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Abstract

The emergence of antibiotic resistance in bacteria has led to the investigation of alternative
treatments, such as phage therapy. In this study, we examined the interactions between the
nucleus-forming jumbo phage ®KZ and antibiotic treatment against Pseudomonas aerugi-
nosa. Using the fluorescence microscopy technique of bacterial cytological profiling, we
identified mechanism-of-action-specific interactions between antibiotics that target different
biosynthetic pathways and ®KZ infection. We found that certain classes of antibiotics
strongly inhibited phage replication, while others had no effect or only mildly affected pro-
gression through the Iytic cycle. Antibiotics that caused an increase in host cell length, such
as the cell wall active antibiotic ceftazidime, prevented proper centering of the ®KZ nucleus
via the PhuZ spindle at midcell, leading us to hypothesize that the kinetic parameters of the
PhuZ spindle evolved to match the average length of the host cell. To test this, we devel-
oped a computational model explaining how the dynamic properties of the PhuZ spindle
contribute to phage nucleus centering and why some antibiotics affect nucleus positioning
while others do not. These findings provide an understanding of the molecular mechanisms
underlying the interactions between antibiotics and jumbo phage replication.

Introduction

Jumbo phages create many complex protein structures to aid in replication but many mecha-
nistic details remain unexplored. We have recently shown that several Pseudomonas jumbo
phages 2019201 [1], ®PA3 [2], and ®KZ [3, 4] have a complex life cycle involving both a cyto-
skeletal element composed of a phage-encoded tubulin (PhuZ) and a nucleus like structure
that encapsulates phage DNA [5-10]. At the onset of infection, phage DNA is injected into the
cell and immediately transcribed by a virion-packaged, multi-subunit phage-encoded RNA
polymerase [4]. One of the first viral proteins to be abundantly expressed assembles a proteina-
ceous shell around the phage DNA to establish a compartment, the phage nucleus, within
which phage DNA replicates. The phage nucleus contains the proteins necessary for DNA
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transcription, replication, recombination, and repair, while ribosomes and metabolic enzymes
remain in the bacterial cytoplasm. This barrier is formed by the protein chimallin, which self-
assembles into a square lattice containing 2nm sized pores that are big enough to allow the dif-
fusion nucleotides yet small enough to maintain subcellular protein compartmentalization
[11]. This remarkable subcellular organization provides a dedicated compartment rich in
enzymes needed for DNA replication and affords protection from host defenses by excluding
Cas and restriction enzymes [12, 13].

Once the phage nucleus is established, it is centered along the cell length by filaments of
the PhuZ spindle. PhuZ is a tubulin-like protein that polymerizes to form triple-stranded
filaments at each end of the cell [6, 8]. Early during the infection cycle, PhuZ filaments dis-
play dynamic instability, during which they undergo cycles of polymerization and depo-
lymerization [8]. As filaments grow from one end of the cell, they make contact with the
phage nucleus and push it towards the midcell. The GTPase activity of PhuZ is essential for
dynamic instability and phage nucleus centering. Mutation of a conserved aspartic acid
involved in coordinating an Mg>" ion that is essential for GTP hydrolysis prevents filament
depolymerization and phage nucleus centering [8, 14]. Late in the infection cycle, PhuZ fila-
ments deliver newly formed capsids to the phage nucleus and simultaneously rotate the
phage nucleus, which allows for an even distribution of capsids around the surface of the
phage nucleus [5-7]. Thus, the phage nucleus and spindle are key structures that establish
complex subcellular organization during viral replication and may play an important role in
speciation of nucleus-forming viruses such as ®KZ [10].

The ability to find the cell midpoint is a critical feature among diverse biological systems.
Many rod-shaped bacteria, for example, divide precisely in the middle of the cell, after the cell
has reached twice its length. The Min system was first described in Escherichia coli by Adler
etal. in 1967 [15]. The Min system facilitates proper positioning of the tubulin-like FtsZ ring
at the cell center by preventing the formation of the divisome complex at the cell poles [16-
22]. While we know the PhuZ spindle is responsible for pushing the Pseudomonas phage
nucleus towards midcell during phage infection [8, 14], we currently lack insight into the
important parameters and constraints that might dictate the behavior of the system.

