[image: image1]RNA-FISH as a probe for heterogeneity at the cellular and subcellular levels in cyanobacteria

		METHODS
published: 23 December 2024
doi: 10.3389/fphbi.2024.1511953


[image: image2]
RNA-FISH as a probe for heterogeneity at the cellular and subcellular levels in cyanobacteria
Conrad W. Mullineaux1*, Kexin Wang2 and Moontaha Mahbub1
1School of Biological and Behavioural Sciences, Queen Mary University of London, London, United Kingdom
2School of Science, University of Greenwich, Chatham, United Kingdom
Edited by:
Radek Kana, Academy of Sciences of the Czech Republic (ASCR), Czechia
Reviewed by:
Iskander M. Ibrahim, Towson University, United States
Kasia Piwosz, National Marine Fisheries Research Institute, Poland
Meri J. Eichner, Academy of Sciences of the Czech Republic (ASCR), Czechia
* Correspondence: Conrad W. Mullineaux, c.mullineaux@qmul.ac.uk
Received: 15 October 2024
Accepted: 09 December 2024
Published: 23 December 2024
Citation: Mullineaux CW, Wang K and Mahbub M (2024) RNA-FISH as a probe for heterogeneity at the cellular and subcellular levels in cyanobacteria. Front. Photobiol. 2:1511953. doi: 10.3389/fphbi.2024.1511953

The abundance and subcellular location of specific mRNA molecules can give rich information on bacterial cell biology and gene expression at the single-cell level. We have been using RNA Fluorescent in situ Hybridization (RNA-FISH) to probe for specific mRNA species in both unicellular and filamentous cyanobacteria. We have shown that the technique can be used to reveal the locations of membrane protein production and can also reveal heterogeneity in gene expression at the single-cell level, including patterns of gene expression within the filaments of heterocyst-forming cyanobacteria as they differentiate in diazotrophic conditions. However, the background fluorescence from pigments in cyanobacteria can cause problems, as can the resistance of heterocysts to permeabilization. Here we discuss the potential and the pitfalls of RNA-FISH as applied to cyanobacteria. We compare the information that can be obtained from RNA-FISH with that available from other techniques for probing gene expression.
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1 INTRODUCTION TO RNA-FISH
RNA Fluorescent in situ Hybridization (RNA-FISH) is a technique that allows the visualization of the abundance and location of RNA molecules in their native context in the cell. Synthetic single-stranded and fluorescently-tagged DNA molecules are used as probes that will hybridize with single-stranded RNA molecules that have complementary sequences, allowing the presence of the RNA to be detected in a fluorescence microscope. RNA-FISH differs from DNA-FISH in that the sample preparation does not include a step to denature double-stranded nucleic acids. Therefore, genomic DNA sequences generally do not hybridize with the fluorescent probe DNA, which will only find single-stranded RNA molecules. In order to allow the DNA probes into the cell, the cells must first be fixed with formaldehyde or a similar crosslinking agent, and then permeabilized with ethanol solution. So, RNA-FISH is not a live-cell technique but can be used to give “snapshots” of an mRNA species within the cell under particular conditions. Formaldehyde crosslinking is not instantaneous, but it is rapid, effectively preserving interactions with lifetimes longer than about 5 s (Schmiedeberg et al., 2009).
