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Abstract 
 

In recent years, fluorescence microscopy techniques for the localization and tracking 

of single molecules in living cells have become well-established and indispensable 

tools for the investigation of cellular biology and in vivo biochemistry of many bacterial 

and eukaryotic organisms. Nevertheless, these techniques are still not established for 

imaging archaea. Their establishment as a standard tool for the study of archaea will 

be a decisive milestone for the exploration of this branch of life and its unique biology. 

 

Here we have developed a reliable protocol for the study of the archaeon Haloferax 

volcanii. We have generated an autofluorescence-free H. volcanii strain, evaluated 

several fluorescent proteins for their suitability to serve as single-molecule 

fluorescence markers and codon-optimized them to work under optimal H. volcanii 

cultivation conditions. We found that two of them, Dendra2Hfx and PAmCherry1Hfx, 

provide state-of-the-art single-molecule imaging. Our strategy is quantitative and 

allows dual-color imaging of two targets in the same field of view as well as DNA co-

staining. We present the first single-molecule localization microscopy (SMLM) images 

of the subcellular organization and dynamics of two crucial intracellular proteins in 

living H. volcanii cells, FtsZ1, which shows complex structures in the cell division ring, 

and RNA polymerase, which localizes around the periphery of the cellular DNA. 

This work should provide incentive to develop SMLM strategies for other archaeal 

organisms in the near future. 
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Introduction 

 

The development of super-resolution fluorescence microscopy techniques that can 

achieve resolutions in the nanometer range, and thus enable the investigation of sub-

cellular structures in living cells, has considerably expanded the possibilities of cell 

biology in the life sciences (Turkowyd et al., 2016;Sigal et al., 2018). These new 

techniques include Single-Molecule Localization Microscopy (SMLM), which has the 

unique ability to study individual molecules and measure their actions in live cells with 

high specificity, sensitivity and spatiotemporal resolution. While single molecules could 

previously only be studied in the controlled, but limited environment of in vitro assays, 

SMLM imaging allows us to measure their function in their native cellular environment. 

Consequently, SMLM imaging has become a powerful tool for studying cell biology 

(Endesfelder, 2019). 

SMLM imaging has become a well-established technique for many bacteria and yeast 

in recent years (Vojnovic et al., 2019), but archaea have not yet been studied using 

this technique. For archaeal studies, even standard fluorescence microscopy is still 
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only a rarely used tool, as fluorescence imaging faces a) the often extreme growth 

conditions of archaeal organisms (e.g. very high or low temperature or high saline, 

acidic, alkaline or anaerobic environments), b) their colorful pigments causing 

autofluorescence and c) the limited range of available model organisms and molecular 

tools (Kramm et al., 2019).  

The set of fluorescence tools for imaging archaea available today includes several 

optimized fluorescent protein versions, a codon-optimized and a split version of GFP 

(Reuter and Maupin-Furlow, 2004;Duggin et al., 2015;Winter et al., 2018;Li et al., 

2019) and a mCherry (Duggin et al., 2015;Liao et al., 2020) for imaging of Haloarchaea 

and a heat-tolerant GFP for Sulfolobus (Pulschen et al., 2020). Extrinsic stains include 

DNA staining with Acridine Orange, propidium iodide, Hoechst 33258 or 33342, DAPI 

and SYTOX Green (Samson et al., 2008, Liao, 2020 #2010;Delmas et al., 2013) or 

BrdU and EdU labeling of nascent DNA (Gristwood et al., 2012;Delpech et al., 2018), 

FM4-64Xa staining of membranes (Samson et al., 2008) or non-permeable dyes that 

stain the cell wall (Wirth et al., 2011), a new thermostable protein tag (H5) for 

Sulfolobus (Visone et al., 2017) and some immunofluorescence staining of fixed cells 

(Poplawski et al., 2000;Lindas et al., 2008;Samson et al., 2008;Ettema et al., 

2011;Zenke et al., 2015). 

Establishing advanced fluorescence microscopy as a regular instrument for the study 

of archaea will be a decisive milestone for the exploration of this branch of life (Bisson-

Filho et al., 2018). Archaea encompass a mixture of bacterial, eukaryotic and unique 

characteristics (Leigh et al., 2011), thus the study of the cellular functions of archaeal 

proteins will reveal new and important aspects of biology. In addition, due to their 

unusual, extreme habitats, archaea promise the discovery of a highly interesting and 

surprising molecular biology not found elsewhere.  

In this report we present the first protocol for the investigation of Haloferax volcanii 

using SMLM methods. We have developed a background-reduced H. volcanii strain 

by interrupting its carotenoid synthesis pathway, evaluated and codon-optimized 

suitable fluorescent proteins as genetic fluorescent markers and established reliable 

sample preparation protocols under high salt and temperature conditions in different 

media. We demonstrate that our SMLM readout is both quantitative and allows for 

dual-color SMLM imaging and DNA co-staining. We present the first SMLM images of 

two crucial intracellular proteins in live H. volcanii, namely the sub-cellular architecture 

of the division ring protein FtsZ1 and the spatiotemporal distribution of the RNA 

polymerase.  

 

Materials & Methods 

  

Generation of Haloferax strain WR806. For generating the deletion strain WR806 

the plasmid pMM1260 was constructed, which contains the flanking regions of crtI 

(HVO_2528) (500 bp upstream and downstream of that gene). The pop-in/pop-out 

method (Bitan-Banin et al., 2003) was applied for transformation using the PEG600 

protocol as described in the HaloHandbook (Dyall-Smith, 2009). Haloferax H133 cells 

(Allers et al., 2004) were transformed with pMM1260 to mediate integration of the 

plasmid into the crtl gene. Transformed colonies were then selected for by plating on 
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Ca medium supplemented with tryptophan and thymidine. Pop-in candidates were 

plated on medium containing 5-FOA (5-Fluoroorotic acid) to select for pop-out clones. 

Pop-out strains were verified using PCR and selective plating.  

 

Plasmids expressing fluorescence proteins (pTA231). E. coli codon-optimized 

genes encoding PAmCherry1 and mMaple3 (Wang et al., 2014) were amplified using 

Phusion polymerase from plasmids pPAmCherry-CAM and pmMaple3-CAM, 

respectively, by using oligonucleotides providing NdeI/XbaI restriction sites. PCR 

products were first cloned into pBluescript via blunt DNA ends yielding plasmids pBlue-

PAmCherry1opt and pBlue-linker-mMaple3opt. Genes were excised from these 

plasmids with NdeI and XbaI and subsequently ligated into plasmid pTA231-p.Syn 

(digested with NdeI and XbaI) yielding plasmids pTA231-p.Syn-PAmCherry1 and 

pTA231-p.Syn-mMaple3. Plasmid pDendra2-CAM (Wang et al., 2014) was used as a 

template for amplification of Dendra2, with oligonucleotides containing XhoI and XbaI 

restriction sites. The Phusion PCR product was first cloned into pBluescript via blunt 

DNA ends yielding plasmid pBlue-Dendra2. The Dendra2 gene was obtained by 

digestion of this plasmid with XhoI, the resulting 5'-overhang was converted to double 

stranded DNA by treatment with DNA polymerase I Klenow fragment. The linearized 

plasmid was then digested with XbaI releasing the fragment containing the gene. 

Plasmid pTA231-p.Syn was digested with NdeI, followed by DNA polymerase I Klenow 

fragment treatment, before XbaI digestion of the linearized plasmid. Finally, the DNA 

fragment Dendra2 was ligated with the digested pTA231-p.Syn resulting in plasmid 

pTA231-p.Syn-Dendra2. 