Here we investigated the interplay between antibiotics and nucleus forming jumbo phage
replication, focusing on antibiotics that are commonly used in treatment against P. aeruginosa.
P. aeruginosa has the largest genome of the ESKAPEE group of pathogens and according to
the Centers for Disease Control and Prevention, it is the causative agent of approximately
33,000 healthcare-associated infections annually in the United States alone [23]. In addition to
its intrinsic antibiotic resistance mechanisms, P. aeruginosa can form biofilms, especially in
the lungs of people with cystic fibrosis or on surgical implants, which can hinder successful
antibiotic treatment [24-26]. These difficulties make the application of phage therapy, in tan-
dem with antimicrobial treatments, for P. aeruginosa infections particularly appealing [27].
There has been an increase in successful uses of phage therapy against multi-drug resistant
infections reported in the last few years [26, 28, 29].

Phage therapy is currently considered a treatment of last resort, so patients are most likely
already receiving one or more antibiotics despite their lack of efficacy in clearing the infection.
This highlights the necessity for understanding how antibiotics and phages interact. Concur-
rent treatments with antibiotics and phage can simultaneously reveal antagonistic combina-
tions that are ultimately detrimental to the patient as well as provide insights into details of
phage replication processes. Previous research has demonstrated phage-antibiotic synergy
(PAS) in a variety of species, including P. aeruginosa [24, 30-34], but the underlying mecha-
nisms are unclear.
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Here, we explored how antibiotics commonly used to treat Pseudomonas infections affect
phage replication during a single round of infection by the jumbo phage ®KZ. Given the
remarkable subcellular organization of nucleus-forming jumbo phage, it was unclear how anti-
biotics typically used during phage therapy would affect their life cycle. We specifically
addressed how cell wall antibiotics affect phage infection and formation of the phage nucleus
and spindle. We used a fluorescence microscopy tool termed bacterial cytological profiling
(BCP) to study PAS. BCP can classify the mechanism of action (MOA) of an antibiotic based
on cytological changes of the bacterial cell, such as cell wall shape or DNA morphology, during
treatment in both Gram-negative and Gram-positive species [35-39]. The benefit of BCP is
the ability to observe both phenotypic changes in phage infection and cytological shifts due to
antibiotics at the single cell level.

We show that antibiotics targeting different biosynthetic pathways have different effects on
the progression of ®KZ infection. We specifically focused on determining which antibiotics, if
any, might affect positioning of the phage nucleus at midcell. We found cell-elongating antibi-
otics had a dramatic effect on the ability of the phage nucleus to be centered. We developed a
simple computational model to show how dynamically unstable filaments might be capable of
positioning the phage nucleus at midcell and show that cell length is a key parameter that
determines the efficiency of centering by the PhuZ spindle. We experimentally confirmed our
model by showing phage nucleus mispositioning matches the model’s predictions when cell
length is altered. Our results suggest that the PhuZ spindle has evolved kinetic parameters that
allow it to optimally position the phage nucleus in cells of a given length and provide insight
into how clinically used cell wall antibiotics affect nucleus-forming jumbo phage replication.

Results
Antibiotic specific effects on the percentage of cells infected by ¢KZ

We surveyed commonly used antibiotics against P. aeruginosa infections that had various
mechanisms of action (MOAs) to determine whether specific classes of inhibitors hinder phage
replication, potentially diminishing the effectiveness of adding phage to the treatment, or if any
classes promote infection and act synergistically as previously reported [34]. We studied jumbo
phage ®KZ replication in P. aeruginosa K2733 during a single round of infection to identify
antibiotics that might promote or inhibit completion of the phage life cycle. The P. aeruginosa
K2733 strain lacks components of the major Resistance-Nodulation-Division (RND) pumps
involved in the efflux of antibiotics of the bacterial cell. We chose to use this sensitized strain to
increase the diversity of biosynthetic pathways targetable by antibiotics. We treated cells at con-
centrations ranging from 1X to 5X the relative minimum inhibitory concentration (MIC) for
each antibiotic for 30 min at 37°C prior to infection with the jumbo phage ®KZ. We used BCP
to visualize the effect of the antibiotic treatment on the morphology of the bacterial cell and
simultaneously visualize the establishment of a phage nucleus at 30 minutes post infection
(mpi), a total of 60 minutes of antibiotic treatment. Infection of the bacterial cell can be visual-
ized via bright DAPI staining of the phage nucleus (Figs 1B, 1C, 2B and 2C). Images were quan-
titated and the percentage of the population containing a phage nucleus, an indicator of phage
replication, was expressed relative to the untreated control (Figs 1A and 2A). As expected, we
found gentamicin (GENT) which targets protein synthesis and prevents phage protein expres-
sion, and daunorubicin (DAUN), which non-specifically intercalates into DNA, strongly inhib-
ited the appearance of a phage nucleus at 30 mpi in a concentration dependent manner (Fig
1A). In contrast, rifampicin (RIF) which targets host RNA polymerase but not the phage RNA
polymerase, had little effect on the progression of phage infection, as expected since ®KZ
encodes two multi-subunit RNA polymerases that are resistant to RIF [4, 40, 41]. Pretreatment
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Fig 1. Treatment of P. aeruginosa K2733 with different antibiotics show differential KZ infection related to
MOA and host cell phenotype at 30 min post-infection. (A) Quantification of phage infection (presence of distinct
phage nuclei) under treatment conditions, relative to the untreated infected control. Error bars represent standard
deviation of biological triplicates. *** = p < 0.0005, **** = p < 0.00005 (B) Microscopy of uninfected and untreated
infected controls, and (C) treated infected samples: ciprofloxacin (CIP), daunorubicin (DAUN), rifampicin (RIF), and
gentamicin (GENT). Cell membrane strained with FM4-64 (red) and DNA stained with DAPI (blue). Scale bar
represents 2 pm.