We have employed a variant known as single-molecule (sm) RNA-FISH (Skinner et al., 2013), in which an RNA species is detected by its hybridization to a set of short single-stranded DNA probes, each 20 bases long and designed to bind at sequential positions along the RNA, with binding sites separated by short intervals of RNA sequence (Orjalo et al., 2011). We designed probe sets using the proprietary Stellaris™ RNA–FISH Probe Designer program (https://www.biosearchtech.com/stellaris-designer) with a minimum separation of 2 bases between the probe binding sites and a GC content of around 50% (Mahbub et al., 2020). Each probe is linked to a fluorophore at its 3′ end, and the high specificity and sensitivity of the technique comes from the large number of fluorescent DNA molecules that can associate with each RNA molecule (Orjalo et al., 2011). A set of 40–48 probes is recommended, which in practice means that the RNA molecule to be detected should be at least 1,000 bases long. In principle the technique gives sufficient sensitivity to detect single mRNA molecules, and it is possible to count the number of mRNA molecules in each cell using a statistical approach that estimates the minimum step size in the fluorescent signals from many cells (Skinner et al., 2013). Here, we discuss what we have learned so far from applying RNA-FISH to cyanobacteria, including information on the sub-cellular location of RNA species and heterogeneity in gene expression at the cellular level. We discuss some specific issues with the use of RNA-FISH in cyanobacteria and we compare the information that can be obtained from RNA-FISH with the information provided by other approaches to probing gene expression.
2 PRACTICALITIES AND PROBLEMS WITH APPLYING RNA-FISH TO CYANOBACTERIA
We found that the RNA-FISH labeling protocol developed by Skinner et al. for Escherichia coli (Skinner et al., 2013) works well in cyanobacteria with only minor modifications. To get consistent labeling, we found it beneficial to increase the exposure of the formaldehyde-fixed cells to 70% ethanol for permeabilization. For the unicellular cyanobacteria Synechocystis sp. PCC 6803 and Synechococcus elongatus PCC 7942 we incubated the cells with 70% ethanol for 1 h at room temperature followed by 2 h at 4°C (Mahbub et al., 2020). For the filamentous Anabaena sp. PCC 7120 we further increased the exposure to 70% ethanol (1 h at room temperature, 3–5 h at 4°C and then a further 1 h at room temperature (Wang et al., 2024).
The major issue in cyanobacteria as compared to E. coli, for example, is the high level of background fluorescence in cyanobacterial cells, which complicates the detection and quantitation of the FISH signal. FISH probes can be supplied with a range of fluorescent dyes, and it is obviously advisable to choose dyes whose fluorescence emission is as far removed as possible from the peak fluorescence of the photosynthetic pigments. We have been able to measure FISH signals in cyanobacteria using probes labeled with fluorescein (emission maximum about 515 nm) and carboxytetramethylrhodamine (TAMRA: emission maximum about 578 nm), with TAMRA giving more stable and consistent signals (Mahbub and Mullineaux, 2023). Fluorescein and TAMRA can be readily distinguished in a confocal microscope, so that it is possible to probe for two RNA species simultaneously (Mahbub and Mullineaux, 2023). Although both fluorophores fluoresce at shorter peak wavelengths than the photosynthetic pigments, background fluorescence remains an issue. The background comes mainly from the thylakoid membrane region, and probably comes from a mixture of photosynthetic pigments and other thylakoid-associated components such as cytochromes (Mahbub et al., 2020). Much of the chlorophyll in the cell is washed out during the permeabilization step of sample preparation, which involves incubation in 70% ethanol (Mahbub et al., 2020). However, the phycobilins, and likely other fluorescent thylakoid components, remain in place in the fixed and permeabilized cells, with fluorescence that extends right across the green window where we look for FISH signals. An advantage of this is that the thylakoid membranes can still be visualized very clearly in the treated cells, which allows determination of the positions of mRNA molecules in relation to the thylakoids (Mahbub et al., 2020; Mahbub and Mullineaux, 2023; Wang et al., 2024). However, the drawback is that quantitation of the FISH signal becomes harder. The problem can be reduced, but not eliminated, by careful choice of emission detection windows in the microscope: this is more easily achieved in laser scanning confocal microscopes where the emission window is set by a monochromator. In some circumstances, the background signal in the FISH detection window can be reliably computed as a predictable fraction of the longer-wavelength fluorescence from photosynthetic pigments, which means that “background” images can be calculated and subtracted from the FISH images to give a cleaner FISH signal (Mahbub et al., 2020). However, this method breaks down in some circumstances where the cells are undergoing changes in their pigment content, for example, in developing heterocysts (Wang et al., 2024). In any case, the background fluorescence means that we can only be confident about FISH signals from abundant RNA species, such as photosynthetic mRNAs (Mahbub et al., 2020; Mahbub and Mullineaux, 2023; Wang et al., 2024) and ribosomal RNAs (Hemm et al., 2024). So far, the background fluorescence has prevented us from applying the elegant statistical approach for counting mRNA molecules (Skinner et al., 2013). FISH signals from abundant RNA species can give a good indication of relative RNA levels in different cells and under different conditions, but we have not been able to quantify absolute numbers of RNA molecules per cell in cyanobacteria (Mahbub et al., 2020; Mahbub and Mullineaux, 2023).
