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SUMMARY

The extent to which alternative splicing and long intergenic noncoding RNAs (lincRNAs) 

contribute to the specialized functions of cells within an organ is poorly understood. We generated 

a comprehensive dataset of gene expression from individual cell types of the Arabidopsis root. 

Comparisons across cell types revealed that alternative splicing tends to remove parts of coding 

regions from a longer, major isoform, providing evidence for a progressive mechanism of splicing. 

Cell type-specific intron retention suggested a possible origin for this common form of alternative 

splicing. Coordinated alternative splicing across developmental stages pointed to a role in 

regulating differentiation. Consistent with this hypothesis, distinct isoforms of a transcription 

factor were shown to control developmental transitions. LincRNAs were generally lowly 

expressed at the level of individual cell types, but co-expression clusters provided clues as to their 

function. Our results highlight insights gained from analysis of expression at the level of 

individual cell types.

eTOC

Li et al. present a comprehensive dataset of gene expression generated using short-read sequencing 

from individual cell types and developmental zones of the Arabidopsis root, complemented by 

long-read sequencing and quantitative proteomic analyses. The data in this resource characterize 

cell type and developmental stage-specific alternative splicing and lincRNA expression.
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Introduction

Multicellular organisms evolved transcriptional and post-transcriptional mechanisms to 

convert genetic information into RNA and proteins, which determine the identity of specific 

cell types. Alternative splicing is a post-transcriptional mechanism proposed to increase 

proteome diversity (Djebali et al., 2012, Brown et al., 2014). In recent years, an increasing 

number of alternatively spliced isoforms and thousands of long intergenic non-coding RNAs 

(lincRNAs) have been identified in insects, worms, mammals and plants by RNA sequencing 

(Liu et al., 2012, Cabili et al., 2011, Barbosa-Morais et al., 2012, Gerstein et al., 2014, 

Gupta et al., 2015, Loraine et al., 2013). Some tissue-specific alternative splicing variants 

and lincRNAs have been shown to play important roles during development and in response 

to stress in different species (Sun et al., 2013, Tsai et al., 2010, Irimia and Blencowe, 2012). 

To date, the extent to which alternative splicing produces cell type-specific isoforms in 

plants, and how these isoforms contribute to proteome diversity, is largely unknown. To 

address these questions, we performed integrated transcriptome and proteome analysis using 

both short- and long-read RNA sequencing and quantitative mass spectrometry to generate a 

comprehensive expression map of the Arabidopsis root.

Arabidopsis roots are organized in such a way as to facilitate systematic characterization. 

They consist of nested cylindrical layers representing the major cell types. From the outside 

in, these are the epidermis, cortex, endodermis and stele (consisting of the pericycle, 

phloem, xylem and procambium). All root cells are generated from stem cells surrounding 

the quiescent center (QC). The lateral and columella root cap cells are located at the root tip 

and provide protection to this stem cell niche (Figure 1A). Developmental stages of the 

major cell types are defined along the longitudinal axis of the root, with immature cells near 

the stem cell niche and cells of increasing maturity located in the shootward direction 

(Figure 1A).

Previous studies using microarrays and low-throughput mass spectrometry demonstrated that 

cell type-specific expression profiling can identify dominant expression patterns and 

signature genes with cell-type specific functions (Brady et al., 2007, Birnbaum et al., 2003, 

Petricka et al., 2012). However, expression profiling using microarrays is limited to the 

genes represented on the array, and previous proteomics analyses were limited by the 

available technology, with only a few hundred proteins identified for each cell type. In this 

study, we performed a comprehensive analysis of cell type and developmental stage-specific 

alternative splicing and lincRNA expression using short-read, paired-end RNA-seq. We 

complemented this analysis with long-read Pacific BioSciences (PacBio) sequencing and 

quantitative mass spectrometry (Figures 1B and C). From these three platforms, we 

identified > 24,000 new splice isoforms and >1000 non-coding RNAs and detected > 12,000 

peptides from over >5,000 proteins.
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Key insights from the analysis of these extensive data are: 1) Alternative splicing between 

cell types is rarely a binary process, but results in a difference in degree between major and 

minor isoforms; 2) Alternative splicing tends to remove parts of coding regions from a 

longer, major isoform, providing evidence for a progressive mechanism of splicing; 3) Intron 

retention of evolutionarily conserved introns suggests a possible origin for a common form 

of alternative splicing; 4) Coordinated alternative splicing appears to play a role in 

regulating differentiation in the root; 5) Distinct isoforms of a well-characterized 

transcription factor control different developmental processes; 6) For the majority of 

detected proteins, peptide abundance correlates well with major isoform abundance in 

different developmental stages; and 7) LincRNAs are generally lowly expressed, even when 

profiled at the level of individual cell types but co-expression clusters provide clues as to 

their function.

RESULTS

A comprehensive cell-type specific RNA expression map of the Arabidopsis root

RNA-seq reads were generated from total RNA isolated from 15 root cell types, three 

developmental zones and whole roots of Arabidopsis (Figure 1A, 3 biological replicates for 

each sample, 57 libraries total, Table S1). To enrich for specific cell types we utilized 

fluorescence-activated cell sorting of green fluorescent protein (GFP) marked cell 

populations (Birnbaum et al., 2005). For the developmental stages, we hand-dissected the 

meristematic, elongation and differentiation zones (Figure 1A). RNA-seq was obtained from 

100 bp and 125 bp, paired-end reads on an Illumina HiSeq2000 (details of all libraries are 

given in Table S1). Approximately 3.3 billion reads (an average of 24.8 million read pairs 

per library) were uniquely mapped to the Arabidopsis genome and transcriptome 

(Supplemental Experimental Procedures and Figure S1A).

