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ABSTRACT 30 

Thousands of long intergenic noncoding RNAs (lincRNAs) have been identified in 31 

plant genomes. While some lincRNAs have been characterized as important 32 

regulators in different biological processes, little is known about the 33 

transcriptional regulation for most plant lincRNAs. Through the integration of 34 

eight annotation resources, we defined 6,599 high-confidence lincRNA loci in 35 

Arabidopsis (Arabidopsis thaliana). For lincRNAs belonging to different 36 

evolutionary age categories, we identified major differences in sequence and 37 

chromatin features, as well as in the level of conservation and purifying selection 38 

acting during evolution. Spatiotemporal gene expression profiles combined with 39 

transcription factor (TF) chromatin immunoprecipitation data were used to 40 

construct a TF-lincRNA regulatory network containing 2,659 lincRNAs and 41 

15,686 interactions. We found that properties characterizing lincRNA expression, 42 

conservation and regulation differ between plants and animals. Experimental 43 

validation confirmed the role of three TFs, KAN1, MYB44, and PIF4, as key 44 

regulators controlling root-specific lincRNA expression, demonstrating the 45 

predictive power of our network. Furthermore, we identified 58 lincRNAs, 46 

regulated by these TFs, showing strong root cell-type specific expression or 47 

chromatin accessibility, which are linked with GWAS genetic associations related 48 

to root system development and growth. The multi-level genome-wide 49 

characterization covering chromatin state information, promoter conservation, 50 

and ChIP-based TF binding, for all detectable lincRNAs across 769 expression 51 

samples, permits rapidly defining the biological context and relevance of 52 

Arabidopsis lincRNAs through regulatory networks. 53 

 54 

One-sentence summary:  55 

A multi-level Arabidopsis gene regulatory network identifies regulators controlling 56 

root-specific lincRNA expression, offering a promising strategy to identify 57 

lincRNAs involved in plant biology. 58 

 59 

  60 
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Introduction  61 

Genomes are widely transcribed and produce thousands of long non-coding 62 

RNAs (lncRNAs), which are an abundant class of transcripts longer than 200 63 

nucleotides with low protein coding capacity (Wu et al., 2017). LncRNAs are 64 

generally transcribed by RNA polymerase II (Pol II), and are processed in a 65 

similar way as mRNAs, with capping, splicing, and polyadenylation. LncRNAs 66 

modulate gene expression through a wide range of mechanisms, including 67 

chromatin structure remodeling, transcription regulation in cis/trans, fine-tuning of 68 

miRNA activity, alternative splicing (AS) regulation, and the control of mRNA 69 

stability and translation (Sanchita et al., 2020; Bhogireddy et al., 2021; Lucero et 70 

al., 2021). One class of lncRNAs is the primary mRNAs containing miRNA 71 

precursors or pri-miRNAs. These are rapidly and generally processed into 72 

miRNAs (Jones-Rhoades et al., 2006; Shafiq et al., 2016). However, the large 73 

majority of lncRNAs are able to act without being further processed such as the 74 

lncRNAs controlling the epigenetic regulation of Flowering Locus C (FLC) gene 75 

expression and mediating plant vernalization, i.e., COOLAIR, COLDAIR and 76 

COLDWRAP (Liu et al., 2010; Heo and Sung, 2011; Kim and Sung, 2017). A 77 

subgroup of lncRNAs derived from intergenic regions is defined as long 78 

intergenic non-coding RNAs (lincRNAs) and have been identified in a wide range 79 

of eukaryotes including model and non-model plant species (Wu et al., 2017; 80 

Chen et al., 2021). In contrast to antisense lncRNAs, whose sequence evolution 81 

is constrained by the overlapping coding genes, the transcription and evolution of 82 

lincRNAs are independent of the surrounding genes. 83 

While the low expression levels and tissue-specific expression patterns of 84 

lincRNAs in plants initially raised concerns (Liu et al., 2012; Bu et al., 2015), 85 

increasing experimental evidence supports the functional activity of lincRNAs. In 86 

plants, few lincRNAs have been experimentally validated (Chen et al., 2021), 87 

showing their involvement in various biological contexts such as in regulating 88 

flowering time (Chen et al., 2020) and root growth and development (Roule et al., 89 

2022a), or influencing germination (Kramer et al., 2022). For example, the 90 

Arabidopsis (Arabidopsis thaliana) FLINC lincRNA has been reported to regulate 91 
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ambient temperature-mediated flowering time (Severing et al., 2018). Arabidopsis 92 

lateral root development is regulated by the Alternative Splicing COmpetitor 93 

(ASCO) lincRNA, which modulates AS by interacting with the multiple splicing 94 

factors (Bardou et al., 2014; Rigo et al., 2020), and the AUXIN-REGULATED 95 

PROMOTER LOOP (APOLO) lincRNA, which influences the local chromatin 96 

conformation and the activity of several Auxin-Responsive genes (Ariel et al., 97 

2020). Plants lacking CONSERVED INBRASSICA RAPA1 (lncCOBRA1) were 98 

found to show a delayed germination and were overall smaller than wild-type 99 

plants (Kramer et al., 2022). Many lincRNAs are differentially expressed in 100 

various stress responses, including drought (Qi et al., 2013; Shuai et al., 2014; Li 101 

et al., 2017; Qin et al., 2017), cold (Li et al., 2017; Zhao et al., 2018; Shea et al., 102 

2019), salinity (Deng et al., 2018; Fukuda et al., 2019), and nutrient deficiency 103 

(Fukuda et al., 2019), implying that lincRNAs may be involved in plant stress 104 

resilience (Jha et al., 2020). Interestingly, some of the confirmed functional 105 

lincRNAs interact with transcription factors (TFs) to activate or repress the 106 

expression of associated genes, such as APOLO that interacts with WRKY42 to 107 

form a regulatory hub that controls the activity of RHD6 and promotes the 108 

expansion of root hair cell at low temperatures (Moison et al., 2021; Pacheco et 109 

al., 2021).  110 

Recently, a lot of attention has been placed on the evolutionary conservation of 111 

lincRNAs, which is generally associated with functionality (Ulitsky, 2016; 112 

Szczesniak et al., 2021). The conservation of noncoding transcripts can be 113 

considered at the level of the primary sequence, position, splice sites, RNA 114 

structure, and transcriptional level (Ulitsky, 2016; Szczesniak et al., 2021). 115 

However, most lincRNA sequences undergo rapid evolution and are poorly 116 

conserved (Ransohoff et al., 2018). In a study by Wang et al., only 5% of 117 rice 117 

(Oriza sativa) lincRNAs had sequence similarity to maize (Zea mays) lincRNAs. It 118 

was also found that the positional conservation of lincRNAs was much higher 119 

than their sequence conservation (Wang et al., 2015). Nelson and co-workers 120 

reported that 22% of 1180 Arabidopsis lincRNA loci were conserved in 10 121 

Brassicaceae genomes (Nelson et al., 2016). These conserved lincRNAs 122 
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exhibited higher expression levels, stress-responsiveness and their gene body 123 

overlapped with conserved noncoding sequences (CNSs), suggesting a role of 124 

their conserved sequence in a genomic context (Nelson et al., 2016). 125 

While different studies have reported on the identification and expression of 126 

lincRNAs in plants (Wang et al., 2015; Nelson et al., 2016; Ke et al., 2019; He et 127 

al., 2021), a comprehensive overview of the different genomic features 128 

contributing to the expression, regulation and evolutionary conservation of plant 129 

lincRNAs is missing. How lincRNAs are embedded in transcriptional networks 130 

controlling different biological processes remains largely unknown. Furthermore, 131 

prioritizing lincRNAs for downstream functional analysis is not straightforward 132 

without knowing the regulatory network where they are involved in. Here, we 133 

integrated different Arabidopsis lincRNA gene annotations and explored various 134 

functional genomics datasets to characterize lincRNA expression in a biologically 135 

relevant context. We leveraged large-scale expression datasets and protein-DNA 136 

interaction data to study the molecular networks controlling lincRNA gene activity. 137 

Combined with evolutionary conservation analysis, we explored the global 138 

transcriptional regulatory properties of different evolutionary age categories and, 139 

through regulatory network analysis, identified specific TFs controlling lincRNA 140 

regulation in roots. 141 

 142 
 143 

RESULTS  144 

Integration of lincRNA annotations in Arabidopsis  145 

A substantial number of lncRNA transcripts in Arabidopsis have been identified 146 

and several publicly available resources for the annotation of lncRNAs have been 147 

developed (Jha et al., 2020). In contrast to antisense lncRNAs, which generally 148 

regulate the overlapping coding gene, much less is known about the potential 149 

targets of lincRNAs, so we focus our study on these transcripts. Indeed, 150 

lincRNAs transcription and evolution are independent of the surrounding genes, 151 

in contrast to antisense lncRNAs that are constrained by the coding genes they 152 

overlap with. To integrate and unify previously identified lincRNAs, annotations 153 
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based on transcriptome information from 10 different tissues and various 154 

environmental conditions were collected from different resources including 155 

Araport11 (Cheng et al., 2017), CANTATAdb (Szczesniak et al., 2016), 156 

NONCODEv5 (Fang et al., 2018), PLNlncRbase (Xuan et al., 2015), key lncRNA 157 

research articles (Liu et al., 2012; Nelson et al., 2017; Zhao et al., 2018), and 158 

predictions based on root related stranded RNA-seq (Materials and Methods). 159 

Next, a pipeline was designed to define a unified set of high-confidence lincRNAs 160 

by discarding transcripts with length below 200 bp, removing transcripts that 161 

overlapped with protein-coding genes (antisense lncRNAs), re-evaluating the 162 

coding potential of the transcripts, and merging the remaining transcripts from 163 

various resources (see Materials and Methods, Supplemental Figure S1A-B). In 164 

total, we identified 7,706 lincRNA transcripts covering 6,599 high-confidence 165 

lincRNA loci (see Supplemental Data Set S1). To explore the overlap of this high-166 

confidence lincRNA gene set with the individual annotations, we assessed the 167 

overlap between the different resources (Figure 1A). A total of 4,955 (75.1%) 168 

lincRNA loci were supported by only one resource and the remaining 1,644 169 

(24.9%) lincRNA loci were derived from two or more resources (Figure 1B). 170 

Araport11 contained the highest number of shared loci and Liu et al. (2012) 171 

contained the highest number of unique loci. Next, the genomic features of the 172 

high-confidence lincRNA transcripts were compared to those of protein-coding 173 

transcripts. 6,428 (83%) lincRNA transcripts and 6,250 (13%) protein-coding 174 

transcripts contained single exons, while 1,278 (17%) lincRNA transcripts and 175 

