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Haloferax volcanii and other Haloarchaea can be pleomorphic, adopting different 
shapes, which vary with growth stages. Several studies have shown that H. volcanii 
cell shape is sensitive to various external factors including growth media and 
physical environment. In addition, several studies have noticed that the presence 
of a recombinant plasmid in the cells is also a factor impacting H. volcanii cell 
shape, notably by favoring the development of rods in early stages of growth. 
Here we  investigated the reasons for this phenomenon by first studying the 
impact of auxotrophic mutations on cell shape in strains that are commonly used 
as genetic backgrounds for selection during strain engineering (namely: H26, 
H53, H77, H98, and H729) and secondly, by studying the effect of the presence of 
different plasmids containing selection markers on the cell shape of these strains. 
Our study showed that most of these auxotrophic strains have variation in cell 
shape parameters including length, aspect ratio, area and circularity and that the 
plasmid presence is impacting these parameters too. Our results indicated that 
ΔhdrB strains and hdrB selection markers have the most influence on H. volcanii 
cell shape, in addition to the sole presence of a plasmid. Finally, we  discuss 
limitations in studying cell shape in H. volcanii and make recommendations based 
on our results for improving reproducibility of such studies.
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1. Introduction

In the last couple of years, the field of cell biology of Archaea has developed immensely (van 
Wolferen et al., 2022). Amongst the current model organisms, Haloferax volcanii for which many 
tools have been developed has facilitated most of the cell biology discoveries in the Euryarchaeota 
phylum and helped build up the foundations of new paradigms in archaeal cell division, cell 
envelope biology and cell shape (Duggin et al., 2015; Pohlschroder and Schulze, 2019; Ithurbide 
et al., 2022). In general, how is cell shape established is an intriguing question in Haloarchaea 
as these species are commonly characterized as pleomorphic organisms that can harbor shapes 
ranging from rods and plates (also called disks or discoid) to triangles, squares, and more exotic 
forms (Mullakhanbhai and Larsen, 1975; Bisson-Filho et al., 2018; Walsh et al., 2019; Liao et al., 
2021; Schwarzer et al., 2021; Tittes et al., 2021). In addition, several studies have shown that one 
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species can adopt one shape or another depending on the growth 
phase. Indeed, in early log phase, rods can be observed in H. volcanii 
liquid cultures. Then, it transitions into a mixed population where rod 
cells coexist with plate cells as they grow in exponential phase to 
finally tend towards a homogenous population of plate cells of a 
smaller size by the time cells enter stationary phase (Li et al., 2019; de 
Silva et al., 2021). This growth phase dependent cell shape transitions 
have also been shown for Haloferax gibbonsii, Haloarcula hispanica 
and Haloarchula californiae (Schwarzer et al., 2021; Tittes et al., 2021). 
However, differences occur between the different species regarding the 
window of time when shape transitions occur, as well as the type of 
cell shape that are observed. Interestingly, another haloarchaeal 
species, Halobacterium salinarum, was shown to be mostly rod at all 
growth stages, with more than 90% of rods even in stationary phase 
(Eun et al., 2018). Furthermore, it has been shown that other external 
factors can influence cell shape including the media the cells are 
grown in and mechanical forces, further supporting the natural 
plasticity of haloarchaea cell shape (Bisson-Filho et al., 2018; Eun 
et al., 2018; de Silva et al., 2021).

Despite the interesting pleomorphism of Haloarchaea, little is 
known about the mechanisms involved in cell shape development and 
transition regulation. The archaeal specific tubulin CetZ1 was found 
to be essential for rod formation and knock out mutants remained in 
plate morphology (Duggin et al., 2015; de Silva et al., 2021). To the 
contrary, a mutant containing an insertion of a transposon upstream 
of HVO_2176 was found to maintain the rod shape and failed to 
transition to the plate morphology (Schiller et  al., 2023). A 
comparative proteomics approach of the rod-only and plate-only 
mutants, and WT, in early log and in late log, identified several 
proteins implicated in cell shape development and transition (Schiller 
et al., 2023). These included HVO_2175, a SMC family homologue 
(Structural Maintenance of Chromosomes) called Sph3 whose 
disruption led the cells to only form rods, and its two neighboring 
genes rdfA (HVO_2174), important for rod formation, and ddfA 
(HVO_2176), important for plate formation. This study also identified 
“volactin”, a so-far uncharacterized homologue of actin, which appears 
to represent another group of cytoskeletal proteins alongside the 
tubulin family proteins, CetZ and FtsZ, important for the rod-to-plate 
cell shape transition (Schiller et al., 2023). Further studies are needed 
to determine the role of these genes in cell shape determination. Cell 
shape is a spatial cue for many core cell biology functions, including 
placement of the H. volcanii division plane (Walsh et al., 2019), the 
motility and chemotaxis machineries (Li et al., 2019; Nußbaum et al., 
2020) and possibly many others.

Despite these advances, a recurring observation made by 
several laboratories might provide a limitation to consistency in 
future studies. Several studies have reported that morphological 
changes are induced in H. volcanii strains due to presence or 
absence of a plasmid based on the endogenous plasmid pHV2 
(Supplementary Table S2). The first report of such a phenomenon 
was by Abdul Halim et al. (2016). While they were studying the 
phenotype of a deletion of the archaeosortase artA gene on cell 
morphology, they observed that during the first liquid culture 
inoculated from colonies on agar plates, about 20% of the cells were 
rods both in WT (H53ΔtrpΔpyrE2) and in ΔartA strains, whereas 
the same strains displayed 90% and 100% of rods, respectively, 
when harboring a plasmid (Abdul Halim et  al., 2016). After a 
subsequent dilution of the liquid cultures, the ΔartA mutant only 

displayed plate cells whereas the same background strain bearing 
the plasmid (pTA963) were all rod shaped. It was also observed that 
the presence of pTA963 negatively impacted the growth rate of the 
ΔartA mutant compared to the strain without the plasmid. 
Corroborating these observations, de Silva et al., 2021 have shown 
that the early log rod development is much more visible for H26 
(ΔpyrE2) or H98 (ΔhdrB, ΔpyrE2) containing the plasmid pTA962 
compared to the plasmid-free strains in a rich liquid medium (de 
Silva et al., 2021).

Further potential complexities arise from this plasmid related cell 
shape variations in strains harboring mutations that affect cell 
morphology. For example, ftsZ2 knockout strains show a very severe 
cell division defect and grow as very large plate cells whereas the same 
strain transformed with a plasmid is filamentous (Liao et al., 2021). 
The same is true for knock-down of sepF, another cell division protein 
(Nußbaum et al., 2021), whereas ΔftsZ1 cells do not become elongated 
in presence of the plasmid (Liao et al., 2021). These effects on cell 
shape, and their dependence on strain background and plasmid 
presence, potentially complicates the interpretation of the results of 
such genetic analyses.

To better understand how the plasmid used in these studies 
influences cell shape, here we characterized the cell shape of several 
H. volcanii strains that are commonly used as genetic backgrounds for 
selection during strain engineering namely: H26, H53, H77, H98, and 
H729 (Allers et al., 2004), and investigated the influence of the plasmid 
and various auxotrophic markers. Our results indicate that ΔhdrB 
marker strains and hdrB selection markers have the most influence on 
H. volcanii cell shape in addition to the sole presence of a plasmid. 
Finally, we discuss the current limitations in studying cell shape in 
H. volcanii and make recommendations based on our results for 
improving reproducibility of such studies.

2. Materials and methods

2.1. Strains and growth conditions

The list of strains and plasmids are available in 
Supplementary Table S1. Haloferax volcanii cells were grown in 
Hv-YPC or Hv-CA media.

Hv-YPC medium consisted of 0.5% (w/v) yeast extract (Oxoid 
1447488-02), 0.1% (w/v) peptone (Oxoid 2145582), and 0.1% (w/v) 
casamino acids (Difco 0314259) dissolved in 18% buffered salt water 
(SW) 144 g/L NaCl (Roth 0962.3), 18 g/L MgCl2 * 6 H2O (Roth 
A537.1), 21 g/L MgSO4*7H2O (Roth P027.2), 4.2 g/L KCl (Roth 
P017.3), 12 mMTris/HCl (Roth 9090.2), pH 7.5, supplemented with 
3 mM CaCl2 (Roth 5239.1), adjusted to a pH of 7.2 with KOH.