Dendra2 and PAmCherry1 genes were obtained from GeneArt® (Thermo Fischer 

Scientific, Waltham, USA) as codon-optimized versions for expression in H. volcanii 

(plasmids pMA-RQ-Dendra2Hfx and pMA-T-PAmCherry1Hfx). The Dendra2Hfx gene 

was obtained from pMA-RQ-Dendra2Hfx by digestion with NdeI and XbaI, the resulting 

fragment was ligated into pTA231-p.Syn (digested with NdeI and XbaI) yielding 

plasmid pTA231-p.Syn-Dendra2Hfx. The PAmCherry1Hfx gene was amplified by PCR 

using oligonucleotides providing NdeI/XbaI restriction sites and pMA-T-

PAmCherry1Hfx as template. After cloning into pBluescript via blunt DNA ends 

(yielding pBlue-PAmCherry1Hfx), the gene was excised with NdeI/XbaI and cloned 

into pTA231-p.Syn, yielding plasmid pTA231-p.Syn-PAmCherry1Hfx. H. volcanii 

WR806 cells were transformed with these plasmids and grown in Hv-Cab medium 

(Duggin et al., 2015) with 0.45 mM uracil and 0.16 mM thymidine. 

 

Plasmids expressing fluorescence-fusion proteins (pTA962). The fluorescence 

fusion constructs used in this study were based on the plasmid pTA962-FtsZ1-

smRSGFP (also termed pIDJL40-FtsZ1) (Duggin et al., 2015). To obtain plasmids 

pTA962-FtsZ1-Dendra2Hfx and pTA962-FtsZ1-PAmCherry1Hfx, the smRSGFP 

sequence from pTA962-FtsZ1-smRSGFP was excised with NotI/BamHI and the 

resulting plasmid was ligated with genes for Dendra2Hfx or PAmCherry1Hfx, that were 

obtained by amplification from pMA-RQ-Dendra2Hfx using oligonucleotides containing 

suitable restriction sites and digestion of pMA-T-PAmCherry1Hfx, respectively. To 

obtain pTA962-RpoD-Dendra2Hfx, the rpoD gene (HVO_2781) was amplified from 
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H119 genomic DNA via Phusion PCR using primers providing NdeI/BamHI restriction 

sites, the resulting fragment was cloned via blunt ends into pBluescript (digested with 

EcoRV), yielding pBlue-RpoD. The rpoD gene was excised from pBlue-RpoD using 

NdeI/BamHI. Plasmid pTA962-FtsZ1-Dendra2Hfx was digested with NdeI/BamHI 

(which releases the ftsz1 gene) and the rpoD gene was ligated to the linearized 

plasmid, yielding pTA962-RpoD-Dendra2Hfx. H. volcanii WR806 cells were 

transformed with these plasmids and grown in Hv-Cab medium with 0.25 mM 

tryptophan (defined medium) or YPC (full medium).  

 

Preparation of cultures for fluorescence microscopy. All liquid cultures were 

prepared from cryo stocks in Hv-Cab media unless stated otherwise. Cultures of 

strains expressing pTA231 were additionally supplied with 0.45 mM uracil and 0.16 

mM thymidine, and cultures of strains expressing pTA962 were supplied with additional 

0.25 mM tryptophan. WR806 and H119 cultures not expressing either pTA231 or 

pTA962 were supplied with 0.45 mM uracil, 0.16 mM thymidine and 0.25 mM 

tryptophan. 

After inoculation, cultures were incubated for 72 hours at 42°C shaking at 200 RPM 

and diluted with fresh Hv-Cab media containing appropriate nucleobases and amino 

acids to a final OD600 of 0.1. WR806 strains expressing pTA962-FtsZ1-Dendra2Hfx 

and pTA962-RpoD-Dendra2Hfx were additionally cultured in YPC media for 

comparative studies shown in figures 3 and 4. After inoculation, YPC cultures were 

incubated for 48 hours at 42°C shaking at 200 RPM and diluted afterwards with fresh 

YPC media to a final OD600 of 0.1. Diluted Hv-Cab and YPC cultures were incubated 

for another three hours at 42°C shaking at 200 RPM. 750 µL of each culture was 

centrifuged (5.000 x g, 3 minutes), supernatants were discarded and pellets were 

suspended in 50 µL of fresh Hv-Cab media. At this step, Hoechst 33342 was added to 

cell suspensions to a final concentration of 10 µg/mL for 10 minutes, and suspensions 

were washed once with fresh Hv-Cab media to remove the excess of Hoechst 33342. 

2 µL of suspensions were placed on agarose pads and covered with a cleaned 

coverslip. 

Agarose pad preparation. 1% w/v low melting agarose (Merck/Sigma-Aldrich, 

Germany) stock was prepared by suspending the agarose powder in 18% BSW (Dyall-

Smith, 2009). The mixture was incubated at 70°C for 12 minutes to melt the agarose 

and then cooled down to 42°C. The agarose solution at 42°C was placed on indented 

microscope slides (Thermo Fisher, Germany) and sealed with coverslips cleaned 

overnight in 1 M KOH (Merck/Sigma Aldrich). After three hours, agarose pads were 

ready to use. 

 

Single-molecule localization microscopy setup. All SMLM studies were performed 

on a custom-built setup based on a Nikon Ti Eclipse microscope equipped with a set 

of dichroic mirrors and filters (ET dapi/Fitc/cy3 dichroic, ZT405/488/561rpc rejection 

filter, ET525/50 or ET610/75 bandpass, all AHF Analysentechnik, Germany), and a 

CFI Apo TIRF 100x oil objective (NA 1.49, Nikon) which was heated to 37°C. 405 nm 

OBIS, 488 nm Sapphire and 561 nm OBIS lasers (all Coherent Inc., USA) were 

controlled via an acousto-optical tunable filter (AOTF) (Gooch and Housego, USA). 
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The 730 nm OBIS laser (Cohrent Inc., USA) was controlled manually using the 

manufacturer’s software. Fluorescence was detected by an emCCD (iXON Ultra 888; 

Andor, UK). The z-focus was controlled by a commercial perfect focus system (Nikon, 

Germany). Acquisitions were controlled by μManager (Edelstein et al., 2014). 

 

Total internal reflection fluorescence (TIRF) microscopy setup. The TIRF 

microscope used for fluorescent protein evaluation was a commercial setup, VisiScope 

(Visitron Systems, Germany), consisting of a Nikon Ti Eclipse microscope body 

equipped with an CFI Apo TIRF 100x oil objective (NA 1.49, Nikon). Laser illumination 

coupling (405 nm and 561 nm lasers in the Visitron TIRF module) was achieved via 

optical fibers. Excitation and emission were separated and filtered by the ET - 

405/488/561/640nm Laser Quad Band Set (Chroma, USA). Fluorescence was 

detected by an emCCD (iXON Ultra 888; Andor, UK). The z-focus was controlled by a 

commercial perfect focus system (Nikon, Germany). The setup and data acquisition 

were controlled with the Visiview 3.0.1 software (Visitron Systems, Germany). 

 

Evaluation of fluorescent protein performance. The measurements were 

performed on living WR806 cells immobilized on agarose pads, which expressed 

cytosolic fluorescent proteins from pTA231 plasmids. First, cells were exposed to 561 

nm light, to bleach all possible preactivated/preconverted fluorescent protein signal. 

After taking snapshots (561 nm laser, 200 W/cm², 20 frames with 60 ms exposure), 

which were used to measure the average background signal in cells, regions of interest 

were exposed to 405 nm light (4.5 J/cm²) to photoconvert/photoactivate fluorescent 

proteins and another series of snapshots with the 561 nm laser was taken to measure 

the average fluorescence intensity. The ratio of the average signal per cell before and 

after photoactivation/-conversion is plotted in Figure 1c. 

