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ABSTRACT 10 

Multicellular organisms result from complex developmental processes largely orchestrated 11 

through the quantitative spatiotemporal regulation of gene expression. Yet, obtaining 12 

absolute counts of mRNAs at a 3-dimensional resolution remains challenging, especially in 13 

plants, due to high levels of tissue autofluorescence that prevent the detection of diffraction-14 

limited fluorescent spots. In situ hybridization methods based on amplification cycles have 15 

recently emerged, but they are laborious and often lead to quantification biases. In this 16 

article, we present a simple method based on single molecule RNA fluorescence in situ 17 

hybridization (smFISH) to visualize and count the number of mRNA molecules in several intact 18 

plant tissues. In addition, with the use of fluorescent protein reporters, our method also 19 

enables simultaneous detection of mRNA and protein quantity, as well as subcellular 20 

distribution, in single cells. With this method, research in plants can now fully explore the 21 

benefits of the quantitative analysis of transcription and protein levels at cellular and 22 

subcellular resolution in plant tissues.  23 

 24 

KEY WORDS: smFISH, transcription/translation dynamics, Cell segmentation, Image analysis 25 

pipeline, Arabidopsis.  26 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.05.510616doi: bioRxiv preprint 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.05.510616doi: bioRxiv preprint 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.05.510616doi: bioRxiv preprint 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.05.510616doi: bioRxiv preprint 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.05.510616doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.05.510616
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1101/2022.10.05.510616
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1101/2022.10.05.510616
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1101/2022.10.05.510616
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1101/2022.10.05.510616
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

   
 

INTRODUCTION 27 

Gene expression studies generally require a precise quantification of mRNAs of interest. 28 

These studies have commonly used bulk analysis such as RT-qPCR or RNA sequencing 29 

approaches. However, these methods do not provide information regarding cellular context 30 

and cell-to-cell variability in gene expression. Alternatively, a technique commonly used to 31 

study spatial patterns of gene expression is RNA in situ hybridization, but this technique is 32 

primarily qualitative. Furthermore, none of these techniques provides subcellular resolution. 33 

The development of single-molecule RNA FISH (smFISH) has bridged this gap by allowing the 34 

detection of individual transcripts with sub-cellular resolution as well as the precise 35 

quantification of the number of mRNAs in single cells (Femino et al., 1998; Raj et al., 2008). 36 

The use of smFISH has revealed important insights into gene expression, including the 37 

presence of large cell-to-cell variability in mRNAs as well as the ability to measure specific 38 

gene transcription parameters, such as transcription and degradation rates, burst fractions, 39 

and RNA half-life in single cells (Zenklusen et al., 2008; Iyer et al., 2016; Ietswaart et al., 2017; 40 

Baudrimont et al., 2017; Duncan and Rosa, 2018). 41 

In plants, smFISH was first applied to root meristem squashes of Arabidopsis thaliana 42 

(hereafter referred to as Arabidopsis) (Duncan et al., 2016). Plant tissues have very particular 43 

optical properties that are often challenging for the imaging process (Donaldson, 2020). Thus, 44 

smFISH in plants was initially applied on tissues with low autofluorescence levels, and with 45 

the loss of tissue morphology required to obtain monolayers of cells. Therefore, there is 46 

currently still an unmet need for quantitative analysis of mRNA expression with high 47 

resolution within intact plant tissues. While smFISH allows specific and quantitative analysis 48 

of gene transcription, it lacks information about the final gene products – proteins. While such 49 

information could in principle, be acquired by combining mRNA detection with protein 50 

immunofluorescence, the existing protocols can be difficult to perform because they require 51 

sequentially hybridizing and imaging of mRNAs and proteins (Nehmé et al., 2011; Bayer et al., 52 

2015; Eliscovich et al., 2017; Maekiniemi et al., 2020) or are often not quantitative (Yang et 53 

al., 2020). 54 

Here, we present a protocol for smFISH in Arabidopsis whole-mount tissues enabling 55 

simultaneous detection of mRNA and proteins with cellular resolution in several intact tissues. 56 

To take full advantage of this protocol, we developed a computational workflow to quantify 57 

mRNA and protein levels at single-cell resolution. For this, we combined our mRNA and 58 
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protein imaging with a cell wall stain to precisely assign molecular quantities to specific cells. 59 

