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Abstract 9 

Plant genes can each produce multiple RNA isoforms, but little is known about when 10 

and how they are produced, or their functions. We conducted a detailed time course 11 

analysis of rapid changes in abundance of RNA isoforms in response to transient water 12 

deficit in Arabidopsis thaliana seedlings. We identified 95,104 transcripts in total, 13 

21,935 of which were differentially expressed. Strikingly, 1,258 differentially expressed 14 

genes were identified only by means of RNA isoform analysis and would have been 15 

missed by conventional analysis. Several hundred genes exhibited a very rapid and 16 

reversible switch in the most abundant RNA isoform, with timings corresponding to 17 

defined changes in seedling water potential. In most cases it is predicted that RNA 18 

isoform switching would generate new protein products. Many of these genes encoded 19 

proteins of RNA metabolism and splicing, while others potentially function more 20 

directly in the response to water deficit. We propose a model in which very rapid RNA 21 

processing mechanisms come into play within minutes of imposition of the stress, 22 

changing the RNA isoform population including RNAs that encode components of the 23 

RNA processing apparatus itself. These changes together with subsequent changes 24 

in transcription facilitate further changes in the RNA isoform population as part of the 25 

stress and recovery responses. More broadly we propose that responses to abiotic 26 

stress involve substantial changes in gene function through the production of RNA 27 

isoforms, and we present a detailed approach to identifying such genome-wide RNA 28 

isoform switching. 29 
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Introduction  31 

Multiple RNA isoforms can be produced from a single gene through numerous 32 

mechanisms including alternative transcription start sites, RNA splicing, editing and 33 

alternative polyadenylation sites, substantially expanding the functional repertoire of 34 

eukaryotic genomes. In Arabidopsis thaliana, recently reported transcriptome 35 

assemblies indicate that over half of protein-coding genes produce multiple RNA 36 

isoforms, with one reference transcriptome (AtRTD3) now annotating nearly 170,000 37 

transcripts (Zhang et al., 2022). Many of these RNA isoforms encode proteins with 38 

distinct domain architectures, subcellular localisations, or other structural features 39 

(protein isoforms), while other RNA isoforms can potentially be targeted for transport, 40 

sequestration or destruction, such as by nonsense-mediated decay (NMD) (Tognacca 41 

et al., 2023).  42 

The production and function of RNA isoforms has been implicated in many aspects of 43 

plant biology, including developmental programs (Staiger and Brown, 2013), 44 

responses of plants to biotic interactions (Godinho et al., 2025), and responses to 45 

abiotic stress, including drought, temperature extremes, and high light (Shikata et al., 46 

2014; Capovilla et al., 2015; Laloum et al., 2018; Alhabsi et al., 2025). For example, 47 

FLOWERING LOCUS M undergoes RNA isoform switching at high temperature to 48 

produce an isoform that promotes flowering (Posé et al., 2013). The RESISTANCE TO 49 

PSEUDOMONAS SYRINGAE 4 gene requires coordinated expression of both full-50 

length and truncated RNA isoforms for disease resistance (Zhang and Gassmann, 51 

2003). Under osmotic stress, alternative splicing of PYRROLINE-5-CARBOXYLATE 52 

SYNTHASE 1 (P5CS1) transcripts contributes to differences in proline accumulation 53 

and drought tolerance (Kesari et al., 2012). The mechanosensitive calcium channel 54 

OSCA1.1 is implicated in osmosensing in response to turgor stress, during which an 55 

RNA isoform containing an inhibitory upstream open reading frame (uORF) declines 56 

in amount, potentially increasing OSCA1.1 production from an RNA isoform lacking 57 

the uORF (Yuan et al., 2014; Wu et al., 2024). While such studies have established 58 

that RNA isoform production is a significant component of stress responses, in the 59 

majority of cases the timing and scale of RNA isoform production, the mechanisms 60 

involved, and the functions of such RNA isoforms are poorly understood. 61 
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Climate change is expected to have an increasingly negative impact on plant growth, 62 

particularly due to increasing temperatures and variable water availability. Although 63 

alternative RNA splicing is recognised as an important component of drought 64 

responses over hours to days (Laloum et al., 2018), plants also routinely experience 65 

much more rapid, transient changes in water status. Vapour pressure deficit (VPD), 66 

determined largely by air temperature and humidity (Grossiord et al., 2020), can 67 

increase abruptly, reducing leaf water potential and turgor within minutes (McAdam 68 

and Brodribb, 2015; McAdam et al., 2016; Sussmilch et al., 2017). Stomatal regulation 69 

can limit foliar water loss, but under high VPD this compensation may be insufficient, 70 

leading to transient declines in turgor.  While there is evidence that RNA isoforms play 71 

a role in longer-term drought responses (Laloum et al., 2018; Alhabsi et al., 2025), a 72 

role for RNA isoforms in rapid or transient responses to water deficit has not been 73 

reported. 74 

The aim of this study was to identify rapid changes in RNA isoforms in A. thaliana 75 