 

Single-molecule imaging of FtsZ1 and RNA Polymerase. All single-molecule 

measurements were performed in a customized heating chamber set to 42°C. Strains 

were imaged using the following laser intensities, unless state otherwise: 405 nm 0.5-

15 W/cm²; 488 nm 1-10 W/cm²; 561 nm 800 W/cm²; 730 nm 450 W/cm². 405 and 488 

nm lasers were pulsed every 10th frame and their intensities were gradually increased 

during imaging to keep the density of photoactivated/-converted signal at a constant 

level. For each field of view (FOV), 10.000 frames were collected at 16.67 and 33.3 Hz 

for imaging the FtsZ1 and RNA Polymerase proteins, respectively. 

 

Dual-color imaging of cells expressing FtsZ1-Dendra2Hfx and FtsZ1-

PAmCherry1Hfx. Cultures with strains expressing fluorescently labeled FtsZ1 at the 

same OD level of 0.2 were mixed together and loaded on an agarose pad. For 

comparison of the Dendra2Hfx photoconversion and PAmCherry1Hfx photoactivation 

efficiency using 405 nm light, FOVs containing both strains were imaged (16.67 Hz 

frame rate, 10000 frames) using either 0.5 W/cm² or 1.5 W/cm² 405 nm laser intensity, 

pulsed every 10th frame. For the sequential dual-color readout, imaging protocols 

adapted from (Virant et al., 2017) were used. For FOVs containing both strains, first 

bright light images as well as images of green pre-converted Dendra2Hfx fluorescence 
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were taken. Dendra2Hfx was read-out using primed photoconversion (488nm 1-10 

W/cm² and 730 nm 450 W/cm²).  After the full readout of Dendra2Hfx, PAmCherry1Hfx 

was read-out by UV-photoactivation (405 nm 0.5-15 W/cm²). 

 

Data analysis. All cells were segmented based on their bright light images using Fiji 

(Schindelin et al., 2012). Segmented areas were used for the analysis of FP 

performance as well as for molecular counting and determination of cellular areas. The 

average cell fluorescence intensity quantification before and after photoactivation/-

conversion was done in Fiji. Localizations of single fluorescent spots were obtained by 

rapidSTORM (Wolter et al., 2012) and tracked and analyzed by swift (Endesfelder et 

al.). Achieved experimental single-molecule localization precisions were measured by 

the NeNA approach (Endesfelder et al., 2014).  

Molecular counting of FtsZ1 and RNA polymerase molecules per cell and cell area 

analysis was done with a custom script written in Python 3.7 with NumPy, Pandas and 

Tifffile libraries. FtsZ1 ring thickness analysis was performed with a self-written script 

in Fiji. All box charts and histograms were created using Origin (OriginLab) and figures 

were assembled using Adobe Illustrator (Adobe Inc.). In the histograms of Figure 4, 

weighted mean jump distances are plotted. This way, each single-molecule trajectory 

contributes to the histogram proportionally to its number of steps. 

 

Results 

 

Establishing SMLM imaging in Haloferax volcanii 

Haloferax volcanii poses two major technical challenges for single-molecule 

fluorescence microscopy imaging. First, they naturally synthesize a high level of 

carotenoid pigments such as bacterioruberin, which cause some autofluorescence 

background signal. This heavily affects SMLM imaging, as SMLM is based on the 

detection of individual fluorophores (Supplementary Text). Secondly, as obligate 

halophilic extremophiles, they require growth under high salt concentration and grow 

best at elevated temperature (42-45°C). To establish SMLM imaging for H. volcanii as 

shown in Figure 1a for the cell division protein FtsZ1, we have addressed both of these 

issues.  

From previous reports it is known that the deletion of the gene HVO_2528, which 

encodes for the crtl phytoene dehydrogenase, interrupts carotenoid synthesis and 

results in colorless H. volcanii cells without showing additional effects on phenotype or 

growth (Stachler et al., 2017;Maurer et al., 2018). We created the stable deletion-

mutant strain WR806 and compared it with the red-colored H. volcanii laboratory strain 

H119 which synthesizes carotenoids (Figure 1b). Cultured in colorless Hv-Cab 

medium (Duggin et al., 2015;de Silva et al., 2020), WR806 appeared white on agarose 

plates and hardly distinguishable from background noise under SMLM imaging 

conditions, while H119 colonies were red-colored on plates and the cells exhibited an 

autofluorescence signal. This and the fact that the deletion did not cause any changes 

in cell morphology (Supplementary Figure 1) supports the choice of WR806 as host 

strain for SMLM imaging. 
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Next, we assessed which SMLM-compatible fluorescent proteins (FPs) could be 

potentially used as genetic fluorescent labels in H. volcanii. We selected three well-

performing FPs derived from natural FPs of different biological origin: photoactivatable 

mCherry1 (PAmCherry1), derived from sea anemone Discosoma sp. (Subach et al., 

2009), and the two photoconvertible proteins Dendra2 from octocoral Dendronephthya 

sp. (Gurskaya et al., 2006), and mMaple3 from Clavularia sp. (Wang et al., 2014). We 

expressed each FP from backbone pTA231 to the cytosol of WR806 host cells and 

evaluated their expression and functionality by measuring the cellular signal before 

and after photoactivation/-conversion of the FPs by UV light (Figure 1c). While cells 

expressing mMaple3 showed no substantial signal and the cells were barely 

distinguishable from WR806 control cells (not expressing any fluorophore), a signal 

increase was observed for cells expressing PAmCherry1 (about 5-fold) and for 

Dendra2 (about 2-fold). Additionally, we did not observe any change in cellular 

morphology when compared to H119 and WR806 control strains (Supplementary 

Figure 1). In contrast, cells expressing mMaple3 were elongated and rod-shaped. 

Consequently, we codon-optimized PAmCherry1 and Dendra2 sequences but did not 

further investigate the reasons for absent fluorescence signal and altered morphology 

of mMaple3 expressing cells.  

We then evaluated codon-optimized versions of PAmCherry1 and Dendra2 for 

expression in H. volcanii. For both, PAmCherry1Hfx and Dendra2Hfx, the fluorescence 

signal in cells increased significantly (approx. 20-fold) (Figure 1c) which confirms 

efficient expression. Also, cell morphology remained unchanged (Supplementary 

Figure 1). Both, Dendra2 and Dendra2Hfx showed a more consistent read-out within 

experiments (smaller spread of individual cellular signals) as well as for different 

independent replicates of experiments (color-coded in Figure 1c, the mean of each 

individual experiment is marked by a diamond symbol), when compared to 

PAmCherry1 and PAmCherry1Hfx. We did not evaluate this finding further, but it 

suggests that Dendra2 might be a more suitable choice when choosing a genetic tag 

for quantitative SMLM studies (Figure 1c). 

 

Benchmarking single- and dual-color SMLM imaging in Haloferax volcanii. 

Using WR806 as host and Dendra2Hfx and PAmCherry1Hfx as suitable fluorescent 

labels, we benchmarked our SMLM imaging strategy on the division ring protein FtsZ1, 

which has been studied using immunofluorescence and GFP-fusions in H. volcanii 

(Poplawski et al., 2000;Duggin et al., 2015;Walsh et al., 2019). FtsZ1 was C-terminally 

tagged with either PAmCherry1Hfx or Dendra2Hfx and expressed in WR806 cells from 

a pTA962 backbone, which was previously used for FtsZ1-GFP studies (Duggin et al., 

2015). FtsZ1 ring structures were clearly visible for all constructs as shown in Figure 

2a. For both, PamCherry1Hfx and Dendra2Hfx, FtsZ1 structures were present at mid 

cell and could be resolved at a spatial resolution of about 24 nm. This revealed 

structural details such as branching rings and apparent double ring or helical 

arrangements.  