To illustrate the power of our method, we have estimated the cellular specificity in gene 60 

expression using well-known protein reporter lines and determined the subcellular 61 

distribution of mRNAs known to be located in specific cellular compartments. With our 62 

smFISH whole-mount protocol and image analysis pipeline, we can now quantitatively analyze 63 

mRNAs and proteins at the cellular and subcellular levels in plants. 64 

 65 
RESULTS AND DISCUSSION 66 

smFISH for Arabidopsis whole-mount tissues 67 

High levels of autofluorescence have prevented the detection of single RNA molecules in a 68 

broad range of plant tissues (Duncan et al., 2016). These difficulties are further complicated 69 

by the fact that smFISH is generally imaged with widefield optical microscopes, which are 70 

incompatible with the imaging of thick specimens. Assessing the 3D distribution of RNA 71 

molecules implies preserving tissue integrity, optimizing the signal-to-noise ratio, and 72 

preventing the fluorescence from out-of-focus layers. The easiest way to overcome the latter 73 

is to use confocal microscopy, which allows the collection of optical sections of thick 74 

specimens. We, thus, tested whether the classical smFISH protocol would allow the detection 75 

of mRNA molecules in intact tissues using confocal imaging. To preserve the morphological 76 

integrity of the roots, we embedded the samples in a hydrogel according to Gordillo et al. 77 

(Gordillo et al., 2020) (Fig. 1A) and performed smFISH using probes against the exonic regions 78 

of the housekeeping PP2A (Table S1).  Fluorescent spots were visible but the signal-to-79 

background ratio was much lower than for squashed tissues and did not allow for confidently 80 

identifying mRNA molecule signals throughout the tissue (Fig. S1A, B). We, therefore, 81 

included additional clearing steps to further minimize autofluorescence and light scattering, 82 

including methanol and ClearSee treatments (Kurihara et al., 2015), which significantly 83 

improved the signal-to-noise ratio (Fig. 1A; Fig. S1 B, C). We further confirmed that the signals 84 

observed correspond to true mRNA molecules by treatment with RNase A (Fig. S1C, D). Next, 85 

we added a cell membrane staining step using  Renaissance 2200 (Musielak et al., 2016) to 86 

allow assigning transcripts to different cells and perform intracellular expression 87 

comparisons. In whole-mount root tips, PP2A mRNA signals could be observed as punctate 88 

dots evenly distributed through the cytoplasm (Fig. 1C). As expected, we were able to detect 89 

PP2A mRNAs across all cell types including differentiated cells within the root (Fig. 1B, C). 90 
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Therefore, absolute mRNA counts can in principle be extracted with whole-mount smFISH 91 

(hereafter referred to as WM-smFISH) in connection with positional information and cell 92 

identities.   93 

We then tested whether this method can be applied to various other tissues, including young 94 

leaves, inflorescence meristem, ovules, and embryos (Fig. S2). We detected PP2A mRNA 95 

molecules in all tissues analyzed. However, we found a much lower number of mRNAs in these 96 

tissues, which is in line with the known expression levels of PP2A in different organs (Fig. S3). 97 

We also observed much weaker signals in leaves and inflorescence (Fig. S2). This low signal-98 

to-noise ratio may be caused by the high autofluorescence levels of these tissues. These 99 

results demonstrate that single mRNAs can now be detected on several whole-mount 100 

Arabidopsis tissues with high specificity and resolution. Spatially quantifying gene expression 101 

in highly autofluorescent tissues may nevertheless require further optimizations, such as 102 

using different fluorophores, additional clearing steps, or increasing the number of 103 

fluorophores per mRNA molecule.  104 

 105 

Simultaneous detection and quantification of mRNA and protein at single cells 106 

While smFISH can provide precise and quantitative measurements of gene expression, it lacks 107 

information at the protein level. To that end, we thought to combine WM-smFISH with the 108 

detection of fluorescent reporter proteins. We designed probes that targeted the mRNA of 109 

VENUS fluorescent protein (Table S2), with the aim to simultaneously detect the protein and 110 

transcripts expressed by the same transgene (Fig. 2A). As a proof-of-concept, we analyzed the 111 

auxin signaling reporter line pDR5rev::3xVENUS-N7 and a reporter line for the NAC 112 

transcription factor CUP-SHAPED COTYLEDON 2, pCUC2::3xVENUS-N7, both of which have 113 

been extensively characterized (Heisler et al., 2005; Gordon et al., 2007) (Fig. 2B, E and G). 114 