seedlings that occur as a result of a rapid drop in water potential and turgor. Isolating 76 

turgor-specific responses is experimentally challenging because plants are highly 77 

sensitive to mechanical stimulation. Rapid changes in plant transcriptomes are 78 

observed within minutes in response to numerous mechanical cues including brief 79 

touching (Darwish et al., 2022; Matsumura et al., 2022), gentle shaking for a few 80 

seconds (Kimbrough et al., 2004), and even raindrops (Matsumura et al., 2022). We 81 

addressed this challenge by rapidly increasing VPD to induce turgor loss without any 82 

other physical disturbance, following which recovery of turgor occurred by water 83 

uptake through the roots. The onset of changes in transcript abundance and the 84 

subsequent trajectory of these transcripts was determined using Change Point 85 

Additive Models (cpam), newly developed to analyse time series data (Yates et al., 86 

2026). The resulting dataset provides a resource for identifying turgor-responsive 87 

genes. Furthermore, the methods presented here provide a general approach to 88 

discovering genome-wide RNA isoform switching in response to abiotic stresses. 89 

 90 

 91 

 92 
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Results and discussion  94 

An experimental system to study responses to changes in turgor  95 

To characterise changes in the transcriptome in response to the rapid loss of water 96 

potential and turgor, and their subsequent recovery, we developed an experimental 97 

system in which A. thaliana seedlings were grown on agar nutrient medium in petri 98 

dishes for 12 d with a relative humidity (RH) of approximately 98%. By carefully 99 

removing the lids the seedlings were then exposed to a RH of 50% and thus 100 

experienced a rapid increase in vapour pressure deficit (VPD) from 0.1 to 1.2 kPa 101 

(Figure 1A). This treatment resulted in a decline in seedling water potential from −0.57 102 

MPa to −1.9 MPa in the following 30 min, which we refer to as Phase I (Figure 1B). In 103 

the subsequent 30 min (Phase II) water potential recovered to −1.1 MPa and thereafter 104 

it stabilised at −1.1 MPa up to 240 min (Phase III) due to water uptake from the medium 105 

through the roots.  106 

RNA was extracted from seedlings for sequencing at each of ten timepoints spanning 107 

all three phases, with five biological replicates at each timepoint. For each gene we 108 

determined the relative abundance of all transcripts as defined by the AtRTD3 109 

reference transcriptome which identifies 169,503 transcripts from 40,932 genes 110 

(Zhang et al., 2022). We employed Change Point Additive Models (cpam) which 111 

identifies the first timepoint at which the amount of each transcript deviates 112 

significantly from baseline (the changepoint) and models the subsequent trajectory of 113 

each transcript (Yates et al., 2026). We refer to any transcript that changes significantly 114 

in abundance during the experiment as a Differentially Expressed Transcript (DET).  115 

Responses of genes known to be responsive to water deficit 116 

To illustrate the key features of cpam and to validate the experimental system we 117 

examined transcripts of some genes known to be responsive to water deficit, including 118 

ABA biosynthesis, transcriptional regulation, water transport and mechanosensing 119 

(see Supplemental Table 1 for full names and functions). The NCED3 gene encoding 120 

a key step in ABA biosynthesis typically increases in expression during drought stress 121 

(Sussmilch et al., 2017). This gene has one dominant transcript, which begins to 122 

increase after 45 min (the changepoint) and peaks between 90 and 120 min, after 123 

water potential has recovered (Figure 1C). A less abundant transcript exhibits the 124 

reciprocal pattern (Figure 1C).  Extracts of seedlings contained very low levels of 125 
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abscisic acid (ABA) with only a very small increase after 180 min (Figure 1C). These 126 

results imply that ABA does not play a major role in the rapid response of seedlings to 127 

changes in VPD and water potential.  128 

The drought-responsive genes COR47 and DREB1A (Supplemental Table 1) both 129 

initiated responses in Phase I but had distinct trajectories thereafter (Figure 1D). 130 

COR47 has four RNA isoforms but only one DET, which showed sustained 131 

accumulation throughout the experiment. In contrast, DREB1A has only one transcript 132 

which displayed a transient peak in Phase III. This distinction between sustained and 133 

transient responses illustrates the value of such detailed time course analysis and 134 

suggests that COR47 and DREB1A could have different functions in the response to 135 

loss and recovery of water potential. 136 

The aquaporin genes TIP1;1 and PIP2;7 produced transcripts showing opposing 137 

trends on different timescales. TIP1;1 produced one DET which increased only after 138 

90 min while PIP2;7 produced eight transcripts one of which was a DET, declining 139 

progressively from the beginning (changepoint 0 min). These contrasting dynamics 140 

suggest distinct roles during initiation of turgor loss and much later stabilisation (Figure 141 

1D).  142 

The genes encoding mechanosensitive channels MCA1 and OSCA1.1 illustrate 143 

additional complexity at the level of individual genes (Figure 1D). MCA1 produced nine 144 