Another FISH variant, Catalyzed Reporter Deposition or CARD-FISH (Kubota, 2013), offers a potential route to enhancing the brightness of FISH signals. It has been employed in environmental samples to identify cells of particular species (Ramm et al., 2012), however, the technique has rarely been employed for RNA detection at the sub-cellular level. CARD-FISH relies on the deposition of fluorophore-linked tyramide species catalyzed by horseradish peroxidase conjugated to the FISH probe (Kubota, 2013). The indirect detection method is liable to result in a loss of quantitative information and spatial resolution, and it necessitates a harsher permeabilization treatment to allow entry of the horseradish peroxidase (Kubota, 2013).
In most circumstances in cyanobacteria, we have not found permeabilization of cells to allow entry of the FISH probes to be an issue. We have successfully probed several species of cyanobacteria under multiple growth conditions, obtaining very consistent and reliable signals. Penetration of the probes through the thylakoid system into the central cytoplasm does not seem to be a problem, since some RNA species specifically light up in the central cytoplasm or at the proximal thylakoid membrane surface (Mahbub et al., 2020; Mahbub and Mullineaux, 2023; Hemm et al., 2024; Wang et al., 2024). However, we have found that penetration of FISH probes into the cell abruptly ceases in developing Anabaena heterocysts 20–24 h after nitrogen stepdown, although we can again detect FISH signals in some older heterocysts 48 h after nitrogen stepdown (Wang et al., 2024). The problem presumably arises from the thick laminated heterocyst surface layers, and we were not able to resolve it with longer exposure to 70% ethanol. Although we have not found the same issue in any other circumstances, it might potentially arise in other cases where the cell surrounds itself with particularly impenetrable surface layers. The difficulty of FISH labeling in heterocysts could potentially be addressed by using mutants deficient in heterocyst glycolipid production, however, such mutations can strongly affect heterocyst function (Garg and Maldener, 2021).
Wherever we have been able to verify RNA-FISH labeling in cyanobacteria with positive and negative controls, the technique has proved specific and reliable. Negative controls have included the use of null mutants for non-essential genes, including psbA in Synechocystis (Mahbub et al., 2020) and cox2 in Anabaena (Wang et al., 2024). Note that such negative controls are only reliable where the open reading frame has been completely removed: for example, we observed an RNA-FISH signal for Anabaena cox3 in a mutant where the gene had been interrupted rather than deleted, presumably due to production of a residual mRNA species with sufficient stability for detection (Wang et al., 2024). Positive controls have included the expected upregulation of psbA expression upon high light exposure in Synechocystis and Synechococcus (Mahbub et al., 2020) and the specific induction of cox2 and cox3 after nitrogen stepdown in Anabaena pro-heterocysts (Wang et al., 2024).
3 RNA-FISH IN COMPARISON TO OTHER TECHNIQUES FOR PROBING MRNA AND GENE EXPRESSION
3.1 RNA-FISH in comparison to transcriptomics
RNA-Seq and related approaches give rich information on changing patterns of gene expression [for examples in cyanobacteria, see (Voigt et al., 2014; Saha et al., 2016)]. Obviously, a full transcriptome gives a much more complete picture of gene expression than an RNA-FISH experiment probing only one, or at most two, mRNA species. However, RNA-FISH experiments provide complementary information that can fill some of the gaps in transcriptomics.