We choose to perform this analysis on reporter constructs containing three concatenated 115 

fluorescent reporters to improve the signal and allow the detection of mRNAs in ‘green 116 

tissues’ such as leaves and the inflorescence meristem. Indeed, ninety fluorescent probes are 117 

expected to bind these transgenes (3xVENUS) as opposed to 48 for the PP2A transcripts, 118 

which should increase the signal-to-noise ratio by a factor of ~2. We first examined the 119 

detection of mRNA and protein in the whole-mount Arabidopsis young leaves, floral 120 

primordia, ovule, embryos and roots (Fig. 2B, E, G; Fig. S4). The signal-to-noise ratio improved 121 

significantly, and mRNA dots could now be easily visualized even in leaves and inflorescence 122 
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tissues (Fig. 2B, C, E, G; Fig. S4). Importantly, the fluorescence of the reporter is well-123 

preserved throughout the WM-smFISH procedure allowing cellular comparison of mRNA and 124 

protein distribution (Fig. 2B-C). 125 

To appreciate the spatial differences in the distribution of mRNAs within tissues, we 126 

developed a computational workflow to quantify mRNA dots with cellular resolution using 127 

WM-smFISH images (Fig. 2D). In brief, it segments confocal images based on cell wall (SR2200 128 

dye) signal using Cellpose (Stringer et al., 2021) then uses these cell outlines to estimate the 129 

number of mRNA foci per cell using FISH-quant (Mueller et al., 2013; Imbert et al., 2021) and 130 

measures the protein intensity fluorescence with CellProfiler (Stirling et al., 2021). A colour 131 

scale reflecting intensities (for protein and RNA levels) was finally used to label the segmented 132 

cells throughout the confocal images (Fig. 2F-I, F-II, H-I, H-II). To visualize the variation in the 133 

ratio between mRNA molecules and protein accumulation, we generated heatmaps with the 134 

log ratio between the intensity of WM-smFISH and VENUS fluorescent signals (Fig. 2F-III, H-135 

III). Here, we choose to use fluorescence intensity rather than the number of mRNA molecules 136 

to compare similar measurements. To do this, we first verified that the fluorescence levels 137 

per cell correlate with the number of transcripts (Fig. S5A-B). The resulting distribution 138 

heatmap allows a quantitative and spatial visualization of expression and protein distribution 139 

patterns. Histograms can also be used to plot the number of transcripts and protein levels per 140 

cell in multiple samples (Fig 2F-IV, H-IV). 141 

To validate our quantification workflow, we first measured the number of PP2A mRNA 142 

molecules in root samples treated with RNAse. As expected, in RNAse treated samples the 143 

majority of cells did not show any PP2A transcripts, confirming that this pipeline specifically 144 

quantified mRNA foci (Fig. S1, C-E). Also, our automated detection and counting gave a similar 145 

distribution of transcripts per cell as the manual counting of mRNA dots in squashed roots 146 

(Fig. S6G). Next, we asked whether different image acquisition modes could affect the 147 

detection of mRNA dots. We obtained similar distributions for the number of transcripts per 148 

cell with widefield and confocal microscopes, as well as with squashed roots and whole-149 

mounts (Fig. S6H, I). These results prove that the whole-mount protocol does not compromise 150 

the detection and quantification of mRNA molecules. Furthermore, we estimated the cellular 151 

specificity of our quantification pipeline by correlating mRNA counts with the level of the 152 

corresponding protein in the pDR5rev::3xVENUS-N7 line (Fig. S7). The VENUS protein levels 153 

and mRNA counts were significantly correlated (Pearson R2 = 0.3955) (Fig. S7C), contrasting 154 
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with the lack of correlation between the number of PP2A transcripts and VENUS protein 155 

intensity per cell (Pearson R2 = 0.0354) (Fig. S7D). Overall, these results validate the accuracy 156 

and specificity of our quantification method and indicate that this automated workflow is a 157 

useful tool to compare mRNA and protein distributions. Therefore, this approach will be 158 

useful to model the transcription/translation dynamics, assess intercellular protein or RNA 159 

movement, and analyze co-localization between mRNA and proteins.  160 

We applied our approach to investigate the expression of the VENUS reporters at the protein 161 

and mRNA levels in different tissues (Fig. 2F, H; Fig. S7A; Fig. S8). Globally the spatial 162 

distribution of the mRNA molecules and protein signals throughout the tissues were in good 163 

agreement with each other and followed the known expression pattern for the two reporter 164 

constructs (Heisler et al., 2005; Gordon et al., 2007; Hasson et al., 2011; Hu et al., 2021). We 165 

nevertheless did not observe a full expression overlap between the mRNA and protein signals 166 

in all tissues. For instance, in the embryo, we observed several cells with high mRNA/protein 167 

ratios, this often occurs in cells that express low levels of mRNA (Fig. 2F; Fig. S5C). RNA 168 

detection by WM-smFISH may therefore be more sensitive than reporter protein imaging. 169 