We then compared the SMLM image quality of FtsZ1-PAmCherry1Hfx and FtsZ1-

Dendra2Hfx structures. Cultures of WR806 cells expressing FtsZ1-PAmCherry1Hfx 

and FtsZ1-Dendra2Hfx were mixed together and imaged under several different UV 
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nm light intensities (Supplementary Figure 2). The strains can be easily differentiated 

in the green channel as pre-activated PAmCherry1Hfx remains dark while Dendra2Hfx 

displays green, pre-converted GFP-like fluorescence. Whereas an UV light intensity of 

0.5 W/cm² was sufficient to efficiently record SMLM images of FtsZ1-Dendra2Hfx, 

FtsZ1-PAmCherry1Hfx constructs remained almost completely dark (Supplementary 

Figure 2a, upper panel and Supplementary Figure 2b). Increasing the UV intensity 

led to some photoactivation of FtsZ1-PAmCherry1Hfx (Supplementary Figure 2a, 

lower panel and Supplementary Figure 2b), but similar performance as for FtsZ1-

Dendra2Hfx was only achieved at an about 20-fold increased intensity of 10 W/cm² 

(Supplementary Figure 2b). We also compared the brightness of individual 

fluorescent spots. Dendra2Hfx signal was slightly brighter than PAmCherry1Hfx (251 

versus 217 photons per fluorescent signal, median values, Supplementary Figure 

2c). These results suggest that Dendra2Hfx is superior to PAmCherry1Hfx and can, 

due a 20-fold lower UV-photoconversion threshold intensity, minimize phototoxicity 

effects in SMLM studies. 

In addition to UV-photoconversion, Dendra2-like proteins possess the ability to be 

photoconverted by an alternative photoconversion pathway, called primed 

photoconversion (PC), mediated by visible light (Dempsey et al., 2015;Turkowyd et al., 

2017). Previously, we reported that PC works efficiently in a pH range of 7-10 and can 

be used for live-cell SMLM studies with reduced phototoxicity (Turkowyd et al., 2017). 

Testing PC on H. volcanii cells, we find that PC works efficiently and resulted in high 

quality SMLM images (Figure 2a, right panel). Thus, by choosing Dendra2Hfx, UV-

photoconversion can successfully be replaced by PC, reducing the potential 

phototoxicity even further. Even though the pH of the cytosol of H. volcanii cells 

remains unknown, we can estimate from our efficient PC rate that it is based around 

pH 7-10, the optimal range for PC.  

We previously also demonstrated that PC can be combined with UV-photoactivation 

into a quantitative dual-color SMLM imaging mode (Virant et al., 2017). To test this 

strategy for H. volcanii, we again mixed WR806 cells expressing either FtsZ1-

PAmCherry1Hfx or FtsZ1-Dendra2Hfx (Figure 2b). We then used PC to image FtsZ1-

Dendra2Hfx and observed that FtsZ1-PAmCherry1Hfx cells remained dark, keeping 

the FP in its pre-activated form (Figure 2b I.a and II.a). After the full read-out of 

Dendra2Hfx, we imaged FtsZ1-PAmCherry1Hfx using UV-photoactivation. We then 

detected only FtsZ1-PAmCherry1Hfx signal but no residual FtsZ1-Dendra2Hfx (Figure 

2b I.b and II.b). The combination of PC- and UV-SMLM imaging therefore provides an 

elegant method for dual-color SMLM imaging in H. volcanii as it combines the high 

labeling specificity and efficiency of two genetic labels (and as such circumvents typical 

staining problems when using extrinsic SMLM dyes) with the aberration-free and 

quantitative read-out in one SMLM imaging channel. Future biological studies on two 

different proteins of interest within the same cell will be reliably recorded in high SMLM 

quality when using this strategy. 

Finally, we tested whether is it possible to co-stain chromosomal DNA and evaluated 

DNA stains that were successfully used in live H. volcanii (Samson et al., 2008;Delmas 

et al., 2013). Acridine orange emits fluorescence close to most SMLM-compatible FPs, 

which limits its use as a co-stain to complicated protocols where the dye is only added 
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after SMLM imaging. DAPI, Hoechst 33258 and Hoechst 33342 are excited using UV-

light, which photoactivates/-converts the FP labels. However, as Dendra2 can be 

converted using PC, it can be imaged without photobleaching UV-excitable co-stains, 

and the chromosomal DNA can be visualized afterwards. Supplementary Figure 3 

shows exemplary cells where FtsZ1-Dendra2Hfx was co-imaged with DNA using 

Hoechst 33342.  

 

Imaging subcellular organization and dynamics of proteins in living H. volcanii 

After having SMLM imaging established for H. volcanii, we aimed at imaging exemplary 

fusion proteins in greater detail. We chose two examples, the in Figure 1 and 2 already 

showcased division protein FtsZ1, and the highly dynamic RNA polymerase, 

responsible for transcription. For both, we selected Dendra2Hfx as label. To 

demonstrate how SMLM imaging can help studying archaeal cell biology, we decided 

for the practical example of imaging the cells under different growth conditions and 

cultivated our strains either using the more limiting Hv-Cab medium or the rich Hv-YPC 

medium. Motivated by bacterial SMLM studies in Escherichia coli, where the spatial 

organization of RNA polymerases was shown to be highly influenced by growth 

conditions (Endesfelder et al., 2013), we expected that differences in cellular 

metabolism should influence the spatiotemporal organization of both proteins. 

 

Resolving the FtsZ1-Dendra2Hfx ring structure in H. volcanii  

FtsZ1 data confirmed that the protein indeed forms diverse architectures and 

suggested that growth conditions have a substantial impact on the FtsZ1 organization 

(Figure 3a) as well as cell morphology (Duggin et al., 2015;de Silva et al., 2020). Cells 

growing in Hv-Cab medium (Figure 3a, left) have irregular or round shapes and most 

cells possess single rings at mid cell. In contrast, cells cultivated in YPC medium 

(Figure 3a, right) are more often rod-shaped (Delmas et al., 2013;Duggin et al., 

2015;de Silva et al., 2020), their FtsZ1 structures appeared more diverse and FtsZ1 

rings are slightly thicker.  

Next, we quantified these observations (Figure 3b and 3c). Despite different 

morphologies in both conditions, cells comprised similar cellular areas (Figure 3b). 

The number of labeled FtsZ1 molecules per cell (including those not involved in the 

ring formation but that are diffusive in the cytosol) in cells growing in YPC is similar to 

those in Hv-Cab with median values of 213 and 330 copies, respectively (Figure 3b). 

Importantly, as FtsZ1-Dendra2Hfx was expressed transiently from a plasmid this does 

not represent the full number of FtsZ1 molecules in the cell. Here, we do not know the 

number of native, unlabeled FtsZ1. A study that aims to quantify FtsZ1 copy numbers 

would need a stable cell line expressing FtsZ1-Dendra2 from its native locus. 

The ring thickness as measured for pre-converted green Dendra2Hfx as well as for 

photoconverted Dendra2Hfx in the SMLM image differed significantly due to the 

considerably improved resolution of SMLM data. In epifluorescence, the ring structures 

are convoluted due to the diffraction-limited signal and appear to be hundreds of 

nanometers thick. The data suggests only a slight difference in ring thicknesses 

between both media. For SMLM data, their difference becomes apparent: For cells 

grown in YPC, rings are about 2.5 times thicker with mean values of 179 nm and 70 
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nm for YPC and Hv-Cab, respectively (Figure 3b). Again, we cannot access the native, 

unmarked FtsZ1, but argue that this does not affect the above results. We assume that 

FtsZ1 and FtsZ1-DendraHfx are completely mixed in the structures and are not located 

in separate subareas. 

Finally, we classified the apparent FtsZ1 structures in five groups: full, branching, 

double, helical and incomplete rings (Figure 3c). While our diffraction-limited data with 

pre-converted Dendra2Hfx reproduced well the findings of previous studies with mainly 

single FtsZ1 rings (Duggin et al., 2015;Walsh et al., 2019), we observed in the SMLM 

images of the same cells structures deviating from a single ring at a much higher rate. 