RNA isoforms, two of which were DETs showing identical changepoints (10 min) but 145 

opposite trajectories, one increasing and one decreasing. The OSCA1.1 gene 146 

produced eight RNA isoforms, two of which were DETs and showed very different 147 

changepoints and trajectories: one responding immediately (changepoint 0 min) with 148 

a transient peak, and the other initiating much later (90 min) with sustained 149 

accumulation (Figure 1D).  150 

These results validate the experimental system by revealing rapid changes in 151 

transcript abundance from well-characterised genes known to respond to water deficit. 152 

They further reveal that for single genes, different transcripts can be produced at 153 

different times with distinct trajectories, suggesting that individual genes may 154 

contribute to the stress response in multiple ways.  155 

 156 
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Origin and functions of DETs 157 

The reference transcriptome (AtRTD3) annotates 169,503 transcripts from 40,932 158 

genes. We identified 154,383 of these transcripts but only 95,104 were of sufficient 159 

abundance to justify further analysis, and of these, 21,935 were DETs (Figure 2A, 160 

Supplemental Table 2), arising from 10,167 genes. Strikingly, cpam analysis showed 161 

that changepoints for these DETs clustered strongly within Phase I, with the majority 162 

of transcripts initiating their response within 10 min of the change in VPD (Figure 2B). 163 

Fewer DETs had changepoints during Phase II, while an increase occurred in Phase 164 

III. This pattern indicates that most responses are triggered very rapidly during turgor 165 

loss. Of the genes annotated in AtRTD3, approximately half (20,394) produce multiple 166 

RNA isoforms (Figure 2C). Such genes were over-represented among those 167 

responding to a change in water potential (Figure 2C). Furthermore, of the 10,167 168 

genes producing DETs, the majority (5,297) produced two or more DETs (Figure 2C), 169 

suggesting that RNA isoform complexity may be a feature of stress-responsive loci.  170 

Gene Ontology enrichment analysis of DETs defined by phase and direction revealed 171 

distinct functional categories associated with each phase of the stress response 172 

(Figure S1; Supplemental Table 3). During Phase I, upregulated DETs were enriched 173 

for terms related to general stress and abiotic stimulus response, water and osmotic 174 

stress, translation and ribosome biogenesis, and RNA processing and splicing. 175 

Downregulated DETs in Phase I were strongly enriched for photosynthesis, particularly 176 

light harvesting and light reactions, consistent with a rapid suppression of 177 

photosynthetic activity during turgor loss. ABA-related terms appeared among both 178 

Phase I and Phase II upregulated DETs, with the strongest enrichment in Phase II, 179 

consistent with the delayed onset of ABA accumulation (Figure 1C). By Phase III, 180 

upregulated DETs were enriched for RNA splicing via the spliceosome, translational 181 

initiation, and continued water and salt stress responses, suggesting sustained 182 

investment in RNA processing and translational reprogramming during stabilisation. 183 

The enrichment of RNA processing and splicing terms across multiple phases implies 184 

that biosynthesis of the splicing machinery itself is responsive to turgor stress.  185 

 186 

 187 

 188 
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Differential expression revealed only by RNA isoform analysis 189 

We define a Differentially Expressed Gene (DEG) as any gene producing one or more 190 

DETs, or any gene for which the total gene expression, the Aggregated Transcript 191 

Abundance (ATA), changes significantly. Where a DEG is identified by only one of 192 

these criteria, it is referred to accordingly as a DEGDET or DEGATA. We found 13,035 193 

DEGATA genes (Supplemental Table 4) and 10,167 DEGDET genes (Supplemental 194 

Table 2) while 8,909 of these DEGs were identified by both criteria (Figure 2D).  195 

Many DEGATA genes (4,126) were not identified by DET analysis because individual 196 

transcripts did not change significantly but showed similar trends. Conversely, 1,258 197 

DEGs (Supplemental Figure 2) were identified only by analysis of RNA isoforms 198 

because changes in a single DET were masked by aggregation with other RNA 199 

isoforms from the same gene. 200 

Most intriguingly, 484 genes expressed two DETs with opposing trajectories, one 201 

increasing and the other decreasing, such that the ATA did not change. We illustrate 202 

this category with four example genes, P5CS1, OSCA1.1, KASI, and CER3, each of 203 

which has previously been implicated in responses to water deficit (Supplemental 204 

Table 1).  These genes show minimal net change in expression when transcript 205 

abundance is aggregated yet produce RNA isoforms with clearly divergent responses 206 

(Figure 2E). Remarkably, such opposing trajectories can be detected for some genes 207 

even when they produce large numbers of transcripts. This is illustrated by P5CS1 for 208 

which we detected 29 transcripts (Figure 2E). These results suggest that for hundreds 209 

of genes, the response to turgor stress operates through changes in the relative 210 

abundance of RNA isoforms rather than overall level of gene expression.  211 

Turgor stress triggers reversible dominant isoform switching 212 

We next systematically identified all genes with at least two DETs showing opposing 213 

trajectories and found 1,704 such genes (Supplemental Figure 3, Supplemental Table 214 

