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Archaea play indispensable roles in global biogeochemical cycles, yet many critical cellular processes, includ-
ing cell-shape determination, are poorly understood. Haloferax volcanii, a model haloarchaeon, forms rods
and disks, depending on growth conditions. Here, we used a combination of iterative proteomics, genetics,
and live-cell imaging to identify distinct mutants that only form rods or disks. We compared the proteomes of
the mutants with wild-type cells across growth phases, thereby distinguishing between protein abundance
changes specific to cell shape and those related to growth phases. The corresponding results indicated a
diverse set of proteins, including transporters, transducers, signaling components, and transcriptional regu-
lators, as important for cell-shape determination. We also identified structural proteins, including a previously
unknown cytoskeletal element, the Hfx. volcanii actin homolog volactin, which plays a role in disk-shape mor-
phogenesis. In summary, we gleaned important insights into archaeal cell-shape determination, with possible

implications for understanding the evolution of cell morphology regulation across domains.

Introduction

Archaea, although primarily known for their ability to thrive in extreme
environments, are ubiquitous (1), play vital roles in a variety of ecologi-
cal processes, and, as part of the human microbiome, likely have signifi-
cant impacts on human health (2-7). Yet, the mechanisms underpinning
key aspects of archaeal cellular processes remain poorly understood, in-
cluding those that regulate cell-shape determination.

Prokaryotic cells often assume specific shapes under distinct environ-
mental conditions, indicating increased fitness benefits associated with
the regulation of cell shape (8, 9). Specific shapes likely evolved as ad-
aptations to improve nutrient acquisition, increase reproductive effi-
ciency, facilitate resistance to antibiotics, colonize hosts effectively, and
evade predation (8, 10-12). Cell-shape transitions may represent an evo-
lutionary correlation between shape and lifestyle and can range from dif-
ferentiation into specialized cells, such as in Caulobacter crescentus (13),
to relatively simple and common morphological changes that occur when
cells growing as rods during exponential phase shift to a spheroid shape
upon entry into stationary phase, as exemplified by Arthrobacter, Aci-
netobacter, and Rhodococcus equi (14-16). Overall, these cell-shape
transitions occur alongside changing environments and appear to be un-
der explicit genetic control.

In bacteria, cell shape is often controlled through modulation of pepti-
doglycan in the cell wall (8, 12), which can be achieved through various
mechanisms. Helical cells require components that promote curvature,
such as the polymer and filament-forming CrvA in Vibrio cholerae,

which skews peptidoglycan synthesis rates (17), or the intermediate fila-
ment-like protein crescentin in C. crescentus (17, 18). Alternatively, the
bacterial actin homolog MreB contributes to morphogenesis of many rod-
shaped bacteria by controlling lateral peptidoglycan synthesis (19).

Archaeal species also exhibit diverse morphologies, ranging from rods
(20) and cocci (21) to triangular or square-shaped cells (22-24). While
knowledge about archaeal cell-shape determinants is limited, the few
components identified include the actin homolog crenactin in Pyrobacu-
lum calidifontis, which is correlated with rod-shape in this species (25).
Moreover, a recently characterized Asgard archacon Candidatus Lokiar-
chaeum ossiferum contains Lokiactin, a highly conserved actin homolog
hypothesized to provide a scaffold for the maintenance of the archaeon’s
network of protrusions (26).

Some archaeal species change cell shape in response to specific environ-
mental cues. For example, Haloferax volcanii is rod-shaped during early-
log growth phase and when swimming (27-29). Conversely, in mid- and
late-log growth phases and at the center of motility halos, Hfx. volcanii
forms flat, polygonal pleomorphic disks, presumably to maximize the
cell surface for attachment or nutrient uptake (27-30). However, while
cell-shape transitions are consonant with significantly altered cell biol-
ogy, few proteins that appreciably affect cell shape have been identified.
Hfx. volcanii cells lacking archaeal tubulin homolog CetZ1 only make
disks (29, 30). Conversely, cells depleted for the membrane protease
LonB, which modulates CetZ1 degradation, predominantly form rods
(31). The deletion of the gene encoding the Hfx. volcanii peptidase ar-
chaeosortase A (ArtA) or either of the phosphatidylethanolamine


https://doi.org/10.1101/2023.03.05.531186
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.05.531186; this version posted March 5, 2023. The copyright holder for this preprint
(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 made
available under aCC-BY-NC-ND 4.0 International license.

biosynthesis enzymes, PssA and PssD, also results in rod-shaped pre-
dominance across growth phases (32, 33).

Here, we report the isolation of Hfx. volcanii cell-shape mutants that, un-
like previously identified morphology mutants, completely lack the abil-
ity to form disks. These rod-only mutants proved invaluable for proteo-
mic comparisons to wild-type and disk-only cells at different growth
stages. Based on differential protein abundances, we identified structural
and regulatory components critical for rod and disk formation. Molecular
genetics and cell-biological characterizations of selected candidates, in-
cluding a distant actin homolog, supported their involvement in cell-
shape determination. Based on these results, we present a model for cell-
shape determination in Hfx. volcanii.

Results

Hypermotility screens of a transposon library revealed Hfx. volcanii
disk-defective mutants

A small number of Hfx. volcanii mutants have been reported to form pre-
dominantly, but not exclusively, rods under certain growth conditions
(31-33). Rods have been shown to be associated with motility, with the
edges of motility halos containing rod-shaped cells and the rod-deficient
mutant AcetZ1 being non-motile (29), leading us to hypothesize that hy-
permotility may be associated with a disk-deficient phenotype. There-
fore, we examined hypermotile mutants previously identified in a screen
of a transposon insertion library (34, 35) for cell shape. Out of five hy-
permotile strains identified through stab-inoculation screens (34), four
formed predominantly rods, with some disks in later growth phases, but
only one exclusively formed rods (Fig. 1): SAH1, which contains a trans-
poson insertion upstream of hvo_2176 (position 2,049,208) (34). We re-
peated the screen and assessed the motility of an additional 1500 trans-
poson insertion mutants, five of which were hypermotile. Three of the
five formed predominantly rods, and only two of the five formed exclu-
sively rods: JK3 and JKS (Fig. 1). JK3 contained an insertion in
hvo_B0194 (plasmid pHV3, position 224,729), which encodes a hypo-
thetical protein, and JK5 contained an insertion in hvo_B0364 (plasmid
pHV3, position 421,533), which encodes a molybdopterin oxidoreduc-
tase.