Especially for growth in YPC, the FtsZ1 architectures are highly diverse: only 30.8% of 

the cells have a full ring and another 24.4% show incomplete rings. The other cells 

showed more complex structures with 22.6% with branching rings, 11.3% with helices 

and 10.9% with apparent double rings. These first SMLM results thus provide an ideal 

basis for more detailed future studies to explore the molecular mechanisms of FtsZ1 

and FtsZ2 ring formation in cell division (Liao et al., 2020). 

 

Single-molecule tracking of RNA polymerase in H. volcanii 

Compared to FtsZ1, RNA polymerase is expected to be a more dynamic molecule, 

diffusing through the cytosol and scanning the DNA for promotor sequences to initialize 

transcription. Evaluating possible labeling strategies, we chose to label the RNA 

polymerase subunit RpoD. We performed experiments similar to our FtsZ1 

experiments albeit at a faster imaging speed at a frame rate of 33 Hz to account for 

the faster dynamics of the protein. As for FtsZ1, we expressed RpoD-Dendra2Hfx 

transiently from a plasmid with expression of unlabeled RpoD from its native locus still 

present. In this imaging mode, we could follow the dynamics of individual RNA 

polymerase molecules in cells grown in either Hv-Cab or YPC medium, and took a 

DNA snapshot using Hoechst 33342 to map the spatial co-organization of RNA 

polymerases and chromosomes (Figure 4a). We tracked the fluorescent signals of 

each molecule and reconstructed cellular diffusion maps. We then inferred the motion 

type(s) for each molecule and categorized them into immobile and diffusive fractions, 

which can be attributed to actively transcribing (immobilized on DNA) and diffusing 

DNA-scanning RNA polymerases (Figure 4a, red and violet trajectories, respectively), 

as shown before in bacterial studies for Escherichia coli (Bakshi et al., 2013;Stracy et 

al., 2015). Figure 4b shows exemplary cells for both growth conditions where the 

classified trajectories are overlaid onto the DNA image. We observed a substantial 

difference in cell sizes between the different media, which we, to that extent, had not 

observed before for the strains expressing FtsZ1-Dendra2Hfx from the same backbone 

pTA962 under the same growth conditions. When expressing RNA-polymerase from 

pTA962, cells growing in rich YPC medium have almost 2-fold larger area in 

comparison to cells growing in Hv-Cab (Figure 4b). Furthermore, cellular morphology 

remained round for RNA polymerase expressing cells. 

For some cells, we observed only few trajectories in their mid-cell area, and especially 

immobile ones often located on cellular peripheries, yet not strictly in proximity to the 

cell membrane (red trajectories, Figure 4b). These findings are similar to observations 

made for E. coli cells (Stracy et al., 2015). We then quantified the percentages of 
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transcribing and diffusive labeled RNA polymerases per cell (Figure 4b). Histograms 

presenting the distributions of weighted mean jump distances (for details see Methods) 

show only minor differences and 18%, respective 14% of single-molecule dynamics 

are assigned to immobile RNA polymerases for Hv-Cab and YPC media. This result 

holds true when counting labeled RNA polymerase molecules: we observed a median 

of 15 immobile labeled RNA polymerase molecules per cell in Hv-Cab (which is 

equivalent to 19% of in total 81 labeled RNA polymerase copies per cell) and 17 

labeled immobile RNA polymerase molecules in YPC (which is equivalent to 15% of 

the total of 111 labeled RNA polymerase copies per cell) (Figure 4b). In summary, 

even though the overall number of labeled RNA polymerase copies is about 1.4 times 

higher in cells growing in full YPC media, the number of actively transcribing RNA 

polymerases remains relatively constant.  

 

Discussion 

 

In this work, we have established protocols to study living Haloferax volcanii cells with 

quantitative SMLM methods. We created the carotenoid-free mutant strain WR806 to 

obtain autofluorescence-free H. volcanii cells and demonstrated that this strain is an 

excellent host for SMLM imaging. We further explored suitable SMLM-compatible 

fluorophores and demonstrated that Dendra2Hfx and PAmCherry1Hfx, codon-

optimized FP versions for H. volcanii, work best. Dendra2Hfx performs better than 

PAmCherry1Hfx as it requires lower UV doses, is susceptible to PC and shows a 

higher brightness. Therefore, we recommend Dendra2Hfx as a first choice for SMLM 

studies when imaging a single target protein of interest. Nevertheless, PAmCherry1Hfx 

is also a suitable choice and can be used in addition to Dendra2Hfx in dual-color 

imaging by combining PC and UV-activation. Since Dendra2Hfx can be 

photoconverted without UV-light, a co-staining of the DNA by conventional UV-

excitable DNA stains is also possible. 

 

We then showcased the potential of SMLM imaging for investigating the cell biology of 

Haloarchaea using two biological test cases, the division protein FtsZ1 and the 

transcribing RNA polymerase, under different growth conditions. Our results on their 

variable copy number and spatiotemporal organization provide a strong incentive to 

engage in more detailed SMLM studies of the biology of both proteins and their 

interaction partners. This work therefore forms the basis for SMLM imaging as a well-

established tool for investigating archaea and for exploring their unique biology in 

molecular detail in living cells in the near future. Building on the incentive of this work, 

we hope that SMLM strategies for other archaeal organisms, e.g. hyperthermophilic 

Sulfolobus, will eventually come within close reach. 
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Table 1. Strains used 

strain genotype reference 

E. coli 

DH5a F-, φ80dlacZΔM15, Δ(lacZYA-argF)U169, deoR, recA1, endA1, 

hsdR17(rk
-, mk

+), phoA, supE44,λ-, thi-1, gyrA96, relA1 

Stratagene 

H. volcanii 

H119 DS70(ΔpHV2), ΔpyrE2, ΔtrpA, ΔleuB (Allers et al., 2004) 

H133 DS70-Wildtyp (ΔpHV2), ∆pyrE2, ∆trpA, ∆leuB, ∆hdrB (Allers et al., 2004) 

WR806 DS70-Wildtyp (ΔpHV2), ∆pyrE2, ∆trpA, ∆leuB, ∆hdrB, ∆crtI this study 

 

 

Table 2. Plasmids used 

plasmid description reference 

pBluescript II KS ColE1 ori, f1 ori, lacZ, AmpR  Stratagene 

pTA231-p.Syn  shuttle plasmid; ColE1 ori, f1 ori, AmpR, pHV2 ori, trpA, 

p.Syn-promoter, t.Syn-terminator 

(Berkemer et al., 

2020) 

pPAmCherry-

CAM 

pBR322 ori, f1 ori, araC, AmpR, PBAD-Promotor, 

Linker_PAmCherry1opt_FRT_CMR_FRT, T.rrnB-

Terminator 

(Wang et al., 2014) 

pmMaple3-CAM pBR322 ori, f1 ori, araC, AmpR, PBAD-Promotor, 

Linker_mMaple3opt_FRT_CMR_FRT, T.rrnB-Terminator 
(Wang et al., 2014) 

pDendra2-CAM pBR322 ori, f1 ori, araC, AmpR, PBAD-Promotor, 

Linker_Dendra2opt_FRT_CMR_FRT, T.rrnB-Terminator 
(Wang et al., 2014) 

pBlue-

PAmCherry1opt/ 

mMaple3opt/Den

dra2opt 

ColE1 ori, f1 ori, AmpR, NdeI/XhoI_ 

PAmCherry1opt/mMaple3opt/Dendra2opt_XbaI 

this work 

pTA231-p.Syn-

PAmCherry1opt 

PAmCherry1opt expression plasmid, expression 

optimized for E. coli 

this work 

pTA231-p.Syn-

mMaple3opt 

mMaple3opt expression plasmid, expression optimized 

for E. coli 

this work  

pTA231-p.Syn-

Dendra2opt 

Dendra2opt expression plasmid, expression optimized 

for E. coli 

this work  

pMA-RQ-

Dendra2Hfx 

ColE1 ori, AmpR, NdeI_Dendra2Hfx_XbaI, expression 

optimized for H. volcanii 

GeneArt® 

pTA231-p.Syn-

Dendra2Hfx 

Dendra2Hfx expression plasmid, expression optimized 

for H. volcanii 

this work 

pMA-T-

PAmCherry1Hfx 

ColE1 ori, AmpR, BamHI_PAmCherry1Hfx_NotI, 

expression optimized for H. volcanii 

GeneArt® 
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pTA231-p.Syn-

PAmCherry1Hfx 

PAmCherry1Hfx expression plasmid, expression 

optimized for H. volcanii 

this work 

pTA962 shuttle plasmid with p.tnaA promoter, hdrB and pyrE2 

markers 

(Allers et al., 2010) 

pTA962-FtsZ1-

smRSGFP 

(pIDJL40-FtsZ1) 