One possible interpretation is that, at this developmental stage, the auxin response has been 170 

newly activated in these cells such that the reporter proteins have not yet been translated. 171 

Similar discrepancies were also observed in leaf and inflorescence tissues (Fig 2G-H, Fig S5D, 172 

Fig. S8). For instance, in the young leaf of the pCUC2::3xVENUS-N7 line, the reporter proteins 173 

appear distributed in more cells than the mRNA molecules (Fig 2H). pCUC2::3xVENUS-N7 174 

mRNAs appear in cells along leaf margins and may be more consistent with CUC2 function in 175 

leaf serration patterns. The diffusion of fluorescent proteins to the neighboring cells seems 176 

unlikely due to the high molecular weight of the three concatenated fluorescent proteins and 177 

the presence of seven Nuclear Localization Signals. Therefore, these differences are likely to 178 

be linked to reporter proteins’ stability considerably exceeding mRNA stability. In this way, 179 

the protein signal could persist within a cell even when transcription is not taking place. In 180 

dividing tissues such as young leaves and inflorescence meristem, reporter protein 181 

distribution could further be extended through cell division, while mRNA molecules would 182 

mostly remain in transcriptionally active cells. These results illustrate that fluorescent 183 

reporters’ imaging can be combined with WM-smFISH to provide quantitative information on 184 

gene activity, with the latter delivering a closer view of the spatial distribution of gene 185 

transcription.   186 
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 187 

Quantification of mRNA and protein levels with cellular resolution in response to an 188 
exogenous stimulus 189 

We further tested our method by analyzing the expression profile of pDR5rev::3xVENUS-N7 190 

in Arabidopsis roots in response to the exogenous application of the synthetic auxin 191 

naphthalene-1-acetic acid (NAA). In this experiment, we used two different concentrations 192 

(1µM and 10µM), to evaluate the difference in sensitivity between WM-smFISH and 193 

fluorescent reporter imaging and determine if we could measure quantitative differences in 194 

transcript accumulation. A dose-dependent induction in RNA and protein levels was observed 195 

(Fig. 3A-C, E, F). Globally we observed a coordinate increase in protein and mRNA in the QC 196 

and stele cells. However, mRNA signals increased in the epidermis and cortex cells without 197 

any apparent activation of the reporter protein fluorescence. The quantification of the mRNA 198 

levels or protein fluorescence intensity per cell further confirms a higher increase of mRNA 199 

compared to protein at lower NAA concentrations (Fig. 3B-F). These results are, therefore, 200 

consistent with WM-smFISH being more sensitive. They also demonstrate that combining 201 

WM-smFISH with reporter protein imaging can provide quantitative spatio-temporal 202 

information on the transcriptional-translational dynamics of gene expression. Combining 203 

these measurements with positional information and 3D cell atlas (Montenegro-Johnson et 204 

al., 2015; Jackson et al., 2019; Vijayan et al., 2021; Strauss et al., 2022) could provide powerful 205 

tools to assess the influence of cellular context on gene expression and translation at a fine 206 

scale.  207 

 208 

Subcellular detection and co-localization of mRNA and protein 209 

Subcellular localization of RNAs is important to regulate biological processes, allowing them 210 

to find their target, control their translation, or regulate their stability (Martin and Ephrussi, 211 

2009; Das et al., 2021). One example is the mRNAs of nucleoporins (NUP1/NUP2), which are 212 

localized and translated next to the nuclear envelope to ensure the proper delivery of the 213 

proteins to the nuclear pore complex in yeasts (Lautier et al., 2021). We tested if WM-smFISH 214 

can be used to quantitatively evaluate mRNA subcellular localization patterns by colocalizing 215 

mRNA spots with fluorescent protein signals. For this, we adapted our automated workflow 216 

to segment the protein signal and quantify the number of mRNAs colocalizing with the 217 

reporter protein. Using our workflow, we examined the subcellular distribution of NUP1 218 
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mRNA in the apical meristem of Arabidopsis roots expressing NUP1-GFP (Fig. 4A). We used 219 

probes directed against the GFP mRNA to asses the mRNA position which we compared with 220 

the localization of the nuclear envelope using NUP1-GFP signal (Fig. 4A). As a control, we 221 

performed WM-smFISH using PP2A probes which we have previously shown to be evenly 222 

distributed throughout the cytoplasm (Duncan et al., 2016) (Fig. 4B). We detected a 223 

significantly higher (p<0.0001, Student’s t-test) number of NUP1 transcripts colocalizing with 224 