42,109 (87%) protein-coding transcripts contained multiple exons. Furthermore, a 176 

higher frequency of multi-exon transcripts was found in lincRNAs supported by 177 

two or more resources (974, 36%) than in those supported by a unique resource 178 

(304, 6%) (Figure 1C). The transcript length distribution for lincRNAs showed a 179 

U-shape curve with the majority of transcripts being 200-300bp long (Figure 1D). 180 
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 181 

Figure 1. Overlap and gene features of Arabidopsis lincRNA annotations. (A) 182 

Upset plot showing the intersection of lincRNA annotation in the eight resources. 183 

Each row represents a resource, reporting in parenthesis its total number of 184 

lincRNA transcripts before merging. LincRNA annotations unique to a single 185 

resource are represented as a single circle while circles connected by lines 186 

represent the intersection of lincRNA loci shared between various resources. The 187 

bar chart indicates the number of unique lincRNA loci and intersectional lincRNA 188 

loci, displaying only intersections that contain at least ten lincRNA loci. More 189 

complex overlapping patterns are not shown. (B) The pie chart shows the 190 
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proportion of lincRNA loci supported by one or more resources. (C) The 191 

distribution of exon number for all lincRNA transcripts (purple), protein-coding 192 

transcripts (green), transcripts of lincRNAs supported by single resource (purple) 193 

and multiple resources (purple). Single exon and multiple exons are shown in 194 

dark and light colors, respectively. (D) The distribution of transcript length for 195 

lincRNAs (purple) and protein-coding genes (green). 196 

 197 

 198 

Contrasting patterns of sequence conservation for lincRNAs belonging to 199 

different evolutionary age categories 200 

To assess the evolutionary conservation of Arabidopsis lincRNAs within flowering 201 

plants, DNA sequence similarity searches were performed by comparing our set 202 

of lincRNAs with the genomes of 40 plant species (see Materials and Methods, 203 

Supplemental Table S1). Among the 6,599 lincRNAs, 2,480 lincRNAs were 204 

restricted to Arabidopsis and named Arabidopsis-specific lincRNAs. The other 205 

lincRNAs were classified into four evolutionary age categories according to the 206 

presence of homologs in closely and more distantly related species (Figure 2A). 207 

We found 81 lincRNAs with at least one homolog in eudicots and in monocots 208 

and therefore conserved during 180 million years (MY) of evolution (Beilstein et 209 

al., 2010; Zhang et al., 2020), defined as angiosperm-conserved lincRNAs. Forty-210 

two lincRNAs were conserved in eudicots with at least one homolog in rosids and 211 

asterids, but without homologs in monocots. Similarly, 44 lincRNAs were 212 

identified only having homologs in rosids species, outside the Brassicaceae 213 

family. As the lincRNAs conserved in eudicots and rosids showed highly similar 214 

conservation patterns for exon and promoter (P<0.264, Mann–Whitney U test), 215 

we combined these genes in one category, called Eudicot/rosid-conserved 216 

lincRNAs (86 genes). 1,671 Brassicaceae_I_II-conserved lincRNAs were present 217 

in the common ancestor of Brassicaceae lineages I and II, without homologs 218 

outside the Brassicaceae. Lastly, 2,281 lincRNAs were identified only having 219 

homologs in the Brassicaceae I lineage (Brassicaceae_I-conserved lincRNAs). 220 
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The monotonous decrease in the number of lincRNAs for the older age 221 

categories suggests there is a continuous birth of lincRNA loci at the species 222 

level, with only a small fraction showing deep conservation in other plant families 223 

or orders. 224 

 225 

Figure 2. Sequence conservation analysis for lincRNAs of different 226 

evolutionary age categories. (A) Simplified species tree reporting the number 227 

of lincRNAs found for the different age categories, which are also indicated by 228 

the grey circle sizes. Numbers in parenthesis report the number of genomes 229 

included per clade to assess sequence similarity and define a lincRNA’s age 230 

category. Boxplot showing the average phastCons score for (B) exons and (C) 231 

promoter regions (2kb upstream of transcription start site) of different lincRNA 232 

age categories and gene types (lincRNAs, pri-miRNAs, protein-coding genes). 233 

The numbers in parentheses report the number of exons and promoters with at 234 

least 50% of informative nucleotides over the total number of gene bodies and 235 

promoters in that category, respectively. PhastCons score ranges from 0 (not 236 

under selection) to 1 (strong negative selection). P-values for pairwise Mann–237 

Whitney U test are shown using the horizontal lines connecting the series and 238 

were corrected for multiple testing using the Benjamini-Hochberg procedure. 239 
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 240 

 241 

Apart from detecting lincRNA homologs, we also evaluated evolutionary selection 242 

of lincRNA loci, pri-miRNAs, where globally the 21-24 miRNA sequence is the 243 

only conserved region at the nucleotide level, and protein-coding genes using 244 

phastCons scores (Siepel et al., 2005). This score reports the probability for each 245 

nucleotide to evolve neutrally or under negative, or purifying, selection (low or 246 

high phastCons score, respectively). In contrast to the age categories, which are 247 

based on finding similar homologous sequences in other plant genomes and do 248 

not give information about the mode of selection, phastCons works by fitting a 249 

two-state hidden Markov model to a genome-wide multiple sequence alignment 250 

and predicting, based on the pattern of nucleotide substitutions, conserved 251 

elements representing sites under purifying selection (Siepel et al., 2005). 252 

Consequently, whereas the age categories give an indication of the emergence 253 

of an individual gene within the green plant lineage, the phastCons scores 254 

provide complementary information about the selection pressure acting on 255 

different gene types or genomic regions. For lincRNA, pri-miRNA, and protein-256 

coding gene loci, we compared phastCons scores for exons and promoter 257 

regions (2kb upstream of transcription start site) (Supplemental Data Set S2). In 258 

general, for exonic sequences, lincRNAs are significantly less conserved than 259 

pri-miRNAs and protein-coding genes (Figure 2B, purple, yellow, and green 260 

series). However, we found that Angiosperm-, Eudicot/rosid- and 261 

Brassicaceae_I_II-conserved lincRNAs were as conserved as protein-coding 262 

genes. Arabidopsis-specific lincRNAs show the lowest phastCons scores. 263 

In contrast to the differences in exonic sequences, the promoter scores are 264 

comparable for lincRNA, pri-miRNA, and protein-coding genes (Figure 2C, purple, 265 

yellow and green series). The level of purifying selection on promoter regions is 266 

similar in Angiosperm- and Eudicot/rosid-conserved lincRNAs as well as in 267 

protein-coding genes. We observed that conservation levels were again 268 

significantly higher in the Brassicaceae_I_II-conserved lincRNA promoters than 269 

protein-coding gene promoters. Taken together, these results indicate that 270 
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Brassicaceae_I_II-conserved lincRNAs stand out in the level of purifying 271 

selection acting on these loci, both in exons and in their promoter regions, 272 

suggesting that the primary sequence of the RNA and its promoter regulation is a 273 

critical element for lincRNA function. 274 

 275 

Large-scale transcriptome analysis reveals highly-specific lincRNA 276 

expression in roots 277 

Increasing evidence supports the tissue or cell-type specific role of lincRNA gene 278 

functions (Liu et al., 2012; Li et al., 2016; Cheng et al., 2017; Rai et al., 2019). To 279 

characterize spatiotemporal Arabidopsis gene expression patterns also 280 

considering lincRNAs, we curated, processed, and integrated 791 RNA-seq 281 

samples to construct a genome-wide gene expression atlas covering a wide 282 

range of tissues, developmental stages, and stress conditions (Supplemental 283 

Table S2 and Supplemental Data Set S3). To find a threshold of detectable 284 

expression above background, we normalized all data to establish detectable 285 

expression levels for protein-coding genes and lincRNAs (Ramskold et al., 2009; 286 

Li et al., 2016) (see Materials and Methods, Supplemental Figure S2A). A 287 

normalized transcripts per million (TPM) value >= 0.2 was considered to define 288 

5,586 (84.6%) expressed lincRNAs and 284 (87.4%) pri-miRNAs, whereas a 289 

TPM >= 2 was used to define 26,254 (94.9%) expressed protein-coding genes. 290 

Globally, the expression breadth, defined as the number of samples in which a 291 

gene is expressed, was lower for lincRNAs (median: 12/791 samples) compared 292 

to pri-miRNAs (median: 35.5/791 samples) and protein-coding genes (median: 293 

648/791 samples) (Figure 3A). Although the identification of lincRNAs is known to 294 

be impacted by the sequencing depth (Cabili et al., 2011; Liu et al., 2012; Sun et 295 

al., 2017), we did not observe a clear correlation between the number of detected 296 

expressed lncRNAs and sequencing depth (Pearson’s correlation coefficient, 297 

r=0.04, p=0.86) (Supplemental Figure S2B). As previously reported, the 298 

expression level of lincRNAs is generally lower than that of pri-miRNAs and 299 

protein-coding genes (Figure 3B). The lincRNA loci part of the two “older” 300 

https://www.nature.com/articles/s41598-019-41428-2#Fig1
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categories (Angiosperm and Eudicot/rosid-conserved lincRNAs) showed 301 

significantly higher expression levels compared with the three “younger” 302 

categories of lincRNAs (Brassicaceae_I_II-conserved, Brassicaceae_I-conserved 303 

and Arabidopsis-specific lincRNA). We also observed a six-fold difference in the 304 

fraction of expressed genes depending on their annotation source: lincRNAs 305 

annotated in only one resource where more frequently found as undetectable 306 

compared to lincRNAs annotated in two or more resources (20% versus 3%, 307 

respectively). 308 

To identify groups of samples with similar expression patterns, 769 RNA-Seq 309 

samples were split into 22 expression clusters using meta-data curation (22 310 

samples were discarded, see Materials and Methods). Globally, these clusters 311 

group Arabidopsis (Col-0) samples according to the organ or tissue considered 312 

and the stress, either biotic or abiotic, applied (Supplemental Data Set S3). As 313 

lincRNAs are proposed to exert their role in a tissue-specific manner (Liu et al., 314 

2015), the tissue-specificity index (tau) (Yanai et al., 2005) for each lincRNA, pri-315 

miRNA and protein-coding gene was calculated to estimate expression specificity 316 

between clusters (Figure 3C). As reported in other studies (Ponting and Haerty, 317 

2022; Mattick et al., 2023), lincRNAs were more specifically expressed than pri-318 

miRNAs and protein-coding genes, with the median tau scores of 0.97, 0.95 and 319 