https://doi.org/10.1371/journal.pone.0280070.9001

with ciprofloxacin (CIP), which targets DNA gyrase, also had no effect on phage infection,
which is in agreement with previous work [33].

It has been previously reported that the -lactam antibiotics ceftazidime (CEFT) and piper-
acillin (PIP) have synergistic effects with KPP22 phage infection against P. aeruginosa [34]. We
therefore examined the potential for synergy with ®KZ during a single round of infection by
quantitating the percentage of cells that became infected in the presence of cell wall synthesis
inhibitors that cause specific changes in host cell morphology relative to the untreated controls
(Figs 2 and S1). We chose four B-lactams that have affinities for different penicillin-binding
proteins (PBP): CEFT and PIP inhibit PBP3 which catalyzes peptidoglycan cross-linking dur-
ing cell division, causing elongated cells [42]; meropenem (MERO) inhibits PBP2 and PBP4,
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Fig 2. Treatment of P. aeruginosa K2733 with cell wall active antibiotics show differential ¢KZ infection related
to MOA and host cell phenotype at 30 min post-infection. (A) Quantification of phage infection (presence of
distinct phage nuclei) under treatment conditions, relative to the untreated infected control. Error bars represent
standard deviation of biological triplicates. * = p < 0.05 (B) Microscopy of uninfected and untreated infected controls,
and (C) treated infected samples: ceftazidime (CEFT), mecillinam (MEC), meropenem (MERO), and piperacillin
(PIP). Cell membrane strained with FM4-64 (red) and DNA stained with DAPI (blue). Scale bar represents 2 pm.

https://doi.org/10.1371/journal.pone.0280070.9002

resulting in elongated cells that bulge at midcell; and mecillinam (MEC) specifically binds to
PBP2 [43] and causes oval-shaped cells (Figs 2C and S1). None of the four cell wall active anti-
biotics produced a strong effect on infection rates, with only two concentrations of CEFT and
one concentration of MERO causing a small but statistically significant increase (30 to 50%) of
infections (Fig 2A).

Treatment with antibiotics that cause cell elongation leads to
mispositioning of the KZ phage nucleus

During our study of cell wall elongating antibiotics, we noticed a potential connection between
host cell length and the position of the phage nucleus. A key function of the PhuZ spindle
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encoded by ®KZ and related Pseudomonas jumbo phages is to position the phage nucleus at
the center of the cell [8, 9, 14]. At the onset of infection (5 mpi), phage DNA can be observed
at the cell poles in >85% (n = 192) of untreated infections using DAPI staining (Fig 3A and
3C). During treatment with either CIP, CEFT, or MEC, the injected phage DNA can still be
observed at the poles of the host cell (Fig 3B and 3C). These results taken together with prior
studies show that phage DNA is injected near the cell poles and suggest that the receptor for
DKZ is likely located near the cell poles.

The PhuZ spindle normally repositions the replicating phage DNA contained inside the
phage nucleus towards midcell using dynamically unstable filaments [8, 9, 14]. As expected, by
30 mpi, phage DNA is primarily localized near the midpoint of the host cell (Figs 1B, 2B and
4A, [6-8, 14]). Fig 4B shows histograms of phage nucleus position normalized to cell length
and compared to the DMSO control (black) for each antibiotic at 5X MIC (blue). During treat-
ment with cell wall synthesis inhibitors such as CEFT or PIP, as the length of the cell is
increased, the position of the phage nucleus at 30 mpi becomes increasingly off-centered com-
pared to untreated controls (Figs 2C, 4B, 4D and 4E). MEC and CIP are relatively unaffected,
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Fig 3. Treatment with CEFT increases early ¢KZ binding and infection. (A) Microscopy of uninfected and

nuclous position across host length

cell length (um)

untreated infected controls, and (B) treated infected samples with 5X MIC at 5 min post-infection. Cell membrane
strained with FM4-64 (red) and DNA stained with DAPI (blue). Scale bar represents 2 pm. White arrows indicate
phage DNA at early stages of infection. (C) Nucleus position across P. aeruginosa host length of untreated and treated

(5X MIC) infected samples. Histograms show early phage nucleus position across normalized host cell length.