NUP1-GFP protein compared to PP2A (Fig. 4C). Nevertheless, we also observed a slightly 225 

higher number of NUP1-GFP transcripts per cell compared to PP2A (p<0.0141, Student’s t-226 

test) (Fig. 4D). We, therefore, normalized the number of transcripts colocalizing with NUP1-227 

GFP signal by the total number of mRNAs per cell to ensure that indeed a higher proportion 228 

of transcripts colocalized with NUP1-GFP. On average, 45.4% of the NUP1 mRNAs colocalized 229 

with NUP1-GFP whereas only 28.7 % of PP2A transcripts are present within the nuclear 230 

envelope (Fig. 4E). The differences (p<0.0001, Student’s t-test) indicate that NUP1 mRNA is 231 

preferentially targeted to the nuclear envelope and that WM-smFISH is well suited to 232 

investigate the subcellular localization of RNAs and visualize their colocalization with protein 233 

partners. 234 

 235 

In conclusion, we have developed a whole-mount method that enables us to apply smFISH in 236 

a variety of intact plant tissues. Determining when and in which tissues and cell types a gene 237 

is expressed is essential for their functional characterization. In addition, with the use of 238 

fluorescent protein reporters, WM-smFISH can be used for simultaneous detection of mRNA 239 

and protein quantity at cellular and subcellular levels. Therefore, this approach will be useful 240 

to model the transcription/translation dynamics and for studying regulatory mechanisms 241 

associated with developmental and physiological processes. Furthermore, the whole-mount 242 

smFISH method presented here may be adapted for use in other plant species and opens up 243 