0.74, respectively (P<0.001, Mann–Whitney U-test). This confirms that 320 

expression specificity is part of the lincRNA signature. Therefore, in the rest of 321 

the study, we concentrate on lincRNAs with highly-specific expression, which we 322 

defined as having a tau score greater than the 0.97 and representing forty-six 323 

percent of all expressed lincRNAs (2,573/5,563) (Supplemental Data Set S4). 324 

Among the highly-specific lincRNAs, the vast majority (66%) were derived from 325 

one resource, with lincRNAs identified in Liu et al. 2012, an early large-scale 326 

lncRNA identification studies in Arabidopsis, being most abundant (30%, 327 

Supplemental Figure S3A-B). Even though we did not observe a uniform 328 

distribution of these highly-specific lincRNA over the 22 clusters (Figure 3D), 329 

cluster 19 (root), 18 (cell line light induction) and 3 (seedling heat) have the 330 

largest number of highly-specific lincRNAs. Between 28 and 42% of the highly-331 
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specific expressed lincRNAs were present in the different evolutionary categories, 332 

with the highest fraction in the Arabidopsis-specific lincRNAs (Figure 3E). 333 

Noteworthy, expression cluster 19, containing 66 samples covering both whole 334 

root and specific root cell types (Li et al., 2016), contains the highest fraction (14-335 

17%) of highly-specific lincRNAs in the younger age categories (Figure 3E), 336 

hinting towards a role of these lincRNAs in root tissues. 337 

 338 
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Figure 3. Expression analysis of lincRNAs. (A) Line chart showing the 339 

distribution of expression breadth for lincRNAs, pri-miRNAs and protein-coding 340 

genes across all samples (B) Distribution of the maximum TPM expression levels 341 

for different lincRNA age categories and gene types (lincRNAs, pri-miRNAs and 342 

protein-coding genes). (C) Distribution of tissue specificity tau scores for different 343 

lincRNA age categories and gene types. Tau scores range from zero to one, 344 

where zero means widely expressed, and one means very specifically expressed 345 

(detectable in only one cluster). The black dotted line represents a tau score of 346 

0.97. (D) Bar chart reporting the number of expressed and highly-specific 347 

expressed lincRNAs per expression cluster and the number of lincRNAs that are 348 

only expressed in one cluster. Cluster numbers and descriptions are shown 349 

below the chart, with numbers in parenthesis indicating the number of samples 350 

present per cluster. (E) Heatmap showing the proportion of highly-specific 351 

expressed lincRNAs in each cluster for each lincRNA age category. Cluster 352 

descriptions are the same as in panel D. Numbers in parenthesis report the 353 

number of genes per age category together with the fraction of lincRNAs showing 354 

highly-specific expression. 355 

 356 

 357 

To validate these tissue-specific expression patterns, we verified the expression 358 

of previously characterized Arabidopsis lincRNAs (Supplemental Table S3). The 359 

lincRNA SVALKA, which was identified in a cold-sensitive region of the 360 

Arabidopsis genome, was maximally expressed in the cold stress-related cluster 361 

5 in our study (Kindgren et al., 2018). In addition, the lincRNA MARS, which is 362 

involved in the response to abscisic acid, seed germination and root growth 363 

under osmotic stress (Roule et al., 2022b), was found to be expressed at high 364 

levels in root cluster 19 as well as cluster 11 (root bacteria) and cluster 17 (seed). 365 

The lincRNA ASCO, reported to be involved in lateral root formation and 366 

response to pathogens (Bardou et al., 2014; Rigo et al., 2020), was found to be 367 

widely expressed, including cluster 11, which contained samples reporting 368 

bacterial flagellin stress responses. The Arabidopsis lncCOBRA1, also conserved 369 
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in field mustard (Brassica rapa) (Kramer et al., 2022) and playing a role in seed 370 

germination, was found in our set of Brassicaceae_I_II-conserved lincRNA and 371 

showed the highest expression in cluster 17 (seed) and cluster 3 (seedling heat). 372 

Taken together, these findings indicate that the expression clusters offer a good 373 

starting point for the context-specific characterization of known and 374 

uncharacterized lincRNAs. Furthermore, young age categories, including the 375 

Brassicaceae-conserved and Arabidopsis-specific lincRNAs, show a bias for 376 

expression specificity in the root samples, with more than half (1,448/2,573) of 377 

the highly-specific lincRNAs active in root, suggesting a potentially diverse role of 378 

lincRNA networks in root growth and development. 379 

 380 

Experimental TF-lincRNA regulatory network reveal active and complex 381 

gene regulation of Arabidopsis lincRNA genes 382 

To integrate lincRNAs into epigenetic and transcriptional networks, we compared 383 

the chromatin states inferred by (Liu et al., 2018; Hazarika et al., 2022) for the 384 

different lincRNA gene sets delineated in our study. Liu and co-workers identified 385 

34 different chromatin states (CS1 to CS34), consisting of different combinations 386 

of epigenetic marks along the genome, which offer detailed insights in the 387 

locations and functions of regulatory regions and genes (Liu et al., 2018). 388 

Globally, lincRNAs show enrichment for vastly different chromatin states 389 

compared to protein-coding genes (Figure 4A). Chromatin states 33-34, typically 390 

associated with DNA methylation, repressive histone modifications and 391 

transposable elements, were strongly overrepresented in angiosperm-conserved 392 

lincRNAs, and to a lesser extent in lincRNAs showing highly-specific expression 393 

patterns. Chromatin states 31-32, also associated with DNA methylation and 394 

repressive histone modifications were strongly overrepresented in Arabidopsis-395 

specific lincRNAs. Interestingly, these repressive chromatin marks were less 396 

enriched in the Brassicaceae-I_II-conserved lincRNAs, where chromatin states 397 

13, 19 and 20 were most strongly overrepresented. State 13 refers to Polycomb 398 

group mediated deposition of trimethylation of the lysine 27 of histone H3 399 
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(H3K27me3) while states 19-20 denote accessible chromatin and TF ChIP 400 

binding. Chromatin states 19-20, but also states 31-32 and 34, were enriched in 401 

highly-specific lincRNAs. Although we found no evidence of a correlation 402 

between lincRNA age categories and chromatin states, our results revealed that 403 

a significant number of Brassicaceae_I_II-conserved lincRNAs have epigenetic 404 

signatures associated with Polycomb regulation and TF binding in accessible 405 

chromatin. 406 

To refine which chromatin states are more associated with active versus 407 

repressed lincRNAs, we defined lincRNA gene sets with different expression 408 

patterns and compared their chromatin state enrichments. For lincRNAs showing 409 

active expression in root, various chromatin states (CS 10-13, CS 20) linked with 410 

promoter, coding sequences, and introns, containing epigenomic marks for 411 

H3K27me3, H2A.Z, and accessible DNA, were found to be strongly enriched 412 

compared to non-expressed lincRNAs (Supplemental Figure S4A). Reversely, 413 

non-expressed and non-root-expressed lincRNAs showed strong enrichment for 414 

H3K9m2, DNA methylation, and H3K27me1 (CS 32-34), marks frequently found 415 

in intergenic regions and transposable elements, which agrees with their role in 416 

silencing and controlling DNA methylation. 417 
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 418 

Figure 4. Chromatin state and TF ChIP-Seq peak annotation for different 419 

gene types (A) Dendrogram showing the enrichment for different lincRNA gene 420 

sets (x-axis) towards different chromatin states (CS) (y-axis). The values report 421 

the product of -log10(q-value) and the enrichment fold. Only significant 422 

enrichment values are reported (q-value < 0.05). (B) The proportion of peak-gene 423 

pairs present in single replicate (blue) and two or more ChIP-Seq replicates 424 

(grey). (C) The percentage of three gene types assigned to peaks in two or more 425 

ChIP-Seq replicates. (D) Distributions of the number of TF binding events for 426 

lincRNA evolutionary age categories and gene types (lincRNAs, pri-miRNAs and 427 

protein-coding genes). 428 

 429 

 430 
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Based on the specific expression profiles for different lincRNA genes, the 431 

chromatin state information, as well as the high levels of promoter conservation, 432 

we next integrated TF chromatin immunoprecipitation (ChIP) data to further 433 

identify the regulators controlling lincRNAs. Before we used TF ChIP data to 434 

characterize the organization, complexity, and evolution of TF binding for protein-435 

coding genes (Heyndrickx et al., 2014), hence we here re-processed publicly 436 

available ChIP-Seq to identify TF binding events potentially controlling lincRNA 437 

gene expression. A total of 114 TF ChIP-Seq datasets, covering 45 TFs with at 438 

least two biological replicates, were reprocessed (Supplemental Table S4). 439 

Starting from our genome annotation containing protein-coding genes, pri-440 

miRNAs and the high-confidence lincRNAs, ChIP-Seq peaks were assigned to 441 

the closest genes. A gene was defined as a potential target gene for a profiled TF 442 

if it was the closest to at least one ChIP-Seq peak of that TF (see Materials and 443 

Methods). Based on all 471,078 TF peak-target gene pairs identified from the 444 

114 ChIP-Seq datasets, 329,688 (70%) of the peak-gene pairs were confirmed 445 

by two or more replicates and were kept to construct a robust TF- target gene 446 

regulatory network (Figure 4B). While most TF peaks were associated with 447 

protein-coding genes, we identified 48,279 (14.6%) peaks that were associated 448 

with lincRNAs (Figure 4C). Given the strong localization bias for TF binding in 449 

Arabidopsis (Heyndrickx et al., 2014; Yu et al., 2016), we only considered 450 

expressed target genes localized relative to the peak midpoint within a 2kb 451 

window (Supplemental Figure S4B), retaining 93.0% of the binding events 452 

(15,686 TF-lincRNA interactions, see Supplemental Data Set S5). Globally, 2,659 453 

expressed lincRNAs had one or more TF binding events. Twenty-two out of the 454 

45 TFs, belonging to the bHLH, HD-Zip, bZIP, C2H2, GRAS, MYB, NAC, NF-YB 455 

and NF-YC TF families, were each associated with at least 200 lincRNAs 456 

(Supplemental Table S5).  457 

(Haudry et al., 2013) identified over 90,000 conserved non-coding sequences 458 

(CNS) in Arabidopsis that show evidence of transcriptional and post-459 

transcriptional regulation. Comparing these CNS with the ChIP-Seq peaks of 460 

target genes revealed that most of the TF binding events close to lincRNAs 461 
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(78.1%) and protein-coding genes (73.7%) overlapped with a CNS 462 