Scatterplots show early phage nucleus position across relative host cell length. Average cell length for each treatment

condition shown.

https://doi.org/10.1371/journal.pone.0280070.g003
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while PIP treatment caused the largest average shift from center as well as the greatest increase
in cell length. As the average cell length increased, the percentage of nuclei that were posi-
tioned away from the center increased (Fig 4B-4E). For example, within DMSO treated cells,
approximately 24% of phage nuclei are off-center (outside of the 20% middle of the cell),
whereas in piperacillin treated cells, 60% of phage nuclei are off-center (Fig 4E). These results
suggest that either cell length itself plays a factor in spindle positioning of the phage nucleus or
the antibiotics have perturbed spindle assembly.

One possible explanation for mispositioning could be the inability to assemble the PhuZ
spindle. To determine if treatment with these antibiotics prevented spindle assembly, we
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treated P. aeruginosa expressing a low level of a GFP-PhuZ fusion protein [6] with increasing
concentrations of CEFT, MEC, or CIP prior to infection with ®KZ (Fig 5). In the absence of
phage infection, GFP-PhuZ occasionally formed small foci but did not assemble filaments due
to its low level of expression (Fig 5A) [6]. In the untreated infection condition, the PhuZ spin-
dle formed at both poles of the cells reaching towards the phage nucleus and positioned it at
approximately the cell midpoint (Fig 5A). During treatment with CEFT and CIP, filaments
still formed on each side of the nucleus in the elongated cells, except now one PhuZ filament
frequently extended further than the other (Fig 5B and 5C). In comparison, for all concentra-
tions of MEC, PhuZ filaments were observed, and the phage nuclei were positioned at midcell
(Fig 5C). With both the properly positioned and mispositioned nuclei, PhuZ filaments
appeared to be assembled. Therefore, nucleus mispositioning was not due to an inhibition of
spindle formation.

Our results showing that antibiotics targeting different pathways resulted in cell elongation
and increased phage nucleus mispositioning suggested that cell length might be a key factor in
phage nucleus positioning. If this were true, we predicted that other methods of inhibiting cell
division should also affect phage nucleus positioning. To test this model, we studied phage
nucleus positioning after expressing SulA from a plasmid in P. aeruginosa K2733 (Fig 6). SulA
prevents cell division by binding to the bacterial tubulin homolog FtsZ and inhibiting the
assembly of the Z ring [44]. We quantitated the extent to which SulA expression affected cell
length, the rates of ®KZ infection, and phage nucleus positioning. At 30 mpi, when SulA was

UNTREATED

UNTREATED UNINFECTED

Fig 5. Antibiotic treatment leads to aberrant PhuZ filament and spindle dynamics at 30 min post-infection. (A)
Microscopy of uninfected and untreated infected controls. (B) Representative cell images of untreated infected
controls, and CEFT treated infected samples at all concentrations. (C) Microscopy of treated infected samples. Cell
membrane strained with FM4-64 (red) and DNA stained with DAPI (blue). GFP-PhuZ (green) under 0.1% arabinose
induction. Scale bar represents 2 pm.

https://doi.org/10.1371/journal.pone.0280070.g005
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not induced, cells exhibited a range of cell length distributions similar to wild-type cells (Fig
6A and 6C, top), but cells became very elongated when SulA was induced (Fig 6A and 6C, bot-
tom). When uninduced or induced SulA populations were infected and examined at 5 mpi,
the nascent phage nucleus was positioned near the cell pole as in wild-type cells (Fig 6A and
6B). This demonstrated that SulA expression did not affect the initial site of DNA injection. In
contrast, when examined after 30 mpi (Fig 6C and 6D), there was a dramatic effect on phage

nucleus positioning (Fig 6D, bottom). Rather than being positioned near midcell as in the

uninduced samples (Fig 6D, top), the phage nuclei were uniformly distributed throughout the
cells (Fig 6D, bottom) with the exception that they were excluded from the cell poles. Taken
together, our results revealed for the first time a possible connection between host cell length
and the positioning of the phage nucleus at midcell.
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White arrows indicate phage DNA at early stages of infection. (B,D) Histogram of phage nucleus position across

normalized host cell length at (B) 5 min or (D) 30 min post-infection. Scatterplots (D) show nucleus position for across
relative P. aeruginosa host cell length at 30 min post-infection for uninduced or induced sulA cells, along with average

cell length for induced and uninduced conditions.