many exciting opportunities for plant researchers. 244 

 245 
 246 
  247 
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MATERIALS AND METHODS 248 
 249 
Plant materials 250 
pDR5rev::3xVENUS-N7 (N799364) and pCUC2::3xVENUS-N7 (N23896) were obtained from 251 
the Eurasian Arabidopsis Stock Center (uNASC). The NUP1-GFP seeds were a gift from Prof. 252 
Chang Liu. All plants were grown as described in the supplementary Materials and Methods.  253 
 254 
Sample preparation 255 
Paraformaldehyde fixed samples were permeabilized and clear through a series of Methanol, 256 
Ethanol, and ClearSee (Kurihara et al., 2015) treatments before being embedded into an 257 
acrylamide polymer in which the hybridization was performed. The supplementary Materials 258 
and Methods give additional details on the sample preparation and embedding steps. 259 
 260 
In situ hybridization 261 
SmFISH probe design and hybridization conditions for different A. thaliana tissues are 262 
described in Supplementary Materials and Methods. 263 
 264 
Imaging 265 
Whole mount and squashed plant tissues were imaged with a Zeiss LSM800 confocal 266 
microscope as described in the Supplementary Materials and Methods.  267 
 268 
Image processing and analysis 269 
Cell segmentations were performed using Cellpose (Stringer et al., 2021). RNA foci were 270 
detected and counted using FISH-quant-v3 (Mueller et al., 2013). Co-localisation analysis and 271 
heatmap reconstruction were performed using CellProfiler (Stirling et al., 2021). Additional 272 
details on the image processing and analyses can be found in the Supplementary Materials 273 
and Methods.  274 
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Figure legends 384 
 385 
Figure 1. Single-molecule fluorescence in situ hybridization in Arabidopsis whole-mounts. 386 
(A) Schematic diagram of the whole-mount smFISH method. (B) Schematic of the different 387 
developmental regions (I-IV) in the Arabidopsis root. (C) Detection of PP2A mRNA molecules 388 
in Arabidopsis roots. The contours of cells were visualized through cell wall staining with 389 
Renaissance 2200. Scale bars, 10μm. 390 
  391 
Figure 2. Whole-mount smFISH enables combining RNA and protein quantification. (A) 392 
Schematic diagram for simultaneous RNA and protein detection. VENUS mRNAs are 393 
hybridized and detected with smFISH probes and the VENUS proteins are detected directly 394 
through protein fluorescence. (B) Transition embryo expressing pDR5rev::3xVENUS-N7 395 
showing detection of VENUS mRNA (magenta) and protein (green). (C) Close-up of a single 396 
cell from the embryo presented in B, showing individual mRNAs as single spots and VENUS  397 
fluorescence in the nucleus. (D) Workflow diagram showing the three-stepped pipeline for 398 
quantitative analysis of wholemount-smFISH with fluorescent protein detection. (E-H) 399 
Simultaneous mRNA and protein detection in (E) heart stage embryo and (G) leaf using 400 
pDR5rev::3xVENUS-N7 and pCUC2::3xVENUS-N7 reporter lines, respectively. Confocal 401 
microscopy images for mRNA (magenta), protein (green), and merged signals. (F, H) 402 
Quantification results for mRNA and protein in heart stage embryo (F)and leaf (H). (I-II) 403 
Heatmaps representing the levels of the mean signal intensity per cell detected in each 404 
channel (for RNA or protein detection). (III) Heatmap representing the ratio between the RNA 405 
and protein signal intensities per cell. (IV) Histograms showing the distribution of the number 406 
of transcripts (magenta) or total protein intensity (green) per cell, the median value is 407 
indicated with a dashed line. The contours of cells were visualized with Renaissance 2200 dye. 408 
Scale bars, 20μm. 409 
 410 
Figure 3. Whole-mount smFISH enables spatial and quantitative characterization of gene 411 
expression at RNA and protein levels upon exogenous stimulus. (A) Representative images 412 
for the detection of  VENUS mRNA (magenta) and protein (green) in pDR5rev::3xVENUS-N7 413 
reporter seedlings treated with DMSO, NAA 1 µM, or NAA 10 µM for two hours. The contours 414 
of cells were visualized with Renaissance 2200 dye. Scale bars, 20μm. (B-C) Heatmaps 415 
representing the levels of the mean signal intensity per cell detected in the channels for (B) 416 
RNA or (C) protein detection in the representative images shown in panel A. (D) Heatmaps 417 
representing the ratio between the RNA and protein signal intensities per cell in the 418 
representative images shown in panel A. (E) Correlation between the number of transcripts 419 
per cell area and the mean protein intensity per cell (log-scaled) detected for each 420 
representative image shown in panel A. A linear model regression was calculated and the 421 
determinant coefficient (R2) and adjusted p-value are included in each plot. (F-G) Density plots 422 
showing the distributions for (F) the number of transcripts and (G) total protein intensity per 423 
cell detected in all the treated roots (DMSO: 1659 cells, NAA 1 µM: 1830 cells, NAA 10 µM: 424 
1456 cells). The dashed lines represent the mean values for each condition. Violin plots 425 
showing the log-normalized distributions and p-values for ANOVA/TukeyHSD tests are shown 426 
in the inserted panel. 427 
 428 
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Figure 4. RNA detection by smFISH can be combined with protein detection for subcellular 429 
colocalization analysis. (A-B) Representative images to evaluate the subcellular localization 430 
of (A) NUP1-GFP or (B) PP2A mRNAs in cells from the meristematic zone in NUP1-GFP 431 
expressing roots. Confocal images show the simultaneous detection of the respective mRNA 432 
(magenta), NUP1-GFP protein (green), and contours of cells from the Renaissance 2200 dye 433 
(white) (left panel). Cells and nuclear envelope were segmented based on Renaissance 2200 434 
and NUP1-GFP signals, respectively. The detected RNA molecules are highlighted in yellow 435 
either in the whole cell (middle panel) or colocalizing with the NUP1-GFP signal (right panel). 436 
Scale bars, 20μm. (C-E) Violin plots showing the number of NUP1-GFP or PP2A mRNA 437 
molecules per cell (NUP1-GFP: 97 cells, PP2A: 141 cells). A t-test was performed to compare 438 
both mRNAs, the p-value is indicated on the graph. The plots show: (C) the number of 439 
transcripts per cell, (D) the number of transcripts colocalizing with the NUP1-GFP signal, and 440 