(Supplemental Figure S4C). This fraction was much lower for pri-miRNAs 463 

(57.0%). The highest fraction of ChIP-Seq peaks containing a CNS was detected 464 

for Brassicaceae_I_II-conserved lincRNAs loci (91.8%), indicating that these TF 465 

binding events are evolutionary constrained and potentially functional. 466 

Considering the different gene types, the median number of TF binding events 467 

per locus was higher for protein-coding genes and lincRNAs (median of 4 TFs) 468 

compared to pri-miRNAs, suggesting these genes are differently controlled 469 

(Figure 4D). Brassicaceae-conserved lincRNAs have more TF binding events 470 

than lincRNAs in any other age categories (Figure 4D). Furthermore, we 471 

observed a positive correlation between TF binding frequency and the 472 

conservation of lincRNA gene body (r=0.27, P=8.11e-92) (Supplemental Figure 473 

S4D). More precisely, a large faction of lincRNAs without any TF binding event 474 

also has very low phastCons scores, close to zero, indicating that these genes 475 

are not under purifying selection. We observed a negligible correlation between 476 

the number of TF binding events and tissue specificity (r=0.02, p=1.69e-01). 477 

Altogether, lincRNAs experiencing stronger levels of purifying selection are 478 

bound, and potentially regulated, by more TFs, independent of their tissue 479 

specificity (Supplemental Figure S4E). Taken together, we generated a multi-480 

level genome-wide characterization covering chromatin state information, 481 

promoter conservation, ChIP-based TF binding and CNSs, for all detectable 482 

lincRNA across >700 expression samples, permitting to rapidly define the 483 

biological context and relevance of lincRNAs in Arabidopsis regulatory networks. 484 

 485 

MYB44, PIF4 and KAN1 regulate Arabidopsis lincRNAs in different root cell 486 

types 487 

To identify TF-lincRNA regulatory interactions active in specific cellular contexts, 488 

we used the previously defined expression clusters to combine TFs regulation 489 

and lincRNA expression in specific organs, tissues, or stress conditions. 490 

Considering all expressed lincRNAs and all TF peak-based regulatory 491 
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interactions described above, we tested if specific expression clusters are 492 

overrepresented for lincRNAs controlled by specific TFs (Y-axis and X-axis in 493 

Figure 5A-B, respectively). We observed a significant overrepresentation for 494 

KANADI1 (KAN1) binding to lincRNA loci in 11 clusters, of which clusters 19 495 

(root), 18 (cell line light induction), 14 (leaf P. syringae) and 6 (leaf wounding) 496 

showed the most significant overlaps (Figure 5A). Comparing the different 497 

clusters revealed that root cluster 19 contained numerous enriched TFs, 498 

including Arabidopsis Zinc-Finger protein 1 (AZF1), JAGGED (JAG), 499 

Phytochrome-Interacting Factor 5 (PIF5), Repressor of GA (RGA), PIF1, MYB3, 500 

KAN1 and HAT22. The observed patterns of TF-binding in different expression 501 

clusters were unique for lincRNAs and highly dissimilar compared to TF binding 502 

enrichment for protein-coding genes (Supplemental Figure S5A). 503 

 504 

 505 

Figure 5. Overview of TF-lincRNA regulatory interactions in different 506 

expression clusters and age categories. The dot sizes represent the number 507 

of the lincRNAs while the color represents the statistical significance. Cluster 508 

descriptions are the same as in Figure 3D. (A) Bubble chart showing the 509 

enrichment of TF binding for expressed lincRNAs in different expression clusters. 510 

TFs lacking significant enrichment in any of the 22 clusters are not shown. (B) 511 

Bubble chart showing the enrichment of TF binding for highly-specific lincRNAs in 512 

different expression clusters. TFs lacking significant enrichment in any of the 22 513 
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clusters are not shown. (C) Bubble chart showing the enrichment of TF binding 514 

for expressed lincRNAs in different age categories. 515 

 516 

 517 

Focusing on the set of 2,573 lincRNAs showing highly-specific expression, most 518 

of the TF enrichments for root cluster 19 remained (Figure 5B). PIF1, PIF4, KAN1, 519 

HAT22, MYB3, MYB44, ZAT6 and RGA showed the largest overlap and all these 520 

TFs, apart from MYB3 and PIF1, contained >160 lincRNA target genes (Figure 521 

5B and Supplemental Table S6). We confirmed that these eight TFs were all 522 

expressed in one or more samples of the root expression cluster 19 523 

(Supplemental Figure S5B) and earlier studies have reported that these TFs, 524 

apart from HAT22, are involved in root development in Arabidopsis (Hawker and 525 

Bowman, 2004; Devaiah et al., 2007; Moubayidin et al., 2016; Tominaga-Wada 526 

and Wada, 2016; Zhao et al., 2016; Li et al., 2022). Comparing TF binding for the 527 

different age categories revealed that the Brassicaceae_I_II-conserved lincRNAs 528 

were most strongly enriched for these TFs (Figure 5C).  529 

To experimentally validate the ChIP-based regulatory interactions for the 530 

identified TFs, we used reverse transcription quantitative PCR (RT-qPCR) 531 

analysis in roots of lines affected in TF expression such as overexpression or T-532 

DNA inactivation (called TF perturbation lines). We used an inducible line for 533 

KAN1 (KAN1-GR), overexpression lines for MYB4 and PIF4 (35S::MYB4, 534 

35S::PIF4) or quadruple mutant of the pif1, pif2, pif3, and pif4 (pifq), and a 535 

knockout mutant for RGA (rga28 T-DNA line). We then selected 27 potentially 536 

regulated lincRNAs showing high expression levels in the root cluster 19 and that 537 

were targeted by several of the selected TFs. For example, LincRNA5331 and 538 

LincRNA1119 were predicted to be regulated by the four TFs. We could detect 539 

deregulation for LincRNA5331 and LincRNA1119 in 35S::MYB44 and pifq roots, 540 

whereas the former was also deregulated in KAN1-GR and the latter in 35S::PIF4 541 

(Figure 6A, Supplemental Figure S6). Overall, out of the 74 inferred regulatory 542 

interactions investigated, 36 were confirmed, meaning that for the tested TFs, a 543 

significant deregulation of the lincRNA was found in comparison to the control 544 
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(“Has a peak and is DE”, in Table 1, Supplemental Table S7). For 23 out of the 545 

27 tested lincRNAs, we confirmed one or more regulatory interactions (Figure 546 

6A). The precision (i.e. the proportion of regulation prediction that were confirmed 547 

by RT-qPCR experiment), varied between 27-65% and the recall (i.e. the 548 

proportion of regulation seen by RT-qPCR that were correctly predicted by ChIP-549 

seq data) varied between 60% and 100%, while the average accuracy (i.e. the 550 

proportion of correct predictions, regulation and absence of regulation, among all 551 

genes examined) was 59%. For eight interactions the TF peak annotation to the 552 

lincRNA was unclear (“Has a putative peak and is DE” in Table 1), meaning 553 

these deregulated lincRNAs might also resemble confirmed interactions. Lastly, 554 

while the 10 interactions where we observed deregulation in the absence of a 555 

peak could indicate false predictions, they might also represent cases of indirect 556 

regulation controlled by the perturbed TF, influencing the expression of the 557 

profiled lincRNAs. 558 

We further validated our TF-gene regulatory interactions using in vitro DNA 559 

affinity purification sequencing (DAP-seq) data (O'Malley et al., 2016). DAP-Seq 560 

peaks, available for 9 TFs included in our analysis, were retrieved from the Plant 561 

Cistrome Database and were assigned to the closest gene (within a 2kb 562 

distance). Overall, 40% (1,735/4,308) of the ChIP-based TF-lincRNA interactions 563 

were confirmed by DAP-seq. For MYB44, one of the TFs for which we 564 

experimentally validated regulatory interactions and for which DAP-Seq data is 565 

available, 5/11 (45%) of the RT-qPCR confirmed lincRNAs were confirmed (two 566 

examples are shown in Supplemental Figure S7). Given the technical failures 567 

associated with DAP-Seq for some TFs, these confirmation rates are in 568 

agreement with the overlaps reported for protein-coding genes for DAP- and 569 

ChIP-Seq (36-81%, (O'Malley et al., 2016)), corroborating the quality of the 570 

reported TF–lincRNA interactions.  571 
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 572 

Figure 6. Experimental validation and characterization of TF-lincRNA 573 

regulatory interactions. (A) Heatmap showing log2 fold change (FC) of lincRNA 574 

relative expression levels in transcription factor (TF) overexpressing lines 575 

(35S::MYB44, 35S::PIF4 and KAN1-GR) or TF knockout lines (rga28 and pifq 576 
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(pif1/pif2/pif3/pif4 quadruple mutants)) vs. control wild-type lines in 14-day old 577 

roots. Expression values were determined by RT-qPCR. Asterisks indicate 578 

statistically significant differences (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) in an 579 

unpaired two-tailed Student’s t-Test (n =3). Solid boxes indicate TF ChIP peaks 580 

<2kb from the lincRNA gene. Dashed boxes indicate TF ChIP peaks were 581 

identified only in one ChIP-Seq replicate or the lincRNA is not the closest gene to 582 

the TF peak. (B) Heatmap showing cell type-specific expression of lincRNAs 583 

consistent with the expression of the regulatory TF, together with root ACR 584 

information. Yellow and green report the GWAS root-related and RT-qPCR 585 

experimentally validated lincRNA genes, respectively. The color scale represents 586 

the expression levels of lincRNAs in root cells. Triangles indicate cases where 587 

lincRNA expression and ACRs confirm regulatory interaction in the same cell 588 

type. 589 

 590 

Functional and cell-type specific annotation of root lincRNAs  591 

Based on the experimental validation results confirming that several of the root-592 

specific lincRNAs are controlled by the TFs inferred using the ChIP-based peaks, 593 

we integrated genotype-phenotype relationships from the AraGWAS catalog, to 594 

verify if root-related phenotypes have been reported for regions containing 595 

lincRNAs in genome-wide association studies (GWAS). After processing the 596 

significant associations from all GWAS studies present in the catalog and only 597 

retaining associations overlapping with lincRNA gene bodies or 2kb promoter 598 

regions (see Materials and Methods), we identified 2,615 single nucleotide 599 

polymorphisms (SNPs) overlapping with 1,039 lincRNAs, covering 142 different 600 

studies. While 58.4% of the lincRNAs had only significant associations via SNPs 601 

in the promoter region, 41.5% had associations via SNPs in the gene body (207 602 

and 225 lincRNAs with significant associations only in the gene body and in both 603 

gene body and promoter, respectively). After parsing and summarizing 604 

phenotype information from the available trait ontology annotations, we could link 605 