Hv-CA medium consisted of: 0.5% (w/v) casamino acids (Difco 
0314259) dissolved in 18% SW, supplemented with 3 mM CaCl2 (Roth 
5239.1), and 0.8 μg/mL of thiamine, and 0.1 μg/mL of biotin, adjusted 
to a pH of 7.2 with KOH.

For strains with auxotrophic mutations, the details of the culture 
conditions and additives to support growth in Hv-YPC or HV-CA are 
listed in Supplementary Table S1. The water used for preparing media 
was deionized water from a diH2O system. Solid agar media were 
prepared by addition of (1.5%) Bacto Agar (Difco 214010). Plates with 
strains were incubated at 45°C in a plastic container or plastic bag to 
limit evaporation.
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Two methods were used for liquid cultures. For culture 
volume <5 mL, cells were grown in 15 mL glass tubes in a rotating 
platform and for cultures >5 mL, cells were grown in an 
Erlenmeyer flask covered with aluminum foil on a shaking 
platform. All cultures were grown at 45°C with a rotation of 
110 rpm.

Transformation of H. volcanii via the Polyethylene glycol 600 
(PEG600) method was performed as described before (Allers et al., 
2004) and appropriate selection was used depending on the strain’s 
genetic background and the selection marker on the transforming 
plasmid. Non-methylated plasmids were extracted from Escherichia 
coli dam−/dcm− (C2925I, NEB) prior to transformation of 
H. volcanii. E. coli strains were cultured in LB medium, with the 
necessary antibiotics (100 μg/mL ampicillin, 30 μg/mL 
chloramphenicol, or 25 μg/mL kanamycin) and grown at 37°C under 
constant shaking.

2.2. Growth curves of Haloferax volcanii 
strains

Strains from glycerol stocks were streaked on solid agar medium 
plus auxotrophic requirements as needed, or, for strains with plasmids, 
on HV-CA agar plus required additives (see Supplementary Table S1), 
and then incubated at 45°C for 4–5 days to obtain isolated colonies. A 
single colony from plates was used to inoculate 5 mL of media on day 
1. On day 2, the obtained culture was used to inoculate 50 mL of 
Hv-CA supplemented with appropriate additives (see 
Supplementary Table S1) so that the culture would reach an OD600 of 
0.05 on the morning of day 3 and incubated at 45°C with shaking at 
120 rpm. Measurement of optical density at 600 nm (OD600) was 
started on day 3 at an OD600 of 0.05 and manual sampling was 
performed up to 70 h.

2.3. Studies of Haloferax volcanii cell shape

2.3.1. Growth conditions and sampling
Strains were streaked on Hv-YPC media for strains without a 

plasmid (see Supplementary Table S1) and appropriate Hv-CA media 
for strains with plasmids (see Supplementary Table S1) and grown for 
4–5 days to obtain isolated colonies. A single colony from plate was 
inoculated in 5 mL of appropriate Hv-CA media for all the strains and 
grown overnight. The following day, the 5 mL culture was used to 
inoculate 15 mL of Hv-CA media in a 100 mL Erlenmeyer flasks with 
foil lid so that the culture would reach an OD600 of 0.01 the following 
morning. Samples were collected the following day at OD600 of 0.01, 
0.03, 0.06, 0.1 and 0.2 and prepared for phase-contrast 
light microscopy.

2.3.2. Phase-contrast light microscopy
A 5 μL culture sample was dropped onto an agarose pad [1% (w/v) 

agarose (Roth 3810.3), dissolved in 18% SW] and covered with a cover 
slip upon drying of the surface liquid. Micrographs were acquired on 
an inverted phase-contrast light microscope (Zeiss Axio Observer Z.1) 
at a magnification of 100X with an oil-immersion objective (Zeiss 
Plan-Apochromat 100×/1.40 NA Oil M27, with Immersol™ 518 F) 
and an exposure of 50 ms.

2.3.3. Image and data analysis
Phase-contrast images were analyzed using Fiji combined with the 

MicrobeJ plugin (Schindelin et  al., 2012; Ducret et  al., 2016). 
Segmentation of archaeal cells was performed in MicrobeJ using the 
following settings: default mode for thresholding, scale 0.065 μm and 
area cutoff: 0.1—max and cell shape descriptors (circularity, length, 
area, and aspect ratio) were collected. For the analysis, cells which are 
present as aggregates or fragmented were manually discarded from the 
segmentation results.

For each strain and OD600, cell circularity was plotted as a frequency 
distribution obtained from the total number of cells analyzed (calculated 
and plotted in GraphPad Prism 6). The distribution was grouped into 
bins between 0 to 1 with increments of 0.1. Data were represented as 
frequency polygons and presented in a ridgeline plot to allow 
comparisons. Violin plots of the different cell shape parameters were 
created in GraphPad Prism 6, and plotted with the mean and standard 
deviation overlayed as a bar graph.

Categorization of cells into shape types rod (R), intermediate (I) 
and plates (P) was done in Excel with IF/AND functions based on the 
cell circularity features extracted from the segmentation/analysis in 
MicrobeJ and using the following parameters: a circularity between 1 
and 0.8 included (closest to a circle) are corresponding to plate cells 
(P), values strictly in between 0.8 and 0.6 correspond to a mixed 
population of intermediate shapes (I) and values equal or below 0.6 
(closest to an elongated shape) are rod cells (R). Percentages of each 
shape types from the total number of cells analyzed at a given OD600 
were calculated in Excel and plotted as bar graphs.

Statistical analyses were performed in GraphPad Prism 6. If 
comparison was between two groups, an unpaired non-parametric 
Mann–Whitney test was carried out. For comparison between three 
or more groups, a non-parametric Kruskal–Wallis and Dunn’s 
multiple comparison tests were carried out. For the generation of the 
p-value heatmaps, p-values were calculated in python using SciPy 
(scipy.stats.kruskal) function and plotted as heatmaps with the 
seaborn package.

3. Results

3.1. Rod shape is transient during growth of 
wild-type Haloferax volcanii DS2

Cell shape development during the growth phases of H. volcanii has 
only been reported for two of the commonly used auxotrophic strains, 
including H26 and H53 (Abdul Halim et al., 2016; Li et al., 2019; de Silva 
et al., 2021, Supplementary Table S2). To better characterize H. volcanii 
cell shape during growth in liquid medium and study the potential effects 
of the auxotrophic mutations on H. volcanii cell shape, we first studied 
the H. volcanii DS2 parental wild-type strain. Cells were grown in liquid 
Hv-CA medium, sampled at different stages of growth (OD600 0.01, 0.03, 
0.06, 0.1, and 0.2) and imaged by phase-contrast microscopy to obtain 
cell shape parameters, including cell length, aspect ratio, area, and 
circularity (Figure 1). Cell circularity was used as a proxy to characterize 
the degree of cell elongation and cells were categorized as plate cells (P, 
circularity 0.8–1), intermediate cells (I, circularity 0.6–0.8) or rod cells (R, 
circularity <0.6).

H. volcanii DS2 was pleomorphic throughout the different growth 
stages, showing a mixture of rods, intermediate and plate cells, with 
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the majority of cells (~75%) existing as plates (Figure  1A). The 
proportion of plate cells increased as the culture progressed, with up 
to 86% of the population classified as plates at OD600 = 0.2 (Figure 1A). 
These data can also be seen as a significant increase of the mean of the 
circularity (Figure 1B) and a decrease of the mean of the aspect ratio 
(Figure 1C). This suggested that the formation of rods in early log 
phase, as described earlier in H26 and H53 (Li et al., 2019; de Silva 
et al., 2021), is also characteristic for the wild-type H. volcanii DS2.

Cell area (Figure 1D) and length (Figure 1E) measurements 
revealed a decrease in cell size during culture progression, that 
was also seen in each of the three shape classes 
(Supplementary Figure S1). Notably, rod cells and intermediate 
cells were significantly larger than plate cells at the same stages 
(Supplementary Figure S1). Intermediate cells generally had a size 
in between rod and plate cells, suggesting they may be  in 
transition between plate and rod shapes.