FtsZ1-smRSGFP expression plasmid based on pTA962 (Duggin et al., 

2015) 

pTA962-FtsZ1-

Dendra2Hfx 

FtsZ1-Dendra2Hfx expression plasmid this work  

pTA962-FtsZ1-

PAmCherry1Hfx 

FtsZ1-PAmCherryHfx expression plasmid this work 

pBlue-RpoD ColE1 ori, f1 ori, AmpR, NdeI_ RpoD_BamHI this work 

pTA962-RpoD-

Dendra2Hfx 

RpoD-Dendra2Hfx expression plasmid this work 

pMM1260 integrative plasmid with flanking sequences of 

HVO_2528 (crtI)  

this work 

 

 

 

Table 3. Oligonucleotides used 

oligonucleotide  used for sequence 5‘-3‘ direction  

CheroptNdeIfw pTA231-p.Syn-

PAmCherry1opt and 

pTA231-p.Syn-

mMaple3opt 

TATTAACATATGTCTGGTGGCGGCGGT 

DendoptstartXhoI pTA231-p.Syn-

Dendra2opt 

TATTAACTCGAGATGTCTGGTGGCGGCGGT 

FPstopFRTXbaIrev pTA231-p.Syn-

PAmCherry1opt and 

pTA231-p.Syn-

mMaple3opt and 

pTA231-p.Syn-

Dendra2opt 

TATACTTTCTAGAGAATAGGAACTTCTTA 

5’BamHI-

Dendra2Hfx 

pTA962-FtsZ1-

Dendra2Hfx 

TATATAGGATCCAACACGCCGGGCATCAACC 

3‘NotI-Dendra2Hfx TTATAAGCGGCCGCTTACCAGACTTGCGACGGG 

5’NdeI-PAmChHfx pTA231-p.Syn-

PAmCherry1Hfx 

TATATACATATGGTCAGCAAGGGCGAAGAG 

3’XbaI-PAmChHfx TTATTATCTAGATCATTTGTAGAGTTCGTCC 

rpoD-5‘-NdeI fw pBlue-RpoD TAATATTCATATGGTAAACGACTTCCAG 

rpoD-3’-BamHI rev TTATTAGGATCCCAGTGCGACCTTCTC 

CrtIUP#1 (HindIII) pMM1260 AAAAAGCTTCGTCACGGTCCGGTCGCAGTCG 

CrtIUP#2 (EcoRI) TTTGAATTCCGCCGTCGGGGGGTAGCTTTAGG 
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CrtIDown#1 
(EcoRI) 

pMM1260 AAAGAATTCATGGCCGAAGACGCGAGATGAG 

CrtIDown#2 (XbaI) AAATCTAGAGTCGCGGCGCAGTACCAGTAGG 

 

 

 
 

 

 

  

.CC-BY 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 July 27, 2020. ; https://doi.org/10.1101/2020.07.27.222935doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.27.222935
http://creativecommons.org/licenses/by/4.0/


 17 

References 

 

Allers, T., Barak, S., Liddell, S., Wardell, K., and Mevarech, M. (2010). Improved strains and plasmid 
vectors for conditional overexpression of His-tagged proteins in Haloferax volcanii. Appl Environ 
Microbiol 76, 1759-1769. 

Allers, T., Ngo, H.P., Mevarech, M., and Lloyd, R.G. (2004). Development of additional selectable markers 
for the halophilic archaeon Haloferax volcanii based on the leuB and trpA genes. Appl Environ 
Microbiol 70, 943-953. 

Bakshi, S., Dalrymple, R.M., Li, W., Choi, H., and Weisshaar, J.C. (2013). Partitioning of RNA polymerase 
activity in live Escherichia coli from analysis of single-molecule diffusive trajectories. Biophys J 
105, 2676-2686. 

Berkemer, S.J., Maier, L.K., Amman, F., Bernhart, S.H., Wortz, J., Markle, P., Pfeiffer, F., Stadler, P.F., and 
Marchfelder, A. (2020). Identification of RNA 3 ends and termination sites in Haloferax volcanii. 
RNA Biol, 1-14. 

Bisson-Filho, A.W., Zheng, J., and Garner, E. (2018). Archaeal imaging: leading the hunt for new 
discoveries. Mol Biol Cell 29, 1675-1681. 

Bitan-Banin, G., Ortenberg, R., and Mevarech, M. (2003). Development of a gene knockout system for 
the halophilic archaeon Haloferax volcanii by use of the pyrE gene. J Bacteriol 185, 772-778. 

De Silva, R.T., Abdul-Halim, M.F., Pittrich, D.A., Brown, H.J., Pohlschroder, M., and Duggin, I.G. (2020). 
Improved growth and morphological plasticity of <em>Haloferax volcanii</em>. bioRxiv, 
2020.2005.2004.078048. 

Delmas, S., Duggin, I.G., and Allers, T. (2013). DNA damage induces nucleoid compaction via the Mre11-
Rad50 complex in the archaeon Haloferax volcanii. Mol Microbiol 87, 168-179. 

Delpech, F., Collien, Y., Mahou, P., Beaurepaire, E., Myllykallio, H., and Lestini, R. (2018). Snapshots of 
archaeal DNA replication and repair in living cells using super-resolution imaging. Nucleic Acids 
Res 46, 10757-10770. 

Dempsey, W.P., Georgieva, L., Helbling, P.M., Sonay, A.Y., Truong, T.V., Haffner, M., and Pantazis, P. 
(2015). In vivo single-cell labeling by confined primed conversion. Nat Methods 12, 645-648. 

Duggin, I.G., Aylett, C.H., Walsh, J.C., Michie, K.A., Wang, Q., Turnbull, L., Dawson, E.M., Harry, E.J., 
Whitchurch, C.B., Amos, L.A., and Lowe, J. (2015). CetZ tubulin-like proteins control archaeal 
cell shape. Nature 519, 362-365. 

Dyall-Smith, M.L. (2009). The Halohandbook [Online]. Available: 
https://haloarchaea.com/halohandbook/ [Accessed 2020]. 

Edelstein, A.D., Tsuchida, M.A., Amodaj, N., Pinkard, H., Vale, R.D., and Stuurman, N. (2014). Advanced 
methods of microscope control using muManager software. J Biol Methods 1. 

Endesfelder, M., Schießl, C., Turkowyd, B., Lechner, T., and Endesfelder, U. swift – fast, probabilistic 
tracking for dense, highly dynamic single-molecule data. manuscript in prep. 

Endesfelder, U. (2019). From single bacterial cell imaging towards in vivo single-molecule biochemistry 
studies. Essays Biochem 63, 187-196. 

Endesfelder, U., Finan, K., Holden, S.J., Cook, P.R., Kapanidis, A.N., and Heilemann, M. (2013). Multiscale 
spatial organization of RNA polymerase in Escherichia coli. Biophys J 105, 172-181. 