Development of an interlinked quantitative proteomics experiment
enabled focus on shape-specific effects

While screening hypermotile mutants for shape defects allowed us to
identify genes potentially important for motility and shape, inherent lim-
itations of genetic screens (Supplementary Discussion 1) prevent their
use for more comprehensive analyses of shape-transition pathways.
Therefore, we performed a system-wide analysis using quantitative pro-
teomics to compare rod- and disk-shaped cells. Crucially, the availability
of rod- and disk-only mutants allowed for an interlinked experimental
setup (Fig. 2a), with three types of comparisons: (a) wild-type cells in
early log versus late log, which represents a comparison between rods
and disks, respectively, but includes confounding influences (e.g. meta-
bolic differences) from growth phase-related changes, as suggested by
previous analyses (36); (b) wild-type rods versus disk-only mutants in
early log; and (c) wild-type disks versus rod-only mutants in late log. The
latter two were expected to yield shape-specific changes, and including
comparisons at both growth stages allowed us to account for effects that
may be specific to a distinct mutant or growth phase.

Quantitative proteomics comparing JK3, AcetZ1, and wild-type cells
across distinct growth phases revealed candidates for shape-specific
components

We utilized the rod-only transposon mutant JK3 and disk-only deletion

mutant AcetZ1 (29) to be compared with wild-type strains H53 and H98
(see Supplementary Discussion 2 for the genealogy of strains) in early-
and late-log growth phases. The main goal for this initial proteomics ex-
periment was to determine whether the experimental design would facil-
itate identification of proteins involved in shape determination, subse-
quently allowing us to generate additional shape-defective gene deletion
strains. These strains would be derived from a single parent strain rather
than using transposon mutants that often have secondary mutations (34).

Using this approach, we identified 46 potential candidates for shape-re-
lated functions (Supplementary Data 1; Supplementary Discussion 3).
The archaellin proteins ArlAl and ArlA2 were highly abundant in rods
as were chemotaxis proteins, including CheC, CheR, CheA, CheB, and
CheW1 (Fig. 2b). Moreover, two components of the Agl15-dependent N-
glycosylation pathway, Agll1 and Agll12, showed higher abundance in
disk-forming conditions and mutants (Fig. 2b).

Interestingly, HVO_2174 and HVO_2175 were significantly more abun-
dant in rods than in disks (Fig. 2b), and their encoding genes are in the
neighborhood of hvo_2176, which was disrupted in the rod-only trans-
poson mutant SAH1 (34). HVO 2174 is a protein of unknown function,
and HVO_2175 is annotated as Sph3, a structural maintenance of chro-
mosomes (SMC)-like protein. When Halobacterium salinarum Sphl, a
homolog of Sph3, is heterologously overexpressed in Hfx. volcanii, cells
form rods (37). These promising findings support the experimental de-
sign for the identification of shape-regulating candidates, and we next
focused on the genomic region between hvo_2174 and hvo_2176.

HVO_2174 and Sph3 are required for rod formation and wild type-
like motility

We attempted to individually delete Avo 2174 and sph3 using parent
strain H53 (ApyrE2, AtrpA) (38), referred to as ‘wild type’. While
Ahvo_ 2174 was readily created, a complete lack of sph3 in the polyploid
Hfx. volcanii (39) was not achieved despite screening 200 colonies (Ex-
tended Data Fig. 1a-b), suggesting this gene is essential under the condi-
tions tested. We denote the partial deletion strain of sph3, which retained
a small number of gene copies, as Asph3*.

Phenotypic analyses revealed that Ahvo 2174 formed only disks across
all growth phases and was non-motile (Fig. 3). Asph3* exhibited predom-
inant disk formation and severely impaired motility (Fig. 3), consistent
with it having retained a few copies of the gene. Neither strain had a
growth defect (Extended Data Fig. 2). Notably, analysis of HVO 2174
and Sph3 homologs revealed high conservation of synteny (Extended
Data Table 1; Supplementary Discussion 4). These data are consistent
with the quantitative proteomics results and demonstrate the importance
of HVO_2174 and Sph3 for rod formation. Thus, we propose to annotate
HVO_ 2174 as ‘rod-determining factor RAfA’ (gene rdf4).

HVO_2176 is required for disk formation

Given the rod-only phenotype of SAH1 as well as the requirement of rdfA4
and sph3 for rod formation, we hypothesized that svo 2176 may also
play arole in cell-shape determination. Indeed, we found that Ahvo 2176
is hypermotile and forms only rods regardless of growth phase (Fig. 3)
but has no growth defect (Extended Data Fig. 2). Ahvo 2176 cells trans-
formed with a plasmid expressing HVO_ 2176 were able to form disks
(Extended Data Fig. 3a-d); these complementation studies also revealed
the need to re-annotate ivo_2176 to include an extended N-terminus (Ex-
tended Data Fig. 3e; Supplementary Discussion 5). We propose annotat-
ing HVO 2176 as ‘disk-determining factor DdfA’ (gene ddfA4).
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Comparative proteomics using rod-only Addf4 and disk-only ArdfA
mutants across growth phases allowed for identification of additional
shape-specific components

The validation of our quantitative proteomics results through reverse ge-
netics provided a proof-of-concept that our experimental design is suita-
ble to identify proteins involved in shape determination. We used Ardf4
and AddfA for a more comprehensive quantitative proteomics experiment
(Supplementary Discussion 6), further optimized using a more sensitive
mass spectrometer and three rather than two biological replicates per con-
dition to increase statistical power.

In addition to knowledge-driven comparisons, we performed exploratory
data processing using principal component analysis (PCA) and variance-
sensitive clustering with VSClust (40) based on normalized abundances
for each condition and strain. The PCA showed the strongest separation
between growth phases, but separation between strains was observed as
well (Extended Data Fig. 4a; Supplementary Discussion 6). VSClust
identified 14 clusters (Extended Data Fig. 4b-d; Extended Data Fig. 5;
Supplementary Data 2) with corresponding protein abundance patterns
for each condition and strain, allowing for the selection of proteins that
might function similarly or in the same pathways.

While most clusters indicated differences in abundance due to changes in
growth phase (Supplementary Discussion 6), clusters 11 and 12 likely
included proteins involved in shape determination (Fig. 4a-b). For cluster
11, protein abundances for wild type and rod-only Addf4 were lower than
for disk-only ArdfA4 in early log (Fig. 4a) but similar across late log, indi-
cating that these proteins may be involved in the early stages of the tran-
sition to form disks. Besides metabolism-related proteins like the electron
carrier halocyanin (HVO_0825), cluster 11 includes proteins that may
have regulatory functions on the DNA and/or RNA level, such as Tsf2
(HVO_2632), a transcriptional elongation factor, and the zinc-finger pro-
tein HVO_1359.