FIGURE 1

Analysis of the morphology of H. volcanii DS2 at different stages of growth. (A) Relative frequency distribution of cell circularity (left) measured from phase 
contrast image analysis (right) of DS2 samples collected at OD600 0.01 to 0.2 (bottom to top). Cell types R (rods), I (intermediates) and P (plates) are 
determined depending on the cell circularity as described in the text and each cell shape percentage is indicated on the graphs. The Y-axis indicates the 
percentage of cells at each OD. Sum of the graph height per OD600 equals 100%. Scale bars on micrographs represent 4 μm. (B) Violin plot distribution of 
cells circularity at different OD600. Data set is the same as in (A). (C) Violin plot distribution of cells aspect ratio at different OD600 (D) Violin plot distribution of 
cells area (μm2) at different OD600 (E) Violin plot distribution of cells length (μm) at different OD600. The statistical analysis in (B–E) were performed using 
Kruskal–Wallis-test in GraphPad Prism and data represent more than 1,100 cells from three independent experiments. Black line indicates mean; bottom 
and top lines indicate the standard deviation. Additional results of Kruskal–Wallis-tests are represented in Supplementary Figure S5.
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3.2. Differing cell shape transitions in 
wild-type and auxotrophic Haloferax 
volcanii strains

Many of the common genetic tools of H. volcanii are based on 
selection via auxotrophic marker genes (Allers et  al., 2004) and 
recombinant plasmids based on the small endogenous plasmid pHV2, 
which has been cured from wild-type DS2 (Wendoloski et al., 2001). 
Previous studies have also noticed some H. volcanii strains would 
form more rods with plasmid compared to those without plasmid. 
These observations, summarized in Supplementary Table S2, were 
made in the background strains H26 (ΔpyrE2), H53 (ΔpyrE2ΔtrpA), 
and H98 (ΔpyrE2ΔhdrB) bearing plasmids based on pTA962/pTA963 
derivatives containing the selection marker cassette pfdx-pyrE2::hdrB 
(Allers et al., 2004). Intrigued by the facts that (1) all the strains in 
which this phenomenon was observed share the ΔpyrE2 mutation and 
that the strains H53 and H98 are derived from H26 and (2) that all the 
plasmids used were pTA962/963 derivatives with the same pfdx-
pyrE2::hdrB selection cassette, we investigated whether the genetic 
background or the markers present on the plasmid could 
be responsible for the plasmid-dependent cell shape changes.

To test whether the auxotrophic mutations affect cell shape and 
may thereby be  linked to the plasmid-mediated effects previously 
observed, we compared the cell shape development of five commonly 
used auxotrophic strains: H26 (ΔpyrE2), H53 (ΔpyrE2ΔtrpA), H98 
(ΔpyrE2ΔhdrB) as well as two other independent strains H77 (ΔtrpA) 
and H729 (ΔhdrB) to wild-type DS2 (Supplementary Table S1).

For the strains H26, H53 and H77, most cells were plates, 
representing more than 65% of the population at all stages of culture 
sampled similarly to DS2 (Figures 1, 2). The proportion of rods and 
intermediate cells decreased as the culture progressed into the 
exponential phase and cells transitioned to plate shape (~93% plates 
at OD600 = 0.2, Figures 2B,C). H26 showed the lowest proportion of 
rods and intermediate cells and this proportion decreased over time 
whereas most of the transition to plate cells occurred somewhat later, 
between OD600 = 0.06 and OD600 = 0.1, for H53 and H77.

Strains H98 and H729, however, showed a greater proportion of 
rods and intermediate cells compared to DS2, H26, H53, and H77 
(Figure 2) and kept a ratio of around 50% rods and intermediate cells 
from OD600 = 0.01 to OD600 = 0.06 (Figures 2B,C). For H98, an abrupt 
transition to plate shape happened between OD600 = 0.1 to OD600 = 0.2 
changing from 64% to 95% plates. However, H729 still displayed 
around 38% of rods and intermediate cells for 62% of plates at 
OD600 = 0.2. This might suggest that H729 is delayed in the transition 
to plate shape compared to H98 and to the other strains.

In addition to differences in the ratio between rods, intermediates 
and plates, our study showed differences of cell size between the strains 
and over time. Similar to DS2, the strains H53, H77, H729, and H98 
showed the tendency to become smaller (see area 
Supplementary Figure S2C and length Supplementary Figure S2D) as the 
OD600 increased. However, H26 showed relatively small cells at 
OD600 = 0.01 and were larger by OD600 = 0.2 (see area 
Supplementary Figure S2C and longer Supplementary Figure S2D). The 
cells of H98, H53, H77, and H729 were overall larger than DS2 
throughout, with H98 being the smallest of the four and H729 the largest 
(Supplementary Figures S2C,D). No substantive differences in the growth 
curves of these strains were observed (Supplementary Figure S3A). The 
H729 strain displayed the highest number of rods at all ODs (Figure 2C) 

and the highest aspect ratio and length (Supplementary Figures S2B,D) 
showing that this strain is also more elongated than the others; H729 rods 
cells sometimes appeared irregular and filamentous (Figure 2A). This 
phenotype will be discussed further below.

Overall, we observed that for all the strains tested, the general 
tendencies of H. volcanii cells are consistent with the previous studies 
of single strains: (1) the cells appear generally pleomorphic throughout 
the monitored growth period (early-mid log phase), (2) rods cells are 
more prevalent during the earlier stages of exponential growth in the 
conditions used, and (3) the cells of most strains become smaller as 
the OD increases. However, strain dependent features appear, 
including (1) the proportion of rods, intermediate and plate cells, (2) 
how long rod cells persist in the culture, (3) the size of the cells and (4) 
how elongated rods are.

3.3. Rod development is both plasmid and 
background strain dependent

3.3.1. Cell shape in H26 backgrounds
We then analyzed the effect of various plasmids carrying different 

selection markers on the cell shape of the auxotrophic strains H26, 
H53, H98, H77, and H729.

H26 (ΔpyrE2) was transformed with pTA1392, a derivative from 
pTA962 containing the selection cassette pfdx-pyrE2::hdrB (Haque 
et al., 2020), or pTA230, containing the selection cassette pfdx-pyrE2 
(Allers et al., 2004).

As previously observed in H26 pTA962 (de Silva et al., 2021), 
the presence of pTA1392 or pTA230 resulted in a greater 
proportion of rod and intermediate cells during the early 
logarithmic phase compared to H26 without the plasmid 
(Figures 3A,B). No obvious rod-to-plate transition timing could 
be observed for H26 without plasmid, and rod shape was clear in 
H26 strains bearing a plasmid, which persisted to OD600 = 0.2 
(Figures 3A,B).

The presence of the plasmid in the H26 background affected 
the proportions of the different cell shapes and the cell dimensions. 
While the H26 area increased overtime, the opposite happened for 
H26 pTA1392 and H26 pTA230 (Figure 3C) which is more similar 
to what happened in DS2 (Figure 1D) and the other backgrounds 
strains studied in Supplementary Figure S2C. The two plasmid-
bearing strains were overall more elongated than H26 without 
plasmid (Figures  3D,E) and showed lower circularity 
(Supplementary Figure S4A). H26 pTA1392 was marginally the 
most elongated of the three strains (Figures 3D,E). Note that H26 
pTA230 and H26 pTA1392 were both grown in Hv-CA without 
additional uracil as the pfdx-pyrE2 marker was present on the 
plasmids. The main difference between these two conditions is the 
additional presence of the hdrB marker expressed from pfdx on 
pTA1392. This increases the gene copy number of the hdrB gene 
that is present both in the chromosome and the plasmid, expected 
to cause overexpression of the gene. These results would suggest 
that the additional expression of hdrB differentially impacts 
H. volcanii cell shape.