Firstly, RNA-FISH gives information on cell-to-cell variability in transcript levels. Such variations can arise stochastically, but nevertheless have strong biological implications, as has been shown for E. coli, for example (Engl et al., 2020). Cell-to-cell differences in gene expression can also arise in a more deterministic way as part of a developmental program in filamentous bacteria, for which heterocyst differentiation in the Nostocales is a classic example (Flores et al., 2019). It should be noted that many “unicellular” cyanobacteria are often found in colonies, flocs, biofilms or other assemblages (Rossi and De Philippis, 2015; Xiao et al., 2018; Conradi et al., 2019) and distinct patterns of gene expression according to position in the assemblage are almost inevitable. Emerging methods for single-cell bacterial transcriptomics (Homberger et al., 2022) potentially offer another way to probe heterogeneity in gene expression, but, to our knowledge, these methods have not yet been applied to cyanobacteria.
A second way in which RNA-FISH complements transcriptomics is by providing direct visualization of the (relative) level of an RNA species per cell. Transcriptomic data (and also data obtained from RT-PCR and Northern blots) are problematic to relate to expression at the cellular level – generally expression is judged to have changed if the level of a transcript changes relative to the total RNA pool or relative to the level of a “housekeeping” transcript that is presumed to be constant. However, in reality, both the cellular level of any individual RNA species and the total cellular RNA pool might well be variable depending on conditions: for example in cyanobacteria the level of transcriptional activity and the total transcript pool can decrease drastically during the night (Takano et al., 2015; Welkie et al., 2019). For the selected transcripts that are probed, RNA-FISH gives a direct readout of the transcript level per cell: it could be employed to normalize transcriptomic data to give a more accurate picture of which transcripts are actually increasing or decreasing per cell. For example, Figure 1A clearly demonstrates the increase in average cellular content of psbA transcripts following high light exposure, although the increase is not seen in every cell.
[image: Figure 1]FIGURE 1 | RNA-FISH as a probe of cellular heterogeneity in cyanobacteria. FISH signals are shown in green and fluorescence from the photosynthetic pigments in magenta. (A) psbA mRNA probed in cells of Synechococcus elongatus PCC 7942 grown in low light, or after 1 h exposure to high light. Scalebars 2 µm. Adapted from (Mahbub et al., 2020). (B) psbA and cox2 mRNAs probed in filaments of Anabaena (Nostoc) sp PCC 7120 8 h after transfer to nitrate-free medium to induce heterocyst differentiation. Arrows indicate specific cells (most likely pro-heterocysts) where psbA expression has been repressed or cox2 expression has been induced. Scalebars 3 µm. Adapted from (Wang et al., 2024).
Finally, of course, RNA-FISH gives information on the sub-cellular location of RNA species, as will be discussed below in Section 4.
3.2 RNA-FISH in comparison to live-cell mRNA visualization
An alternative method to visualize mRNA molecules within the cell involves the creation of a mutant in which the RNA species of interest carries a tandem repeat of the binding site for the phage MS2 coat protein. The cells are further engineered to express fluorescent protein-tagged MS2, which can then bind to the mRNA in vivo, generating fluorescent spots that can be observed in the microscope (Golding and Cox, 2004). The great benefit of this technique is that, unlike RNA-FISH, it can be used to track changing mRNA abundance and location with time in live cells (Golding and Cox, 2004). We are not aware of any reports of the use of technique in cyanobacteria, but it has been employed in E. coli to study the factors that lead to location of some mRNA species at the membrane (Nevo-Dinur et al., 2011; Sarmah et al., 2023). Drawbacks in comparison to RNA-FISH are that it requires the construction of a mutant line for every mRNA to be studied, it does not give such a direct measure of mRNA abundance, and the addition of the MS2 binding site array to the mRNA (and the binding of multiple fluorescent proteins) could potentially create artefacts in the lifecycle, motion, interactions and location of the mRNA species. In cyanobacteria, specific regions of some mRNA molecules at the 3′ end of the coding sequence seem to be particularly important for protein interaction, stability and sub-cellular location (Hemm et al., 2024), suggesting a strong potential for artefacts that could arise from adding tags to the mRNA sequence.