(E) the ratio between the number of colocalized transcripts and the total number of 441 
transcripts per cell. 442 
 443 
 444 
 445 
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Figure 1. Single-molecule fluorescence in situ hybridization in Arabidopsis whole-mounts.
(A) Schematic diagram of the whole-mount smFISH method. (B) Schematic of the different
developmental regions (I-IV) in the Arabidopsis root. (C) Detection of PP2A mRNA molecules in
Arabidopsis roots. The contours of cells were visualized through cell wall staining with Renaissance
2200. Scale bars, 10μm.
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Figure 2. Whole-mount smFISH enables combining RNA and protein quantification.
(A) Schematic diagram for simultaneous RNA and protein detection. VENUS mRNAs are hybridized and
detected with smFISH probes and the VENUS proteins are detected directly through protein
fluorescence. (B) Transition embryo expressing pDR5rev::3xVENUS-N7 showing detection of VENUS
mRNA (magenta) and protein (green). (C) Close-up of a single cell from the embryo presented in B,
showing individual mRNAs as single spots and VENUS fluorescence in the nucleus. (D) Workflow
diagram showing the three-stepped pipeline for quantitative analysis of wholemount-smFISH with
fluorescent protein detection. (E-H) Simultaneous mRNA and protein detection in (E) heart stage
embryo and (G) leaf using pDR5rev::3xVENUS-N7 and pCUC2::3xVENUS-N7 reporter lines, respectively.
Confocal microscopy images for mRNA (magenta), protein (green), and merged signals. (F, H)
Quantification results for mRNA and protein in heart stage embryo (F)and leaf (H). (I-II) Heatmaps
representing the levels of the mean signal intensity per cell detected in each channel (for RNA or
protein detection). (III) Heatmap representing the ratio between the RNA and protein signal intensities
per cell. (IV) Histograms showing the distribution of the number of transcripts (magenta) or total
protein intensity (green) per cell, the median value is indicated with a dashed line. The contours of cells
were visualized with Renaissance 2200 dye. Scale bars, 20μm.
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Figure 3. Whole-mount smFISH enables spatial and quantitative characterization of gene expression
at RNA and protein levels upon exogenous stimulus. (A) Representative images for the detection of
VENUS mRNA (magenta) and protein (green) in pDR5rev::3xVENUS-N7 reporter seedlings treated with
DMSO, NAA 1 µM, or NAA 10 µM for two hours. The contours of cells were visualized with Renaissance
2200 dye. Scale bars, 20μm. (B-C) Heatmaps representing the levels of the mean signal intensity per cell
detected in the channels for (B) RNA or (C) protein detection in the representative images shown in
panel A. (D) Heatmaps representing the ratio between the RNA and protein signal intensities per cell in
the representative images shown in panel A. (E) Correlation between the number of transcripts per cell
area and the mean protein intensity per cell (log-scaled) detected for each representative image shown
in panel A. A linear model regression was calculated and the determinant coefficient (R2) and adjusted
p-value are included in each plot. (F-G) Density plots showing the distributions for (F) the number of
transcripts and (G) total protein intensity per cell detected in all the treated roots (DMSO: 1659 cells,
NAA 1 µM: 1830 cells, NAA 10 µM: 1456 cells). The dashed lines represent the mean values for each
condition. Violin plots showing the log-normalized distributions and p-values for ANOVA/TukeyHSD
tests are shown in the inserted panel.
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Figure 4. RNA detection by smFISH can be combined with protein detection for subcellular
colocalization analysis. (A-B) Representative images to evaluate the subcellular localization of (A)
NUP1-GFP or (B) PP2A mRNAs in cells from the meristematic zone in NUP1-GFP expressing roots.
Confocal images show the simultaneous detection of the respective mRNA (magenta), NUP1-GFP
protein (green), and contours of cells from the Renaissance 2200 dye (white) (left panel). Cells and
nuclear envelope were segmented based on Renaissance 2200 and NUP1-GFP signals, respectively. The
detected RNA molecules are highlighted in yellow either in the whole cell (middle panel) or colocalizing
with the NUP1-GFP signal (right panel). Scale bars, 20μm. (C-E) Violin plots showing the number of
NUP1-GFP or PP2A mRNA molecules per cell (NUP1-GFP: 97 cells, PP2A: 141 cells). A t-test was
performed to compare both mRNAs, the p-value is indicated on the graph. The plots show: (C) the
number of transcripts per cell, (D) the number of transcripts colocalizing with the NUP1-GFP signal, and
(E) the ratio between the number of colocalized transcripts and the total number of transcripts per cell.
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Figure.S1. Optimization of clearing procedure for whole-mount smFISH. (A-B) smFISH using
probes against PP2A mRNA (grey spots). (A) Representative image of smFISH in root meristem
squashes of 7-days-old Arabidopsis seedlings. Imaging was performed using a widefield
microscope. (B) Whole-mount smFISH in the root meristem of 7-days-old Arabidopsis seedling
without ClearSee treatment. Imaging was performed using a confocal microscope. (C)
Representative image of whole-mount smFISH method in the root meristem of 7-days-old
Arabidopsis seedling after ClearSee treatment. Imaging was performed using a confocal
microscope. (D) Whole-mount smFISH of the root depicted in C after 15 minutes of RNase
treatment. Scale bars, 20μm. (E) Violin plot comparing the number of transcripts detected before
[RNAse(-), panel C] and after RNAse treatment [RNAse(+), panel D]. Boxes inside show the
interquartile range (IQR 25-75%), indicating the median values as a horizonal line. Whiskers show
the ±1.58xIQR value. A t-test was performed to compare both conditions, the p-value is indicated
on the graph. N = 130 cells per condition.
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Fig. S2. WM-smFISH in other plant tissues using PP2A probes. Representative images of whole-
mount smFISH in: (A) inflorescence meristem; (B) ovule; (C) embryo; (D) leaf. Right: Zoomed-in
images from the regions highlighted with a square on the left panel images. Scale bars, 10μm.
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Fig.S3. Expression level of PP2A in different organs.