3.3.2. Cell shape in H53 and H77 backgrounds
We complemented H53 (ΔpyrE2ΔtrpA) with pTA230 (pfdx-

pyrE2), pTA231 (pfdx-trpA) and pTA1392 (pfdx-pyrE2::hdrB), similar to 
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the plasmids used in previous works (Abdul Halim et al., 2016; de 
Silva et al., 2021, Supplementary Table S2), and H77 (ΔtrpA) was 
complemented with pTA231 (pfdx-trpA). In the H53 background, the 

plasmids resulted in a higher proportion of rods and intermediate 
cells, noticeable particularly with pTA1392 (Figures  4A,B; 
Supplementary Figure S4B). For H53 pTA1392 and H53 pTA230, the 

FIGURE 2

Morphological analysis of different auxotrophic H. volcanii strains at different stages of growth. (A) Phase contrast micrographs showing DS2, H26, 
H53, H77, H98 and H729 sampled at different growth stages from OD600 0.01 (bottom) to 0.2 (top). Scale bars represent 4  μm. The genotype of each 
strain (coloured) is indicated at the bottom of the micrographs. (B) Relative frequency distribution of cell circularity measured from micrographs in 
(A) at OD600 0.01 to 0.2 (bottom to top). Dashed vertical lines delimit the different cell types R (rods), I (intermediates) and P (plates) determined 
depending on the cell circularity as described in the text. The Y-axis indicates the percentage of cells at each OD. Sum of the graph height per OD600 
equals 100%. (C) Bar graph indicating the percentage of each cell shape types at each sampled OD600 for each strain background. Colour 
representation—R (rods): black, I (intermediate): blue and P (plates): grey. (B,C) (N  >  500 from three independent experiments). Data set for strain DS2 is 
the same as in Figure 1.
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FIGURE 3

Morphological analysis of H26 with plasmids compared to H26 without plasmid at different stages of growth. (A) Left—phase contrast micrographs 
showing H26, H26 pTA1392, H26 pTA230 sampled at different growth stages from OD600 0.01 (bottom) to 0.2 (top). Scale bars represent 4  μm. The 
genotype of each strain (coloured) is indicated at the bottom of the micrographs. Right—Relative frequency distribution of cell circularity measured 
from micrographs in (A) at OD600 0.01 to 0.2 (bottom to top). Dashed vertical lines delimit the different cell types R (rods), I (intermediates) and P 
(plates) determined depending on the cell circularity as described in the text. The Y-axis indicates the percentage of cells at each OD. Sum of the graph 
height per OD600 equals 100%. (B) Bar graph indicating the percentage of each cell shape types at each sampled OD600 for each strain background. 
Colour representation—R (rods): black, I (intermediate): blue and P (plates): grey. (C) Violin plot distribution of cells area (μm2) at different OD600. 
(D) Violin plot distribution of cell length (μm) at different OD600. (E) Violin plot distribution of cells aspect ratio at different OD600. The statistical analysis 
in (C–E) were performed using Kruskal–Wallis-test in GraphPad Prism and data represent more than 1,300 cells from three independent experiments. 
Black line indicates mean; bottom and top lines indicate the standard deviation. Additional results of Kruskal–Wallis-tests are represented in 
Supplementary Figure S6. Data set for strain H26 is the same as in Figure 1.
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FIGURE 4

Morphological analysis of H53 with plasmids compared to H53 without plasmid at different stages of growth. (A) Left—phase contrast micrographs 
showing H53, H53 pTA1392, H53 pTA230, H53 pTA231 sampled at different growth stages from OD600 0.01 (bottom) to 0.2 (top). Scale bars represent 
4  μm. The genotype of each strain (coloured) is indicated at the bottom of the micrographs. Right—relative frequency distribution of cell circularity 
measured from micrographs in (A) at OD600 0.01 to 0.2 (bottom to top). Dashed vertical lines delimit the different cell types R (rods), I (intermediates) 
and P (plates) determined depending on the cell circularity as described in the text. The Y-axis indicates the percentage of cells at each OD. Sum of the 
graph height per OD600 equals 100%. (B) Bar graph indicating the percentage of each cell shape types at each sampled OD600 for each strain 
background. Colour representation—R (rods): black, I (intermediate): blue and P (plates): grey. (C) Violin plot distribution of cells area (μm2) at different 
OD600. (D) Violin plot distribution of cell length (μm) at different OD600. (E) Violin plot distribution of cells aspect ratio at different OD600. The statistical 
analysis in (C–E) were performed using Kruskal–Wallis-test in GraphPad Prism and data represent more than 500 cells from three independent 
experiments. Black line indicates mean; bottom and top lines indicate the standard deviation. Additional results of Kruskal–Wallis-tests are represented 
in Supplementary Figure S7. Data set for strain H53 is the same as in Figure 1.
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proportion of rods and intermediate cells increased until OD600 = 0.06 
to reach a peak of 65% and 59%. In between OD600 = 0.06 and 
OD600 = 0.1 the population cell shape transition occurred, and the 
proportion of cell shapes reversed in favor of plate cells. However, for 
H53 pTA231 the peak of rods and intermediates happened early on at 
OD600 = 0.01 and a rather smooth decrease of the proportion of rod 
cells was visible up to OD600 = 0.2.

Interestingly, H53 pTA1392 cells were generally smaller than the 
cells of the other strains (see area and length Figures 4C,D) but their 
aspect ratio was relatively high (Figure 4E) suggesting that in H53, 
pTA1392 results in greater elongation and thinning of the cells. The 
similarity to the results for H26 pTA1392 would suggest a similar 
effect of the additional hdrB marker on the cell morphology in strains 
deleted for pyrE2.

The presence of pTA231  in H77 induced a relatively high 
proportion of rods and intermediate cells starting from 63% at 
OD600 = 0.01 and the transition towards a majority of plate cells 
occurred in between OD600 = 0.06 and OD600 = 0.1 (Figures  5A,B; 
Supplementary Figure S4C). Interestingly in the case of the H77 
background, the presence of the plasmid did not increase the cell area 
(Figure  5C). However, cells bearing pTA231 are generally longer 
(Figure 5D) and have a higher aspect ratio than H77 without plasmid 
(Figure 5E) suggesting that in this strain, the presence of the plasmid 
pTA231 induces a remodeling of the cell towards elongated rods.

3.3.3. Cell shape in H729 and H98 backgrounds
The same experiments were conducted for H98 (ΔpyrE2ΔhdrB) 

transformed with pTA1392 (pfdx-pyrE2::hdrB), pTA230 (pfdx-pyrE2) 
and pTA233 (pfdx-hdrB), and H729 (ΔhdrB) transformed with 
pTA1392 and pTA233.

For H729, which had the largest cells compared to the other 
strains without plasmid and showed the highest proportion of rods 
and intermediate cells (Figure  2; Supplementary Figure S2), the 
presence of the plasmids pTA1392 or pTA233 did not increase the 
percentage of rods and intermediate cells (Figures  6A,B). To the 
contrary, at OD600 = 0.2, H729 pTA1392 and H729 pTA233 showed 
less rods than H729 without plasmid. Additionally, the cells harboring 
pTA1392 and pTA233 were globally smaller, shorter, less elongated 
and more circular than H729, pTA233 conferring the smaller size and 
highest circularity (Figures 6C–E; Supplementary Figure S4E).

The difference between H729 without plasmid and with plasmid, 
might suggest a fundamental difference between the addition of 
thymidine and hypoxanthine in the media and the expression of hdrB 
from the plasmid for supporting H729 cell development in 
Hv-CA. However, it is interesting to note that differences could 
be observed between H729 pTA1392 and H729 pTA233 in terms of 
cell size and growth despite their same growth medium (Figure 6; 
Supplementary Figure S3F). These differences might be due to the 
extra copy of pyrE2 expressed from pTA1392 or that hdrB is 
transcribed from the pfdx-pyrE2::hdrB cassette in a multicistronic 
mRNA and that the expression of hdrB in that context is most likely 
different than for pfdx-hdrB from pTA233.

Interestingly, H98 pTA233 grown in Hv-CA + uracil also showed 
cells that were smaller, shorter, and more circular compared to H98 or 
H98 pTA1392 (Figures  7C,D; Supplementary Figure S4D). This 
further supports the idea that an external addition of 40 μg/mL of 
thymidine and hypoxanthine, or the expression of hdrB from pfdx-
pyrE2::hdrb or pfdx-hdrb does not restore the cell’s prototrophy to the 

same extent and differently affects the growth and the cell shape 
development in ΔhdrB strains as compared to the wildtype (Figure 7; 
Supplementary Figures S3, S4D).

The presence of pTA233 in H98 did not drastically increase the 
percentage of rods and intermediate cells compared to H98 without 
plasmid but seemed to help maintain a rather stable proportion of the 
different cell shapes overtime. Indeed, H98 transitioned to plate shape 
between OD600 = 0.1 and OD600 = 0.2 to attain 95% of plates whereas 
H98 pTA233 still showed 33% of rods and intermediates at OD600 = 0.2 
(Figures 7A,B).

