% 
NIA1 NIA1_35 ttacgaacgtcgtgcgagat 2134 50.00% 
NIA1 NIA1_36 acgggtaaaccaagctgttg 2182 50.00% 
NIA1 NIA1_37 tctgagacagagtttgtcgt 2234 45.00% 
NIA1 NIA1_38 ccttggatgaacgtctttga 2318 45.00% 
NIA1 NIA1_39 tcattgacccgattggtaac 2376 45.00% 
NIA1 NIA1_40 cattgctagtttcttggcaa 2471 40.00% 
NIA1 NIA1_41 aagaatgtcatcctcggttc 2591 45.00% 
NIA1 NIA1_42 aaatctttagcctctcctta 2646 35.00% 
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NIA1 NIA1_43 ttcctttgcgatttcaacga 2672 40.00% 
NIA1 NIA1_44 cagcttcagttataaacccg 2709 45.00% 
NIA1 NIA1_45 tagatttggctgcaacgcaa 2807 45.00% 
NIA1 NIA1_46 ttaagagatcctccttcacg 2844 45.00% 
NIA1 NIA1_47 gtgcccaaataaccatgtat 2937 40.00% 
NIA1 NIA1_48 catgagtcctgacatgcaat 3112 45.00% 

 1020 

 1021 
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Figure 1. Differentially localized transcripts (DLTs) in response to nitrate treatments.

Heatmap with mRNA levels in cellular fractions for DLTs in response to nitrate treatments. Genes were
hierarchically clustered using the correlation of mRNA levels in the nuclear and cytoplasmic fractions
(panel I). mRNA levels in the total fraction are shown in panel II. We calculated Nuclear+Cytoplasmic
mRNA levels using data from each fraction, which are shown in panel III. Cluster numbers are indicated
on the dendrogram to the left of the heatmap. Each column represents the mRNA levels for one replicate
under each condition. (B) Scatter plot for comparing the mean mRNA levels of DLTs in the Total and
Nuclear+Cytoplasmic data. The Pearson correlation (R) is indicated.
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Figure 2. DLT localization patterns in response to nitrate treatments.

Five different localization patterns in response to nitrate treatments. NR – Nuclear reduction, CR –
Cytoplasmic reduction, NA – Nuclear accumulation, CA – Cytoplasmic accumulation, and D – Delayed-
cytoplasmic accumulation. DLTs in response to nitrate treatments were separated by the cellular fraction
where the main changes were observed (Nuclear or cytoplasmic) and if they showed an accumulation or
reduction of mRNA levels in the nitrate condition. Graphs show mean values of z-scored normalized mRNA
levels (line) and 95% confidence interval for mean values of each DLT for the three independent
experiments (shadow).
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Figure 3. Over-represented terms in DLTs in response to nitrate treatments.

Summary of significant (p<0.05) over-representation of (A) GO, and (B) KEGG-Terms enriched in the lists
of all DLTs, or the DLT localization patterns (NR – Nuclear reduction, CR – Cytoplasmic reduction, NA –
Nuclear accumulation, D – Delayed-cytoplasmic accumulation, and CA – Cytoplasmic accumulation)
according to VirtualPlant output (Katari et al., 2010). GO-terms were summarized by non-redundant 5 and
6 levels using REVIGO (Supek et al., 2011).
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Figure 4. Differences in sequence-related features of DLTs in response to nitrate treatments.

Sequence features of the most abundant isoform for nitrate-regulated genes, according to Araport11
annotation. Violin plots show the distribution of (A) exonic region length, (B) exonic region GC content, and
(C) splicing junction density for DLTs in each pattern (NR – Nuclear reduction, CR – Cytoplasmic reduction,
NA – Nuclear accumulation, D – Delayed-cytoplasmic accumulation, and CA – Cytoplasmic accumulation).
We also include nitrate-regulated genes in the total fraction that are not differentially localized as a control
(TA – Total accumulated, or TR – Total reduced). Boxes inside show the interquartile range (IQR – 25-
75%), the horizontal line indicates the median value. Whiskers show the ±1.58xIQR value. We compared
the distributions using one-way ANOVA and Dunnett post-test. We include p-values and brackets to
highlight relevant comparisons.
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Figure 5. Changes in RNA polymerase II (RNPII) occupancy and half-lives for DLTs in response to
nitrate treatments.

(A) Changes in RNPII occupancy after 12 min and (B) Changes in half-lives after 120 min of nitrate
treatment. Violin plots show the distribution for DLTs in each pattern (NR – Nuclear reduction, CR –
Cytoplasmic reduction, NA – Nuclear accumulation, D – Delayed-cytoplasmic accumulation, and CA –
Cytoplasmic accumulation). We also include nitrate-regulated genes in the total fraction that are not
differentially localized as a control (TA – Total accumulated, or TR – Total reduced). Boxes inside show the
interquartile range (IQR – 25-75%), indicating the median value as a horizontal line. Whiskers show the
±1.58xIQR value. We compared the distributions using one-way ANOVA and Dunnett post-test. We include
p-values and brackets to highlight relevant comparisons. (C) Scatter plot showing the relationship between
changes in RNPII occupancy and half-lives for all genes that respond to nitrate in any cellular fraction.
Linear regression and Pearson correlation coefficient are indicated for all data (gray) and DLTs only (red).
The red arrow shows NITRATE REDUCTASE 1 (NIA1) as the DLT with the biggest changes in RNPII
occupancy as well as half-life values.
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Figure 6. RNA single-molecule FISH detection and decay profiles for NIA1 transcript in nuclear and
cytoplasmic accumulation phases

(A) mRNA levels in cellular fractions measured by RNA-seq. (****) indicates statistical differences between
nuclear and cytoplasmic fractions.

(B) Representative microscopy deconvoluted images for NIA1 in situ detection in Arabidopsis root cells by
RNA single-molecule FISH (smFISH). White color corresponds to signal detected for NIA1 specific
fluorescent probes. The blue color corresponds to the DAPI stain. Scale bar = 10 µm.

(C-G) Quantification of the RNA smFISH. Violin plots show the distribution for transcript quantification in
the nitrate (KNO3, black) or control (KCl, white) conditions at 20 or 120 min after the treatment. Boxes
inside show the interquartile range (IQR – 25-75%), indicating the median value as a horizontal line.
Whiskers show the ±1.58xIQR value. (C) Estimated number of transcripts per cell area in whole cells
(nucleus+cytoplasm). (D) Number of transcripts per nuclear area. The number of nucleoplasmic transcripts
and the estimated number of transcripts in transcription sites are included. (E) Number of cytoplasmic
transcripts per area. (F) Number of active transcription sites per cell. (G) Estimated number of transcripts
in each transcription site.

(H-I) Comparison of NIA1 half-lives (t1/2) after 20 min (nuclear phase) or 120 min (cytoplasmic phase) of
KNO3 or KCl treatments. RNA levels were determined by RT-qPCR. Half-lives and coefficients of
determination for regression models are indicated in each graph.
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