A detailed analysis of gene expression levels were performed and summarized in Figure S1 

and see Experimental Procedures. Comparison with published ATH1 GeneChip data 

(Brady et al., 2007, Birnbaum et al., 2003) for the same cell types indicated that our RNA-

seq results retain relative gene expression levels and provide high reproducibility (see 

Experimental Procedures, Table S1). In addition, we identified many more genes in large 

gene families (for example, see Figure S1B) than was the case for the microarray analysis. 

Overall, we detected 92.1% of the annotated protein-coding genes and 90.2% of the 

isoforms in at least one cell type or one developmental stage (Fig. 1D, Fragments Per 

Kilobasepairs per Million reads, FPKM >0.05, Supplemental Experimental Procedures and 

Figure S1C). Our RNA-seq reads provide an estimated 8,100-fold coverage for protein 

coding genes (for example, see Fig. 1C and E), and demonstrate the enhanced detection 

gained by sorting for specific cell types. For example, SCARECROW (AT3G54220, SCR) is 

lowly expressed in the whole root library but highly expressed in the endodermis and QC 

(Figures 1C and E). By contrast, a gene involved in the mitochondrial electron transport 

chain, which is 30 kb away, is highly expressed across all cell types (Figure 1E, AtPUMP1). 

To catalog all tissue-specific or tissue-selectively expressed genes, we first identified 

differentially expressed genes in any cell type (using a generalized linear model, edgeR 

(Robinson et al., 2010), FDR <0.001) then used an entropy based approach (Kadota et al., 
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2006) to assign genes to different tissue types (Supplemental Experimental Procedures). To 

systematically evaluate the functions of genes expressed in each cell type, we performed 

gene ontology (GO) enrichment analysis (Alexa et al., 2006) (Supplemental Experimental 

Procedures, Figure S1D). We found more than 50% of enriched GO terms to be specific to a 

single cell type, consistent with our previous observations from microarray data (Brady et 

al., 2007), allowing for clear discrimination between closely related cell types. When 

comparing sorted cells with unsorted whole roots, we found 4% of all detected genes (1113 

genes) and 1.5% of all detected isoforms (977 isoforms) changed significantly (FDR<0.01, 

log2 fold change >2), indicating only a small effect of cell sorting on both gene expression 

and alternative splicing. These results demonstrate that our RNA-seq data substantially 

improve upon previous expression data with better coverage and enhanced dynamic range.

Alternative splicing events are cell-type specific

Alternative splicing has been hypothesized to play important roles in producing cell-type 

specific transcripts and in diversifying the proteome. To characterize alternative splicing 

events in different cell types we first identified short-read sequences that map across 

adjacent exons. With this approach we were able to identify known TAIR10 splice junctions 

with high sensitivity (93%) and precision (89%) (Figures S2A and S2B). Using stringent 

criteria (see Experimental Procedures), we identified an average of 90,108 known splice 

junctions (sensitivity = 89.7%) and 11,173 novel splice junctions in each of the different cell 

types. Across all samples, we identified 108,178 known splice junctions and 74,522 new 

splice junctions. The majority of known splice junctions are found across many cell types 

and/or developmental stages. In contrast, new splice junctions tend to be found in specific 

cell types or developmental stages highlighting the value of cell-type specific expression 

profiling.

To profile the distribution of splicing events in different cell types, we grouped spliced reads 

into mutually exclusive groups, which were further classified into different local alternative 

splicing types (see Experimental Procedures). Most alternative splicing events were 

detected in fewer than half of the cell types (Figure 2A). We identified four major types of 

splicing events (Figure 2B and Figure S2C): 1) intron retention, which is, on average, the 

most prevalent alternative splicing type (41.2%), 2) alternative acceptor (25.9%), 3) 

alternative donor (12.4%) and 4) exon skipping (4.6%). We also found, in each cell type, an 

average of 5.1% novel splice junctions located either in known exons or known introns. We 

found most of these alternative splicing events (95.2%, Figure 2C) were formed by the 

combination of newly discovered splice junctions with known splice junctions or by newly 

discovered splice junctions alone. These results demonstrate that our high-resolution cell 

type-specific data detected new and reproducible alternative splicing events that were missed 

in RNA-seq data from whole organs (Marquez et al., 2012, Filichkin et al., 2010).

Validation of splice isoforms by PacBio sequencing

Alternatively spliced isoforms identified from short read sequences could arise from pre-

spliced RNA. In particular, this could be the case for putative intron retention events. To 

address this issue, we first performed qRT-PCR experiments using cDNAs generated from 
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polyA selected RNAs. We selected newly identified alternative splicing events in the four 

major categories and validated 12 using qRT-PCR (Figure S3A–S3D, Table S2).

To systematically validate isoforms assembled from short reads, we performed PacBio long-

read sequencing. We generated libraries from polyA-selected RNAs from whole roots and 

performed sequencing in 10 Single Molecule Real Time sequencing (SMRT) cells for a total 

of ~181,000 long-read sequences. We identified 17,516 high-quality consensus isoforms, 

among which, 98.6% could be mapped to 6,742 genes in the TAIR10 genome. We found that 

most consensus isoforms support TAIR 10 isoforms or map to transcript regions that are 

shared by TAIR 10 and new isoforms (Figure 2D, Figures S3E–S3F). In particular, we found 

support for 1454 intron retention events (Figures S3G), providing confirmation for our short-

read sequencing results. We found a low detection level of new isoforms in the PacBio 

dataset, however, this is due to dilution of cell-type specific isoforms in whole root data sets 

(Figures S3H).