Both pTA1392 and pTA230 increased the percentage of rods and 
intermediate cells in H98 but in different manners (Figures 7A,B). 
While the percentage of rods and intermediate cells was largely 
increased compared to H98 at OD600 = 0.01 for both strains, this 
percentage gradually decreased overtime for H98 pTA1392 down to 
27% at OD600 = 0.2 (transition between OD600 = 0.1 and OD600 = 0.2) 
whereas it stayed at high levels for H98 pTA230 (52%). Indeed, while 
pTA1392 reduced the overall size of the cells compared to H98, the 
presence of pTA230 greatly increased the size (area and length, 
Figures 7C,D) and cells were much more elongated (see aspect ratio 
and circularity, Figure 7E; Supplementary Figure S4D) than all the 
other H98 background strains. The genotypes and phenotypes of H98 
pTA230 (ΔpyrE2ΔhdrB/pfdx-pyrE2) resembled the one of H729 
(ΔhdrB), in the sense that the pyrE2 deletion is compensated by the 
plasmidic expression of pfdx-pyrE2 and addition of thymidine and 
hypoxanthine is required for growth in Hv-CA. In both cases, the cells 
were larger and formed irregular and elongated rods (Figures 7A,C–E). 
This phenotype might reflect the cumulative effect of the incomplete 
support of cell morphology development when thymidine and 
hypoxanthine are provided in the media and the presence of a plasmid.

4. Discussion

This study reports an analysis of the cell shape of the H. volcanii 
DS2 strain during the different stages of the exponential growth and 
could show that the rod development and cell shape transition is a 
natural behavior of H. volcanii. As previously seen in other genetic 
backgrounds, the development of rods is restricted to the early stages 
of exponential growth (Abdul Halim et al., 2016; Li et al., 2019; de 
Silva et al., 2021). However, the percentage of rods is relatively small 
for DS2 in the tested conditions. The analysis of the various cell shape 
parameters clearly showed that the cells become smaller as the culture 
goes through the exponential phase as seen earlier for other 
Haloarchaea (Schwarzer et al., 2021). A phenomenon that has been 
observed for batch cultures of bacteria too. Indeed, the cell mass as 
well as the growth rate of E. coli K-12 strain MG1655 cultivated in 
batch cultures in Luria-Bertani broth drop considerably from 
OD600 = 0.3 and keep decreasing gradually until stationary phase 
(Sezonov et al., 2007) and cell length has been shown to decrease over 
time too (Shi et al., 2021). It was shown that this reduction of cell mass 
was concomitant with the impoverishment of utilizable carbon source 
in the media (Sezonov et al., 2007). While it has been shown that 
E. coli surface area/volume varies through time, the mechanisms that 
govern the control of cell width, length, volume and surface area are 
still debated (Shi et al., 2017; Colavin et al., 2018; Oldewurtel et al., 
2021). Apart from nutrient availability, DNA replication could affect 
cell size and shape as observed in bacteria (Westfall and Levin, 2017). 
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FIGURE 5

Morphological analysis of H77 with plasmids compared to H77 without plasmid at different stages of growth. (A) Left—phase contrast micrographs 
showing H77, H77 pTA231 sampled at different growth stages from OD600 0.01 (bottom) to 0.2 (top). Scale bars represent 4  μm. The genotype of each 
strain (coloured) is indicated at the bottom of the micrographs. Right—relative frequency distribution of cell circularity measured from micrographs in 
(A) at OD600 0.01 to 0.2 (bottom to top). Dashed vertical lines delimit the different cell types R (rods), I (intermediates) and P (plates) determined 
depending on the cell circularity as described in the text. The Y-axis indicates the percentage of cells at each OD. Sum of the graph height per OD600 
equals 100%. (B) Bar graph indicating the percentage of each cell shape types at each sampled OD600 for each strain background. Colour 
representation—R (rods): black, I (intermediate): blue and P (plates): grey. (C) Violin plot distribution of cells area (μm2) at different OD600. (D) Violin plot 
distribution of cells length (μm) at different OD600. (E) Violin plot distribution of cells aspect ratio at different OD600. The statistical analysis in (C–E) were 
performed using Kruskal–Wallis-test in GraphPad Prism and data represent more than 500 cells from three independent experiments. Black line 
indicates mean; bottom and top lines indicate the standard deviation. Additional results of Kruskal–Wallis-tests are represented in 
Supplementary Figure S8. Data set for strain H77 is the same as in Figure 1.
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FIGURE 6

Morphological analysis of H729 with plasmids compared to H729 without plasmid at different stages of growth. (A) Left—phase contrast micrographs 
showing H729, H729 pTA1392, H729 pTA233 sampled at different growth stages from OD600 0.01 (bottom) to 0.2 (top). Scale bars represent 4  μm. The 
genotype of each strain (coloured) is indicated at the bottom of the micrographs. Right—relative frequency distribution of cell circularity measured 
from micrographs in (A) at OD600 0.01 to 0.2 (bottom to top). Dashed vertical lines delimit the different cell types R (rods), I (intermediates) and P 
(plates) determined depending on the cell circularity as described in the text. The Y-axis indicates the percentage of cells at each OD. Sum of the graph 
height per OD600 equals 100%. (B) Bar graph indicating the percentage of each cell shape types at each sampled OD600 for each strain background. 
Colour representation—R (rods): black, I (intermediate): blue and P (plates): grey. (C) Violin plot distribution of cells area (μm2) at different OD600. 
(D) Violin plot distribution of cell length (μm) at different OD600. (E) Violin plot distribution of cells aspect ratio at different OD600. The statistical analysis 
in (C–E) were performed using Kruskal–Wallis-test in GraphPad Prism and data represent more than 900 cells from three independent experiments. 
Black line indicates mean; bottom and top lines indicate the standard deviation. Additional results of Kruskal–Wallis-tests are represented in 
Supplementary Figure S9. Data set for strain H729 is the same as in Figure 1.
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FIGURE 7

Morphological analysis of H98 with plasmids compared to H98 without plasmid at different stages of growth. (A) Left—phase contrast micrographs showing 
H98, H98 pTA1392, H98 pTA230, H98 pTA233 sampled at different growth stages from OD600 0.01 (bottom) to 0.2 (top). Scale bars represent 4 μm. The 
genotype of each strain (coloured) is indicated at the bottom of the micrographs. Right—relative frequency distribution of cell circularity measured from 
micrographs in (A) at OD600 0.01 to 0.2 (bottom to top). Dashed vertical lines delimit the different cell types R (rods), I (intermediates) and P (plates) determined 
depending on the cell circularity as described in the text. The Y-axis indicates the percentage of cells at each OD. Sum of the graph height per OD600 equals 
100%. (B) Bar graph indicating the percentage of each cell shape types at each sampled OD600 for each strain background. Colour representation—R (rods): 
black, I (intermediate): blue and P (plates): grey. (C) Violin plot distribution of cells area (μm2) at different OD600. (D) Violin plot distribution of cell length (μm) at 
different OD600. (E) Violin plot distribution of cells aspect ratio at different OD600. The statistical analysis in (C–E) were performed using Kruskal–Wallis-test in 
GraphPad Prism and data represent more than 1,700 cells from three independent experiments. Black line indicates mean; bottom and top lines indicate the 
standard deviation. Additional results of Kruskal–Wallis-tests are represented in Supplementary Figure S10. Data set for strain H98 is the same as in Figure 1.
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H. volcanii has a multipartite and multicopy genome with multiple 
active origins of replication (for review Pérez-Arnaiz et al., 2020). So 
far the existence of a clear cell cycle in H. volcanii and the coupling of 
DNA replication, cell growth, cell division and chromosome 
segregation mechanisms are unknown. However, it is known that the 
genome copy number decreases between exponential phase and 
stationary phase from around 18 copies to around 10 copies (Breuert 
et al., 2006) so a possible link between the reduction of genome copy 
number and the reduction of cell size would be worth studying.

Additionally to a diminution of the population cell size over time, 
our study showed that the rod cells and intermediate cells in low OD 
cultures are also larger (larger area) than plate cells. It would 
be interesting to study how biomass is accumulated in the different cell 
shapes. H. volcanii cell envelope is constituted of an S-layer 
Glycoprotein and has been proposed to be newly incorporated at the 
division site (Abdul-Halim et al., 2020). However, nothing is known 
about how growth and S-layer incorporation are regulated, nor how 
this is coordinated with cell shape determination. A recent study in 
another haloarchaeon Halobacterium salinarum demonstrated that 
this species grows following the adder model where cells grow by 
adding a constant volume between two cell cycles (Eun et al., 2018). 
However, this study was conducted in conditions where all the cells 
were maintained in rod shape so there is currently no idea whether 
plate cells are growing the same way.