Cluster 12 displays an opposing pattern to cluster 11, with abundances
that were high for wild type and AddfA4 in early log but substantially lower
for ArdfA in early log and for all strains in late log; moreover, abundances
for AddfA in late log were higher than that of wild type and ArdfA4 (Fig.
4b). This abundance pattern for cluster 12 suggests that these proteins
play important roles in rod formation. This cluster included RdfA as well
as chemotaxis protein CheB (HVO _1224), transducers BasT
(HVO_0554) and HemAT1 (HVO_1484), and transport system proteins
HVO 1442, HVO_A0624,and HVO_3002. Regulatory elements present
in cluster 12 include zinc-finger protein HVO_0758 and circadian clock
protein CirD (HVO_2232).

The only cluster comprised of proteins with strikingly higher abundances
in Addf4 than wild type and Ardf4, in both early log and late log, was
cluster 14 (Fig. 4c). This cluster includes several proteins likely involved
in genetic regulation, including transcriptional regulator TrmB1
(HVO_A0150). Given the higher abundance of these proteins in late log
for wild type, they might be important for initiating the transition to disks.
The higher abundance in Addf4 in early log and late log might be the
result of cellular mechanisms compensating for increased rod formation
in this mutant.

Along with the unbiased clustering approach, we performed knowledge-
based filtering to identify proteins of interest (Supplementary Data 3).
Filtering for proteins that showed differential abundances in comparisons
for wild-type cells across growth phases, as well as between at least one
shape mutant and wild type, resulted in 71 proteins/protein groups (Sup-
plementary Data 3; Extended Data Fig. 6). A notable observation from

this list was the identification of three genomic regions containing genes
encoding a few to several proteins with suspected importance in shape
determination. These regions include hvo 2160 to hvo 2175, hvo 2046
to hvo_2061, which encodes many Agll5 N-glycosylation pathway pro-
teins, and hvo_2013 to hvo 2020 (Supplementary Discussion 6). We fur-
ther narrowed our list of proteins of interest to 19 (Fig. 4d-e) by focusing
on proteins that showed differential abundance in all three shape-relevant
comparisons, and five of the 19 also showed significant abundance dif-
ferences in proteomic comparisons with JK3 and AcetZ1 (Fig. 4e). The
abundance patterns for each of these 19 proteins resembled either cluster
11 or 12 (Fig. 4d), in line with their likely importance in shape determi-
nation.

HVO_2015, an actin homolog, is important for disk-shape formation
HVO_2015 was one of five proteins that showed the strongest evidence
to be involved in shape, based on proteomic comparisons, and is likely to
play a structural role in disk formation. Structural and sequence analysis
as well as BLAST searches revealed that HVO_2015 is similar to actin
proteins (Extended Data Fig. 7a-b; Supplementary Discussion 7), provid-
ing strong evidence for a likely cytoskeletal function. We annotated
HVO 2015 as ‘volactin’ (VolA; gene vol4) in reference to the organism
in which it was identified.

To elucidate the role of volactin, we attempted to generate Avol4. How-
ever, of 100 colonies tested for a full deletion, we could only isolate a
partial deletion, which retained a few gene copies (denoted as Avol4 *)
(Extended Data Fig. 1c-d), suggesting that volactin is essential. Mid-log
AvolA* cultures contained significantly more rods relative to wild-type
cultures (Fig. 5a), indicating that volactin is important for rod-to-disk
shape transitions. However, as Avol4* cultures transitioned to late log,
they formed disks like wild type. Furthermore, Avol4 * exhibits motility
similar to the parent strain (Extended Data Fig. 7c) and does not have a
growth defect (Extended Data Fig. 2). These results support a structural
role for volactin in disks and indicate that, while shape and motility may
have common regulators in some contexts, they nevertheless represent at
least partially independent processes, with distinct proteins involved in
each process.

Volactin assembles into dynamic filaments in vivo and is highly
abundant in disks

We next tested whether volactin can polymerize in vivo as expected for
a cytoskeletal protein. We generated a knock-in strain replacing vol4
with a vol4-msfGFP construct under control of its native promoter. Using
epifluorescence microscopy, we observed the assembly of long filaments
across the cell and round patches at the membrane (Fig. 5b). To determine
where volactin filaments are located relative to the cytokinetic ring, we
transformed the volA-msfGFP construct into a strain expressing an
FtsZ1-mApple fusion. Colocalization studies confirmed that volactin fil-
aments assemble and disassemble independent of the division site (Fig.
5b; Supplementary Video 1).

The assembly of polymers and patches of different sizes and locations in
the cell are a hallmark of spatiotemporal organization. To inspect their
turnover timeline, we tracked cells over one doubling time (Fig. 5c). Re-
markably, we observed a diversity of dynamic behaviors, including pol-
ymer elongation, fast depolymerization, and appearance and disappear-
ance of patches. We also frequently observed long filaments connecting
sibling cells at the onset of cell division. In these cases, filaments rapidly
depolymerize right before completion of cytokinesis, suggesting that
polymerization and depolymerization events may be carefully regulated,
perhaps by as-yet unknown actin-binding factors.
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To better understand the assembly of patch-like structures, we examined
volactin polymers in 3-D projections to determine where filaments were
placed relative to the membrane and cytoplasm. Strikingly, super-resolu-
tion projections of cells expressing volactin-msfGFP showed that fila-
ments never were adjacent to the membrane but rather bound the mem-
brane by their tips, bridging the cytoplasm (Fig. 5d; Supplementary
Video 2). Moreover, the apparent patches were actually a top view of this
volactin-tip anchoring (Fig. 5d; Supplementary Video 2). In conclusion,
volactin exhibits a different dynamic behavior compared to bacterial
MreB (41, 42), closely resembling dynamically unstable actin polymers
as exemplified by ParM (43, 44).

Given the role of volactin in morphological differentiation, and based on
our proteomic data suggesting higher volactin levels in disks, we ex-
pected volactin filaments to be more active in disks compared to rods.
Analyzing images of cells expressing volactin-msfGFP at early- (primar-
ily rods) and mid-log (mixed rods and disks) growth phases, we observed
volactin filaments in both populations (Fig. 5e) but a higher fluorescent
signal from volactin-msfGFP polymers in mid-log compared to early-log
cells which we attributed to a higher number of disks in mid log (Ex-
tended Data Fig. 7d; Supplementary Discussion 7). These results, com-
bined with the Avol4* morphology phenotype, reveal volactin as part of
a cytoskeletal system involved in disk-shape formation.