Most genes encode a single major isoform and multiple minor isoforms

To quantify the cell-type specific expression levels of different isoforms, we assembled full-

length transcripts from short reads and carried out all pairwise comparisons of isoform 

expression levels between different cell types (Trapnell et al., 2012). We identified 81% 

more putative isoforms than are present in the TAIR10 genome annotation. On average, 

there are 55,493 different transcripts per cell type (FPKM>0.05, Figure 1D) and 88% of 

multi-isoform genes encode 2 to 6 isoforms. We calculated the percentage-spliced-in value 

(PSI, see Experimental Procedures) as a measure of the relative expression levels of 

different isoforms of the same gene in each cell type. For example, the major isoform of any 

gene is defined as an isoform with median PSI values higher than 50% across all cell types. 

In other words, over 50% of the transcripts from this locus are of this isoform in at least half 

of the examined cell types. We also defined common minor isoforms as those expressed 

above 5% PSI in at least one cell type and rare minor isoforms as those expressed below 5% 

PSI in all cell types. Strikingly, the vast majority (85.2%) of multi-isoform genes have one 

major isoform that is expressed at high level in the majority of cell types (median PSI > 

50%). Of all the isoforms identified in our study, there are 21.7% major isoforms, 59.4% 

common minor isoforms and 18.9% rare minor isoforms. These results suggest that, for 

most genes, the primary product of splicing is a major isoform, but the total number of 

common minor isoforms exceeds the number of major isoforms and rare minor isoforms. 

Unlike in animals where there is frequently a presence/absence difference of splice isoforms 

between cell types, our results indicate that, in plants, the difference is primarily one of 

relative levels of expression.

Major isoforms generally have longer coding regions

In metazoans, exon skipping is the most common form of alternative splicing. Therefore the 

prevailing view is that alternative splicing increases proteome diversity primarily through 

exon and domain recombination resulting in difference in coding regions (Gogos et al., 

1992). By contrast, we found that the majority of the major isoforms (70.5%, Figure 3A) 

have longer coding regions than the common minor isoforms. A trivial explanation could 

have been that minor isoforms have shorter mRNAs and thus shorter coding sequences. 
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However, more than 66% of the four major types of splicing extend the major transcripts, 

suggesting that transcript length does not bias the estimated coding sequence length.

Because full-length transcripts are generated by the combinatorial regulation of local 

splicing events (for example, alternative donor sites or acceptor sites, see Figure S2E), we 

analyzed the local splicing events that generate the minor isoforms. For all four types of 

important alternative splicing events (alternative 3′ acceptors, alternative 5′ donors, exon 

skipping, and intron retention), slightly more than 33% of the alternative splicing events 

maintain the reading frame (Figure 3B). Other local splicing events change the reading 

frame and disrupt the coding region by switching to a frame that has no coding potential 

leading to a premature termination codon, which potentially causes non-sense mediated 

decay (NMD) (Leviatan et al., 2013, Kalyna et al., 2012).

We analyzed splicing events in which the frame is maintained to exclude potential NMD 

targeted isoforms from this subset. To identify local splicing events that favor longer or 

shorter isoforms, we calculated the longer isoforms’ PSI (LPSI, see Experimental 

Procedures and Figure S2D) and determined how many local splicing events have LPSI ≥ 

80% or ≤ 20% across multiple cell types. For alternative 3′ acceptors or exon-skipping 

events (Figure 3C) we found more have LPSI ≥ 80% than LPSI≤20%. In contrast, for 5′ 
alternative donor events more have LPSI ≤20% than LPSI≥80% (Figure 3C). For an 

alternative acceptor event, the longer isoform uses an upstream acceptor site (Figure S2F). 

For an alternative donor event, the shorter isoform uses an upstream donor site (Figure S2G). 

For both alternative acceptor and alternative donor sites, upstream acceptor or donor sites are 

found more often in all cell types. These results suggest a co-transcriptional splicing model 

in which the splicing machinery tends to choose the first available, i.e. upstream, donor or 

acceptor site to generate a highly expressed isoform. Even though use of an upstream donor 

site would result in a shorter isoform, alternative donor sites are far less prevalent than the 

other types of local splicing events that result in highly expressed longer isoforms (Figure 

2B). For exon-skipping events, our results suggest that the splicing machinery tends to 

occupy all the donor and acceptor sites (Figure S2H) and favors the production of the longer 

isoform without exon-skipping.

Cell-type specific intron retention events suggest a mechanism for intron birth

Similar to results from entire plant organs (Filichkin et al., 2010), our data indicate that 

intron retention is the most prevalent alternative splicing event in individual cell types. We 

found 3,713 intron retention events for which the isoform that retains the intron was the 

common minor isoform and the spliced isoform was the major isoform. We named these 

Type I intron retention events (Figure 3D). We also found 1,344 intron retention events for 

which the isoform that retains the intron is the major isoform and the spliced isoform is the 

common minor isoform. We named these Type II intron retention events (Figure 3E). 

Strikingly, Type II events are more likely to maintain the coding frame (Figure 3F, 

p<1.72e-30, Chi-squared test) and have introns that are free of in frame stop codons (71.9%) 

as compared to Type I events (12.9%, p<2.2e-16, chi square test). We found that 87.5% of 

the introns in Type II events with full coding potential are conserved as coding regions in 

other crucifer species (Haudry et al., 2013). In contrast, only 26.6% of introns in Type I 
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events are conserved as coding regions in other crucifer species. To quantify the tissue 

specificity of Type I and Type II events, we used an information theoretic metric (Jason-

Shannon Divergence), which compares the expression of the spliced isoforms (ISO1 in 

Figures 3D and E) to the expected null distribution of non-tissue specific alternative splicing. 

We found Type II events are significantly enriched in tissue specific data as compared to 

Type I events (Figure 3G, p<1e-150, KS test). Type II events have also been called 

“exitrons” in an analysis of flowers and whole seedlings (Marquez et al., 2015). Our cell-

type specific analysis suggests the interesting possibility that intron formation is coupled 

with cell-type specific partial exon excision of the coding sequences providing new 

functionality in specific cell types.