https://doi.org/10.1371/journal.pone.0280070.g006
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Stochastic modeling of PhuZ filaments

To understand the connection between cell length and phage nucleus positioning, we devel-
oped a computational model to describe how PhuZ filaments can center the nucleus in a wild-
type cell and how perturbing cell length might influence centering. Previous work in our lab
demonstrated that DNA objects can be centered in anisotropic cells when the rates of filament
polymerization and depolymerization matched a specific range of cell lengths [8, 45]. There-
fore, a 1D stochastic model of PhuZ filaments was created to determine if cell length changes
could explain the various changes to phage nucleus positioning observed across different con-
ditions. Visualizations of filament and nucleus positions as modeled over 30 minutes are
shown in Fig 7A and 7B.

Sampling cell length from a Gaussian distribution given by the mean and standard devia-
tions of various treatment conditions shows a good fit to measured phage nuclei position dis-
tributions indicating that cell length could be a determining factor in phage nucleus
mispositioning (Fig 7C). As shown in Fig 7C, the model (solid line) can reproduce the mea-
sured distributions of phage nucleus positioning (dashed line) indicating that cell length alone
is sufficient to explain the observed behavior. To illustrate this further, we explored the phase
space by varying cell length and polymerization rate and observed the effect this had on
nucleus positioning (Fig 7D) and found nucleus positioning at midcell exists for a narrow win-
dow of cell lengths and polymerization rates. These results suggest that the phage co-evolved
with the host cell to optimize the rates of PhuZ polymerization, depolymerization and cell
length in such a way as to properly center the phage nucleus. During treatments that lead to
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Fig 7. Computational modeling of PhuZ dynamics under antibiotic treatment. (A) A single run of the model
showing filament end positions in green and the position of the phage nucleus center in blue. The cell length was set at
3.5 pm and the simulation ran for 30 minutes. (B) Five overlapping traces of the model using parameters identical to
(A) provide a visualization of the stochastic behavior of the model. (C) Histograms of phage nucleus position after 30
minutes has elapsed for both the model (solid line) and the measured data (dotted line). All model parameters were
kept the same with the exception of cell length which was sampled from a normal distribution with mean and standard
deviation given by each treatment condition. (D) Heatmap indicating combinations of cell length and polymerization
rate that lead to centering of the phage nucleus. Yellow indicates that a high (>>80%) percentage of the phage nuclei
positions were located within the central 20% of the cell while blue indicates a low percentage. The effect of all
parameters reveals a narrow window in which the phage nucleus can be effectively centered.

https://doi.org/10.1371/journal.pone.0280070.g007
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aberrant cell length this balance is disrupted as the spindle properties do not adapt, leading to
mispositioning of the phage nucleus.

Discussion

These studies demonstrated the complexity of antibiotic-phage interactions at the single-cell
level. Using BCP, we visualized interactions between phages and antibiotics during infection
which allowed us to generate potential mechanistic explanations for the observed interactions.
PAS has been demonstrated in a variety of bacterial species [24, 31-34], but the underlying
mechanisms for these interactions remain uncharacterized and synergistic interactions have
not been observed for each combination of phage and antibiotic. {-lactam antibiotics have
previously been shown to synergize with the Pseudomonas phages KPP21, KPP23, and KPP25
[34], and in contrast, no synergy was observed with the fluoroquinolone ciprofloxacin [33]. In
this study, we observed that the DNA intercalator DAUN and the protein synthesis inhibitor
GENT prevented ®KZ phage nucleus formation in a dose-dependent manner. These antibiot-
ics strongly block phage replication and potentially reduce phage amplification during treat-
ment, thereby counteracting any potential benefits from combination therapy. In contrast,
using our single cell studies of ®KZ and P. aeruginosa to search for evidence of enhancement
of the phage infection with 8-lactam antibiotics, we saw little to no evidence that any of the 3-
lactams tested increased infection rates.