Discussion

In this work, we combined transposon insertion screens and quantitative
proteomics with reverse genetics and advanced microscopy to identify
and characterize proteins crucial for cell-shape determination in Hfx. vol-
canii. These include structural and regulatory proteins linked to cell-
shape transitions, ranging from filaments and N-glycosylation pathway
enzymes to genetic regulators and transducers (Fig. 6). Underscoring the
success of our multifaceted approach, the genetic screens and subsequent
reverse genetics revealed ddf4 as a key player in disk formation, while
the corresponding protein was not identified by proteomics, likely due to
its small size. Conversely, Sph3 and volactin were identified using quan-
titative proteomics as proteins involved in rod- and disk-formation, re-
spectively, with partial knockouts and microscopic analysis providing
confirmation. Transposon insertion screens would not have identified
these proteins since the genes encoding them appear to be essential. The
use of fluorescence microscopy allowed us to expand upon the results
from the system-wide proteomics, as we gained insights into the for-
mation of volactin filaments.

Of the proteins implicated for shape determination, many transducers ap-
peared to be important for rods. Transducers sense and respond to a vari-
ety of environmental stimuli and are believed to coordinate signal trans-
duction with the chemotaxis machinery (45). In Hbt. salinarum and Hfx.
volcanii, transducers relay distinct signals into the core of the signal
transduction cascade, CheA and CheY (45). Since Hfx. volcanii motility
correlates with rods, the higher abundance of archaellins, chemotaxis
proteins, and transducers in rods matches our expectations. In addition, it
is tempting to speculate that elements of the signal relay cascade of the
chemotaxis system are also involved in initiating shape transitions. As-
sociated with these cascades, the distinct ABC transporters with differ-
ential abundance in rods and disks may be involved in transporting sig-
nals across the membrane.

We also determined that the genomic region spanning hvo 2160 to
hvo_2175, including rdfA, sph3, and ddfA4, which were characterized us-
ing reverse genetics, is important for shape regulation. DdfA, a hypothet-
ical protein, contains a halobacterial output domain 1 (HalOD1), which

has been associated with signal transduction pathways (46), suggesting a
potential role in signal cascades that regulate cell-shape determination,
possibly through interactions with RdfA and Sph3, of which homologs
are frequently co-localized across genomes (Extended Data Table 1; Sup-
plementary Discussion 4).

A BLAST search using RAfA revealed mostly additional hypothetical
haloarchaeal proteins but also identified a Halorussus M15 family met-
allopeptidase (WP_163523357.1). In Helicobacter pylori, a metallopep-
tidase is required to maintain its helical shape (47). Sph3 is an SMC-like
protein, which in prokaryotes typically form homodimers associated with
chromosome segregation and DNA aggregation (48, 49). However, the
cytoskeletal protein Arcadin-4, an SMC-like protein, associates with cre-
nactin and, together, these play a role in cell-shape determination (25).
Moreover, a recent study revealed the formation of filaments consisting
of two proteins with SMC domains in an Anabaena species, allowing it
to maintain its multicellular structure (50). These Anabaena proteins with
SMC domains are coiled-coil-rich proteins (CCRPs) (50), which, in gen-
eral, perform similar functions to eukaryotic intermediate filaments (19).
Intermediate filament-like proteins and CCRPs play important roles in
morphology, motility, and growth (19), suggesting a potential cytoskele-
tal-like role for SMC-like proteins. Thus, Sph3 may play a similar role in
promoting rod formation in Hfx. volcanii.

We also identified volactin, a conserved but previously unannotated actin
homolog important for the transition to disks. Actin proteins are found in
all three domains of life and are involved in a variety of cellular pro-
cesses. Yet, actins appear to be poorly distributed among archaea (21, 51,
52). Curiously, despite resembling bacterial MreB (Extended Data Fig.
7a), volactin filaments are not involved in rod-shape determination; on
the contrary, low volactin protein abundance delays rod-to-disk shape
transitions (Fig. 5a). The observation that rods at mid log show signifi-
cantly higher volactin polymer signal compared to rods at early log (Fig.
Se; Extended Data Fig. 7d) suggests that volactin is an early molecular
marker for the onset of transition from rods to disks.

We have identified both regulatory and structural elements that play roles
in cell-shape determination, as outlined in Figure 6. Deletion strains and
live-cell microscopy not only confirmed the importance of selected com-
ponents for shape determination but also provided further insights into
their functions. Similar approaches could be used to determine the roles
of the various proteins that were additionally identified. Overall, the work
presented here shows that complementary approaches can enable a
deeper understanding of cellular processes, such as archaeal cell-shape
determination.

Materials and Methods

Growth conditions. The analyzed mutants are based on distinct parent
strains. The full list of parent and mutant strains can be found in Extended
Data Table 2. All strains are derived from the same ancestral strain (H26)
and differ by only a few genes. Details are provided in Supplementary
Discussion 2. The Hfx. volcanii H53 wild-type strain and the mutant
strains ArdfA, AddfA, Ahvo B0194, Asph3*, and Avol4* were grown at
45°C in liquid (orbital shaker at 250 rpm, 1-in orbital diameter) or on
solid agar (containing 1.5% [wt/vol] agar) semi-defined Casamino Acids
(Hv-Cab) medium (27), supplemented with tryptophan (+Trp) (Fisher
Scientific) and uracil (+Ura) (Sigma) at a final concentration of 50 pg
mL"!. Ura was left out for strains carrying pTA963 and pTA963-based
complementation plasmids. The Hfx. volcanii H26 wild-type strain and
transposon mutant strains JK3, JK5, and SAH1 were grown with Ura
supplementation, and Trp supplementation was not required. The Hfx.
volcanii AcetZ1 deletion strain (29) and its parent strain H98 were grown
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accordingly except that Trp supplementation was not required, but each
had supplementation with hypoxanthine (+Hpx) (Sigma) and thymidine
(+Thy) (Acros Organics), each at a final concentration of 40 pg mL!
(53). Escherichia coli strains were grown at 37°C in liquid (orbital shaker
at 250 rpm, 1-in orbital diameter) or on solid agar (containing 1.5%
[wt/vol] agar) NZCYM (RPI) medium, supplemented, if required, with
ampicillin at a final concentration of 100 pg mL".

Motility assay with transposon library to identify hypermotile mu-
tants. Transposon mutants JK3, JKS5, and SAH1 were identified through
individual motility stabs of the transposon library and subsequent screen-
ing for hypermotility. These screens were performed as previously de-
scribed (34). Whole genome sequencing was performed on isolated trans-
poson mutants via Illumina sequencing performed by SeqCenter (Pitts-
burgh, PA, USA).