3.3 RNA-FISH in comparison to the use of reporter genes
Reporter genes have been extensively used to probe gene expression at the single-cell level in filamentous cyanobacteria (Videau et al., 2014), and gene expression as a function of time in studies of the circadian clock (Kondo et al., 1993). The principle is that the promoter region of a gene of interest is fused to a gene encoding a protein that generates a signal that is readily detectable in live cells. Reporters used have included GFP and its derivatives (Rajagopalan and Callahan, 2010), EcFbFP, a flavin mononucleotide-dependent fluorophore (Videau et al., 2014), and luciferase (Kondo et al., 1993). The great benefit of reporter genes is that they enable continuous monitoring of gene expression in live cells, which is obviously not available through RNA-FISH. However, unlike RNA-FISH, the reporters give no useful information at the sub-cellular level, and they do not give a direct readout of mRNA level. They give a good indicator of promoter activity, but do not give reliable information on factors such as the turnover and stability of the native mRNA, which may also be significant in controlling gene expression (Sakamoto and Bryant, 1997). The maturation of the reporter protein can result in a significant time-lag in observation of the onset of the gene expression [10–30 min for GFP (Drepper et al., 2010)] although luciferase appears significantly faster (Mazo-Vargas et al., 2014). The lifetime of the reporter protein must always be a complicating factor when observing the repression of gene expression. By contrast, mRNA-FISH can give a direct readout of mRNA levels in individual cells with a time resolution that is effectively limited by the timescale of formaldehyde fixation, which is around 5s (Schmiedeberg et al., 2009).
4 RNA-FISH AS A PROBE OF CELLULAR HETEROGENEITY IN CYANOBACTERIA
Our RNA-FISH experiments to date have provided indications of two kinds of cellular heterogeneity: stochastic heterogeneity in gene expression in unicellular cyanobacteria, and systematic heterogeneity as part of a developmental programme in filamentous cyanobacteria. Stochastic heterogeneity is revealed, for example, in RNA-FISH visualization of psbA mRNA encoding the Photosystem 2 D1 protein in the unicellular cyanobacteria Synechocystis sp PCC 6803 and Synechococcus sp PCC 7942. Levels of this mRNA species are rather variable from cell to cell, and differences become extremely pronounced in high light-treated cells (Figure 1A) and in the presence of inhibitors or translation. Both treatments boost mRNA content in some cells and reduce it in others (Mahbub et al., 2020). It is not clear whether the heterogeneity results from differences in transcription, or differences in mRNA stability, or both, but the observations highlight very clear heterogeneity in cellular mRNA content that would not be apparent in transcriptomic or qRT-PCR studies, for example,. The physiological significance of such heterogeneity in mRNA levels remains to be determined: there is no obvious correlation with cell pigmentation or the stage of the cell cycle, and cells were taken from well-shaken planktonic cultures in which all cells should have experienced the same environment (Mahbub et al., 2020). Underlying causes could include stochastic “bursty” transcription as observed in E. coli (Engl et al., 2020) or there might be a connection with circadian control of gene expression, as the circadian clock will be randomized in cells grown in continuous light. Expression of psbA is under strong circadian control (Kondo et al., 1993).