The majority of isoforms do not appear to be subject to nonsense mediated decay

Nonsense mediated decay (NMD) has been proposed as a post-transcriptional level of 

regulation in which certain sequence features such as premature termination codons serve as 

triggers. Because many of the splice isoforms we identified result in premature termination 

codons as well as other potential NMD triggers, we sought to determine the prevalence of 

NMD among these isoforms. One approach could have been to analyze mutants in NMD 

components. Unfortunately, available mutants have dramatically altered root development 

precluding their use for this purpose (Drechsel et al., 2013, Yoine et al., 2006). To examine 

expression of NMD targets without affecting root development, we used treatment with 

cycloheximide, as many cycloheximide-sensitive transcripts are also NMD targets (Drechsel 

et al., 2013, Kalyna et al., 2012). Because cycloheximide treatment affects expression of 

both genes and splice isoforms, we identified putative NMD targets by selecting isoforms 

that are differentially expressed and up-regulated more than 20% as compared to the 

corresponding gene expression changes. Based on these criteria, we identified 2,518 putative 

NMD target transcripts, which account for 4% of the isoforms identified in our study. This 

suggests that only a small proportion of isoforms with premature termination codons 

actually undergo NMD. However, this could be an underestimate as some alternative 

isoforms are cell type-specific and could be targets of NMD. These wouldn’t be detected by 

our experimental approach.

Coordinated alternative splicing is more prevalent across developmental zones than 
between cell types

To determine the relative importance of alternative splicing versus gene expression in 

different cell types, we carried out pairwise comparisons between each of the different cell 

populations that we sorted, suggesting that alternative splicing mainly regulates major 

isoforms. We found that major isoforms tend to be differentially expressed between cell 

types (FDR<0.01, p < 2e-16, Chi-square test, Figure 4A). To obtain a finer-grained analysis 

of the relative importance of splicing versus expression we chose three pairwise comparisons 

between cell types in adjacent cell layers (Figure 4B, comparison group 1, CG1: cell type 

differences). We also performed three pairwise comparisons between developmental stages 

in the same cell lineage (Figure 4B, comparison group 2, CG2: maturation process). On 

average, ~5,600 isoforms were differentially expressed in each pairwise comparison (Figure 

4B). An isoform can be differentially expressed between two cell types with or without 

substantial changes in the relative amounts of alternative splicing. To account for this, we 
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measured the change in percentage spliced in (ΔPSI) for the isoforms. We found that, in both 

comparisons, differentially-expressed isoforms tend to have absolute ΔPSI higher than 5% as 

compared to isoforms that are not differentially expressed (Fisher exact test, Figure 4B), 

suggesting that alternative splicing plays an important role in modulating isoform expression 

between different cell types and during maturation processes. However, we found more 

isoforms differentially expressed in the three comparisons with developmental zone 

differences as compared to the comparisons across cell types. This suggests that alternative 

splicing may be a more common form of regulation during cellular maturation than in cell 

type specification. Furthermore, among the isoforms differentially expressed in all three 

cellular maturation comparisons, most of the differentially expressed genes are similarly 

regulated in the maturing cell types (Figures S4A and S4B, red arrows), suggesting there is 

a common set of isoforms that is regulated during the maturation process.

To test this hypothesis, we identified differentially expressed isoforms using RNA-seq data 

generated form resected segments of the three developmental zones in the root (Figure 1A), 

effectively pooling all cell types present in each zone. We compared isoforms that are 

differentially expressed between the least mature segment (the meristematic zone) and the 

most mature segment (the differentiation zone) with transcripts present in all three zones 

(CG2, Figure 4C). We found 3311 differentially expressed isoforms (Figure 4C), which is 

3.3 times the average number of cell type-specific differentially expressed isoforms. This 

supports the hypothesis that alternative splicing may be used to regulate maturation 

independent of cell type. In contrast, we found fewer splice isoforms that are co-activated or 

co-repressed across different cell types than among the three developmental comparisons 

(Figure S4A, red arrows). A possible mechanism underlying tissue-specific alternative 

splicing is differential expression of Serine/Arginine-rich (SR) proteins, which regulate 

splicing. Analysis of their mRNA levels indicates that their differential expression is greater 

across developmental zones than between cell types (Figure S5 and Experimental 
Procedures), which is consistent with the proposed mechanism. Together, these results 

suggest an important role for alternative splicing in regulating differentiation in the root.

Major isoforms correlate with peptide abundance across developmental zones

To determine if splice isoform levels correlate with protein concentrations, we used 

quantitative mass spectrometry (see Methods) to identify peptides expressed in the three 

developmental zones of the root. We mapped a total of 16,774 peptides, of which 320 

uniquely mapped to individual isoforms (Table S4), the others mapped to shared regions 

between at least two isoforms. This is consistent with alternative splicing leading to 

relatively small changes in coding regions. A comparison of all transcripts and proteins 

inferred from peptide abundance, revealed a positive correlation in expression levels 

(Figures 5A–C, average Pearson Correlation Coefficients PCC = 0.41). There appeared to be 

two populations of transcripts: one correlated well with protein expression levels while the 

other showed little or no correlation. The population with low correlation appeared to be 

primarily those with low transcript abundance and moderate to high protein levels. 

Removing transcripts with very low abundance resulted in an increase in average correlation 

(PCC =0.52) (Figures 5A–C). Strikingly, the highest correlation was between major 

isoforms and protein levels (average PCC = 0.59, Figures 5D–F, Figure S6). In addition, the 

Li et al. Page 8

Dev Cell. Author manuscript; available in PMC 2017 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relative fold change of transcripts across developmental zones has an even higher correlation 

with relative fold change in protein levels (average PCC=0.61, Figures 5G and H). These 

results suggest that regulation of expression of major isoforms plays an important role in 

controlling the level of many proteins in the root.