Sample collection for quantitative proteomics of wild type and shape-
defective mutants across different growth phases. For the comparative
proteomic analysis of wild-type strains H53 and H98 and shape-defective
strains AcetZ1 (29) and JK3, samples were collected at both early- and
late-log growth phases in biological duplicates. Individual colonies for
each strain were inoculated in 5 mL of liquid medium and incubated at
45°C. Once early-log cultures reached an ODgo between 0.045 and
0.055, an aliquot of each culture was subjected to a light microscopy mor-
phology assay to verify that the shape was in accordance with expecta-
tions at the corresponding growth phase. At the same time, an aliquot of
4 mL was centrifuged at 6000 g for 10 minutes. The supernatant and pel-
let were separated, and pellets were frozen until further processing. To
minimize protein degradation, 4-(2-aminoethyl)benzenesulfonyl fluoride
HCI (AEBSF) (ThermoScientific) was added to the supernatant to a final
concentration of 1 mM and gently vortexed. The supernatant was then
concentrated to 100-200 pL using centrifugal filter units with a 3-kDa
molecular mass cutoff (Amicon Ultra Centrifugal Filters, 4 mL, Merck
Millipore) by centrifugation at 5000 g at 4°C. Salts were removed by
washing with 2 mL of double-distilled water (ddH»>O) and centrifugation
at 5000 g at 4°C. The concentrated solution (100-200 uL) was transferred
to an Eppendorf tube, and the filter membrane was rinsed with 100 puL
ddH,O to minimize protein loss, transferring the solution after rinsing to
the same Eppendorf tube. The sample was then frozen at -80°C until fur-
ther processing. For late-log cultures, the same steps were performed with
the following changes: samples were collected (and cell morphology was
verified) at an ODgoo between 1.0 and 1.2. Due to the higher cell density
and protein concentration, the aliquot volume was reduced to 2 mL. After
separation of pellets and supernatant, the supernatant from late-log cul-
tures was concentrated to <100 pL and washed (with 400 puL of ddH,O)
in 3-kDa molecular mass cutoff (Amicon Ultra Centrifugal Filters, 4 mL,
Merck Millipore) using centrifugation at 5000 g. For the comparative
proteomic analysis of H53, Ardf4, and AddfA4, the sample collection at
both early- and late-log growth phases was optimized using biological
triplicates along with the following modifications to the protocol. Indi-
vidual colonies for each strain were inoculated in 1 mL liquid medium
and vortexed to create an initial inoculum. The ODggo of the initial inoc-
ulum was measured using a BioTek PowerWaveX2 microplate spectro-
photometer with BioTek Gen5 v.1.11.5 (Agilent). Aliquots from the ini-
tial inoculum of each strain were added to 5 mL of liquid medium such
that each culture started with a similar cell density, and cultures would
reach the appropriate optical densities at similar times. Cultures were
then incubated at 45°C. Early- and late-log cultures within the same strain
and replicate originated from the same initial inoculum. Samples for
early-log cultures were taken once they reached an ODggo between 0.045
and 0.050, while samples for late-log cultures were taken at an ODgoo
between 1.7 and 1.8. The aliquot volume used for late-log cultures was

0.5 mL, and after separation of pellets and supernatant, the supernatant
from late-log cultures was concentrated to <100 pL and washed (with
400 pL of ddH,0O) in 0.5 mL centrifugal filter units (3-kDa molecular
weight cutoff, Millipore), using centrifugation at 14,000 g. For both
growth phases, an aliquot of each culture was subjected to a light micros-
copy morphology assay to verify that the shape was in accordance with
expectations at the corresponding growth phase and strain. All subse-
quent sample processing was performed as described for the other strains
above.

Protein extraction and preparation of samples for mass spectromet-
ric analysis. Samples from all strains and conditions were treated equally
for protein extraction and mass spectrometric sample preparation. Cells
were lysed by thawing the cell pellet on ice and adding 400 pL of ddH,O
with 1 mM AEBSF. The lysate was transferred into a 0.5 mL filter unit
(3-kDa molecular weight cutoff, Millipore) and concentrated to <100 pL
by centrifugation at 14,000 g. The corresponding concentrated culture
supernatant (see above) was added to the concentrated cell lysate. The
solution was concentrated and washed two times with 400 uL. ddH,O,
with centrifugation at 14,000 g in between the individual steps. To solu-
bilize proteins, 400 pL of 2% SDS in 100 mM Tris/HCl, pH 7.5 was
added, followed by incubation at 55°C for 15 min. Afterwards, the solu-
tion was washed two more times with 400 pL. ddH,O (centrifugation at
14,000 g in between the individual steps). The resulting whole proteome
extract was transferred to an Eppendorf tube, and the filter membrane
was rinsed two times with 30 pL ddH,O to minimize protein loss, trans-
ferring the solution after rinsing to the same Eppendorf tube. Protein con-
centrations were determined using a BCA assay following manufac-
turer’s instructions (ThermoScientific). For each sample, 20 pug of pro-
teins were processed, including reduction with DTT and alkylation using
iodoacetamide, and digested with trypsin using S-trap mini spin columns
(ProtiFi) as previously described (54). Resulting peptides were dried in a
vacuum centrifuge, and afterwards desalted using homemade C18 stage
tips (3 M Empore Discs, CDS Analytical) as previously described (55).
Peptides were dried again in a vacuum centrifuge and stored at -20°C
until mass spectrometric analysis.

Mass spectrometry of protein samples. Peptides were reconstituted in
0.1% formic acid (solvent A), and peptide concentrations for each sample
were estimated based on absorbance measurements at 280 nm
(NanoDrop™, Thermo Fisher Scientific). For each sample, 330 ng of
peptides were chromatographically separated on a C18 column directly
linked to an orbitrap mass spectrometer as previously described (55). The
specific instruments, gradient conditions, and mass spectrometry param-
eters for the different samples are listed in Extended Data Table 3. MS
raw files generated for this study have been uploaded to Box (https://up-
enn.box.com/s/rx23ayQuflr7mwzufmoxkkp9ukbOunv4).