Endesfelder, U., Malkusch, S., Fricke, F., and Heilemann, M. (2014). A simple method to estimate the 
average localization precision of a single-molecule localization microscopy experiment. 
Histochem Cell Biol 141, 629-638. 

Ettema, T.J., Lindas, A.C., and Bernander, R. (2011). An actin-based cytoskeleton in archaea. Mol 
Microbiol 80, 1052-1061. 

Gristwood, T., Duggin, I.G., Wagner, M., Albers, S.V., and Bell, S.D. (2012). The sub-cellular localization 
of Sulfolobus DNA replication. Nucleic Acids Res 40, 5487-5496. 

Gurskaya, N.G., Verkhusha, V.V., Shcheglov, A.S., Staroverov, D.B., Chepurnykh, T.V., Fradkov, A.F., 
Lukyanov, S., and Lukyanov, K.A. (2006). Engineering of a monomeric green-to-red 
photoactivatable fluorescent protein induced by blue light. Nat Biotechnol 24, 461-465. 

.CC-BY 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 July 27, 2020. ; https://doi.org/10.1101/2020.07.27.222935doi: bioRxiv preprint 

https://haloarchaea.com/halohandbook/
https://doi.org/10.1101/2020.07.27.222935
http://creativecommons.org/licenses/by/4.0/


 18 

Haque, R.U., Paradisi, F., and Allers, T. (2020). Haloferax volcanii for biotechnology applications: 
challenges, current state and perspectives. Appl Microbiol Biotechnol 104, 1371-1382. 

Kramm, K., Endesfelder, U., and Grohmann, D. (2019). A Single-Molecule View of Archaeal Transcription. 
J Mol Biol 431, 4116-4131. 

Leigh, J.A., Albers, S.V., Atomi, H., and Allers, T. (2011). Model organisms for genetics in the domain 
Archaea: methanogens, halophiles, Thermococcales and Sulfolobales. FEMS Microbiol Rev 35, 
577-608. 

Li, Z., Kinosita, Y., Rodriguez-Franco, M., Nussbaum, P., Braun, F., Delpech, F., Quax, T.E.F., and Albers, 
S.V. (2019). Positioning of the Motility Machinery in Halophilic Archaea. mBio 10. 

Liao, Y., Ithurbide, S., Löwe, J., and Duggin, I.G. (2020). Two FtsZ proteins orchestrate archaeal cell 
division through distinct functions in ring assembly and constriction. bioRxiv, 
2020.2006.2004.133736. 

Lindas, A.C., Karlsson, E.A., Lindgren, M.T., Ettema, T.J., and Bernander, R. (2008). A unique cell division 
machinery in the Archaea. Proc Natl Acad Sci U S A 105, 18942-18946. 

Maurer, S., Ludt, K., and Soppa, J. (2018). Characterization of Copy Number Control of Two Haloferax 
volcanii Replication Origins Using Deletion Mutants and Haloarchaeal Artificial Chromosomes. J 
Bacteriol 200. 

Poplawski, A., Gullbrand, B., and Bernander, R. (2000). The ftsZ gene of Haloferax mediterranei: 
sequence, conserved gene order, and visualization of the FtsZ ring. Gene 242, 357-367. 

Pulschen, A.A., Mutavchiev, D.R., Culley, S., Sebastian, K.N., Roubinet, J., Roubinet, M., Risa, G.T., Van 
Wolferen, M., Roubinet, C., Schmidt, U., Dey, G., Albers, S.V., Henriques, R., and Baum, B. 
(2020). Live Imaging of a Hyperthermophilic Archaeon Reveals Distinct Roles for Two ESCRT-III 
Homologs in Ensuring a Robust and Symmetric Division. Curr Biol. 

Reuter, C.J., and Maupin-Furlow, J.A. (2004). Analysis of proteasome-dependent proteolysis in Haloferax 
volcanii cells, using short-lived green fluorescent proteins. Appl Environ Microbiol 70, 7530-
7538. 

Samson, R.Y., Obita, T., Freund, S.M., Williams, R.L., and Bell, S.D. (2008). A role for the ESCRT system in 
cell division in archaea. Science 322, 1710-1713. 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S., Rueden, 
C., Saalfeld, S., Schmid, B., Tinevez, J.Y., White, D.J., Hartenstein, V., Eliceiri, K., Tomancak, P., 
and Cardona, A. (2012). Fiji: an open-source platform for biological-image analysis. Nat Methods 
9, 676-682. 

Sigal, Y.M., Zhou, R., and Zhuang, X. (2018). Visualizing and discovering cellular structures with super-
resolution microscopy. Science 361, 880-887. 

Stachler, A.E., Turgeman-Grott, I., Shtifman-Segal, E., Allers, T., Marchfelder, A., and Gophna, U. (2017). 
High tolerance to self-targeting of the genome by the endogenous CRISPR-Cas system in an 
archaeon. Nucleic Acids Res 45, 5208-5216. 

Stracy, M., Lesterlin, C., Garza De Leon, F., Uphoff, S., Zawadzki, P., and Kapanidis, A.N. (2015). Live-cell 
superresolution microscopy reveals the organization of RNA polymerase in the bacterial 
nucleoid. Proc Natl Acad Sci U S A 112, E4390-4399. 

Subach, F.V., Patterson, G.H., Manley, S., Gillette, J.M., Lippincott-Schwartz, J., and Verkhusha, V.V. 
(2009). Photoactivatable mCherry for high-resolution two-color fluorescence microscopy. Nat 
Methods 6, 153-159. 

Turkowyd, B., Balinovic, A., Virant, D., Carnero, H.G.G., Caldana, F., Endesfelder, M., Bourgeois, D., and 
Endesfelder, U. (2017). A General Mechanism of Photoconversion of Green-to-Red Fluorescent 
Proteins Based on Blue and Infrared Light Reduces Phototoxicity in Live-Cell Single-Molecule 
Imaging. Angew Chem Int Ed Engl 56, 11634-11639. 

Turkowyd, B., Virant, D., and Endesfelder, U. (2016). From single molecules to life: microscopy at the 
nanoscale. Anal Bioanal Chem 408, 6885-6911. 

Virant, D., Turkowyd, B., Balinovic, A., and Endesfelder, U. (2017). Combining Primed Photoconversion 
and UV-Photoactivation for Aberration-Free, Live-Cell Compliant Multi-Color Single-Molecule 
Localization Microscopy Imaging. Int J Mol Sci 18. 

.CC-BY 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 July 27, 2020. ; https://doi.org/10.1101/2020.07.27.222935doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.27.222935
http://creativecommons.org/licenses/by/4.0/


 19 

Visone, V., Han, W., Perugino, G., Del Monaco, G., She, Q., Rossi, M., Valenti, A., and Ciaramella, M. 
(2017). In vivo and in vitro protein imaging in thermophilic archaea by exploiting a novel protein 
tag. PLoS One 12, e0185791. 

Vojnovic, I., Winkelmeier, J., and Endesfelder, U. (2019). Visualizing the inner life of microbes: practices 
of multi-color single-molecule localization microscopy in microbiology. Biochem Soc Trans 47, 
1041-1065. 

Walsh, J.C., Angstmann, C.N., Bisson-Filho, A.W., Garner, E.C., Duggin, I.G., and Curmi, P.M.G. (2019). 
Division plane placement in pleomorphic archaea is dynamically coupled to cell shape. Mol 
Microbiol 112, 785-799. 

Wang, S., Moffitt, J.R., Dempsey, G.T., Xie, X.S., and Zhuang, X. (2014). Characterization and 
development of photoactivatable fluorescent proteins for single-molecule-based 
superresolution imaging. Proc Natl Acad Sci U S A 111, 8452-8457. 

Winter, K., Born, J., and Pfeifer, F. (2018). Interaction of Haloarchaeal Gas Vesicle Proteins Determined 
by Split-GFP. Front Microbiol 9, 1897. 