A minor isoform of a transcription factor regulates root differentiation

To determine if an alternatively spliced isoform can perform specific biological functions, 

we focused on candidate genes from transcription factors that are differentially expressed 

across developmental zones and are alternatively spliced (Figure 4D, red points, FDR < 0.05 

and absolute Δ PSI > 5%). We selected ABSCISIC ACID RESPONSIVE ELEMENT 
(ABRE) BINDING PROTEIN 2 (AREB2) because it is a well-characterized transcription 

factor and its alternative isoforms have different amino acid sequences in the conserved 

protein domains (Figure S7). ABA treatment inhibits root growth and promotes premature 

differentiation of the root meristem. AREB1, AREB2, and ABRE BINDING FACTOR3 
(ABF3) are Basic Leucine Zipper (b-zip) transcription factors that function downstream of 

the ABA signal. The roots of the areb1, areb2, abf3 triple mutant show higher resistance to 

ABA treatment than single and double mutants of these genes, indicating that AREB1, 

AREB2, and ABF3 have redundant functions (Yoshida et al., 2010).

AREB2 encodes a dominant major isoform, AREB2-iso1 (which we will refer to as iso1), 

and a common minor isoform AREB2-iso3 (iso3) (Figure 6A). The isoforms differ in their 

splice acceptor sites at the fourth exon (Figure 6A), which results in the insertion of a single 

glutamine residue within a conserved alpha helical domain of iso3 (Figures S7A and S7B). 

Computational structure modeling (Kallberg et al., 2012) suggests that the additional amino 

acid could significantly alter the three-dimensional structure and affect dimerization (Figures 

S7C–F). The absolute values of ΔPSI are > 5% for iso3 in comparisons between mature and 

developing endodermis and between mature and developing cortex. Furthermore, iso3 is 

highly expressed in the maturation zone as compared to the other two developmental zones 

(Figures S7J). These results suggest that this isoform may play a role in maturation of the 

root. To test this hypothesis, the cDNA of each isoform was ectopically expressed in the 

areb1,areb2,abf3 triple mutant using an estradiol inducible promoter. Induction permits 

selective activation in a well-controlled fashion such that off-target effects can be assessed 

and minimized. After treatment with estradiol, induction of both isoforms was confirmed by 

qRT-PCR (Figure S7I) and the PCR products were separated by capillary electrophoresis to 

distinguish the 3 base pair difference (Figure S7I). The ABA resistant phenotypes were 

examined after induction of each isoform in the triple mutant background. Ectopic over-

expression of iso1 had no detectable effects on root elongation, root meristem development, 

or root hair development (Figures 6B, 6C, and Figure S7). By contrast, ectopic over-

expression of iso3 inhibited root elongation (Figure 6B) and resulted in premature 

differentiation of the root meristem as compared with the triple mutant (Fig. 6C and Figure 

S7). Ectopic expression of iso3 also caused root hairs to form at an earlier development 

stage and generated a smaller root meristem (Figure 6C and Figure S7). However, ectopic 

expression of iso3 did not appear to affect root patterning (Figure 6C). These results indicate 

that the minor splice variant, AREB2-iso3 plays a role in regulating differentiation of the 

root.
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We hypothesized that the additional amino acid present in iso3 could inhibit homo-

dimerization of iso1 preventing its nuclear localization (Figure S7). To test this hypothesis, 

both isoforms were ectopically expressed in a line that contained a GFP tagged version of 

iso1 driven by its native promoter (pAREB2-GFP-AREB2-iso1) (Yoshida et al., 2010). In 

the absence of stimulation, the GFP signal of iso1 was detected in the nuclei of most cell 

types of the root (Figure S7). It was previously shown that over-expression of iso1 does not 

alter the phenotype, but can still be activated by ABA (Kang et al., 2002, Umezawa et al., 

2013). Similarly, we observed only subtle changes in the nuclear localization of GFP- iso1 

after ectopic expression of iso1 and ABA treatment (Figure S7). By contrast, addition of 

ABA to a line ectopically expressing iso3 significantly inhibited the nuclear localization of 

GFP-iso1 (Figure S7). Interestingly, ectopic expression of iso3 without ABA treatment did 

not strongly inhibit root elongation (Figure 6B and C). These experiments suggest that 

AREB2-iso3 prevents AREB2-iso1 from localizing to the nucleus in an ABA-dependent 

manner.

LincRNAs are expressed at low levels in individual cell types

A large number of lincRNAs have been annotated, the majority of which are expressed at 

low levels in plant organ and seedling samples (Liu et al., 2012). It has been suggested that 

lincRNAs are likely to be highly cell-type specific and the signal is diluted when measured 

in whole organs. To test this hypothesis, we characterized both the median expression levels 

and tissue specificities of known lincRNAs and compared them to well-annotated 

components such as mRNA, pre-miRNA and transposable element transcripts 

(Experimental Procedures). Our cell-type specific data show that lincRNA expression is 

much lower than most mRNAs even in specialized cell types (e.g. At3NC081060, maximum 

coverage is 10 reads as shown in Figure 1D, and Figure 7A). This suggests that lincRNAs 

must perform whatever function they do at relatively low concentrations.

We identified 430 new lincRNAs not found in the lincRNA database (Liu et al., 2012). 

These newly identified lincRNAs have higher median expression levels and are slightly 

more cell type-specific than other lincRNAs (Figures 7A and 7B, Table S3). Furthermore, 

because the resolution of the previously used tiling array is limited by the location of the 

probes, we found 203 lincRNAs that overlap with previously annotated lincRNAs but extend 

either in the 5′ and/or 3′ directions. Overall, we found 1267 lincRNAs from the lincRNA 

database and in our dataset that are expressed consistently (>0.05 FPKM in all replicates per 

cell type) in at least one cell type. Among these genes, only 313 (25%) were found in more 

than half of the cell types.