Bioinformatic analyses of mass spectrometry for the identification
and quantification of peptides and proteins. For the identification of
peptides and proteins from the mass spectrometric data, the bioinformatic
workflow used by the Archaeal Proteome Project (56) was employed. All
analyses were performed within the Python framework Ursgal (version
0.6.8) (57) unless otherwise stated. Briefly, for the conversion of mass
spectrometry raw files into mzML and MGF format, the ThermoRaw-
FileParser (58) and pymzML (59) were used, respectively. Protein data-
base searches with MSFragger (version 3.0) (60), X!Tandem (version
vengeance) (61), and MS-GF+ (version 2019.07.03) (62) were performed
against the theoretical proteome of Hfx. volcanii (4,074 proteins, version
190606, June 6, 2019, https://doi.org/10.5281/zenodo.3565631), supple-
mented with common contaminants, and decoys using shuffled peptide
sequences. Mass spectrometry runs were calibrated and search
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parameters were optimized using MSFragger, resulting in a precursor
mass tolerance of +/—10 ppm, and a fragment mass tolerance of 15 ppm.
Oxidation of M and N-terminal acetylation were included as potential
modifications, while carbamidomethylation of C was required as fixed
modification. Otherwise, default parameters were used. Peptide spectrum
matches (PSMs) were statistically post-processed with Percolator (ver-
sion 3.4.0) (63), and results from different search engines were combined
using the combined PEP approach as described before (64). After re-
moval of PSMs with a combined PEP > 1%, results were sanitized, i.e.
for spectra with multiple differing PSMs, and only the PSM with the best
combined PEP was accepted. FlashLFQ (version 1.1.1) (65) was used for
label-free peptide and protein quantification, with the match-between-run
option activated (retention time window: 0.5 min), and performing a Bay-
sian fold change analysis with a fold-change cutoff of 0.1. Based on the
performed comparisons between wild type and shape-mutant strains
across different growth conditions, the strain or condition that served as
the denominator for the comparison was specified as control condition
for the Baysian fold change analysis. Logy-transformed fold changes
were plotted as heatmaps using Plotly (https:/plotly.com), applying a
PEP threshold of 5%. In addition, variance-sensitive fuzzy clustering was
performed using VSClust (40). As input for VSClust, protein abundances
reported by FlashLFQ were z-transformed, and all proteins with six or
more missing values across the 18 samples (six strains and conditions
with three biological replicates each) were removed. Cluster numbers
were estimated using the minimal centroid distance and Xie-Beni index
(66) implemented in VSClust (Extended Data Fig. 4b-d)), and 14 clusters
were chosen for the variance-sensitive clustering. Furthermore, a princi-
pal component analysis was part of the VSClust workflow.

Plasmid preparation and Hfx. volcanii transformation. The pTA131
plasmid was used to generate chromosomal deletions (38). DNA Phusion
Taq polymerase, restriction enzymes, and DNA ligase were purchased
from New England BioLabs. Plasmids were initially transformed into E.
coli DH5a cells; plasmids were then transformed into E. coli Dam™ strain
DL739 prior to Hfx. volcanii transformation. Plasmid preparations for
both E. coli strains were performed using the PureLink™ Quick Plasmid
Miniprep Kit (Invitrogen). Hfx. volcanii transformations were performed
using the polyethylene glycol (PEG) method (53). All oligonucleotides
used to construct the recombinant plasmids are listed in Extended Data
Table 2.

Generation of chromosomal deletions in Hfx. volcanii H53. Chromo-
somal deletions were generated by the homologous recombination
method (pop-in/pop-out), as previously described (38). Plasmid con-
structs for use in the pop-in/pop-out deletion process were generated by
using overlap PCR, as previously described (67): about 750 nucleotides
flanking the corresponding gene were amplified with PCR (for primers
see Extended Data Table 2) and cloned into the haloarchaeal suicide vec-
tor pTA131 (38). For rdf4, the upstream flanking region was amplified
with oligonucleotides 2174 KO_up_fwd and 2174 KO up_rvr, and the
downstream flanking region was amplified with 2174 KO down_ fwd
and 2174 KO _down_rvr. The rdfA4 upstream and downstream flanking
DNA fragments were fused by PCR using oligonucleotides
2174 KO up fwdand 2174 KO _down_rvr followed by cloning into the
pTA131 vector digested with Xbal and Xhol. The resulting construct was
verified by sequencing using the same oligonucleotides. The final plas-
mid construct contained upstream and downstream rdfA4 flanking regions
and was transformed into the parental strain H53. Pop-out transformants
were selected on agar plates containing 5-fluoroorotic acid (FOA) (To-
ronto Research Chemicals Inc.) at a final concentration of 50 pg mL!.
The equivalent protocol was used for generation of the deletion or partial
deletion strains Addf4, Ahvo B0194, Asph3*, and Avol4*. Primers for

the generation of these deletions are listed in Extended Data Table 2. Suc-
cessful gene deletion (or partial deletion for Asph3* and Avold*) was
confirmed by PCR using primers flanking the gene itself and/or primers
that bind further upstream and downstream of the gene. The deletion
strains ArdfA and AddfA were further analyzed by Illumina whole ge-
nome sequencing performed by SeqCenter (Pittsburgh, PA, USA) to con-
firm the complete deletion of the gene as well as search for any secondary
genome alterations.

Live-cell imaging and analysis. Hfx. volcanii strains were inoculated
from a single colony into 5 mL of Hv-Cab liquid medium with appropri-
ate supplementation. Cultures were grown until they reached ODggo val-
ues between 0.045 and 0.050 (early-log growth phase), 0.30 (mid-log
growth phase), or ODgoo 1.15-1.80 (late-log growth phase). Three biolog-
ical replicates were grown as described above, and for each culture, 1 mL
aliquots were centrifuged at 4900 g for six minutes. Pellets were resus-
pended in their respective supernatant volumes: ~5 pL for early-log, ~50
pL for mid-log, and ~600 pL for late-log cultures. 1 uL of resuspension
was placed on glass slides (Fisher Scientific) and a glass coverslip (Globe
Scientific Inc.) was placed on top. Slides were visualized using a Leica
Dmi8 inverted microscope attached to a Leica DFC9000 GT camera with
Leica Application Suite X (version 3.6.0.20104) software, and both
brightfield and differential interference contrast (DIC) images were cap-
tured at 100x magnification. Phase contrast images of cells and fluores-
cence of volactin-msfGFP filaments were acquired under a Nikon TiE2
Widefield Inverted Microscope with a 100X CFI PlanApo Lambda 100x
DM Ph3 objective. Cells were illuminated using the Lumencor Sola II
Fluorescent LED at 488 nm using C-FL GFP HC HISN Zero Shift as
emission filters. Images were recorded with a Hamamatsu ORCA Flash
4.0 v3 sCmos camera. Brightfield images were quantified using CellPro-
filer (version 4.2.1) (68). Brightfield images were uploaded to CellPro-
filer and parameters were set for each set of images (strain, replicate,
growth phase) based on specific image conditions to eliminate noise and
maximize the number of identified cells. Cell-specific data for each im-
age set were exported, and aspect ratio (ratio of major to minor axes) was
calculated. Statistical significance of aspect ratio comparisons between
strains at each growth phase were assessed with an unpaired nonparamet-
ric Kolmogorov-Smirnov test using GraphPad Prism version 9.3.1 for
macOS  (GraphPad Software, San Diego, California USA,
www.graphpad.com). Effect size was calculated using PlotsOfDiffer-
ences (69). Cell masks created from phase contrast images were gener-
ated through automated batch processing using Trackmate (70) running
on Cellpose2 (71). A custom machine-trained model was used to segment
rods and disks separately. From masks, cell aspect ratios were measured
using Fiji. Subsequently, the fluorescence of volactin polymers was
measured by first segmenting every structure with GFP signal using cus-
tom Fiji macros. Briefly, our custom macros generate volactin masks by
first preprocessing images to subtract background and applying a Mexi-
can Hat Filter to segment volactin puncta and filaments. Fluorescence
measurements per cell were then made using standard Fiji plugins. The
custom Fiji macros used here can be found at the Bisson Lab GitHub
repository (https://github.com/Archaea-Lab/image-segmentation).