Wirth, R., Bellack, A., Bertl, M., Bilek, Y., Heimerl, T., Herzog, B., Leisner, M., Probst, A., Rachel, R., Sarbu, 
C., Schopf, S., and Wanner, G. (2011). The mode of cell wall growth in selected archaea is similar 
to the general mode of cell wall growth in bacteria as revealed by fluorescent dye analysis. Appl 
Environ Microbiol 77, 1556-1562. 

Wolter, S., Loschberger, A., Holm, T., Aufmkolk, S., Dabauvalle, M.C., Van De Linde, S., and Sauer, M. 
(2012). rapidSTORM: accurate, fast open-source software for localization microscopy. Nat 
Methods 9, 1040-1041. 

Zenke, R., Von Gronau, S., Bolhuis, H., Gruska, M., Pfeiffer, F., and Oesterhelt, D. (2015). Fluorescence 
microscopy visualization of halomucin, a secreted 927 kDa protein surrounding Haloquadratum 
walsbyi cells. Front Microbiol 6, 249. 

 

 

  

.CC-BY 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 July 27, 2020. ; https://doi.org/10.1101/2020.07.27.222935doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.27.222935
http://creativecommons.org/licenses/by/4.0/


 20 

Figure 1. Establishing SMLM imaging in Haloferax volcanii.  

a) A representative image of a WR806 cell expressing the fluorescently tagged FtsZ1. 

The fluorescent protein Dendra2Hfx can be read-out in a diffraction-limited mode using 

its pre-converted green fluorescent form as well as in a single-molecule readout mode 

using photoconverted FtsZ1-Dendra2Hfx. This provides a high-resolution and 

quantitative SMLM image of FtsZ1 that reveals fine structural details. Diffraction limited 

snapshots of DNA-Hoechst 33342 were taken after SMLM imaging.  

b) The H119 strain synthesizes lycopene and its derivatives (Haque et al., 2020) which 

can be easily seen by bright red colonies on agar-plates. These cause 

autofluorescence background that largely hinders single-molecule readout. The 

WR806 strain lacks the phytoene dehydrogenase crtI of the lycopene synthesis 

pathway, which results in white cells on plates and drastically reduces 

autofluorescence.  

c) Three SMLM-suitable fluorescent proteins (mMaple3, PAmCherry1 and Dendra2) 

were evaluated for their expression and functionality in the cytosol of H. volcanii cells. 

Their fluorescence signal before and after photoactivation/-conversion was measured. 

mMaple3 showed no substantial signal (readout levels similar to a non-fluorescent 

WR806 control), PAmCherry1 and Dendra2 gave a fluorescent signal after 

photoactivation/-conversion. After codon-optimization, Dendra2Hfx and 

PAmCherry1Hfx showed an increase in signal by one order of magnitude. Experiments 

were done in two or three independent replicates which are color-coded in red, blue 

and dark grey. The mean of each replicate is marked by a diamond shape. The overall 

means are marked by horizontal lines. Error bars represent standard deviations of 

replicate means. Statistics: WR806 control 164 cells (two replicates); WR806 mMaple3 

474 cells (two replicates); WR806 PamCherry11 226 cells (three replicates); WR806 

PAmCherry1Hfx 129 cells (two replicates); WR806 Dendra2 566 cells (three 

replicates); WR806 Dendra2Hfx 475 cells (three replicates). The diagonal red dashed 

line for cells expressing codon-optimized Dendra2Hfx and PAmCherry1Hfx separates 

two representations with different dynamic range. The left part of the image has the 

same dynamic range used for all exemplary images (as given by the scale to the left), 

the right of the image a ten-times wider dynamic range (as given by the scale to the 

right). 
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Figure 2. Fluorescent imaging of PamCherry1Hfx and Dendra2Hfx-labeled FtsZ1 

proteins in Haloferax volcanii.  

a) Cells expressing FtsZ1-GFP show a distinct FtsZ1 ring structure at mid cell (green 

signal). By using PAmCherry1Hfx and Dendra2Hfx, the FtsZ1 ring can be imaged with 

higher spatial resolution providing fine structural details. FtsZ1-PAmCherry1Hfx and 

FtsZ1-Dendra2Hfx are efficiently photoactivated/-converted using 405 nm light. In 

addition, FtsZ1-Dendra2Hfx can be photoconverted using primed photoconversion 

with 488 nm and 730 nm light. The experimental single-molecule localization 

precisions that were obtained were measured by the NeNA approach (Endesfelder et 

al., 2014) and amounted to 12 nm. 

b) A composite sample was prepared by mixing WR806 cells expressing either FtsZ1-

Dendra2Hfx or FtsZ1-PAmCherry1Hfx. Strains can be differentiated in the green 

channel as PAmCherry1Hfx lacks fluorescence before photoactivation. First, FtsZ1-

Dendra2Hfx was readout via primed photoconversion (I.a), while FtsZ1-

PAmCherry1Hfx remained dark (II.a). After full read-out of FtsZ1-Dendra2Hfx (I.b), 

FtsZ1-PAmCherry1Hfx was readout by UV-photoactivation (II.b).  
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Figure 3. Resolving the FtsZ1-Dendra2Hfx ring structure in H. volcanii 

a) Representative images of FtsZ1 structures in Hv-Cab and YPC media. 

Epifluorescence images of pre-converted Dendra2Hfx did not show any substantial 

differences in ring structures for different growth conditions, whereas SMLM imaging 

of photoconverted Dendra2Hfx revealed highly diverse ring structures. The 

experimental single-molecule localization precisions that were obtained were 

measured by the NeNA approach (Endesfelder et al., 2014) and amount to  12 nm (Hv-

Cab) and 13 nm (YPC). 

b) While cellular areas are similar between different growth conditions, cells growing 

in Hv-Cab possess similar numbers of labeled FtsZ1 protein copies than cells 

cultivated in YPC media. In addition, their FtsZ1 ring structures are thinner. Boxes 

represent 25-75% data range, horizontal lines median values and whiskers mark the 

outlier range with coefficient 1.5. Statistics for the cell area analysis and FtsZ1 protein 

counting: Hv-Cab 50 cells; YPC 54 cells. Statistics for ring thickness measurements: 

5 cells for both growth conditions. 

c) FtsZ1 structures visualized in epifluorescence and SMLM were assigned to five 

classes: full, branching, double, helical and incomplete rings. Statistics: Hv-Cab 132 

cells; YPC 256 cells. 
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Figure 4. Single-molecule tracking of RNA polymerase in H. volcanii.  
a) WR806 cells expressing RpoD-Dendra2Hfx were imaged by SMLM imaging. The 

bright light image (left inset) was taken prior to SMLM recording, the DNA image 

(middle inset) afterwards (to prevent unnecessary photoconversion of Dendra2Hfx). 

Single-molecule localizations were connected into trajectories and a trajectory map is 

reconstructed (right inset). Each trajectory was assigned to immobile or diffusive 

motion (blue and violet, respectively).  

b) SMLM imaging reveals differences in RNA polymerase dynamics for two different 

growth conditions: i) Hv-Cab medium optimized for imaging and ii) rich YPC medium. 

Cells growing in Hv-Cab media are approx. 50% smaller in their area compared to cells 

growing in the richer YPC medium. Despite different growth conditions there was no 

significant difference in the number of immobile, actively transcribing RNA 

polymerases per cell (15 and 17 RNA polymerase copies detected throughout imaging 

per cell for Hv-Cab and YPC, respectively) while the overall number of labeled RNA 

polymerase copies was lower in Hv-Cab (81 and 111 copies per cell for Hv-Cab and 

YPC, respectively). Boxes represent 25-75% data range, horizontal lines median 

values and whiskers mark the outlier range with coefficient 1.5. Statistics: Hv-Cab 198 

cells; YPC 115 cells. 
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