Although thousands of lincRNAs have been predicted in the Arabidopsis genome, their 

functions remain mostly unknown. Our cell-type specific transcriptome data provides the 

first opportunity to identify lincRNAs and mRNAs that co-vary across multiple cell types. 

As a proof of concept, we constructed 26 co-expression networks of protein coding genes 

and lincRNAs that are differentially expressed across all cell types. For example, seven 

lincRNAs were found to be co-expressed with 26 protein-coding genes (Figure 7C). These 

co-expression clusters provide entry points to determine the function of the associated 

lincRNAs.
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DISCUSSION

In metazoans, it is commonly believed that alternative splicing increases proteome diversity 

by mediating exon and domain recombination (Gogos et al., 1992). Our analysis indicates 

that major isoforms tend to have longer coding regions, suggesting that in plants, alternative 

splicing increases proteome diversity by shortening the coding sequences of major splice 

isoforms. This is the result of using upstream acceptor and donor sites for production of 

major isoforms and is favored by the kinetics of co-transcriptional splicing (Djebali et al., 

2012, Ameur et al., 2011), which has not been directly observed in plants. Our results 

suggest a hierarchical model in which the major isoform is the primary product of the 

splicing machinery, which uses upstream donor and acceptor sites to produce a full-length 

coding sequence (Figure S2). Our analysis also shows that more than 80% of multi-isoform 

genes encode a single major isoform. These observations are in agreement with recent 

findings in human tissues and mammalian cell lines (Gonzalez-Porta et al., 2013). We found 

major isoforms tend to have better correlation with protein expression levels than minor 

isoforms, indicating that major isoforms are likely to play an important role in regulating 

protein expression levels.

We found that expression of alternatively spliced isoforms is more consistent across 

developmental zones than between cell types suggesting that alternative splicing may serve 

to regulate the process of differentiation. Consistent with this hypothesis, ectopic expression 

of a minor isoform of the transcription factor, AREB2 led to a change in the timing of 

differentiation. Splice isoforms of SR genes have been shown to regulate alternative splicing 

(Xing et al., 2015). Our data indicate that SR splice isoforms vary in expression across 

developmental zones and these expression differences are larger than differences previously 

detected among organs and developmental ages (Experimental Procedures and Figure S5). 

Thus, differential SR expression across developmental zones could be responsible for the 

observed coordinated regulation of alternative splicing

In Arabidopsis, intron retention has been reported to be the most prevalent splicing event 

(Ner-Gaon et al., 2004). A number of mechanisms such as intron translocation and 

transposable element-mediated intron formation have been proposed to explain the 

distribution and abundance of introns in eukaryotic genomes (Roy and Gilbert, 2006, 

Catania and Lynch, 2008). Our analysis provides evidence that, at least, some intron 

formation is coupled with cell type-specific partial exon excision, which is consistent with 

the observation that introns are more abundant in most multicellular organisms than in single 

cell organisms (Ast, 2004). Our results raise the possibility that these isoforms could emerge 

as cell type-specific splicing events that delete part of the complete coding region (Marquez 

et al., 2015). The short isoform is likely to perform a subset of the functions of the full-

length protein and contribute to cell type-specific functions in a multicellular organism.

The low level of expression of numerous lincRNAs in whole plant organs (Liu et al., 2012) 

raised the possibility that they are primarily expressed in a cell-type specific manner. Our 

data indicates that even at the level of individual cell types, lincRNA are expressed at low 

levels. At the same time, our data set allows for co-expression clustering of lincRNAs and 

protein-coding RNAs providing numerous hypotheses as to functions for these RNA species.
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In summary, this work provides a comprehensive map of cell type and developmental stage-

specific expression of multiple RNA species within a developing organ, which can be used 

to guide functional characterization of both coding and non-coding RNAs. All expression 

data and gene annotations for newly assembled isoforms and non-coding RNAs are provided 

as supplemental information (Tables S3 and S5, Files S6 and File S7)

Experimental Procedures

Read mapping and analysis

The paired-end (2 × 100 bases or 2 × 125 bases) libraries were mapped to the Arabidopsis 

genome (TAIR10) and transcriptome using STAR version 2.4.2 (Dobin et al., 2013) and a 

GTF annotation file from the TAIR website (http://arabidopsis.org). Raw reads and 

alignment files will be uploaded to NCBI-SRA. See Supplemental Experimental Procedures 

for details about the alignment parameters. In the alignment files, only properly paired reads 

that mapped to unique genomic locations were kept. On average, 24 million reads mapped to 

one unique location in the genome, 17% of reads were spliced reads (Table S1).

Gene expression analysis

A simulation (Ramskold et al., 2009) was performed to determine the detection threshold in 

FPKM (fragments per kilobase per million reads) for protein coding genes in our data. For 

known coding regions, the number of read pairs in each annotated gene region was counted 

using featureCount (Liao et al., 2014) and gene expression levels were summarized as 

FPKM. We choose 0.05 as our threshold to determine the number of expressed genes in each 

sample (see Supplemental Experimental Procedures). For the gene family coverage analysis 

(Figure S1B), gene family annotations were downloaded from TAIR10.

Splice junction detection and alternative splicing discovery

We identified unannotated splice junctions using spliced reads by requiring a minimum of 8 

nt mapped to the neighboring exon (Kim et al., 2013). We further required that a splice 

junction has to be supported by at least one read in two biological replicates for each sample 

to ensure that the putatively novel splice junctions are supported by biological replicates.

To identify local splicing events, the spliced reads from all libraries were transformed into a 

list of potential splice junctions. To discover novel alternative splicing events, splice 

junctions were grouped based on their spliced-out and spliced-in locations according to the 

following rules: 1) one splice junction can only belong to one group, 2) for each group, all 

splice junctions were within the 3′ and 5′ boundaries of the group and 3) in each group, 

any splice junction has to overlap with at least one other splice junction in the same group. 