Developmental heterogeneity is illustrated by our RNA-FISH observations of mRNA species in filaments of Anabaena (Nostoc) sp PCC 7120 undergoing heterocyst differentiation following transfer to growth medium lacking combined nitrogen (Wang et al., 2024) (Figure 1B). Here, the RNA-FISH experiments reveal the onset of expression of the cox2 and cox3 genes specifically in developing heterocysts about 8 h after nitrogen stepdown and shutdown of psbA expression in developing heterocysts at a similar time. However, expression of psaA is maintained in developing heterocysts (Wang et al., 2024), underlining the importance of Photosystem I activity in heterocysts (Magnuson and Cardona, 2016). All these results are broadly in line with deductions from other approaches (Flores et al., 2019), but they illustrate the potential of RNA-FISH to probe developmental regulation in filamentous cyanobacteria. The technique could potentially be applied to other developmental processes, such as the generation of akinetes and hormogonia (Meeks et al., 2002). As compared to the use of reporter genes, for example, RNA-FISH does not require the production of mutants and it gives a more direct indicator of RNA levels and better time-resolution, as discussed in Section 3.3 above. However, note that only longer transcripts can be probed reliably, and access of the probes to the cell interior might be lost under some conditions, as in heterocysts at 20–48 h after nitrogen stepdown (see Section 2 above).
5 RNA-FISH AS A PROBE OF SUB-CELLULAR HETEROGENEITY IN CYANOBACTERIA
A crucial feature of RNA-FISH is that it can give information (at optical resolution) on the sub-cellular location of mRNA species. The location of mRNAs can reveal important aspects of sub-cellular organization, including the location of sites of protein production. For membrane-integral thylakoid membrane proteins in cyanobacteria, RNA-FISH studies revealed that protein translation is confined to specific regions of the thylakoid membrane system, corresponding to the proximal thylakoid surfaces adjacent to the central cytoplasm and the nucleoid (Mahbub et al., 2020; Mahbub and Mullineaux, 2023; Wang et al., 2024) (Figure 2A). These specific thylakoid surfaces are also highly enriched in ribosomes, as demonstrated by RNA-FISH (Hemm et al., 2024), GFP-tagging (Mahbub and Mullineaux, 2023) and cryo-electron tomography (Rast et al., 2019). However, protein translation appears surprisingly delocalized on the proximal thylakoid surface, with translation of different mRNA species occurring in different patches of the membrane surface, even when the mRNAs encode different subunits of the same complex (Mahbub and Mullineaux, 2023) (Figure 2B). Thus, RNA-FISH gives a picture of the proximal thylakoid surfaces as specific translation and assembly regions, that are distinct from the mature photosynthetically functional membranes elsewhere in the thylakoid system (Eckardt et al., 2024). More broadly, RNA-FISH experiments suggest the translation of plasma membrane proteins at the plasma membrane (Mahbub and Mullineaux, 2023) and translation of Rubisco large subunits in situ at the carboxysomes (Mahbub et al., 2020). Therefore, FISH studies of RNA location can nicely complement studies of cell organization by cryo-electron tomography and fluorescent protein tagging to reveal how the complex architecture of cyanobacterial cells is established and maintained.
[image: Figure 2]FIGURE 2 | RNA-FISH as a probe of sub-cellular heterogeneity in cyanobacteria. (A) Core photosynthetic mRNAs probed in Anabaena (Nostoc) sp PCC 7120. FISH signals are shown in green and photosynthetic pigments in magenta. The mRNA species are concentrated in patches at the innermost thylakoid surface, marking likely translation/insertion zones for the photosynthetic complexes. Scalebars 3 µm. Adapted from (Wang et al., 2024). (B) Simultaneous FISH probing of pairs of photosynthetic mRNA species in Synechococcus elongatus PCC7942, suggesting that different mRNA species are translated at different places on the innermost thylakoid surface. Scalebars 2 µm and cell outlines shown in white. Adapted from (Mahbub and Mullineaux, 2023).
6 CONCLUSION
RNA-FISH studies can complement existing techniques for probing gene expression and developmental regulation in cyanobacteria. At the sub-cellular level, they can provide new insights into protein targeting and the biogenesis of protein complexes.
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