20 lincRNAs to abiotic stress-related traits, 124 lincRNAs to flower-related traits, 606 
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29 lincRNAs to leaf-related traits, 339 lincRNAs to root-related traits, and 25 607 

lincRNAs to seed-related traits (see Supplemental Data Set S6). The number of 608 

root-related GWAS annotations was much larger for lincRNAs targeted by TFs 609 

showing significant enrichment for binding in root cluster 19, compared to TFs 610 

lacking this enrichment (Supplemental Figure S8A), confirming the functional 611 

relevance of these lincRNAs in roots. For the 339 lincRNAs with root-related 612 

traits, a significant genetic association exists between a lincRNA-associated 613 

sequence polymorphism and a root-related phenotype that was quantified. 614 

Examples include lincRNAs affecting root mass density (48 genes) and lateral 615 

root length or number (15 genes) (Supplemental Figure S8B). The significant 616 

SNPs related to root traits were found in 32.1% and 67.9% of lincRNA gene 617 

bodies and promoter regions, respectively (Supplemental Figure S8C). Moreover, 618 

we identified several lincRNAs with specific root phenotypes regulated by MYB44 619 

(Supplemental Figure S8 D-G). Overall, the reprocessed GWAS data indicate 620 

that hundreds of regions overlapping with lincRNAs loci are significantly 621 

associated with different plant traits and can be used to prioritize lincRNAs likely 622 

involved in specific biological processes. 623 

To further investigate the biological relevance of the identified regulatory network, 624 

we focused on KAN1, MYB44, and PIF4, as these regulators had several root-625 

expressed lincRNA target genes that showed differential expression in TF 626 

perturbation lines (Table 1). Starting with those lincRNAs that were validated by 627 

RT-qPCR experiments or had root-related traits in the GWAS catalog, we first 628 

screened for lincRNAs expressed in root cluster 19 and in at least two replicates 629 

of a specific root cell type. A total of 21/42, 25/45, 23/45 lincRNAs fulfilling this 630 

selection criteria were regulated by KAN1, MYB44 and PIF4, respectively. Next, 631 

we verified the cell-type specific lincRNA expression agreed with the expression 632 

of the regulatory TF (Figure 6B). For KAN1, which showed the highest 633 

expression in the meristematic zone and stele, we identified six lincRNAs with 634 

root-related traits showing similar cell-type specific expression. For MYB44, we 635 

identified eight confirmed lincRNAs targets (four GWAS root-related and four 636 

experimentally validated genes) with high expression levels in the maturation 637 
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zone and phloem pole pericycle. The high expression of PIF4 in the mature 638 

xylem pole agrees with three experimentally validated lincRNAs. All GWAS root-639 

related (66) or experimentally validated (23) lincRNAs regulated by KAN1, 640 

MYB44 or PIF4 can be found in Supplemental Table S8. 641 

To confirm the root and cell-type specificity of the TF-lincRNA regulatory 642 

interactions, we integrated publicly available chromatin accessibility datasets of 643 

Arabidopsis roots based on Assay for Transposase-Accessible Chromatin using 644 

sequencing (ATAC-seq), covering  three bulk datasets (Maher et al., 2018; Potter 645 

et al., 2018; Tannenbaum et al., 2018) and one single-cell dataset (Dorrity et al., 646 

2021). Assessing the tissue specificity of our TF-lincRNA regulatory network 647 

revealed that 93% of the TF peaks associated with lincRNAs were detected in 648 

root accessible chromatin regions (ACRs), of which 21% were specifically 649 

detected in cell-type specific root ACRs. Randomly shuffling the TF peaks 650 

associated with lincRNAs showed that the observed overlap of TF-lincRNA 651 

regulatory interactions with bulk and single-cell root ACRs was 10-fold and 36-652 

fold higher than expected by chance, respectively, confirming the high specificity 653 

of the inferred regulatory interactions. Of the 69 regulatory interactions covering 654 

GWAS root-associated or experimentally validated lincRNAs regulated by KAN1, 655 

MYB44, or PIF4, 67 were detected in the bulk root ACRs, of which 7 were 656 

detected in root cell-type specific ACRs (Figure 6B, Supplemental Table S8). For 657 

several lincRNAs the cell-type specificity identified using the gene expression 658 

profiles were confirmed by the single-cell ATAC data. For example, 659 

LincRNA1736, regulated by KAN1, and LincRNA1296 and LincRNA6434, 660 

regulated by MYB44, were expressed in stele (xylem/phloem) and confirmed by 661 

xylem-specific ACRs. LincRNA3149, regulated by MYB44 and PIF4, was 662 

expressed in cortex, which was confirmed by cortex-specific ACRs.  663 

This detailed regulatory annotation further supports that KAN1, MYB44 and PIF4 664 

are controlling lincRNA genes showing highly specific expression in different root 665 

tissues and cell types. Additionally, the large overlap with genetic associations 666 

from different GWAS studies hints to a role for many of these TF-controlled 667 

lincRNA loci in root growth and development. 668 
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 669 

 670 

DISCUSSION 671 

Comprehensive annotation of Arabidopsis lincRNAs using transcriptomics 672 

and evolutionary genomics 673 

In contrast to protein-coding genes, the characterization of lincRNAs is more 674 

challenging as we lack highly curated annotations and extensive experimental 675 

observations. Furthermore, the low levels of sequence conservation for the 676 

majority of lincRNA loci makes it difficult to translate biological knowledge learned 677 

in one species to another. Apart from co-expression network analysis, reporting 678 

putative (in) direct associations between lincRNAs and other genes, information 679 

about TF regulation of lincRNAs is scarce. Embedding lincRNAs in biological 680 

networks has great potential to define lincRNAs linked to specific cellular or 681 

morphological phenotypes.  682 

Through the integration of eight lincRNA annotation resources, as well as 683 

mapping various conservation, chromatin, and expression features, we presented 684 

a global view on gene regulation for 5,586 expressed Arabidopsis lincRNAs. We 685 

strongly focused on using replicated samples when processing high-throughput 686 

datasets to obtain high-confidence gene information (Ponting and Haerty, 2022). 687 

Combined with comparative genome analysis yielding information about age 688 

categories and selection acting on gene bodies and promoter regions, we found 689 

that different subsets of lincRNAs have distinct molecular properties. While the 690 

high tissue-specificity and low levels of primary sequence conservation 691 

corroborate previous findings about lincRNAs (Necsulea et al., 2014; Ma et al., 692 

2019; Palos et al., 2022), the analysis of lincRNA expression using a genome-693 

wide gene expression atlas covering 769 samples revealed that lincRNA 694 

expression is widespread in different organs and not restricted to stress 695 

conditions, which is in agreement with previous studies (Jha et al., 2020; Corona-696 

Gomez et al., 2022). In a recent study, Corona-Gomez and colleagues 697 

reconstructed a co-expression network to annotate lncRNAs with associated 698 
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protein-coding genes. They identified several modules associated with root 699 

development or root-related stress functional annotation (Corona-Gomez et al., 700 

2022). These results are consistent with the high representation of lincRNAs 701 

exhibiting highly-specific expression in the root expression cluster (unique set of 702 

1448 lincRNAs), which is the highest number among all expression clusters we 703 

studied. When intersecting the different age categories with the expression 704 

clusters, Brassicaceae_I_II-conserved lincRNAs covered a large fraction of these 705 

root-expressed lincRNAs. While recent studies also identified a large number of 706 

context-specific lincRNAs expressed in root tip or meristem (Corona-Gomez et al., 707 

2022; Palos et al., 2022), our age category analysis revealed that many lincRNAs 708 

that originated in the common ancestor of Brassicaceae lineages I and II, showed 709 

specific expression in various root cell types.  710 

We observed a clear trend of increasing levels of lincRNA gene expression when 711 

going from young to old age categories. However, quantifying selection levels 712 

acting on different loci revealed that the oldest age categories, showing the most 713 

wide-spread and highest expression, are not experiencing the highest levels of 714 

purifying selection. While older categories like angiosperm-conserved and 715 

Eudicot/rosid-conserved lincRNAs had similar median phastCons scores as 716 

protein-coding genes, Brassicaceae_I_II-conserved lincRNAs showed the higher 717 

levels of purifying selection, both in their exon and promoter. In animals, a 718 

substantial increase of dynamically expressed genes and higher levels of 719 

purifying selection has been reported for older age categories (Necsulea et al., 720 

2014; Sarropoulos et al., 2019). Furthermore, massively parallel reporter assays 721 

surveying thousands of human promoters revealed that tissue-specific lincRNAs 722 

had fewer TF motifs compared to ubiquitously expressed genes (Mattioli et al., 723 

2019). In contrast to Arabidopsis protein-coding genes, this pattern was not found 724 

for lincRNAs in our analysis (correlation between tau score and TF binding 725 

frequency = 0.02). These results suggest, based on the genome-wide TF binding 726 

data available in Arabidopsis, that the complexity in TF control of lincRNAs is 727 

different between plants and animals and that the observed pattern of highly-728 

specific expression and purifying selection for Brassicaceae_I_II-conserved 729 
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lincRNAs deviates from the global trends observed in animals. Therefore, these 730 

unique properties suggest that these lincRNAs, which only emerged 42 million 731 

years ago, are better integrated in plant networks when compared to young 732 

lincRNAs in animals. 733 

 734 

Integrative regulatory annotation of Arabidopsis lincRNAs 735 

The regulatory annotation using genome-wide chromatin state information 736 

revealed that protein-coding genes and lincRNAs have distinct chromatin 737 

signatures. The enriched chromatin states for lincRNAs were largely variable 738 

between, and sometimes within, the different age categories. While states 739 

associated with DNA methylation and repressive histone modifications were most 740 

strongly overrepresented in the youngest (Arabidopsis-specific) and oldest 741 

(angiosperm-conserved) lincRNA age categories, states denoting polycomb 742 

group mediated deposition of H3K27me3 and accessible chromatin were most 743 

enriched for Brassicaceae_I_II-conserved lincRNAs. H3K27me3 is a repressive 744 

covalent histone modification resulting from the activity of Polycomb repressive 745 

complexes. It was recently shown that a reduction in H3K27me3 levels leads to a 746 

decrease in the interactions within Polycomb-associated repressive domains, 747 

resulting in a global reconfiguration of chromatin architecture and transcriptional 748 

reprogramming during plant development (Huang et al., 2021). Chromatin 749 

accessibility is a hallmark of regulatory DNA as it allows sequence-specific 750 

binding of TFs, key components of transcriptional regulatory networks (Schmitz 751 

et al., 2022). The association of these chromatin states with specific sets of 752 

lincRNAs strongly indicates active transcriptional regulation.  753 

To identify context-specific TF regulation potentially driving the highly-specific 754 

expression observed for many lincRNAs, we reprocessed, filtered and annotated 755 

114 ChIP-Seq experiments covering 45 TFs, yielding a TF-lincRNA gene 756 

regulatory network containing 2,659 lincRNAs and 15,686 interactions. To assess 757 

the potential functionality of these inferred regulatory interactions, we overlapped 758 