Newly identified junctions, as well as known junctions, supported by RNA-seq reads from 

our data were exhaustively searched for these junction groups. For simple alternative donor 

and alternative acceptor events (Figure S2C), we first identified junction groups with only 

two splice junctions, and then required that the two splice junctions are spliced-out (or 

spliced-in) at the same genomic location and spliced-in (or spliced-out) at different genomic 

locations. For an exon-skipping event, there are three exons involved: a left exon, a right 

exon, and a middle exon. The left and right exons were included in both transcripts and the 
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middle exon was not included in one of the alternative isoforms (Figure S2C). To identify 

exon skipping events, we required a combination of three splice junctions: a long splice 

junction (n1) that connects the left exon and the right exon, and two shorter splice junctions 

(s1 and s2) that connect the left exon to the middle exon and the middle exon to the right 

exon. Complex splicing patterns, such as tri-acceptors and tri-donors (Figure S2C), where 

three splice junctions spliced-out (or spliced-in) at the same location, were found to be rare 

(Figure 2B).

Whole gene model construction and expression analysis of major isoforms

Cufflinks version 2.1.1 (Trapnell et al., 2013) and StringTie 1.0.4 (Pertea et al., 2015) were 

used to assemble novel and known transcripts in each of the biological samples. The 

transcripts from each biological sample were combined into a unified set of transcripts using 

Cuffmerge. Cufflinks and StringTie were then used on each library to quantify the 

expression of individual isoforms and gene expression levels. Isoform expression levels are 

highly correlated between two different quantification methods: Cufflinks and StringTie 

(Table S1, average Pearson correlation 0.78). The Cuffnorm estimation of gene expression is 

highly consistent with the FPKM estimated by counting reads mapped to each gene (R2 > 

0.97 for all comparisons). The assembled gene models that cover more than one known 

protein coding gene locus (from TAIR10) were excluded. A premature termination codon 

(PTC) is defined as the presence of a splice junction (SJ) greater than 50 nucleotides 

downstream of the stop codon, exactly as defined in (Drechsel et al., 2013). PSI (percentage 

spliced in) was calculated using FPKM values estimated by cufflinks. For each multi-

isoform gene, the PSI is calculated as:

(8)

where yij is the expression of isoform j in cell type i.

For alternative acceptor sites and alternative donor sites, the number of reads supporting the 

shorter junction was divided by the total number of reads supporting both splice junctions 

(Figure S2D). Because a shorter splice junction implies a longer isoform, the number of 

reads supporting the shorter splice junction was used as numerator to calculate the longer 

isoform PSI (LPSI) for each alternative acceptor or donor event (Figure 3C, Figure S2D). 

For an exon skipping event, there are three types of splice junctions: one long junction 

across the skipped exon, and two shorter junctions define the boundary of the middle exon 

(Figure S2D). The PSI value is calculated using the average number of reads mapped to the 

two shorter junctions ((s1+s2)/2) divided by the sum of the total number of reads (n1 + 

(s1+s2)/2), as suggested (Barbosa-Morais et al., 2012).

Intron retention and evolutionary analysis

Intron retention events were extracted from the cufflinks assembled whole transcripts by 

comparing common minor isoforms to the corresponding dominant isoform. Type I intron 

retention events were found when the intron was retained in the common minor isoform, 
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whereas the Type II intron retention events were found when intron retention occurs in the 

dominant isoform. Multiple sequence alignment of the 9 crucifier species (Yeo et al., 2012) 

was downloaded from http://mustang.biol.mcgill.ca:8885. Only intron retention events with 

a length in a multiple of three were used for the analysis. To determine the protein coding 

sequences for the intron retention events, the phases of codons for the dominant isoforms 

were determined from the TAIR annotation, and the phases of the codons in the intron 

retention isoform were determined according to the phase of the dominant isoform. For the 

intron sequences in other species, we used Arabidopsis as a template to translate the aligned 

nucleotide sequences into protein sequences.

LincRNA identification and expression

Known Arabidopsis lincRNAs (RepTAS predicted lincRNAs, RNAseq predicted lincRNAs 

and TAIR10 annotated lincRNAs) were downloaded from a lincRNA database (Jin et al., 

2013). To identify intergenic transcribed regions from our RNAseq data, we performed the 

following analyses. We first used Cufflinks and Stringtie to construct full-length putative 

transcripts for each biological sample. We then used Cuffmerge to combine putative 

transcripts constructed in the first step into a unified set of transcripts. In this set of 

transcripts, those that overlap (as short as 1 base pair) with known protein coding genes were 

removed. The remaining transcripts were compared to the three types of lincRNAs found in 

the lincRNA database. The predicted lincRNAs from our data were merged with the known 

lincRNAs by extending the boundaries of overlapping lincRNAs to the furthest genomic 

location covered by either the lincRNA database predictions or by our RNAseq data. We 

then filtered the resulting lincRNAs using similar criteria as the lincRNA database: 1) 

transcribed regions longer than 200bp; 2) the longest open reading frame does not encode 

more than 100 amino acids; 3) transcribed regions are 500 bp away from any protein coding 

gene and 4) these transcribed regions do not overlap with any transposable elements. 