Motility assays and motility halo quantification. Motility assays were
assessed on 0.35% agar Hv-Cab medium with supplements as required.
A toothpick was used to stab inoculate the agar followed by incubation
at 45°C. Motility assay plates were removed from the 45°C incubator af-
ter two days and imaged after one day of room temperature incubation.
Motility halos were quantified using Fiji (ImageJ) (72). Images were up-
loaded to Fiji, and the scale was set based on a 100 mm Petri dish diam-
eter. Statistical significance of halo diameters was assessed with an


https://doi.org/10.1101/2023.03.05.531186
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.05.531186; this version posted March 5, 2023. The copyright holder for this preprint
(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 made
available under aCC-BY-NC-ND 4.0 International license.

unpaired t-test using GraphPad Prism version 9.3.1 for macOS
(GraphPad Software, San Diego, California USA, www.graphpad.com).

Growth curve assay. Growth curves for wild type, Ardf4, AddfA4,
Asph3*, and AvolA* strains were measured using a BioTek Epoch 2 mi-
croplate reader with BioTek Gen6 v.1.03.01 (Agilent). Colonies for each
strain were inoculated in 5 mL liquid medium and grown at 45°C with
continuous shaking until they reached mid-log phase (ODsoo between 0.3
and 0.7). Cultures were diluted to an ODgoo of 0.01 with fresh liquid me-
dium in a final volume of 200 pL in each well of a non-treated and flat-
bottom polystyrene 96-well plate (Corning). Five biological replicates
were used for each strain. 200 pL of media was aliquoted into each well
for two rows of perimeter wells of the plate and replaced every 24 hours
to help prevent evaporation of cultures. Readings were taken every 30
minutes with double orbital, continuous fast shaking in between. Read-
ings were taken at a wavelength of 600 nm for a total of approximately
74 hours and then plotted in GraphPad Prism version 9.3.1 for macOS
(GraphPad Software, San Diego, California USA, www.graphpad.com).

Gene synteny analysis for hvo 2174 and hvo _2175. A search for the
eventual syntenic clustering of 7df4 and sph3 was performed against 120
haloarchaeal genomes with SyntTax (accessed Jan-2023) (73) (https://ar-
chaea.i2bc.paris-saclay.fr/SyntTax/). The positive result triggered a more
extensive analysis. Using BLASTp (e-value cutoff 0.0001), an exhaus-
tive set of homologs to RAfA was collected from 12 haloarchaeal species
which are under continuous genome annotation survey (74, 75). Each of
the identified sequences was in turn subjected to BLASTp analysis unless
it was closely related to the query protein (>65% sequence identity). Each
of these proteins was also compared by BLASTp to a set of genomes
from 12 additional haloarchaeal genera. A similar analysis was per-
formed for Sph3. Additional criteria were used because of extensive sim-
ilarity to other coiled-coil proteins (with BLASTDp hits reaching e-values
of e-30). For the set of genomes under continuous survey, annotation of
BLASTDp hits was taken into account. For genomes from other genera,
BLASTDp analysis was terminated once the first hit to an unrelated coiled-
coil protein was encountered (e.g. repair ATPase Rad50). All relevant
homologs are listed in Extended Data Table 1. Proteins are listed in the
same row if they are encoded adjacently (adjacent) or in genomic neigh-
borhood (vicinity). When a homolog is reported for only one of the pro-
teins, the absence of gene clustering is indicated by a dash. Adjacent
genes were manually inspected to confirm the lack of the partner gene.
Gene remnants (truncated pseudogenes) are not listed. The chromosome
segregation protein SMC (e.g. HVO_0689) has orthologs in all analyzed
genomes and is not listed in the table.

Construction of expression plasmids in Hfx. volcanii H53. To con-
struct a tryptophan-inducible gene encoding Hfx. volcanii DAfA with a
C-terminal His tag, its coding region was amplified by PCR using the
oligonucleotides 2176_OE_fwd newannot and 2176_OE _rvr (Extended
Data Table 2). Amendment of the annotation of ddfA4 required designing
anew forward primer for the expression plasmid (2176 _OE _fwd newan-
not) that began 126 nucleotides upstream of the annotated start site; ad-
ditionally, a traditional ATG start codon was added in front of the first
codon. The original forward primer used is listed as 2176_OE fwd in
Extended Data Table 2. The PCR products were cloned into the expres-
sion vector pTA963, which had been digested with BamHI and EcoRI.
This construction places the gene under control of the inducible trypto-
phanase promoter (p.tna). For complementation, deletion strains were
transformed with the plasmid containing the corresponding gene or with
the empty vector pTA963 as a control (Extended Data Table 2).

Predicted start site for ddfAA. dRNA-Seq data was obtained as described
in (76), and ribosome profiling data was obtained as described in (77).
These data were visualized with the Integrated Genome Browser (78) to
identify the transcription start site of ddf4.

Generation of chromosomal volactin-GFP fusion. A linear Gibson as-
sembly (79) was created from four PCR fragments amplified using pri-
mers 0BL174 and oBL175 (HVO_2015 upstream region, Hfx. volcanii
genomic DNA as template), o0BL354 and oBL24 (40aa-msfGFP, syn-
thetic DNA as template), oHV6 and oHV7 (pyrE2 cassette, pTA962 as
template), and oBL232 and oBL248 (HVO 2015 downstream region,
Hfx. volcanii genomic DNA as template) (Extended Data Table 2). The
assembly was then transformed into H26 cells as described above and
selected on Hv-Cab plates without uracil. The strain was confirmed by
PCR, stocked in glycerol at -80°C, and named aBL126 (Extended Data
Table 2).

Generation of chromosomal dual-color volactin-GFP / ftsZ1-mApple
strain. To create the ftsZ1-mApple construct, a linear Gibson assembly
(79) was created from four PCR fragments amplified using primers oHV3
and oHV4 (FtsZ1 region, Hfx. volcanii genomic DNA as template),
oHV140 and oHV170 (EG-mApple, synthetic DNA as template), o0BL36
and oBL37 (mevR cassette, pMTCHA as template), and oBL308 and
oHV171 (FtsZ1 downstream region, Hfx. volcanii genomic DNA as tem-
plate) (Table S3). The assembly was then transformed into aBL126 cells
as described above and selected on Hv-Cab plates without uracil. The
strain was confirmed by PCR, stocked in glycerol at -80°C, and then
named aBL170 (Extended Data Table 2).