5). In most cases the stress-induced RNA isoform in each opposing pair reached peak 215 

expression during Phase II or III (Figure 3A). Isoforms peaking during recovery of 216 

turgor (Phase II) might facilitate the restoration of water potential while those peaking 217 

later in Phase III might be involved in longer-term responses or stress memory. 218 
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For 1,176 of these genes, the response was sufficiently great that the most abundant 219 

(dominant) RNA isoform at the beginning declined to become the minor isoform, while 220 

an alternative transcript increased to become the dominant isoform. We refer to these 221 

as RNA isoform switching events and they occurred predominantly in Phase I, 222 

coinciding with the loss in turgor (Figure 3B). This switching was reversed (switch-223 

back events) for many genes and occurred overwhelmingly in Phase III (Figure 3B). 224 

This temporal pattern shows that RNA isoform switching is rapid and reversible.  225 

The very rapid switching events reveal that many of the stress-responsive RNA 226 

isoforms have very short half-lives, in the order of minutes. Thus, rapid RNA turnover 227 

appears to be a feature of the stress response. It is possible that in many cases, one 228 

RNA isoform is the precursor of another and is derived by rapid post-transcriptional 229 

RNA processing. However, we assume that in many cases, RNA isoforms are 230 

produced by changes in transcription.  231 

Consequences of changes in proportions of RNA isoforms  232 

Of the 1,704 genes with opposing transcript pairs, 857 produced transcripts predicted 233 

to encode two different proteins, while only 274 are predicted to encode identical 234 

proteins (Figure 3C). A further 418 transcript pairs consisted of one protein-coding 235 

transcript and one predicted to be targeted for Nonsense-Mediated Decay (NMD) 236 

(Zhang et al., 2022), while for 155 genes both transcripts are predicted to be targets 237 

for NMD (Figure 3C). Thus, for the majority of these genes (1,275, 75%), a change in 238 

the ratio of RNA isoforms has direct consequences for protein output. In cases where 239 

RNA isoforms encoded different proteins, the differences in protein structure were 240 

substantial, with the median difference in protein length being 92 amino acids (Figure 241 

3D).  242 

The structural differences between opposing RNA isoforms arises through diverse 243 

mechanisms typically involving alternative RNA splicing, alternative transcription start 244 

sites or other RNA modifications (Figure 3E). The most common outcome is a frame-245 

shift introducing a premature termination codon (nonsense mutation) leading to 246 

predicted NMD (555 genes, 32.6%). For example, the CAX3 gene shifts from an NMD 247 

target to a protein-coding transcript during stress, while CHC2 shows the reverse 248 

pattern (Figure 3F–G). The second category results in alternative coding sequences 249 

(534, 31.4%), as illustrated by GAPB, which switches between two coding isoforms 250 
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differing by 100 amino acids (Figure 3H). The third category is characterised by 251 

alternative 5' UTRs (453, 26.6%). One example is CLPC1 (Figure 3I) which also 252 

introduces a new start codon resulting in an 812 amino acid difference in the predicted 253 

protein. Smaller proportions were accounted for by NAGNAG splicing (Zhang et al., 254 

2022) and alternative 3'UTRs (Figure 3E).  255 

Changes in protein domains resulting from RNA isoform switching  256 

Of the 857 genes with opposing trajectory transcripts encoding different proteins, 309 257 

show differences in annotated functional domains of which 216 show a stress induced 258 

switch toward a more complete or functionally active isoform (Supplemental Figure 4, 259 

Supplemental Table 6). Four examples of genes potentially involved in responses to 260 

turgor stress (OSCA1.1, CDPK2, CCX4, PNET5; Supplemental Table 1) illustrate this 261 

point (Figure 4A). The OSCA1.1 gene rapidly switches from the RNA isoform 262 

containing an inhibitory uORF to one lacking this uORF, then switches back in Phase 263 

III. The gene for the stress-responsive calcium-dependent protein kinase CDPK2 264 

switches toward the RNA isoform encoding an intact kinase active site. The gene 265 

encoding membrane-located cation/calcium exchanger CCX4 shifts toward the RNA 266 

isoform encoding dual ion-binding domains. The gene encoding PNET5 switches 267 

toward the RNA isoform encoding a full-length protein including its nuclear envelope-268 

localisation signal (Figure 4A).  269 

A further set of four examples illustrate the same principle with respect to genes which 270 

encode proteins involved in RNA processing splicing, polyadenylation, or mRNA 271 

stability (U2AF65, PAB4, ECT2, and ATRGGA; Supplemental Table 1). Each example 272 

shows a stress-induced switch toward the RNA isoform encoding complete or intact 273 