LincRNA expression was summarized in FPKM and differentially expressed LincRNAs 

were identified using edgeR (FDR<0.001). Differentially expressed LincRNAs with 

expression higher than 0.05 FPKM in more than half of our samples were used to calculate 

co-expression networks between mRNA (n=5000, genes with highest variation between 

samples) and lincRNA (n= 877) using WGCNA package with default parameters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

• Single cell expression analyses characterize alt splicing and lincRNA 

expression

• Splicing tends to remove parts of coding regions from a longer, major 

isoform

• Coordinated alternative splicing appears to regulate differentiation in 

the root

• For the majority of proteins, peptide and major isoform abundance 

correlate well
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Figure 1. 
Cell-specific expression profiling using RNA-seq. (A) Cell types and (B) experimental 

techniques used to profile RNA and protein expression levels. (C) Example of data coverage 

by three different technologies. Each row represent genes identified by one technology: short 

read (Illumina sequencing), long read (PacBio sequencing), proteomics, and conventional 

genome annotation. RNA-seq read pileups in whole root and SCARECROW marker line 

that marks the endodermis and QC cells. Solid lines indicate four windows of 3Kb each. (D) 
Number of detected protein coding genes and isoforms in each cell type. Cumulative 

numbers of detected genes or transcripts are shown for RNA-seq (solid line) and microarray 

(dashed line) analyses. (E) RNA-seq read pileups for three chromosomal regions in all cell 

types. # An annotated lincRNA detected in specific cell types. * cell type-specific gene 

expression (p<0.01). Note: The expression level of this lincRNA gene (At3N08100) is very 

low as compared to the neighboring mRNA gene (AT4G54090) and almost invisible in this 

plot. See also Figure S1
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Figure 2. 
Cell type-specific splicing events. (A) The majority of local splicing events are cell type 

specific. Distribution of types of local alternative splicing events according to the number of 

cell types where each event is found. (B) Distribution of types of local splicing events. (C) 
Majority of local splicing events are formed by the combination of newly identified splice 

junctions and known splice junctions. (D) Number of assembled isoforms supported by 

PacBio reads. See also Figures S2 and S3
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Figure 3. 
Coding potential of splice isoforms, local splicing and intron retention events. (A) 
Distribution of Open Reading Frame (ORF) length of DM isoforms as compared to CM 
isoforms. (B) Fraction of alternative splicing events that maintain or change reading frames. 

(C) Number of local splicing events with local PSI (LPSI) < 20% compared to those with 

LPS > 80%, in all cell types. (D) and (E) are pileup plots for intron retention events. Grey 

and white areas represent exon and intron regions respectively. In isoforms with intron 

retention, the white areas are kept as exons. Vertical bars with red and green color are used 

to indicate whether a given intron retention event contains in frame stop codon. (D) For Type 

I intron retention events, more reads support the spliced isoform than the intron retention 

isoform. The intron has in-frame stop codons (indicated by red points and carats). In 

multiple genome alignment, many stop codons are found in the intron regions (Text S1.2.8). 

(E) For Type II intron retention events, more reads support the intron retention isoform. In 

multiple genome alignment, the intron is free of in-frame stop codons in other related 

species. ATH, Arabidopsis thaliana. AL, Arabidopsis lyrata. CR, Capsella rubella. LA, 
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Leavenworthia alabamica. (F) Distributions of reading frame changes for Type 1 and Type 2 

intron retention events. (G) Comparison of the cumulative distribution of tissue specificity 

(based on JSD) of Type 1 and Type 2 intron retention events.
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Figure 4. 
Differentially expressed splice isoforms. (A) Comparison of the distribution of differentially 

expressed isoforms with genome wide distribution. Among all the transcript isoforms 

identified in our study, a majority are common minor isoforms. However, most of the 

differentially expressed isoforms are dominant major isoforms. (B) Pairwise comparisons. 

CG1: comparison group 1, cell type differences. CG2: comparison group 2, maturation 

processes. Table shows number of significantly differentially expressed isoforms. (C) Venn 

diagram shows overlap of isoforms that are differentially regulated through maturation 

processes and by cell type specific expression. (D) Volcano plot of comparison between 

mature endodermis and endodermis/QC marker lines. AREB2.1 (major isoforms of AREB2 

gene) is significantly up-regulated in mature endodermis (highlighted by light blue star). See 

also Figure S4 and S5
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Figure 5. 
Expression correlation between quantitative proteomic data and RNAseq data. RNAseq data 

are transformd by log2(FPKM+1). Proteomic data are log2 transformed. (A), (B) and (C) 
show correlation between transcripts and their corresponding protein levels. R is Pearson 

Correlation Coefficient (PCC), R′ is PCC after removing isoforms with expression levels 

below dashed line (log2(FPKM+1) < 2). (D), (E) and (F) show correlation between all major 

transcripts and their corresponding protein levels. (G) and (H) show the correlation between 

ratios of transcripts and ratios of protein levels. See also Figure S6

Li et al. Page 24

Dev Cell. Author manuscript; available in PMC 2017 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Ectopic expression of AREB2 isoforms. (A) Schematic of AREB2 isoforms (B) Average 

root elongation of Col-0, areb1,2, abf3 triple mutant, XVE-AREB2-Iso1, and XVE-AREB2–
Iso3 in areb1,2, abf3 on MS media with Mock, 5uM Estradiol, 5uM ABA, and 5uM 

Estradiol and ABA. 9-day-old seedlings were grown on MS medium for 5 days before 

transfer. Average root lengths in each condition were divided by the average root length 

under Mock treatment. (N>16, ±SD, *p<0.001) (C) Optical sections of root meristem of 

Col-0, areb1,2, abf3, XVE-AREB2-Iso1 in areb1,2, abf3, XVE-AREB2-Iso3 in areb1,2, 

abf3 under the same conditions as (B). White arrowheads indicate the first elongated cell in 

the cortex. Scale bar, 100um. See also Figure S7
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Figure 7. 
Expression pattern of lincRNAs: (A) Median expression levels and (B) cell type specificity 

of differentially expressed RNA in the cell type-specific transcriptome. lincPred: lincRNA 

found in lincRNA database. lincRoot: lincRNA found in our data. (C) Co-expression 

network of mRNA and lincRNAs.
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