Another yet challenging side of H. volcanii cell shape plasticity is 
that the presence of a plasmid affects the cell shape of H. volcanii 
whether it is by supporting the development of rods (de Silva et al., 
2021) or changing the morphological phenotypes of mutant strains 
(Abdul Halim et al., 2016; Liao et al., 2021; Nußbaum et al., 2021). 
Such effects may complicate studies of cell division, cell growth, cell 
morphology and cell motility where cell shape is an important 
component of the mechanisms studied. Based on this we sought to 
conduct a comparative study of the cell shape of the most commonly 
used background strains without and with a transformed plasmid in 
order to either find conditions where this would not happen or 
provide guidance for improving the current system. While we are 
aware that some limitations apply to our study, like for example the 
fact that each strain was cultivated in different media, i.e., Hv-CA 
supplemented adequately depending on the strains’ auxotrophic state, 
and that direct comparison of them is somewhat questionable or the 
fact that we did not compare with the strain DS70 depleted from the 
plasmid pHV2 (Wendoloski et al., 2001) from which H26, H53, H77, 
H729, and H98 are derived from (Allers et al., 2004), we were able to 
highlight several patterns reflecting the presence or absence of a 
plasmid on H. volcanii cell shape. Most commonly, the plasmid 
increases the percentages of rods and intermediate cells compared to 
strains without plasmid. Sometimes it rather affects the dimensions of 
the cells (area, aspect ratio, length) (example H729) rather than 
changing the percentage of the different cell shapes. Other times it 
would change the timing during rods are developed and most of the 
times it is a combination of several of these phenomena. These 
phenotypes are most likely due to a combinatorial effect of the plasmid 
presence and of the different auxotrophic deletions and markers used 
for selection. Indeed, we have shown that the deletion of the various 
auxotrophic markers does have an impact on the cell shape, whether 
it is by increasing the percentage of rods and intermediate cells or/ and 
changing the cell dimensions independently of the presence of a 
plasmid. For example, the ΔtrpA deletion (present in H53 and H77) 

seems to increase the cell size but does not change the relative 
proportion of the cell types nor the timing of development of the rods 
compared to DS2.

The most striking impact on cell shape observed in this study was 
for the ΔhdrB deletion. Indeed, the deletion of hdrB itself induces a 
greater proportion of elongated cells, as seen both in H729 and H98 
backgrounds. The cells are not only more elongated but also larger 
than DS2 especially for H729. A phenotype that could be partially 
reversed when the hdrb gene was provided on a plasmid. It shows that 
the external addition of thymidine and hypoxanthine required for 
growth of hdrb backgrounds in Hv-CA is not sufficient to support a 
proper cell shape (i.e., cell size and shape closer to DS2). The 
supplementation of thymidine and hypoxanthine to the medium is 
enough for the cells to grow (Supplementary Figure S3F) but most 
likely not sufficient to support normal cellular morphology thus cells 
tend to grow larger and more elongated and irregular as compared to 
DS2 for example. To the opposite, the complementation of hdrB by the 
plasmidic copy might better restore the prototrophy through 
endogenous biosynthesis that may be more efficient than uptake from 
the medium, and therefore most likely better restore the cell 
physiology. However, the complementation of the strains with plasmid 
carrying hdrb did not reduce the proportion of rods as one could have 
expected but to the opposite, it increased further the proportion of 
rods and intermediate cells in the hdrb background suggesting a 
combinatorial effect of the plasmid presence and the auxotrophy on 
cell shape in this background. Remarkably, for the H26 (ΔpyrE2) and 
H53 (ΔpyrE2ΔtrpA) strains that became merodiploids for hdrb by the 
transformation of pTA1392 (pfdx-pyrE2::hdrB), a greater proportion of 
rods and intermediate cells could be observed compared to the same 
strains transformed by other plasmids without the hdrB marker. 
Suggesting that in this case, the cumulative expression of the 
chromosomal and plasmid copies of hdrB does induce rod formation 
even more than other plasmids in these backgrounds. This suggests 
that the over expression of the hdrb gene severely induces the 
formation of rods additionally to the sole effect of the plasmid 
presence. This could also suggest that the expression of hdrb from the 
pfdx promoter on the plasmid could be too high as a stimulation of rod 
formation is observed too in strains H98 and H729 transformed with 
a plasmid. By extrapolation, we could hypothesize that the increase of 
rods percentage observed for the ΔhdrB strains grown in Hv-CA 
could be attributed to an over activation of the hdrB downstream 
pathways by addition of thymidine and hypoxanthine rather 
suggesting that the concentration of the additives could be too high.

Hdrb encodes for a dihydrofolate reductase involved in the 
tetrahydrofolate biosynthesis which in turn participates in many 
reactions for the synthesis of major cellular components such as 
methionine, purine, pyrimidine and glycine. Such enzymes are 
found universally and often essential to cells, which makes its 
activity a common target for various anti-cancerous and 
antibacterial treatments (Hawser et al., 2006; Chawla et al., 2021). 
In H. volcanii, the deletion of hdrb is not lethal but causes a 
thymidine auxotrophy and deletion mutants require the addition of 
thymidine and hypoxanthine to grow in Hv-CA (Ortenberg et al., 
2000; Falb et al., 2008). In bacteria, the level of thymidine has been 
shown to greatly affect the cells leading eventually to death under 
thymidine starvation conditions (Ahmad et al., 1998). It has also 
been shown in E. coli that both an under- and oversupply of 
thymidine in a Thy− affect the activity of the ribonucleoside 
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diphosphate reductase (RNR) which in turn unbalances the pools 
of dNTPs and affect the replication velocity (Molina et al., 1998; Zhu 
et al., 2017). Additionally, a lower titration of RNR did increase the 
size of the cells by three times and some strains were shown to form 
filament under thymidine starvation (Ahmad et  al., 1998; Zhu 
et al., 2017).

So based on these studies it is possible that in H. volcanii, the 
deregulation of the tetrahydrofolate pathway and downstream 
branches by either deletion of hdrB, the misuse of non-required hdrb 
marker on the plasmid or the under or over supplying of thymidine 
could have major effects on H. volcanii nucleotide metabolism 
inducing growth and cell shape deregulation. Additionally, the 
misregulation of the dihydrofolate reductase expression could have a 
direct impact on H. volcanii DNA replication. So far the existence of 
a clear cell cycle in H. volcanii and the coupling of DNA replication, 
cell division and chromosome segregation mechanisms are unknown 
but a potential link between replication, growth and therefore cell 
shape is not excluded.

Our current study does not allow for disentangling the origin of 
the phenotypes observed in ΔhdrB mutant, but it does show that the 
hdrB deletion background is not suitable for experiments about shape 
and that the use of non-required hdrb selection marker on a plasmid 
should be strictly avoided. pTA1392 and pTA962 are widely used in 
the field and this even in non ΔhdrB backgrounds (see examples in 
Supplementary Table S2) so we hope our study would convince the 
community of changing this practice. This would necessitate the 
community to develop more vectors free from the hdrb selection 
marker. However, our results show an intricate link between 
H. volcanii physiology and metabolism with cell shape that would 
be interesting to investigate further. In addition, the narrow period of 
rod development seen in batch culture seems to be sensitive to the 
constant availability of fresh media. Indeed, H. volcanii grown in the 
microfluidics system CellASIC ONIX remain rod, suggesting that the 
maintenance of rod is sensitive to either the impoverishment or the 
accumulation of a compound that could trigger the transition to plate 
shape in batch culture (de Silva et al., 2021).

As of why the sole presence of a plasmid is inducing rod 
formation, our study could not give an answer, but it is probable that 
the presence of the plasmid is a burden by itself changing the cell 
metabolism and affecting cell size and shape. All the studies referred 
to and done in this work are based upon plasmids containing the 
H. volcanii endogenous pHV2 plasmid origin (Charlebois et al., 1987; 
Wendoloski et al., 2001; Hartman et al., 2010). Proven to be a useful 
genetic tool, we however lack insights into the molecular mechanism 
of pHV2 origin.

As an alternative and for studies where cell shape is critical, 
we would highly recommend avoiding using a plasmid and favor the 
genomic integration for complementation or for expression of 
fluorescently tagged proteins for example. Gene deletions could 
be made by the replacement with the selection marker to restore the 
cells prototrophy without the necessity of a plasmidic marker. 
Additionally, the expression level of the selection cassette into the 
chromosome might resemble better the endogenous gene expression, 
or other promoters could be tested to fine tune the appropriate level 
of expression of the different selection markers to minimize impacts 
on cell shape. However, a plasmid free system would require the 
development of a genetic system that allows for the excision of the 
selection cassette from the genome in case of the construction of 

multi locus mutant strains or complementation experiments for 
example. A strategy that would be worth developing to move the 
field forward.