CNSs identified using nine Brassicaceae genomes, which confirmed that TF 759 
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peaks close to lincRNAs show similarly high levels of sequence constraint 760 

compared to protein-coding genes (74-78%). Furthermore, TF binding events 761 

close to Brassicaceae_I_II-conserved lincRNAs showed the highest levels of 762 

CNS conservation (92%), which agrees with the very high phastCons promoter 763 

scores we observed for this age category. While Palos and co-workers reported 764 

that CNSs significantly correlated with gene bodies of Brassicaceae-conserved 765 

lincRNAs (Palos et al., 2022), our results revealed that also lincRNA promoters 766 

and TF binding sites are strongly conserved for Brassicaceae_I-II-conserved 767 

lincRNAs. Ultraconserved CNSs, frequently associating with TF binding sites for 768 

key plant regulators controlling essential biological processes, have been 769 

identified for thousands of protein-coding genes (Van de Velde et al., 2016). Our 770 

results suggest that such deep conservation of cis-regulatory elements is 771 

extremely rare for lincRNAs, as only a small number of lincRNA genes show 772 

deep evolutionary conservation. Such deeply conserved CNSs for protein-coding 773 

genes frequently occur in divergent gene pairs, where they form mini-regulons 774 

representing conserved transcriptional units of co-regulated and co-expressed 775 

neighboring genes (Van de Velde et al., 2016). It is currently unclear if such 776 

conserved transcriptional regulons also exist for lincRNA loci and could explain 777 

the observed patterns of positionally-conserved but sequence-diverged lncRNAs 778 

(Mohammadin et al., 2015). 779 

The integrated TF binding information showed that promotors of lincRNAs differ 780 

strongly from those of protein-coding genes, but also revealed high levels of 781 

heterogeneity among the different age categories. In animals, promoters of 782 

protein-coding genes contain more TF binding sites than those of lincRNAs, 783 

suggesting a stronger and more complex transcriptional regulation of the former 784 

(Necsulea et al., 2014; Sarropoulos et al., 2019). When comparing the number of 785 

TF binding events for the different gene types in Arabidopsis, we observed no 786 

difference in TF binding frequency for protein-coding genes and lincRNAs, 787 

indicating that lincRNAs are also regulated in a complex manner in plants. While 788 

no correlation between lincRNA expression tissue-specificity and TF binding 789 

frequency was found, a positive correlation between TF binding frequency and 790 
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the level of purifying selection was observed. Again, Brassicaceae_I_II-791 

conserved lincRNAs stood out having the highest number of binding TFs, 792 

suggesting that neither the age nor the expression of a lincRNA, but its 793 

importance for plant fitness, is a major factor in determining its regulatory 794 

complexity. While our results confirm that broadly expressed protein-coding 795 

genes, showing high expression breadth, are positively correlated with the 796 

number of regulating TFs (Heyndrickx et al., 2014), we did not observe this global 797 

trend for lincRNAs, indicating that the regulatory properties of TF control for plant 798 

protein-coding genes and lincRNAs are different. Although the number of 799 

Arabidopsis TFs profiled using ChIP-Seq may be considered as limited, future 800 

research will have to address whether the complexity of TF control varies for 801 

lincRNAs, as well as protein-coding genes, active in different organs, tissues, or 802 

stress conditions. 803 

 804 

A TF-lincRNA gene regulatory network identifies KAN1, MYB44 and PIF4 as 805 

regulators controlling root lincRNAs 806 

Through integration of our spatiotemporal expression clusters and the TF-807 

lincRNA gene regulatory network, we identified eight TF regulators showing a 808 

significant enrichment for TF binding close to lincRNAs specifically expressed in 809 

roots. While the overlap between TF ChIP-Seq peaks and CNSs gave an indirect 810 

indication of the potential functionality of TF binding sites close to hundreds of 811 

lincRNA loci, we experimentally validated a set of inferred regulatory interactions, 812 

focusing on 27 root-expressed lincRNAs and 5 TF perturbation lines. The number 813 

of confirmed regulatory interactions as well as the positive prediction values 814 

found for the tested TFs and lincRNAs here (27-65%) are 3 to 4 times higher 815 

than the fraction of TF-bound protein-coding genes also showing deregulation 816 

reported for a set of TF regulators involved in flowering (7-22%) (O'Maoileidigh et 817 

al., 2014). Compared to the discovery rates obtained for large-scale phenotypic 818 

screens of insertional lines (1.3%) (Ransbotyn et al., 2015), our discovery rates 819 

for deregulation are 20-50 fold higher. Globally, for 85% of the profiled lincRNAs 820 
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one or more confirmed regulatory interactions were found. These findings 821 

indicate that the ChIP peak-based inference of TF regulation is a promising 822 

approach to characterize TF regulation of lincRNAs. Additional deregulated 823 

lincRNAs lacking a TF peak were also identified, which might be due to an 824 

indirect effect caused by crosstalk between different regulators in the Arabidopsis 825 

root as well as the type of mutations chosen in the perturbed TF lines (e.g. 826 

partners lacking in overexpressing lines, compensatory effects in gene families) 827 

(Heyndrickx et al., 2014).  828 

While detailed functional characterizations of lincRNA genes are scarce, the 829 

integration of GWAS information allowed us to identify genetic associations for 830 

1,039 lincRNAs covering various traits. While this number, corresponding to a 831 

frequency of 8%, is slightly lower compared to that of protein-coding genes 832 

associated with a specific trait in the AraGWAS catalog (3,030/27,655 = 11%), it 833 

does confirm the great potential of this largely untapped resource to biologically 834 

characterize lincRNAs potentially controlling different plant traits. As shown for 835 

KAN1, MYB44 and PIF4, multiple groups of co-expressed lincRNAs were 836 

identified bound by one of these TFs. Most of these groups showed strong cell-837 

type specific expression and contained lincRNAs that were annotated with root-838 

related traits. While most regulatory interactions were confirmed by TF peaks 839 

overlapping with root bulk ACRs, for several lincRNAs cell-type specificity was 840 

confirmed based on single-cell ATAC data, despite the high sparsity associated 841 

with this data type.  842 

While co-expression networks and modules containing lincRNA genes cannot 843 

differentiate between direct and indirect regulatory interactions and lack 844 

functional information about individual lincRNAs (Corona-Gomez et al., 2022; 845 

Palos et al., 2022), our complementary approach relying on TF regulation and 846 

GWAS information overcomes some of these shortcomings. Taken together, the 847 

integration of different gene annotations combined with information about 848 

evolutionary conservation, selection, expression, TF regulation and GWAS data 849 

yielded insights on the biological relevance of hundreds of Arabidopsis lincRNAs 850 
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and offers a promising strategy to identify lincRNAs involved in different aspects 851 

of plant biology.  852 

 853 

 854 

MATERIALS AND METHODS 855 

Prediction of lincRNAs from in-house dataset 856 

Paired-end RNA-seq datasets with high sequencing depth conducted in previous 857 

projects in the group at the Institute of Plant Sciences Paris-Saclay were used to 858 

predict additional lincRNAs. All data came from experiments carried out in the 859 

Arabidopsis (Arabidopsis thaliana) Col-0 ecotypes and involved nsra/b mutant 860 

seedlings in response to NPA/NAA treatment GSE65717 and GSE116923 (Tran 861 

Vdu et al., 2016; Bazin et al., 2018), seedlings with modified expression of the 862 

ASCO lincRNA GSE135376 (Rigo et al., 2020), root tip submitted to a short 863 

phosphate starvation kinetic GSE128250 (Blein et al., 2020) and a lateral root 864 

initiation kinetic from a binding essay of five time points without replicates (6h, 865 

12h, 24h, 36h and 48h after binding, T. Blein, R. Swarup, M. Crespi and M. 866 

Bennett unpublished data). All reads were quality trimmed using Trimmomatic. 867 

For each library independently, cleaned reads were mapped on TAIR9 genome 868 

sequence with STAR (version 2.7.2a) using Araport11 as a guided annotation 869 

with the following additional parameters: --alignIntronMin 20 --alignIntronMax 870 

3000. For each alignment file, StringTie (version 2.1.4) was used to predict 871 

transcripts using Araport11 annotations as a guide (additional parameters: -c 2.5 872 

-j 10). GFFcompare (v0.12.6) was then used to isolate the new transcripts in 873 

comparison to Araport11 gene annotation (removing transcripts with class code =, 874 

c, e or s). The different transcripts prediction were then combined using StringTie 875 

in merge mode (additional parameters: -F 0 -T 0 -c 0 -f 0 -g 0 -i). The final set of 876 

transcripts was compared against Araport11 annotation with GFFcompare 877 

removing all transcripts with a class code of =, c, e, s or m. Transcripts were then 878 

associated with their already annotated gene or to newly defined genes in case 879 

they were predicted in unannotated portion of the genome. Coding potential was 880 
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then assets using COME (Hu et al., 2017), Coding Potential Calculator CPC 881 

(v0.9-r2), CPC2 (Kang et al., 2017) and infernal  (v1.1.2) (Nawrocki and Eddy, 882 

2013) against Rfam v14.1 (Kalvari et al., 2021) with default parameters. Non-883 

coding transcripts were the ones predicted by CPC, CPC2 and COME as non-884 

coding and having no hits against tRNA, rRNA, snRNA or snoRNA genes in 885 

Rfam. 886 

Integration of lincRNA gene annotations 887 

Arabidopsis lincRNAs were collected from public databases including Araport11 888 

(Cheng et al., 2017), CANTATAdb (Szczesniak et al., 2016), NONCODEv5 (Fang 889 

et al., 2018), PLNlncRbase (Xuan et al., 2015), obtained from publications (Liu et 890 

al., 2012; Nelson et al., 2017; Zhao et al., 2018) or shared by Andrew D. L. 891 

Nelson from the Boyce Thompson Institute at Cornell using their previously 892 

published method, and the in-house dataset. These collections contain lincRNA 893 

annotations based on transcriptomic information coming from a wide variety of 894 

organs including seedling, root, pollen, rosette leaf, endosperm, seed, siliques, 895 

inflorescence, flower, floral buds, as well as abiotic stress treatments. The 896 

pipeline used for the identification of putative lincRNA is described in 897 

Supplemental Figure S1A. (1) LincRNA transcripts with a length of at least 200 898 

bp were retained. (2) Only transcripts that were at least 500 bp away from any 899 

protein-coding gene were retained and considered as intergenic (Liu et al., 2012; 900 

Yamada, 2017). (3) Transcripts lacking strand information were discarded. (4) 901 

The coding potential of transcripts was assessed using the Coding-Non-Coding 902 

Index (CNCI; Version 2) (Sun et al., 2013), CPC2, and Pfam-scan (PFAM) (Finn 903 

et al., 2016), and only those transcripts fulfilling the CPC2 (cutoff < 0), CNCI 904 