RNA-binding domains (Figure 4B). This observation raises the possibility that changes 274 

in the RNA processing machinery which lead to widespread RNA isoform switching, 275 

are themselves the result of RNA isoform switching. Consistent with this model, 276 

transcripts encoding RNA processing and splicing factors showed significantly earlier 277 

changepoints (median 5 min) than those of water and osmotic stress response genes 278 

(median 10 min; Wilcoxon p = 5.2 × 10⁻⁹).  279 

A model for the role of stress-responsive RNA isoforms 280 

At least half the genes in A. thaliana, and presumably in other plants, produce more 281 

than one RNA isoform. Such RNA isoforms differ in structure and function and so 282 
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provide the genome with an expanded level of complexity and functional capability. In 283 

response to abiotic stresses such as loss of turgor, very rapid post-transcriptional RNA 284 

processing mechanisms are brought into play to change the RNA isoform population 285 

including RNAs that encode components of the RNA processing apparatus itself. 286 

These changes could potentially in turn facilitate further changes in the RNA isoform 287 

population as part of the response to the imposed stress. Changes to the RNA isoform 288 

population will also come about through changes in transcription. Once the stress is 289 

relieved or the plant has adjusted, the RNA isoform population can apparently revert 290 

to its previous state or adopt a new, acclimated state. 291 

The extent to which different stresses, such as drought, cold and heat, induce similar 292 

changes in the transcriptome are not clear. Analysis of the transcriptome in response 293 

to cold stress identified widespread changes in RNA splicing and RNA isoform 294 

switching affecting thousands of genes within hours of cold exposure (Calixto et al., 295 

2018; Liu et al., 2022). Several genes switching RNA isoforms in response to cold also 296 

switch in response to turgor stress. However, the extent to which different stresses 297 

elicit similar changes in the RNA isoform profiles remains to be determined. Similarly, 298 

we do not know if different plant species or different ecotypes of the same species 299 

employ similar RNA isoforms, or whether plant diversity is in part determined by RNA 300 

isoform diversity. These areas of research should be a priority for future studies, to 301 

fully understand how plants respond to different environmental stresses. The 302 

approaches and extensive datasets presented here provide an important reference 303 

point for such studies. 304 

  305 

Materials and methods 306 

Plant material and growth conditions 307 

Arabidopsis thaliana Col-0 seeds were surface-sterilised, stratified at 4°C for 48 h, and 308 

sown onto half-strength Murashige and Skoog medium with 0.8% agar, without 309 

sucrose (~100 seeds per plate, spaced to prevent leaf contact with agar or 310 

neighbours). Seedlings were grown at 21°C under a 16 h photoperiod (250 µmol m⁻² 311 

s⁻¹) for 12 days to the two-true-leaf stage. 312 

 313 
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Turgor stress treatment 314 

Plate lids were removed at time zero, exposing seedlings to ambient chamber 315 

conditions. Temperature and relative humidity were recorded throughout using a data 316 

logger and vapour pressure deficit (VPD) was calculated from these measurements. 317 

Chamber temperature was maintained at 21°C. Plates remained stationary in the 318 

growth chamber to avoid mechanical stimulation. Seedlings were sampled at 0, 5, 10, 319 

20, 30, 45, 60, 90, 180, and 240 min after lid removal. Only seedlings with no leaf 320 

contact with neighbouring plants or the agar surface were sampled. Roots were 321 

removed and shoot tissue was immediately frozen in liquid nitrogen. Five biological 322 

replicates per timepoint were derived from multiple plates.  323 

Water potential and ABA measurements 324 

Leaf water potential was measured at each timepoint using thermocouple 325 

psychrometers (PSY1, ICT International, Armidale, NSW) as described previously 326 

(Ray et al., 2025) with three measurements per timepoint. ABA was quantified from 327 

shoot tissue at nine timepoints (0–180 min, three biological replicates) by LC-MS/MS 328 

with ²H₆-ABA as an internal standard, following (McAdam, 2015).  329 

RNA extraction, sequencing and transcript quantification 330 

Total RNA was extracted using the ISOLATE II RNA Mini Kit (Bioline, Ohio). Poly(A)-331 

enriched mRNA libraries were prepared and sequenced by Novogene (Singapore) on 332 

the Illumina NovaSeq platform (paired-end 150 bp, ~6 Gb per sample; 50 libraries 333 

total). Transcript abundance was quantified using kallisto (Bray et al., 2016) with 100 334 

bootstrap replicates against AtRTD3 (Zhang et al., 2022). Gene-level abundances 335 

were obtained by aggregation using tximport (Soneson et al., 2016).  336 

Differential expression and changepoint analysis 337 

Temporal differential expression was analysed using the cpam R package (Yates et 338 

al., 2026). Low-abundance transcripts were filtered using default cpam criteria (≥5 339 

reads in ≥60% of samples at one or more timepoints), retaining 95,104 of 154,383 340 

detected transcripts. Quantification uncertainty from kallisto bootstraps was 341 

incorporated via overdispersion scaling. Transcripts were classified as differentially 342 

expressed at FDR < 0.05, and changepoints were estimated using generalised cross-343 

validation with the one-standard-error rule (Yates et al., 2026) 344 
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Isoform switching analysis 345 