While we did not detect a dramatic effect of cell wall active antibiotics on phage infection
rates, we observed consistent injection of phage DNA at the poles of the bacterial cells, regard-
less of treatment (Fig 3), suggesting the location of the ®KZ receptor. After forming at the cell
pole, the phage nucleus migrates to midcell (Fig 4A). In cases where the length of the host cell
was increased due to antibiotic treatment, there were greater instances of mispositioning of
the phage nucleus away from midcell (Fig 4B, 4C and 4E).Mispositioning was more pro-
nounced when we artificially triggered cell elongation by inducing the cell division inhibitor
SulA (Fig 6D). These studies uncovered a potential connection between cell length and the
ability of the PhuZ spindle to position the phage nucleus at midcell.

We previously described a phage encoded tubulin-based system that can position a protein
shell containing replicating phage DNA at the center of the host cell [8, 9, 14]. Our observation
of mispositioning in the presence of cell elongating antibiotics might have suggested the lack
of spindle formation or the formation of short spindles, but these cells contained long, asym-
metric spindles, some reaching more than 7 microns in length (Fig 5). While it would not be
surprising for phage nuclei to be mispositioned in very long cells (more than 10pm in length),
we found that cells that were only slightly longer than normal (5 to 10 um in length) were also
mispositioned (Figs 4 and 6). We therefore hypothesized that the kinetic parameters of the
PhuZ filaments might be tuned to position the phage nucleus in cells of only a certain length.
To explore this possibility, we developed a computational model of phage nucleus position
that incorporated known kinetic parameters and compared the results of the model to the
experimental data (Fig 7). We determined that the elongation of P. aeruginosa cells is likely the
main factor that contributes to the observed mislocalization of the phage nucleus away from
midcell (Figs 4-7). Our computational model correctly predicted DNA centering under nor-
mal conditions and when cell length is strongly affected by the antibiotics. Centering is only
achieved computationally when estimated parameters of polymerization and depolymerization
rates fall within a certain range for a cell of a given length, providing insight into the molecular
basis for PhuZ spindle centering of the phage nucleus in bacteria. These findings support our
prior work on dynamically unstable bacterial actins, where the interplay between rates of
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polymerization, depolymerization, and cell length determined whether a DNA object was posi-
tioned at the cell center or positioned at the cell poles [8, 45, 46].

Spatial information is important for the positioning of molecular complexes within a cell,
such as at the pole or midpoint, and is required in all biological systems from eukaryotes to
microbial organisms [16, 20-22, 47-49]. Dynamic instability of cellular filaments has been
shown to be the driving force required for centering of DNA objects in bacteria and for phages
[8,9, 14, 45, 46]. The work presented here also highlights host cell length as an intrinsic deter-
minant of PhuZ spindle positioning of the phage nucleus at midcell. Our data suggests that the
phage replication machinery co-evolved with and is optimized to the average length of the
Pseudomonas host cell. We observed that antibiotic-induced increase in cell length no greater
than 2-fold led to drastically inability of the PhuZ filaments to properly center the phage
nucleus within the host cell. The computational model developed in this study was able to
mimic experimentally confirmed nucleus positions based on three general parameters, host
cell length and polymerization/depolymerization rates of the PhuZ filament, thereby expand-
ing our understanding of the factors influencing nucleus-forming phage infection. Perturba-
tions of host cell length by antibiotics drastically impeded the ability of PhuZ filaments to
properly center the phage nucleus.

The E. coli phage Goslar was recently shown to form a chimallin based phage nucleus that
compartmentalizes phage replication similar to the Pseudomonas phages [50]. While Goslar
also encodes a PhuZ tubulin that forms a set of vortex-like filaments that rotate the phage,
unlike Pseudomonas phages, Goslar’s phage nucleus is not positioned at midcell. Injection of
Goslar phage DNA occurs at any point along the bacterial cell surface, so it does not require a
system dedicated for moving the nucleus away from the cell pole but rather only for rotation
[50]. In comparison, we observed ®KZ DNA injection exclusively at the poles of the P. aerugi-
nosa cell (Fig 3), and the ®KZ phage nucleus requires the polymerization of the bipolar PhuZ
filaments to push it into position from the poles to midcell (Fig 5). These differences demon-
strate the co-evolution of phages and their tubulins to optimize replication within their respec-
tive hosts. We hypothesize that differences in receptors and positioning of the initial injection
event for these two phages may be partly responsible for the different filament dynamics.