(cutoff < 0) and PFAM (E-value 1e-5) criteria were retained. (6) All candidate 905 

intergenic transcripts were assigned to lincRNA loci using the GFFcompare 906 

program (Pertea and Pertea, 2020). The number of transcripts retained after 907 

each filtering step is reported in Supplemental Figure S1B. 908 
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Evolutionary conservation analysis 909 

Our set of Arabidopsis lincRNAs was classified into distinct evolutionary age 910 

categories based on sequence similarity. The sequences of 6599 lincRNA loci 911 

were extracted using BEDTools getfasta v2.30.0 (Quinlan and Hall, 2010). 912 

Genome sequence data for 40 plant species were obtained from PLAZA 5.0 913 

Dicots and PLAZA 5.0 Monocot (Van Bel et al., 2021), representing 26 eudicots 914 

(20 rosids and 6 asterids ) and 14 monocots. The 20 rosids contain 10 915 

Brassicaceae species. LincRNA homologs were identified using sequence 916 

similarity searches against these 40 genomes using BLASTn (Altschul et al., 917 

1990) and applying an E-value cutoff of 1e–10 (Nelson et al., 2017). 918 

Classification rules were defined to construct five evolutionary age categories. A 919 

lincRNA was deemed conserved in the Angiosperm evolutionary age category 920 

when at least one homolog was found in eudicots and one homolog in monocots. 921 

LincRNA was defined as a eudicot/rosid-conserved lincRNA with at least one 922 

homolog in rosids, one homolog in asterids, and no homolog in monocots, in 923 

addition with one homolog only in rosids. The lincRNA was assigned as a 924 

Brassicaceae_I_II-conserved lincRNA with at least one homolog in Brassicaceae 925 

lineage I, one homolog in Brassicaceae lineage II, and no homologs outside the 926 

Brassicaceae species. A lincRNA that had at least one homolog in a 927 

Brassicaceae lineage I species, apart from Arabidopsis, was defined as 928 

Brassicaceae_I-conserved lincRNA. The last category, defined as Arabidopsis-929 

specific lincRNA, were restricted to Arabidopsis lincRNAs without homologs in 930 

any of the other species.  931 

We downloaded the GFF annotation file from the Araport11 genome release 932 

(Cheng et al., 2017) containing 27,655 protein-coding genes and 325 pri-miRNAs 933 

and obtained exonic sequences. We also extracted the promoter region of 2kb 934 

upstream of the transcription start site for lincRNAs, pri-miRNAs, and protein-935 

coding genes. The promoter of a gene was shortened and removed when it 936 

overlapped with a nearby gene sequence.  937 

The sequence conservation of exon and promoter regions per gene type was 938 

evaluated using phastCons scores, which were calculated using the alignments 939 
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of 20 angiosperm plant genomes (Hupalo and Kern, 2013). The phastCons 940 

scores were downloaded from the araTha9 genome browser available at 941 

genome.genetics.rutgers.edu as a bedgraph file. The bedgraph, consisting of 942 

variable width bin of equal phastCons score, was reprocessed to use a fix bin 943 

width of 1nt. In case of absence of a phastCons score on a portion of the genome, 944 

no bin was created which allowed making the difference between nucleotides 945 

with a score (informative nucleotides) or absence of score (non-informative 946 

nucleotides). The average phastCons score of exon or promoter regions was 947 

computed using the BEDTools map v2.30.0 with the “–c4 –o mean” options, 948 

giving the average phastCons score using only informative nucleotides. The 949 

number of informative nucleotides of the genome proportion with phastCons 950 

score was computed using BEDTools intersect v2.30.0. Only for loci with at least 951 

50% of informative nucleotides average phastCons scores were computed and 952 

reported in Figure 2 B-C (other loci were discarded).  953 

Expression analysis of lincRNAs 954 

To generate an expression atlas for lincRNAs, pri-miRNAs and protein-coding 955 

genes, we used Curse (Vaneechoutte and Vandepoele, 2019) to search and 956 

curate relevant RNA-seq experiments. Details of the 18 RNA-seq experiments 957 

across all 791 samples are shown in Supplemental Table S2 and Supplemental 958 

Data Set S3. Next, we imported the expression metadata to the Prose tool 959 

(Vaneechoutte and Vandepoele, 2019), which downloads the raw data from SRA 960 

by using the SRA toolkit, performs quality control and adapter detection, 961 

trimmomatic to perform adapter clipping and quality trimming and finally Kallisto 962 

(Bray et al., 2016) for quantifying transcript expression to normalized transcripts 963 

per million (TPM) values. We downloaded the transcript FASTA file for 27,655 964 

protein-coding genes and 325 pri-miRNAs from the Araport11 genome release 965 

(Cheng et al., 2017) and retrieved transcript sequences for 6,599 lincRNAs using 966 

gffread (Pertea and Pertea, 2020). Gene-level atlases were created by summing 967 

the TPM values of all transcripts. We retained TPM value per gene across the 968 
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biological replicates and took an average of TPM values per gene from technical 969 

replicates, resulting in an expression atlas covering 791 samples.  970 

We used a simulation experiment (Ramskold et al., 2009; Li et al., 2016) to 971 

determine thresholds for detectable expression in TPM for protein-coding genes 972 

and lincRNAs. The protein-coding genes were used as true positives and the 973 

lincRNAs were used as true negatives. We calculated the false-positive rate and 974 

false-negative rate at different TPM thresholds for each sample. The applied 975 

cutoff of 0.2 TPM to define lincRNA and Pri-miRNAs expression is a good trade-976 

off to detect lowly expressed lincRNAs and keep false-positives under control 977 

(false positive rate<0.10). A more stringent threshold TPM >= 2 was used to 978 

define the expression of protein-coding genes.  979 

To identify the clusters containing samples with related gene expression 980 

information, a log2-transformed gene expression matrix (TPM+1) was used for t-981 

SNE clustering with perplexity 30 and n_iter = 1000 (Pedregosa et al., 2011). 22 982 

clusters were retained, the largest of which contained 113 samples and the 983 

smallest contained 5 samples. Twenty-two samples were not clustered and 984 

removed (Supplemental Data Set S3). Expression specificity per gene type, for 985 

the gene expression matrix described above, was measured using tissue-986 

specificity index (tau), defined by the following equation (Yanai et al., 2005): 987 

𝜏 =
∑ (1 − x̂𝑖)
𝑛
𝑖=1

𝑛 − 1
, Χ̂𝑖 =

𝑥𝑖

𝑚𝑎𝑥1≤𝑖≤𝑛(𝑥𝑖)
 

Where xi was defined as the average TPM value of per cluster and n 988 

corresponds to the number of clusters analyzed.  989 

 990 

Chromatin states analysis and TF peak annotation 991 

The enrichment of the lincRNA sets in different chromatin states (CSs) of 992 

Arabidopsis from (Liu et al., 2018; Hazarika et al., 2022) was done by shuffling 993 

the lincRNA genome coordinates 1000 times over the whole Arabidopsis genome. 994 

Then, we compared the distribution of the number of lincRNAs expected to 995 

overlap by chance with each CS with the real number of overlaps, and we used 996 
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these values to calculate enrichment statistics: p-value as the number of times 997 

the real overlap was higher than the overlap with any of the 1000 shuffled 998 

lincRNA sets, and enrichment fold as the real overlap divided by the median of 999 

overlap expected by chance (median of the 1000 shuffling events). The p-value 1000 

was adjusted for multiple testing using Benjamini-Hochberg correction 1001 

(significance level 0.05). For visualization purposes, the two enrichment metrics 1002 

were combined into the π-value, which is the -log10(p-value)*enrichment fold. 1003 

TF ChIP-Seq peak coordinates were retrieved from the PlantPAN 3.0 database 1004 

(Chow et al., 2019) and (Song et al., 2016). The original ChIP-Seq of KAN1, 1005 

MYB44 and PIF4 were derived from these studies (Merelo et al., 2013; Pfeiffer et 1006 

al., 2014; Song et al., 2016). For each peak the closest gene was identified and 1007 

only peaks confirmed in two or more replicates and within a 2kb window of the 1008 

gene body were retained. Starting from all TF – target gene pairs (either a 1009 

protein-coding gene or a lincRNAs; Supplemental Data Set S5), enrichment 1010 

analysis was performed to identify enriched TFs in different expression clusters 1011 

or age categories. For all enrichment analyses the hypergeometric distribution 1012 

was applied and the q-value of enrichment was determined using the Benjamini–1013 

Hochberg correction for multiple hypotheses testing. Detailed information for 1014 

chromatin states, including preferential location and preferential epigenetic 1015 

markers, was obtained from the Plant Chromatin State Database (PCSD) (Liu et 1016 

al., 2018) and Hazarika et al., 2022. 1017 

Identification of GWAS-associated genes 1018 

GWAS data were collected from AraGWAS (Togninalli et al., 2020) and 1019 

overlapped with the gene body and promoter 2kb sequences of lincRNAs to 1020 

associate with the phenotype of interest. All significant associations (Permutation 1021 

threshold <0.05 and FDR <0.05) were retained for screening for minor allele 1022 

frequency>0.01, resulting in 1,124 lincRNAs, covering 147 different studies. 1023 

These significantly associated lincRNAs were classified into five main traits by 1024 

ontological annotation, including root, seed, flower, leaf, and abiotic-related traits 1025 

(see Supplemental Data Set S6).  1026 
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Overlap with accessible chromatin regions 1027 

ATAC-seq data for Arabidopsis root hair, non-hair and whole roots were collected 1028 

from three publications (Maher et al., 2018; Potter et al., 2018; Tannenbaum et 1029 

al., 2018), and scATAC-seq data for Arabidopsis root epidermis, endodermis, 1030 

stele (pericyle, xylem, phloem), and cortex cells were collected from (Dorrity et al., 1031 