Pairwise Pearson correlations were calculated between all transcript pairs within each 346 

multi-isoform gene using mean counts across the ten timepoints. Genes with at least 347 

one pair showing r < −0.5 were retained as candidates with opposing trajectories. The 348 

dominant isoform at each timepoint was defined as the transcript contributing the 349 

highest proportion of total gene expression. A switch was recorded when dominant 350 

isoform identity changed between consecutive timepoints with a proportion difference 351 

exceeding 10%. 352 

Functional annotation and GO enrichment 353 

Coding and NMD status were obtained from AtRTD3 annotations (Zhang et al., 2022). 354 

Functional domain analysis used InterProScan 5.59-91.0, querying Pfam, SMART, 355 

PROSITE and SUPERFAMILY databases. GO enrichment was performed using 356 

ShinyGO v0.85 (Ge et al., 2020) with FDR < 0.05, testing DETs separated by phase 357 

and direction against all retained transcripts as background. To compare response 358 

timing between functional categories, RNA processing/splicing genes and 359 

water/osmotic stress genes were defined by GO terms (listed in Supplemental Table 360 

7) and changepoint distributions compared using Wilcoxon rank-sum tests. 361 
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Figure legends 375 

Figure 1. An experimental system for turgor loss and recovery  376 

(A) Schematic of the experimental system showing changes in physiological 377 
parameters. RH: relative humidity, VPD: vapour pressure deficit. 378 

(B) Time course of seedling Water Potential (blue), Relative Humidity (red), and VPD 379 
(green). Coloured bands indicate Phase I (0–30 min; yellow), Phase II (30–60 min; 380 
green), and Phase III (60–240 min; blue). Phase boundaries are indicated by dashed 381 
lines. Data are means ± SE (n = 3 per timepoint). 382 

(C) Upper panel: abscisic acid (ABA) content (ng/g FW). Data are means ± SE (n = 383 
3). Lower panel: cpam-fitted trajectories for both annotated transcripts of NCED3 384 
(AT3G14440.1 and AT3G14440.2). Individual data points show replicate values (n = 5 385 
per timepoint), solid line represents cpam-fitted trajectory, shaded ribbons 386 
encompassing the trajectory represent 95% confidence intervals. 387 

(D) cpam-fitted trajectories for transcripts of six well-characterised water deficit-388 
responsive genes illustrating distinct response patterns. Individual data points show 389 
replicate values (n = 5 per timepoint), solid line represents cpam-fitted trajectory, 390 
shaded ribbons encompassing the trajectory represent 95% confidence intervals. 391 
Changepoints (CP) and maximum log₂ fold-change values are indicated for each 392 
transcript. Transcript identifiers (e.g. AT1G20440.1, AT1G20440.2) follow AtRTD3 393 
annotations, where the numerical suffix distinguishes distinct RNA isoforms from the 394 
same gene. 395 

Figure 2. Multi-transcript genes are the major source of DETs  396 

(A) Number of transcripts at each stage of the analysis pipeline. Annotated in the 397 
AtRTD3 reference transcriptome, Expressed Transcripts are those detected in the 398 
present study, DETs are classified as Differentially Expressed Transcripts. 399 

(B) Distribution of changepoints for all DETs across the experimental time course, 400 
separated by direction (Downregulated, dark blue and Upregulated, light blue). Phase 401 
boundaries are indicated by dashed lines. A changepoint at a given timepoint 402 
represents the onset of significant deviation from baseline between that timepoint and 403 
the next sampling point e.g. a changepoint at time 0 represents an observed change 404 
between 0 and 5 min.   405 

(C) Left: number of genes in AtRTD3 producing single (Single-T, upper, dark blue) or 406 
multiple (Multi-T, lower, light blue) transcripts. Right: Number of DETs produced from 407 
single-T and multi-T genes (right).   408 

(D) Overlap between differentially expressed genes identified by aggregated transcript 409 
counts (DEG_ATA; n = 13,035) and RNA isoform analysis (DEG_DET; n = 10,167).  410 
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(E) Aggregated counts (left) and individual RNA isoform counts (right) for four example 411 
genes: P5CS1 (AT2G39800), OSCA1.1 (AT4G04340), KASI (AT5G46290), and CER3 412 
(AT5G57800). cpam-fitted trajectories are shown as described in Figure 1. 413 

Figure 3. Turgor stress triggers rapid and reversible RNA isoform switching  414 

(A) Timing of peak expression for the stress-induced isoform in each opposing pair, 415 
plotted by timepoint. Water potential overlaid (blue line, right axis). Dashed lines 416 
indicate phase boundaries. 417 

(B) Number of forward switch events (light blue bars) and switch-back events (dark 418 
blue bars) at each timepoint. Water potential overlaid as in (A). 419 