3D super-resolution microscopy of volactin-msfGFP. aBL126 cells
expressing volactin-msfGFP were grown as described above and mem-
branes stained with 10 pg/pL FMS5-95 (Invitrogen). A 2 uL droplet of
culture was immediately transferred to 35 mm glass bottom dishes (Ibidi)
and covered with a 1x1 cm of pre-warmed 0.25% agarose (Seakem).
Cells were imaged at room temperature under a Nikon Ti-2 spinning disk
W1-SoRa with 640 nm (cell membrane) and 488 nm (volactin-msGFP)
lasers and a Plan Apo A 100x objective, Prime BSI express camera. Im-
ages were processed using NIS-Elements software (Nikon), using NIS.ai
for denoising and 3D deconvolution. Stacks were then rendered into 3D
images using Fiji.

Data visualization. All graphs for data visualization, unless stated oth-
erwise, were plotted using PlotTwist (80) and PlotsOfData (81).

Data Availability

MS raw files generated for this study can be accessed via Box (https://up-
enn.box.com/s/rx23ay0Quflr7mwzufmoxkkp9ukbOunv4). The custom
Fiji macros used in this study can be accessed through the Bisson Lab
GitHub repository (https://github.com/Archaea-Lab/image-segmenta-
tion).
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Wild type

/

Figure 1: Three hypermotile and rod-only mutants were isolated from hypermotility screens using a transposon library. (A)
Cell shape images using DIC microscopy at late log (ODgoo between 1.15 and 1.35) for wild type (H26), SAHI, JK3, and JKS
strains are shown, with scale bars indicating 5 pm. (B) Images of motility halos for the same strains, stab-inoculated in 0.35% agar
plates and imaged after two days of incubation at 45°C and one day at room temperature, are shown. Scale bars indicate 10 mm.
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Figure 2: A quantitative proteomics approach comparing wild type and shape-defective mutants enabled the identification of
proteins important for shape determination. (A) Proteomics experiments were designed to compare disk- and rod-only mutants
with wild type across early- and late-log growth phases. This interlinked experimental setup aimed to distinguish growth phase-
related changes in protein abundances from cell-shape specific changes. (B) Results from label-free proteomics comparing wild
type (H53 and H98), disk-only (AcetZ1), and rod-only (JK3) strains are shown as a heatmap, with colors indicating log,-transformed
intensity ratios (disk-forming conditions and strains as the numerator and rod-forming conditions and strains as the denominator).
Positive and negative values indicate higher and lower abundances in disks, respectively. Ratios with a PEP<0.05 are shown;
otherwise, gray boxes are used. Each column in the heatmap corresponds to the comparison of two conditions or strains, with
numbers representing the same comparisons as in (A). Columns numbered with an ‘A’ refer to the use of H53 as wild type, while
those numbered with a ‘B’ indicate the use of wild type H98. Columns 1A and 1B correspond to comparisons between early- and
late-log growth phases for each wild-type strain, columns 2 and 3 correspond to comparisons between early- and late-log growth
phases for disk- and rod-only mutants, respectively, and columns 4A, 4B, 5A, and 5B correspond to shape-specific comparisons.
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Figure 3: RdfA, Sph3, and DdfA are required for wild type-like cell-shape determination and motility. (A) Early-log and (B)
late-log cell shape images for Ardf4 (Ahvo_2174), Asph3* (partial Ahvo 2175), and Addf4 (Ahvo_2176) using DIC microscopy,
each representative of three biological replicates, imaged at ODgg 0.045 to 0.050 and 1.50 to 1.70, respectively. Rods in late log
for AddfA were a mix of elongated and short rods. Scale bars are 5 pm. (C) Motility halo images, each representative of fourteen
biological replicates. Strains were stab-inoculated in 0.35% agar plates and imaged after two days of incubation at 45°C and one
day at room temperature. Scale bars indicate 10 mm. (D) Quantification of aspect ratio for cell shape of each strain at early- and
late-log growth phases. ****p<0.0001. Aspect ratios <2 are considered disks and/or short rods. (E) Quantification of motility halo
diameter for each strain. ****p<0.0001.
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Figure 4: Quantitative proteomics analyzing ArdfA, AddfA, and wild type reveal additional proteins important for shape. After
performing variance-sensitive clustering based on protein abundances, clusters that exhibit patterns indicative for proteins that are
likely involved in cell shape were selected: (A) cluster 11, (B) cluster 12, and (C) cluster 14 (for additional clusters, see Extended
Data Fig. 5). Each line corresponds to an individual protein or protein group. Furthermore, protein abundance ratios were used to
filter for proteins that exhibited significant differences (PEP<0.05) in three shape-related comparisons: (1) wild type early- versus
late-log growth phases, (4) Ardf4 versus wild type at early log, and (5) wild type versus AddfA4 at late log. These proteins are
represented by (D) a line plot of normalized abundances for proteins more abundant in disks (yellow) or rods (purple) and (E) a
heatmap of log,-transformed ratios. Column numbers correspond to the experimental design (see Fig. 2A), and ratios with
PEP>(0.05 are shown as gray boxes. Proteins labeled with # also showed significant abundance differences for all three comparisons
(columns 1, 4, and 5) for the proteomics experiment using JK3, AcetZ1, and wild type. ‘WT’: wild type, ‘EL’: early log, ‘LL’: late
log.
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Figure 5: Volactin is required for timely transition to disks and forms dynamic filaments in the cell. (A) Cell shape images using
DIC microscopy for wild type and Avol4* at mid log (ODeoo 0.3), representative of three biological replicates, and quantification
of aspect ratio. Scale bars are 5 um. Aspect ratios <2 are considered disks and/or short rods. ***p<0.001. (B) Fluorescent micros-
copy of tagged VolA and FtsZ1 as well as overlay of the expression of each. (C) Dynamic behaviors tracked over one doubling
time, including polymer elongation (green arrowhead), fast depolymerization (yellow arrowhead), and the appearance and disap-
pearance of patches (magenta arrowhead). Long filaments connecting sibling cells at the onset of cell division are shown by a blue
arrowhead. (D) 3D projections of cells expressing GFP-tagged volactin polymers. (E) Localization of GFP-tagged volactin in early
log (rods) and mid log (rods and disks).
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Figure 6: Proposed model for structural and regulatory components of Hfx. volcanii cell-shape determination. Proteins in yel-
low are predicted or likely cytoskeletal elements, those in blue are predicted regulatory elements, and those in gray are cell-surface
proteins and enzymes required for N-glycosylation. TRD is transducers; CHE is chemotaxis machinery proteins; ABC is ABC
transport systems; AglB represents the AglB-dependent N-glycosylation pathway; Agll5 represents the Agll5-dependent N-gly-
cosylation pathway.
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