2021). Cell type-specific marker peaks were identified by scATAC-seq data 1032 

(p<0.05 and avg_lofFC>0). BEDtools intersect v2.30.0 (Quinlan and Hall, 2010) 1033 

was used to detect whether TF ChIP-seq peaks associated with lincRNAs 1034 

overlapped with ACR peaks. Only overlaps between ACRs and TF ChIP peaks in 1035 

at least two replicates were retained, requiring that at least of 10% of the ChIP 1036 

peak was covered by the ACR. BEDtools shuffle v2.30.0 (with parameter -chrom) 1037 

was used to shuffle the TF ChIP-seq peaks associated with lincRNAs.  1038 

Validation of TF-lincRNA regulatory interactions using reverse 1039 

transcription-quantitative PCR 1040 

For each replicate, total RNA from five to eight 14-day roots grown vertically on 1041 

solid MS ½ media was extracted using TRI Reagent (Sigma-Aldrich) and 1042 

digested with RNase-free DNase (Fermentas) following the manufacturer’s 1043 

recommendations. cDNA was synthetized using Maxima Reverse Transcriptase 1044 

(Thermo Scientific). Expression analysis by RT-qPCR was performed using 1045 

SYBR Green master I (Roche) and the LightCycler® 96 system following a 1046 

standard protocol (40 cycles, 60°C annealing). Data were analyzed using the 1047 

ΔΔCt method with PP2A (PROTEIN PHOSPHATASE 2A SUBUNIT A3 1048 

(AT1G13320)) as reference transcript for normalization of RT-qPCR data. WT 1049 

Col-0 plants grown at the same time were used as sample reference. For the 1050 

dexamethasone inducible KAN1-GR expression lines analysis, after 14 days on 1051 

MS media, the plants were transferred for one day either on dexamethasone 1052 

containing plates (10µM) or only DMSO (dexamethasone solvent) as control. 1053 

Primers used are listed in Supplemental Table S9. Three biological replicates 1054 

were performed per condition. Statistical analyses were performed using the 1055 

unpaired two-tailed Student’s t-Test (GraphPad prism). 1056 
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 1057 

We use overall accuracy, precision, and recall as evaluation metrics to assess 1058 

the TF-lincRNA regulatory network by RT-qPCR experiments. 1059 

Accuracy =
𝑇𝑃 + 𝑇𝑁

(𝑇𝑃 + 𝑇𝑁 + 𝐹𝑃 + 𝐹𝑁)
 

precision =
𝑇𝑃

(𝑇𝑃 + 𝐹𝑃)
 

𝑅𝑒𝑐𝑎𝑙𝑙 =
𝑇𝑃

(𝑇𝑃 + 𝐹𝑁)
 

Where TP is a true positive, indicating that we correctly predicted the lincRNA 1060 

regulated by TF, as confirmed by significant differences in the results of RT-1061 

qPCR experiment. TN is a true negative, indicating that we predicted that a 1062 

lincRNA is not regulated by TF, and the results of the RT-qPCR experiment 1063 

showed no significant difference. FN is a false negative, indicating that we did not 1064 

predict a lincRNA to be regulated by a specific TF, but a significant difference in 1065 

the results of RT-qPCR experiments was found. Finally, a FP is a false positive, 1066 

indicating we predicted that a lincRNA is regulated by TF, but there is no 1067 

confirmation from the RT-qPCR experiment. 1068 

  1069 
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 1132 

FIGURE LEGENDS 1133 

Figure 1. Overlap and gene features of Arabidopsis lincRNA annotations. (A) 1134 

Upset plot showing the intersection of lincRNA annotation in the eight resources. 1135 

Each row represents a resource, reporting in parenthesis its total number of 1136 

lincRNA transcripts before merging. LincRNA annotations unique to a single 1137 

resource are represented as a single circle while circles connected by lines 1138 

represent the intersection of lincRNA loci shared between various resources. The 1139 

bar chart indicates the number of unique lincRNA loci and intersectional lincRNA 1140 

loci, displaying only intersections that contain at least ten lincRNA loci. More 1141 

complex overlapping patterns are not shown. (B) The pie chart shows the 1142 

proportion of lincRNA loci supported by one or more resources. (C) The 1143 

distribution of exon number for all lincRNA transcripts (purple), protein-coding 1144 

transcripts (green), transcripts of lincRNAs supported by single resource (purple) 1145 

and multiple resources (purple). Single exon and multiple exons are shown in 1146 

dark and light colors, respectively. (D) The distribution of transcript length for 1147 

lincRNAs (purple) and protein-coding genes (green). 1148 

 1149 

Figure 2. Sequence conservation analysis for lincRNAs of different 1150 

evolutionary age categories. (A) Simplified species tree reporting the number 1151 

of lincRNAs found for the different age categories, which are also indicated by 1152 

the grey circle sizes. Numbers in parenthesis report the number of genomes 1153 
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included per clade to assess sequence similarity and define a lincRNA’s age 1154 

category. Boxplot showing the average phastCons score for (B) exons and (C) 1155 

promoter regions (2kb upstream of transcription start site) of different lincRNA 1156 

age categories and gene types (lincRNAs, pri-miRNAs, protein-coding genes). 1157 

The numbers in parentheses report the number of exons and promoters with at 1158 

least 50% of informative nucleotides over the total number of gene bodies and 1159 

promoters in that category, respectively. PhastCons score ranges from 0 (not 1160 

under selection) to 1 (strong negative selection). P-values for pairwise Mann–1161 

Whitney U test are shown using the horizontal lines connecting the series and 1162 

were corrected for multiple testing using the Benjamini-Hochberg procedure. 1163 

 1164 

Figure 3. Expression analysis of lincRNAs. (A) Line chart showing the 1165 

distribution of expression breadth for lincRNAs, pri-miRNAs and protein-coding 1166 

genes across all samples. (B) Distribution of the maximum TPM expression 1167 

levels for different lincRNA age categories and gene types (lincRNAs, pri-1168 

miRNAs and protein-coding genes). (C) Distribution of tissue specificity tau 1169 

scores for different lincRNA age categories and gene types. Tau scores range 1170 

from zero to one, where zero means widely expressed, and one means very 1171 

specifically expressed (detectable in only one cluster). The black dotted line 1172 

represents a tau score of 0.97. (D) Bar chart reporting the number of expressed 1173 

and highly-specific expressed lincRNAs per expression cluster and the number of 1174 

lincRNAs that are only expressed in one cluster. Cluster numbers and 1175 

descriptions are shown below the chart, with numbers in parenthesis indicating 1176 

the number of samples present per cluster. (E) Heatmap showing the proportion 1177 

of highly-specific expressed lincRNAs in each cluster for each lincRNA age 1178 

category. Cluster descriptions are the same as in panel D. Numbers in 1179 

parenthesis report the number of genes per age category together with the 1180 

fraction of lincRNAs showing highly-specific expression. 1181 

 1182 

Figure 4. Chromatin state and TF ChIP-Seq peak annotation for different 1183 

gene types (A) Dendrogram showing the enrichment for different lincRNA gene 1184 
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sets (x-axis) towards different chromatin states (CS) (y-axis). The values report 1185 

the product of -log10(q-value) and the enrichment fold. Only significant 1186 

enrichment values are reported (q-value < 0.05). (B) The proportion of peak-gene 1187 

pairs present in single replicate (blue) and two or more ChIP-Seq replicates 1188 

(grey). (C) The percentage of three gene types assigned to peaks in two or more 1189 

ChIP-Seq replicates. (D) Distributions of the number of TF binding events for 1190 

lincRNA evolutionary age categories and gene types (lincRNAs, pri-miRNAs and 1191 

protein-coding genes). 1192 

 1193 

Figure 5. Overview of TF-lincRNA regulatory interactions in different 1194 

expression clusters and age categories. The dot sizes represent the number 1195 

of the lincRNAs while the color represents the statistical significance. Cluster 1196 

descriptions are the same as in Figure 3D. (A) Bubble chart showing the 1197 

enrichment of TF binding for expressed lincRNAs in different expression clusters. 1198 

TFs lacking significant enrichment in any of the 22 clusters are not shown. (B) 1199 

Bubble chart showing the enrichment of TF binding for highly-specific lincRNAs in 1200 

different expression clusters. TFs lacking significant enrichment in any of the 22 1201 

clusters are not shown. (C) Bubble chart showing the enrichment of TF binding 1202 

for expressed lincRNAs in different age categories. 1203 

 1204 

Figure 6. Experimental validation and characterization of TF-lincRNA 1205 

regulatory interactions. (A) Heatmap showing log2 fold change (FC) of lincRNA 1206 

relative expression levels in transcription factor (TF) overexpressing lines 1207 

(35S::MYB44, 35S::PIF4 and KAN1-GR) or TF knockout lines (rga28 and pifq 1208 

(pif1/pif2/pif3/pif4 quadruple mutants)) vs. control wild-type lines in 14-day old 1209 

roots. Expression values were determined by RT-qPCR. Asterisks indicate 1210 

statistically significant differences (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) in an 1211 

unpaired two-tailed Student’s t-Test (n =3). Solid boxes indicate TF ChIP peaks 1212 

<2kb from the lincRNA gene. Dashed boxes indicate TF ChIP peaks were 1213 

identified only in one ChIP-Seq replicate or the lincRNA is not the closest gene to 1214 

the TF peak. (B) Heatmap showing cell type-specific expression of lincRNAs 1215 
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consistent with the expression of the regulatory TF, together with root ACR 1216 

information. Yellow and green report the GWAS root-related and RT-qPCR 1217 

experimentally validated lincRNA genes, respectively. The color scale represents 1218 

the expression levels of lincRNAs in root cells. Triangles indicate cases where 1219 

lincRNA expression and ACRs confirm regulatory interaction in the same cell 1220 

type. 1221 

  1222 
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TABLES 1223 

Table 1. Summary of qPCR validation for TF-lincRNA gene pairs. 1224 

 1225 

TP = true positive, TN = true negative, FP = false positive and FN = false 1226 

negative (see Material and Methods). 1227 

(1) In total 27 lincRNAs were tested in one or more lines. 1228 

(2) DE refers to differential expression, indicating deregulation in a TF 1229 

perturbation line. 1230 

(3) These peak-lincRNA pairs do not satisfy our stringent peak definition (present 1231 

in two or more replicates and present within 2kb of the gene body). Here a peak 1232 

is only identified in one ChIP-Seq replicate or the lincRNA is not the closest 1233 

target gene to this peak. 1234 

(4) The genes present in the category “Has a putative peak and is DE” were 1235 

excluded to compute Accuracy, Precision and Recall. 1236 

  1237 

Line Total 
number 
of 
validated 
lincRNAs 
(1) 

Has a 
peak 
and 
is DE 
(TP) 
(2) 

No 
peak 
and 
not 
DE 
(TN) 

Has a 
peak 
and 
is not 
DE 
(FP) 

No 
peak 
and 
is 
DE 
(FN) 

Has a 
putative 
peak 
and is 
DE (3) 

Accuracy 
(4) 

Precision Recall 

35S:MYB44 24 11 5 6 0 2 0.73 0.65 1.00 

35S:PIF4 26 8 4 9 4 1 0.48 0.47 0.67 

KAN1-GR 24 6 6 7 3 2 0.55 0.46 0.67 

Pifq 25 8 6 8 1 2 0.61 0.50 0.89 

rga-28 25 3 11 8 2 1 0.58 0.27 0.60 
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