The above image for gene AT1G69960 (represented by ATH1 probe set 264703_at) was generated 
using the eFP Browser 2.0 at bar.utoronto.ca by Waese et al 2013.
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Figure.S4. WM-smFISH for simultaneous detection of mRNA and protein in different tissues. (A-F)
Representative images for WM-smFISH for the detection of VENUS mRNA (magenta) and protein
(green) in pDR5rev::3xVENUS-N7 and pCUC2::3xVENUS-N7 reporter lines in: young leaf (A); floral
primordia (B-D); ovule (E); inflorescence meristem (F). (G-H) WM-smFISH images depicted in Fig. 2E
(embryo) and 2G (young leaf) showing only the smFISH probe channel in grey. Inset (H): showing the
same region with lower brightness and contrast levels, allowing to observed single dotted signals
corresponding to mRNAs. Scale bars, 20μm.
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Fig.S5. Correlation between the number of transcripts per cell and the total fluorescence intensity
of RNA or proteins at the cellular level. Scatter plots showing the correlation between the number
of transcripts per cell area and the mean RNA intensity (by smFISH) (A, B) or protein intensity (C, D)
per cell (in logarithmic scales) detected for the representative images shown in Figure 2. A linear
model regression was calculated and the determinant coefficient (R2) and adjusted p-value are
included in each plot. (A, C) Heart-stage embryo. (B, D) leaf.
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Figure S6: Evaluation of the RNA-single molecule quantification workflow in images acquired by
different methods. (A-B) Representative images showing the cell segmentation results obtained for
squashed-root tip cells (A) and from a whole-mount root (B) using Cellpose. (C-E) Representative
images showing the detected RNA molecules by FISHquant using different acquisition methods: (C)
squashed root, confocal microscopy, single plane; (D) squashed root, widefield microscopy, single
plane; (E) whole-mount root, confocal microscopy, single plane. (F-H) Density plots comparing the
distributions for the number of RNAs per cell using different methods. Distributions were statistically
compared using a two-sample centered Kolmogorov-Smirnov test, p-values are indicated on the graph.
(F) Comparison between detection by eye (manual) and the workflow from this paper (This_method) in
images from a squashed root, obtained with widefield microscopy in Z-planes (N = 61 cells). (G)
Comparison between images from squashed roots using confocal or widefield (WF) microscopy
(Confocal: 520 cells, WF: 255 cells). (H) Comparison of the distributions obtained from squashed roots
(squash) or whole-mount roots (wm) analyzing one plane from confocal microscopy (squash: 520 cells,
wm: 1249 cells).
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Fig.S7. Specificity detection validation for the RNA single-molecule quantification method.
Representative images to quantify the VENUS (A) or PP2A (B) mRNAs in cells from the meristematic
zone in roots from 7-day old pDR5rev::3xVENUS-N7 reporter lines. Confocal images (upper panels)
show the simultaneous detection of the respective mRNA (magenta), VENUS protein (green), and cell
contours with Renaissance 2200 dye (white). Scale bars, 20μm. Heatmaps represent the levels of the
mean signal intensity per cell detected in the channels for RNA (middle panels) or protein detection
(bottom panels) in the representative images shown in the top panels. Heatmaps represent the ratio
between the RNA and protein signal intensities per cell in the representative images shown in the top
panels. (C) Correlation between the number of transcripts per cell area and the mean protein
intensity per cell (in logarithmic scales) detected for VENUS or PP2A mRNAs. Linear model regressions
were calculated and the determinant coefficient (R2) and adjusted p-value are included in each plot
(VENUS: 1136 cells, PP2A: 1299 cells).
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Fig.S8. Simultaneous quantification for RNA and protein quantification in floral primordia.
Simultaneous mRNA and protein in floral primordia using a pDR5rev::3xVENUS-N7 reporter line. (A)
Confocal microscopy image detecting mRNA (magenta), protein (green), and cell contours with
Renaissance 2200 dye (white). Scale bars, 20μm. (B-C) Heatmaps representing the levels of the mean
signal intensity per cell detected in each channel for RNA (B) or protein (C) detection. (D) Heatmap
representing the ratio between the RNA and protein signal intensities per cell. (E-F) Histograms
showing the distribution of the number of transcripts (E) or total protein intensity (F) per cell (right),
the median value is indicated with a dashed line.