Opverall, the data presented here also brings up additional questions for further study,
including what role does the centering of the phage nucleus play in the efficiency of phage rep-
lication and does mispositioning of the phage nucleus impact phage particle production?
While PhuZ is not essential for phage replication based on dominant negative [6, 7, 14] and
gene deletion studies [51], PhuZ spindle rotates the phage nucleus and brings empty phage
capsid heads to it for viral DNA packaging [5, 10]. It is possible that the asymmetric phage
spindle observed during treatment with cell wall targeting antibiotics may lead to inefficient
packaging of phage particles due to altered phage capsid transportation or changes in the rota-
tion of the phage nucleus by the spindle. This study looked at the impact of antibiotic treat-
ment on a single round of infection. Future experiments could measure the speed of rotation
of the phage nucleus or the number of phage particles over multiple rounds of infections con-
current with antibiotic treatment to see if there is a negative effect on phage replication beyond
the phenotypic changes in host and viral replication machinery observed in this study. Finally,
fully understanding how jumbo phage replication is affected by antibiotics will ultimately pro-
vide guidance for the selection and design of compatible phage-antibiotic mechanistic pairs
useful for phage therapy.
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Material and methods
Bacterial strains, growth, bacteriophage preparation, and antibiotics

Pseudomonas aeruginosa strain K2733 (PAO1AmexB, AmexX, AmexCD-opr], AmexEF-oprN)
was used in this study. The bacteria were grown in LB, with gentamicin for selection when nec-
essary, at 37°C for all experiments. Preparations of antibiotics were performed according to
the manufacturer’s recommendations. Jumbo phage pKZ lysate was prepared by adding 5 mL
phage lysate and 100 mL fresh LB to 50 mL saturated ON culture of P. aeruginosa PAO1 and
incubating at 37°C for at least 5 hours, or until visible clearance of culture. Cultures were cen-
trifuged at 4000 rpm for 15 min and the supernatant filtered to remove bacterial cell debris.
Titers were performed and the phage lysate was stored at 4°C until use.

P. aeruginosa strain K2733 expressing GFP-PhuZ was generated as detailed in Chaikeerati-
sak, et al [6]. GFP-PhuZ production was induced using 0.1% arabinose. SulA (Accession No:
CP053028, from 2146814 to 2147299) was PCR amplified from K2733 strain with the primers
that include 25 nucleotide overhang that is homologous to pHERD30T plasmid backbone
(Forward Primer: ATTCTTTAAGAAGGAGAAATTCACCATGCAGACCTCCCACTCG, Reverse
Primer: ACTCTAGAGGATCCCCGGTACCTCAACCCAGACGAATATTCAGGCTCTG). The PCR
product was Agarose gel extracted and inserted into a linearized pHERD30T vector with NEB-
uilder HIFI DNA Assembly (NEB, E2621L). Electrocompetent K2733 strain was transformed
with the plasmid and induced with 0.5% arabinose.

Minimal inhibitory concentration (MICs) assays

MIC:s for all antibiotics (Table 1) were determined using the broth microdilution method [35].
In brief, overnight cultures of P. aeruginosa K2733 were diluted 1:100 in fresh LB and allowed
to grow at 37°C with rolling until they reached an optical density at 600 (ODgg) of ~0.2, or
early exponential phase. The bacterial culture was diluted to ODgoy ~ 0.05, and then diluted
1:100 into the appropriate wells of a 96-well plate containing serially diluted antibiotics. MICs
were determined by ODg( readings after incubation at 37°C with shaking for 18-24 hours.

Fluorescence microscopy

Overnight cultures of P. aeruginosa K2733 were diluted 1:100 into fresh LB, with appropriate
arabinose concentrations when required, and allowed to grow at 37°C with rolling until they
reached an ODggo ~0.12-0.15. 400 uL culture was then added to cultures tubes containing 1X,
2X, or 5X MIC of each antibiotic and incubated at 37°C with rolling for one hour, for antibi-
otic only controls, or 30 minutes, for subsequent phage infection. Lysate of the jumbo phage
was then added to cultures, at a multiplicity of infection (MOI) of 5, before incubation at 37°C
with rolling for an additional 30 minutes. Uninfected and untreated controls were done each
experimental day. After infection, 4 uL culture was added to 4 uL dye mix containing 100 ug/
mL FM4-64 and spotted onto pad slides containing 1.2% agarose in 20% LB with 0.2 ug/mL

Table 1. Minimum inhibitory concentration (MIC) of antibiotics used in this study against P. aeruginosa K2733.
Concentrations shown in pug/mL and represent biological duplicates.

DNA/RNA SYN CELL WALL SYN

CIP 0.013 CEFT 2
MEC 6.4
MERO 0.1
PIP 0.5

https://doi.org/10.1371/journal.pone.0280070.t001
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DAPI for microscopy. Microscopy was performed as previously described [35], with slight
modifications. Excitation and emission settings were kept consistent for all replicate
experiments.