Aside from considerations about genetic backgrounds and 
plasmid usage, we  would like to highlight that our study was 
conducted in Hv-CA medium that was not supplemented by trace 
elements. Previous studies (Duggin et al., 2015; de Silva et al., 2021) 
showed that the addition of trace elements is crucial both in Hv-CA 
and Hv-YPC for the proper development of cell shape. To the contrary 
we  observe regular cell shape in Hv-CA without trace elements. 
However, it is most likely that sufficient trace elements are present in 
the media. This could be due to the water used for media preparation 
in our team that is deionized water and not from an ultrapure 
purification system as it is the case for our colleagues. And as shown 
before, some trace elements might be present in sufficient amount in 
media preparation reagents depending on their degree of purity (de 
Silva et al., 2021). In addition to the natural plasticity of H. volcanii cell 
shape, such differences could render difficult the comparison and the 
reproduction of results between laboratories, it is certain that the 
research community would beneficiate from a homogenization of 
culture conditions.

Overall, we hope our study raised awareness to the community 
about the impact of the current genetic system used in H. volcanii on 
cell shape and on the importance of cautiousness in choosing a genetic 
background for a given study. We believe that with common efforts, 
new standards can be achieved by the development of new methods 
such as a plasmid free system, new selection markers and more 
standardized culture conditions for moving the haloarchaea cell 
biology field forward.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Author contributions

MP: Conceptualization, Data curation, Formal analysis, 
Methodology, Visualization, Writing – original draft, Writing – review & 
editing, Investigation, Validation. ID: Conceptualization, Funding 
acquisition, Supervision, Writing – review & editing. S-VA: 
Conceptualization, Funding acquisition, Supervision, Writing – review 
& editing. SI: Conceptualization, Data curation, Formal analysis, 
Methodology, Visualization, Writing – original draft, Writing – review & 
editing, Supervision, Validation, Investigation, Project administration.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. SI was 
supported by a Momentum grant from the VW Science Foundation 
(grant number 94933) granted to S-VA. MP was supported by grant 
AL1206/4-3 by the German Science Foundation (DFG). ID was 
supported by the Australian Research Council (DP160101076 
and FT160100010).

https://doi.org/10.3389/fmicb.2023.1270665
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Patro et al. 10.3389/fmicb.2023.1270665

Frontiers in Microbiology 15 frontiersin.org

Acknowledgments

The authors acknowledge discussions with colleagues of the 
Albers and Duggin laboratories. We acknowledge support by the 
Open Access Publication Fund of the University of Freiburg.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1270665/
full#supplementary-material

References
Abdul Halim, M. F., Karch, K. R., Zhou, Y., Haft, D. H., Garcia, B. A., and 

Pohlschroder, M. (2016). Permuting the PGF signature motif blocks both 
archaeosortase-dependent C-terminal cleavage and prenyl lipid attachment for the 
Haloferax volcanii S-layer glycoprotein. J. Bacteriol. 198, 808–815. doi: 10.1128/
JB.00849-15

Abdul-Halim, M. F., Schulze, S., DiLucido, A., Pfeiffer, F., Bisson Filho, A. W., and 
Pohlschroder, M. (2020). Lipid anchoring of archaeosortase substrates and midcell 
growth in haloarchaea. mBio 11, e00349–e00320. doi: 10.1128/mBio.00349-20

Ahmad, S. I., Kirk, S. H., and Eisenstark, A. (1998). Thymine metabolism and 
thymineless death in prokaryotes and eukaryotes. Annu. Rev. Microbiol. 52, 591–625. 
doi: 10.1146/annurev.micro.52.1.591

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. doi: 10.1128/
AEM.70.2.943-953.2004

Bisson-Filho, A. W., Zheng, J., and Garner, E. (2018). Archaeal imaging: leading the 
hunt for new discoveries. Mol. Biol. Cell 29, 1675–1681. doi: 10.1091/mbc.E17-10-0603

Breuert, S., Allers, T., Spohn, G., and Soppa, J. (2006). Regulated polyploidy in 
halophilic archaea. PLoS One 1:e92. doi: 10.1371/journal.pone.0000092

Charlebois, R. L., Lam, W. L., Cline, S. W., and Doolittle, W. F. (1987). Characterization 
of pHV2 from Halobacterium volcanii and its use in demonstrating transformation of 
an archaebacterium. Proc. Natl. Acad. Sci. U.S.A. 84, 8530–8534. doi: 10.1073/
pnas.84.23.8530

Chawla, P., Teli, G., Gill, R. K., and Narang, R. K. (2021). An insight into synthetic 
strategies and recent developments of dihydrofolate reductase inhibitors. ChemistrySelect 
6, 12101–12145. doi: 10.1002/slct.202102555

Colavin, A., Shi, H., and Huang, K. C. (2018). RodZ modulates geometric localization 
of the bacterial actin MreB to regulate cell shape. Nat. Commun. 9:1280. doi: 10.1038/
s41467-018-03633-x

de Silva, R. T., Abdul-Halim, M. F., Pittrich, D. A., Brown, H. J., Pohlschroder, M., and 
Duggin, I. G. (2021). Improved growth and morphological plasticity of Haloferax 
volcanii. Microbiology 167:001012. doi: 10.1099/mic.0.001012

Ducret, A., Quardokus, E. M., and Brun, Y. V. (2016). MicrobeJ, a tool for high 
throughput bacterial cell detection and quantitative analysis. Nat. Microbiol. 1, 1–7. doi: 
10.1038/nmicrobiol.2016.77

Duggin, I. G., Aylett, C. H. S., Walsh, J. C., Michie, K. A., Wang, Q., Turnbull, L., et al. 
(2015). CetZ tubulin-like proteins control archaeal cell shape. Nature 519, 362–365. doi: 
10.1038/nature13983

Eun, Y.-J., Ho, P.-Y., Kim, M., LaRussa, S., Robert, L., Renner, L. D., et al. (2018). 
Archaeal cells share common size control with bacteria despite noisier growth and 
division. Nat. Microbiol. 3, 148–154. doi: 10.1038/s41564-017-0082-6

Falb, M., Müller, K., Königsmaier, L., Oberwinkler, T., Horn, P., von Gronau, S., et al. 
(2008). Metabolism of halophilic archaea. Extremophiles 12, 177–196. doi: 10.1007/
s00792-008-0138-x

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. doi: 10.1007/s00253-019-10314-2

Hartman, A. L., Norais, C., Badger, J. H., Delmas, S., Haldenby, S., Madupu, R., et al. 
(2010). The complete genome sequence of Haloferax volcanii DS2, a model archaeon. 
PLoS One 5:e9605. doi: 10.1371/journal.pone.0009605

Hawser, S., Lociuro, S., and Islam, K. (2006). Dihydrofolate reductase inhibitors as 
antibacterial agents. Biochem. Pharmacol. 71, 941–948. doi: 10.1016/j.bcp.2005.10.052

Ithurbide, S., Gribaldo, S., Albers, S. V., and Pende, N. (2022). Spotlight on FtsZ-based 
cell division in archaea. Trends Microbiol. 30, 665–678. doi: 10.1016/j.tim.2022.01.005

Li, Z., Kinosita, Y., Rodriguez-Franco, M., Nußbaum, P., Braun, F., Delpech, F., et al. 
(2019). Positioning of the motility machinery in halophilic Archaea. mBio 10:e00377. 
doi: 10.1128/mBio.00377-19

Liao, Y., Ithurbide, S., Evenhuis, C., Löwe, J., and Duggin, I. G. (2021). Cell division in the 
archaeon Haloferax volcanii relies on two FtsZ proteins with distinct functions in division 
ring assembly and constriction. Nat. Microbiol. 6, 594–605. doi: 10.1038/s41564-021-00894-z

Molina, F., Jiménez-Sánchez, A., and Guzmán, E. C. (1998). Determining the optimal 
thymidine concentration for growing Thy− Escherichia coli strains. J. Bacteriol. 180, 
2992–2994. doi: 10.1128/JB.180.11.2992-2994.1998

Mullakhanbhai, M. F., and Larsen, H. (1975). Halobacterium volcanii spec. Nov., a 
dead sea halobacterium with a moderate salt requirement. Arch. Microbiol. 104, 
207–214. doi: 10.1007/BF00447326