(C) Predicted coding potential of opposing RNA isoform pairs from 1,704 genes. 420 
Categories: both RNA isoforms with different protein-coding sequence (857, dark 421 
blue), identical protein-coding sequence (274, light blue), one protein-coding and one 422 
predicted NMD-target (418, green), or both predicted NMD targets (155, grey). 423 

(D) Distribution of predicted differences in number of amino acids for the 857 genes 424 
producing different length proteins. Dashed red line indicates the median difference of 425 
92 amino acids. 426 

(E) Classification of structural differences between opposing RNA isoform pairs by 427 
mechanism. PTC/NMD: premature termination codon leading to predicted nonsense-428 
mediated decay; Alternative CDS: alternative coding sequence; Alternative 5′ UTR: 429 
alternative 5′ untranslated region; NAGNAG: alternative splicing at tandem NAG 430 
acceptor sites (Zhang et al., 2022); Alternative 3′ UTR: alternative 3′ untranslated 431 
region 432 

(F–I) Four examples illustrating distinct functional consequences of isoform switching. 433 
(F) CAX3 (AT3G51860): switch from an NMD-targeted to a protein-coding isoform 434 
during stress. (G) CHC2 (AT3G08530): the reverse pattern, switching from a coding 435 
to an NMD-targeted isoform. (H) GAPB (AT1G42970): switch between two coding 436 
isoforms differing by 100 amino acids. (I) CLPC1 (AT5G50920): switch between 437 
isoforms with alternative 5′ UTRs, resulting in an 812 amino acid difference in 438 
predicted protein length. cpam-fitted trajectories are shown as described in Figure 1. 439 

 440 

Figure 4. Isoform switching changes protein function in turgor response and 441 
RNA processing genes 442 

(A) Changes in expression and predicted coding sequences in RNA isoforms of four 443 
turgor response and stress signalling genes. OSCA1.1 (AT4G04340): 444 
mechanosensitive ion channel, isoforms differing by presence of upstream ORF. 445 
CDPK2 (AT1G35670): protein kinase, isoforms differing in kinase active site. CCX4 446 
(AT1G54115): cation exchanger, isoforms with one or two ion-binding domains. 447 
PNET5 (AT5G11560): nuclear envelope protein, isoforms differing in C-terminal 448 
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domain including nuclear-envelope signal. The upper plot displays cpam-fitted 449 
trajectories for only the two transcripts with opposing responses (plotted as described 450 
in Figure 1; all other isoforms from each gene are omitted for clarity), and the lower 451 
diagram shows the corresponding transcript structures and predicted protein domain 452 
differences. In gene structure diagrams, light blue denotes untranslated regions, dark 453 
blue denotes coding regions, grey lines represent introns, and orange boxes highlight 454 
the variable protein domain distinguishing the two isoforms. Transcript identifiers are 455 
indicated alongside each structure. 456 

(B) Changes in expression and predicted coding sequences in RNA isoforms of four 457 
RNA processing and splicing genes. U2AF65 (AT2G33435): splicing factor, isoforms 458 
differing in RRM1 domain. PAB4 (AT2G23350): poly(A)-binding protein, isoforms with 459 
full or reduced RNA-binding domains (RRM1–3). ECT2 (AT3G13460): m⁶A reader, 460 
isoforms of 668 and 26 amino acids. ATRGGA (AT4G16830): RNA-binding protein, 461 
isoforms differing in Stm1-like domain. Plotted as in (A). 462 
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Figure 1. An experimental system for turgor loss and recovery 

(A) Schematic of the experimental system showing changes in physiological parameters. RH: 
relative humidity, VPD: vapour pressure deficit.

(B) Time course of seedling Water Potential (blue), Relative Humidity (red), and VPD (green). 
Coloured bands indicate Phase I (0–30 min; yellow), Phase II (30–60 min; green), and Phase 
III (60–240 min; blue). Phase boundaries are indicated by dashed lines. Data are means ± SE 
(n = 3 per timepoint).

(C) Upper panel: abscisic acid (ABA) content (ng/g FW). Data are means ± SE (n = 3). Lower 
panel: cpam-fitted trajectories for both annotated transcripts of NCED3 (AT3G14440.1 and 
AT3G14440.2). Individual data points show replicate values (n = 5 per timepoint), solid line 
represents cpam-fitted trajectory, shaded ribbons encompassing the trajectory represent 95% 
confidence intervals.

(D) cpam-fitted trajectories for transcripts of six well-characterised water deficit-responsive 
genes illustrating distinct response patterns. Individual data points show replicate values (n = 5 
per timepoint), solid line represents cpam-fitted trajectory, shaded ribbons encompassing the 
trajectory represent 95% confidence intervals. Changepoints (CP) and maximum log₂ fold-
change values are indicated for each transcript. Transcript identifiers (e.g. AT1G20440.1, 
AT1G20440.2) follow AtRTD3 annotations, where the numerical suffix distinguishes distinct 
RNA isoforms from the same gene.
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Figure 2. Multi-transcript genes are the major source of DETs 

(A) Number of transcripts at each stage of the analysis pipeline. Annotated in the AtRTD3 
reference transcriptome, Expressed Transcripts are those detected in the present study, DETs 
are classified as Differentially Expressed Transcripts.