Quantitation and statistical analysis of phage infection.. @KZ infection, defined as a dis-
tinct phage nucleus or the presence of a distinct phage DNA puncta upon injection within the
host cell, was quantified manually using FIJI (ImageJ 1.51w). All microscopy experiments were
performed in biological triplicate. Statistical analysis was conducted in GraphPad Prism 8.4.3.
One-way ANOVA followed by Dunnett’s multiple comparisons test was used to determine sig-
nificance differences between the untreated infected control and the treatment conditions. Sta-
tistical significance was defined as a p value of < 0.05. In quantitation graphs, p values
indicated as follows: * < 0.050,- 0.0100, ** < 0.0100-0.0010.

Stochastic modeling of PhuZ filaments

A 1D model of PhuZ filament movement was created by considering the net movement of a
filament’s position to be a balance between polymerization, depolymerization and catastrophe.
A simple equation to describe this movement in the positive direction is given as:

dx
v

E = polymerization Vdepolymerizutian -V

catastrophe

The speed of polymerization, depolymerization and catastrophic depolymerization can
both be sampled from a Gaussian distribution determined by the mean and standard deviation
of parameters based on previous measurements and publications [25] as well as parameter
optimizations to measured data.

The model consists of two filaments with initial positions at x = 0, L, where L_ is the cell
length and was run with a timestep of 0.01 seconds. All parameters related to movement of fila-
ments get sampled from a Gaussian distribution and positions are updated if the random time
sampling associated with their movement has passed. Catastrophe occurs after a given time,
which is again sampled from a Gaussian distribution, after which time the speed of catastrophic
depolymerization becomes non-zero. Simultaneous to the occurrence of catastrophe, a recovery
time is generated which determines when catastrophic depolymerization again becomes zero.
The position of the nucleus is initially set at 90% of the cell length and moves either by random
diffusion for a sphere with a Stokes radius of 1 um or by collisions with growing filaments. If a
filament would move beyond the boundary of the phage nucleus in a given timestep, the
nucleus position is pushed by an equal amount to prevent clipping of the filament into the
nucleus. However, if the filament from the opposite pole is pushed to the boundary of the phage
nucleus when this would occur, no movement from either nucleus or filaments takes place. In
this condition, movement can only occur after catastrophe induces rapid depolymerization of a
filament away from the nucleus. For each distribution of cell lengths, the model was run 500
times with the nucleus position recorded 30 minutes post infection.

Certain parameter means and standard deviations such as polymerization rate were
obtained from previous measurements and publications [5]. Other parameters were estimated
through an optimization scheme that minimized the root mean squared distance (RMSD)
between the measured probability distribution of phage nuclei positioning in untreated,
infected cells and the modeled. Initially, parameters were randomly mutated and RMSD was
calculated. Using these initial points, the partial derivatives of RMSD with respect to each
parameter are estimated and the next randomizations of each parameter are calculated until
RMSD is minimized.
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Surface plots were generated by linear interpolation between 200 points for any two param-
eters in order to visualize the RMSD parameter space (S2 Fig). The surface plot of polymeriza-
tion rate vs depolymerization rate illustrates several interesting points about the model.
Because RMSD is a measure of nuclei positions at the endpoints, it does not include any
kinetic data from the model. This can be seen in the line of low RMSD (blue) which implies
that any combination of polymerization rate and depolymerization rate that matches a certain
net growth would produce similar results. This problem is avoided by having measured data
for several parameters which helps constrain the polygon space.

Supporting information

S1 Fig. Microscopy of P. aeruginosa K2733 treated for 1 hr with various antibiotics without
phage infection. Ciprofloxacin (CIP), daunorubicin (DAUN), rifampicin (RIF), gentamicin
(GENT), ceftazidime (CEFT), mecillinam (MEC), meropenem (MERO), and piperacillin
(PIP). Cell membrane strained with FM4-64 (red) and DNA stained with DAPI (blue). Scale
bar represents 2 um.

(TIF)

S2 Fig. Surface plots of RMSD parameter spaces. RMSD between measured data and mod-
eled results was used to optimize unknown parameters related to phuZ filament movement.
Linear interpolation of 200 randomly sampled points for each parameter space allows for visu-
alization of the relation between parameters. High RMSD (Yellow) is indicative of high devia-
tion from measured data while low RMSD (Blue) indicates a good fit. Red dots indicate the

values of parameters used in the final modeling.
(TIF)

S1 Dataset. Phage nucleus counts and distance measurements. Data set is split by figure.
(XLSX)
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