Nußbaum, P., Gerstner, M., Dingethal, M., Erb, C., and Albers, S. V. (2020). Archaeal 
SepF is essential for cell division in Haloferax volcanii. Microbiology 12:3469. doi: 
10.1101/2020.10.06.327809

Nußbaum, P., Gerstner, M., Dingethal, M., Erb, C., and Albers, S. V. (2021). The 
archaeal protein SepF is essential for cell division in Haloferax volcanii. Nat. Commun. 
12:3469. doi: 10.1038/s41467-021-23686-9

Oldewurtel, E. R., Kitahara, Y., and van Teeffelen, S. (2021). Robust surface-to-mass 
coupling and turgor-dependent cell width determine bacterial dry-mass density. Proc. 
Natl. Acad. Sci. U.S.A. 118:e2021416118. doi: 10.1073/pnas.2021416118

Ortenberg, R., Rozenblatt-Rosen, O., and Mevarech, M. (2000). The extremely 
halophilic archaeon Haloferax volcanii has two very different dihydrofolate reductases. 
Mol. Microbiol. 35, 1493–1505. doi: 10.1046/j.1365-2958.2000.01815.x

Pérez-Arnaiz, P., Dattani, A., Smith, V., and Allers, T. (2020). Haloferax volcanii—a 
model archaeon for studying DNA replication and repair. Open Biol. 10:200293. doi: 
10.1098/rsob.200293

Pohlschroder, M., and Schulze, S. (2019). Haloferax volcanii. Trends Microbiol. 27, 
86–87. doi: 10.1016/j.tim.2018.10.004

Schiller, H., Kouassi, J., Hong, Y., Rados, T., Kwak, J., DiLucido, A., et al. (2023). 
Identification and characterization of structural and regulatory cell-shape determinants 
in Haloferax volcanii. bioRxiv. Available at: https://doi.org/10.1101/2023.03.05.531186. 
[Epub ahead of preprint].

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. 
(2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 
676–682. doi: 10.1038/nmeth.2019

Schwarzer, S., Rodriguez-Franco, M., Oksanen, H. M., and Quax, T. E. F. (2021). 
Growth phase dependent cell shape of haloarcula. Microorganisms 9:231. doi: 10.3390/
microorganisms9020231

Sezonov, G., Joseleau-Petit, D., and D’Ari, R. (2007). Escherichia coli physiology in 
Luria-Bertani broth. J. Bacteriol. 189, 8746–8749. doi: 10.1128/JB.01368-07

Shi, H., Colavin, A., Bigos, M., Tropini, C., Monds, R. D., and Huang, K. C. 
(2017). Deep phenotypic mapping of bacterial cytoskeletal mutants reveals 
physiological robustness to cell size. Curr. Biol. 27, 3419–3429.e4. doi: 10.1016/j.
cub.2017.09.065

https://doi.org/10.3389/fmicb.2023.1270665
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1270665/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1270665/full#supplementary-material
https://doi.org/10.1128/JB.00849-15
https://doi.org/10.1128/JB.00849-15
https://doi.org/10.1128/mBio.00349-20
https://doi.org/10.1146/annurev.micro.52.1.591
https://doi.org/10.1128/AEM.70.2.943-953.2004
https://doi.org/10.1128/AEM.70.2.943-953.2004
https://doi.org/10.1091/mbc.E17-10-0603
https://doi.org/10.1371/journal.pone.0000092
https://doi.org/10.1073/pnas.84.23.8530
https://doi.org/10.1073/pnas.84.23.8530
https://doi.org/10.1002/slct.202102555
https://doi.org/10.1038/s41467-018-03633-x
https://doi.org/10.1038/s41467-018-03633-x
https://doi.org/10.1099/mic.0.001012
https://doi.org/10.1038/nmicrobiol.2016.77
https://doi.org/10.1038/nature13983
https://doi.org/10.1038/s41564-017-0082-6
https://doi.org/10.1007/s00792-008-0138-x
https://doi.org/10.1007/s00792-008-0138-x
https://doi.org/10.1007/s00253-019-10314-2
https://doi.org/10.1371/journal.pone.0009605
https://doi.org/10.1016/j.bcp.2005.10.052
https://doi.org/10.1016/j.tim.2022.01.005
https://doi.org/10.1128/mBio.00377-19
https://doi.org/10.1038/s41564-021-00894-z
https://doi.org/10.1128/JB.180.11.2992-2994.1998
https://doi.org/10.1007/BF00447326
https://doi.org/10.1101/2020.10.06.327809
https://doi.org/10.1038/s41467-021-23686-9
https://doi.org/10.1073/pnas.2021416118
https://doi.org/10.1046/j.1365-2958.2000.01815.x
https://doi.org/10.1098/rsob.200293
https://doi.org/10.1016/j.tim.2018.10.004
https://doi.org/10.1101/2023.03.05.531186
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.3390/microorganisms9020231
https://doi.org/10.3390/microorganisms9020231
https://doi.org/10.1128/JB.01368-07
https://doi.org/10.1016/j.cub.2017.09.065
https://doi.org/10.1016/j.cub.2017.09.065


Patro et al. 10.3389/fmicb.2023.1270665

Frontiers in Microbiology 16 frontiersin.org

Shi, H., Hu, Y., Odermatt, P. D., Gonzalez, C. G., Zhang, L., Elias, J. E., et al. (2021). Precise 
regulation of the relative rates of surface area and volume synthesis in bacterial cells growing 
in dynamic environments. Nat. Commun. 12:1975. doi: 10.1038/s41467-021-22092-5

Tittes, C., Schwarzer, S., Pfeiffer, F., Dyall-Smith, M., Rodriguez-Franco, M., 
Oksanen, H. M., et al. (2021). Cellular and genomic properties of Haloferax gibbonsii LR2-5, 
the host of euryarchaeal virus HFTV1. Front. Microbiol. 12:625599. doi: 10.3389/
fmicb.2021.625599

van Wolferen, M., Pulschen, A. A., Baum, B., Gribaldo, S., and Albers, S. V. (2022). The 
cell biology of archaea. Nat. Microbiol. 7, 1744–1755. doi: 10.1038/s41564-022-01215-8

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. doi: 10.1111/mmi.14316

Wendoloski, D., Ferrer, C., and Dyall-Smith, M. L. (2001). A new simvastatin 
(mevinolin)-resistance marker from Haloarcula hispanica and a new Haloferax 
volcanii strain cured of plasmid pHV2The GenBank accession number for the 
sequence reported in this paper is AF123438. Microbiology 147, 959–964. doi: 
10.1099/00221287-147-4-959

Westfall, C. S., and Levin, P. A. (2017). Bacterial cell size: multifactorial and 
multifaceted. Annu. Rev. Microbiol. 71, 499–517. doi: 10.1146/annurev-
micro-090816-093803

Zhu, M., Dai, X., Guo, W., Ge, Z., Yang, M., Wang, H., et al. (2017). Manipulating 
the bacterial cell cycle and cell size by titrating the expression of ribonucleotide 
reductase. mBio 8:e01741. doi: 10.1128/mbio.01741-17

https://doi.org/10.3389/fmicb.2023.1270665
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s41467-021-22092-5
https://doi.org/10.3389/fmicb.2021.625599
https://doi.org/10.3389/fmicb.2021.625599
https://doi.org/10.1038/s41564-022-01215-8
https://doi.org/10.1111/mmi.14316
https://doi.org/10.1099/00221287-147-4-959
https://doi.org/10.1146/annurev-micro-090816-093803
https://doi.org/10.1146/annurev-micro-090816-093803
https://doi.org/10.1128/mbio.01741-17

	“Influence of plasmids, selection markers and auxotrophic mutations on Haloferax volcanii cell shape plasticity”
	1. Introduction
	2. Materials and methods
	2.1. Strains and growth conditions
	2.2. Growth curves of Haloferax volcanii strains
	2.3. Studies of Haloferax volcanii cell shape
	2.3.1. Growth conditions and sampling
	2.3.2. Phase-contrast light microscopy
	2.3.3. Image and data analysis

	3. Results
	3.1. Rod shape is transient during growth of wild-type Haloferax volcanii DS2
	3.2. Differing cell shape transitions in wild-type and auxotrophic Haloferax volcanii strains
	3.3. Rod development is both plasmid and background strain dependent
	3.3.1. Cell shape in H26 backgrounds
	3.3.2. Cell shape in H53 and H77 backgrounds
	3.3.3. Cell shape in H729 and H98 backgrounds

	4. Discussion
	Data availability statement
	Author contributions

	 References