(B) Distribution of changepoints for all DETs across the experimental time course, separated 
by direction (Downregulated, dark blue and Upregulated, light blue). Phase boundaries are 
indicated by dashed lines. A changepoint at a given timepoint represents the onset of 
significant deviation from baseline between that timepoint and the next sampling point e.g. a 
changepoint at time 0 represents an observed change between 0 and 5 min.  

(C) Left: number of genes in AtRTD3 producing single (Single-T, upper, dark blue) or multiple 
(Multi-T, lower, light blue) transcripts. Right: Number of DETs produced from single-T and multi-
T genes (right).  

(D) Overlap between differentially expressed genes identified by aggregated transcript counts 
(DEG_ATA; n = 13,035) and RNA isoform analysis (DEG_DET; n = 10,167). 

(E) Aggregated counts (left) and individual RNA isoform counts (right) for four example genes: 
P5CS1 (AT2G39800), OSCA1.1 (AT4G04340), KASI (AT5G46290), and CER3 (AT5G57800). 
cpam-fitted trajectories are shown as described in Figure 1.
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Figure 3. Turgor stress triggers rapid and reversible RNA isoform switching 

(A) Timing of peak expression for the stress-induced isoform in each opposing pair, plotted by 
timepoint. Water potential overlaid (blue line, right axis). Dashed lines indicate phase 
boundaries.

(B) Number of forward switch events (light blue bars) and switch-back events (dark blue bars) 
at each timepoint. Water potential overlaid as in (A).

(C) Predicted coding potential of opposing RNA isoform pairs from 1,704 genes. Categories: 
both RNA isoforms with different protein-coding sequence (857, dark blue), identical protein-
coding sequence (274, light blue), one protein-coding and one predicted NMD-target (418, 
green), or both predicted NMD targets (155, grey).

(D) Distribution of predicted differences in number of amino acids for the 857 genes producing 
different length proteins. Dashed red line indicates the median difference of 92 amino acids.

(E) Classification of structural differences between opposing RNA isoform pairs by mechanism. 
PTC/NMD: premature termination codon leading to predicted nonsense-mediated decay; 
Alternative CDS: alternative coding sequence; Alternative 5′ UTR: alternative 5′ untranslated 
region; NAGNAG: alternative splicing at tandem NAG acceptor sites (Zhang et al., 2022); 
Alternative 3′ UTR: alternative 3′ untranslated region

(F–I) Four examples illustrating distinct functional consequences of isoform switching. (F) 
CAX3 (AT3G51860): switch from an NMD-targeted to a protein-coding isoform during stress. 
(G) CHC2 (AT3G08530): the reverse pattern, switching from a coding to an NMD-targeted 
isoform. (H) GAPB (AT1G42970): switch between two coding isoforms differing by 100 amino 
acids. (I) CLPC1 (AT5G50920): switch between isoforms with alternative 5′ UTRs, resulting in 
an 812 amino acid difference in predicted protein length. cpam-fitted trajectories are shown as 
described in Figure 1.
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Figure 4. Isoform switching changes protein function in turgor response and RNA 
processing genes

(A) Changes in expression and predicted coding sequences in RNA isoforms of four turgor 
response and stress signalling genes. OSCA1.1 (AT4G04340): mechanosensitive ion channel, 
isoforms differing by presence of upstream ORF. CDPK2 (AT1G35670): protein kinase, 
isoforms differing in kinase active site. CCX4 (AT1G54115): cation exchanger, isoforms with 
one or two ion-binding domains. PNET5 (AT5G11560): nuclear envelope protein, isoforms 
differing in C-terminal domain including nuclear-envelope signal. The upper plot displays cpam-
fitted trajectories for only the two transcripts with opposing responses (plotted as described in 
Figure 1; all other isoforms from each gene are omitted for clarity), and the lower diagram 
shows the corresponding transcript structures and predicted protein domain differences. In 
gene structure diagrams, light blue denotes untranslated regions, dark blue denotes coding 
regions, grey lines represent introns, and orange boxes highlight the variable protein domain 
distinguishing the two isoforms. Transcript identifiers are indicated alongside each structure

(B) Changes in expression and predicted coding sequences in RNA isoforms of four RNA 
processing and splicing genes. U2AF65 (AT2G33435): splicing factor, isoforms differing in 
RRM1 domain. PAB4 (AT2G23350): poly(A)-binding protein, isoforms with full or reduced 
RNA-binding domains (RRM1–3). ECT2 (AT3G13460): m⁶A reader, isoforms of 668 and 26 
amino acids. ATRGGA (AT4G16830): RNA-binding protein, isoforms differing in Stm1-like 
domain. Plotted as in (A).
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