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ABSTRACT OF THE DISSERTATION
Nucleus-Forming Jumbo Phage:
Disrupting the Landscape of Phage Replication and Viral Speciation
by
Erica A. Birkholz
Doctor of Philosophy in Biology
University of California San Diego, 2022

Professor Joseph Pogliano, Chair

This dissertation investigates the diversity and competition of nucleus-forming jumbo
phage. The first chapter provides a brief history of the discovery of bacteriophages and their early
use to combat bacterial infections, the detection of the first jumbo phages, the first
characterizations of nucleus-forming jumbo phage, current understanding of viral speciation, a
background of phage-encoded mobile introns, the theory of Viral Eukaryogenesis, and the recent
resurgence of phage therapy.

Chapter 2 describes the conservation and divergence of the nucleus-forming jumbo phage
replication cycle in Escherichia coli phage Goslar. Fluorescent microscopy supported with cryo-

electron tomography of focused ion beam-milled samples (cryo-FIB-ET) revealed the organization
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and kinetics of Goslar infection. Genetics were used to deduce the function of the cytoskeleton
found to assemble into a vortex-like array.

Chapter 3 analyzes the intracellular interactions between coinfecting phages ®KZ and
®PA3 in Pseudomonas aeruginosa. Two viral speciation factors were newly defined as
Subcellular Genetic Isolation and Virogenesis Incompatibility which can be universally applied to
viruses. Fluorescent microscopy illuminated the intracellular competition and long-term fitness
against the host was assayed to demonstrate the effects of incompatibility.

Chapter 4 builds on Chapter 3 to investigate the mechanism of action of one of the
virogenesis incompatibility factors that is produced by ®PA3 and interferes with ®KZ infection.
Bioinformatic analyses combined with genetics and in vitro evidence uncovered the nature and
mechanism of the ®PA3 factor. The consequences for ®KZ were clarified by cryo-FIB-ET.

Chapter 5 is a conclusion of the findings presented in this dissertation and a discussion of
the way that nucleus-forming jumbo phage can address the antibiotic resistance crisis as well as

the big question of how our earliest eukaryotic ancestor came into existence.
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CHAPTER 1:
Bacteriophage discovery and application, speciation, mobile introns, and the recent

characterization of nucleus-forming jumbo phage



1.1 Bacteriophage discovery and early use

The discovery of bacteriophages, or phages, occurred independently in 1915 by Frederick
Twort and in 1917 by Felix d’Herelle. In a publication of The Lancet on December 4%, 1915,
Twort recounts his discovery of a non-pathogenic “filter-passing virus” isolated from cultures of
vaccinia-causing micrococcus infecting calves [1]. On September 3", 1917, at the French
Academy of Sciences, Felix d’Herelle presented his investigations of “an invisible microbe
antagonistic to dysenteric bacilli” isolated from the stool of patients recovering from dysentery
[2]. In both discoveries, the microbiologists first observed the clearing of bacterial cells that were
growing in culture. The cleared cultures could be diluted to very low concentrations and still clear
a dense culture of bacteria. When bacteria were spread on a plate and the cleared culture was
touched to one spot, a clearing in the plated bacteria would spread radially from that spot, forming
a “plaque”. Twort noted the preference of the virus for actively growing bacteria rather than old
or dead bacteria. D’Herelle was even able to switch the host specificity of his virus through
multiple passages, demonstrating that these microbes had the ability to adapt to new hosts, and
fairly quickly. All of the observations and experiments by Twort and d’Herelle pointed to the
discovery of self-replicating obligate parasites of bacteria, which d’Herelle termed bacteriophages.

Felix d’Herelle moved quickly to apply his bacteriophages to the treatment of deadly
infections in humans by treating childhood dysentery at Hopital des Enfants-malades in 1919 [3].
At the Pasteur Institute in Paris 1918, d’Herelle met a Georgian microbiologist named George
Eliava who had been tasked with establishing Georgia’s first institute of microbiology to tackle
their own battles with bacterial infections. The two scientists became close collaborators and in
1921, Eliava returned to Georgia with the knowledge of d’Herelle’s treatment of dysentery in

soldiers. In 1930, d’Herelle brought to Georgia two of his phage cocktails called pyophage and



intestiphage, originally marketed by the company that later became L’Oreal [4]. These phage
therapeutics are still used today to treat purulent and enteric infections, respectively. Eliava and
d'Herelle visited each other repeatedly and developed the idea of making the new Eliava Institute
the world center of phage research and therapy, gaining the support of Joseph Stalin [3]. Due to
the complicated political climate of the Soviet Union, in 1937, George Eliava was arrested and
tragically executed without trial. D’Herelle never returned to Georgia but fortunately, he and
Eliava laid a strong groundwork that allowed the Eliava Institute to survive the fall of the Soviet
Union and persist to this day, remaining the focal point of experience in phage therapy, just as they
had dreamed. Now the Institute relies on grants from international organizations including the US
State Department which fund high quality clinical trials and basic research [3]. The newly
structured Institute was able to spin-off the commercial venture Eliava BioPreparations which
currently offers six phage cocktails that are included in the standard of care in Georgia.

The other hub of phage research and modern-day supplier of phage therapy is the Hirszfeld
Institute of Immunology and Experimental Therapy located in Wroclaw, Poland [5]. This Institute
has been publishing detailed scientific accounts since the early 1980s and in 2005 they established
their own phage therapy clinic with rigorous studies being conducted in accordance with EU
guidelines. Hirszfeld is a rich source of accessible literature addressing clinical phage application,
phage purification, the immunomodulation and translocation of phage in the body, and even the
economics of phage therapy [3, 5]. They have employed the use of a phage bank with a
personalized medicine approach where each patient’s bacterial isolates are tested against the phage
bank and a cocktail is developed for that individual. According to Polish law, phage therapy is
still considered experimental and therefore requires approval by an institutional review board. It

remains restricted to life-threatening infections for which antibiotics have failed. Hirszfeld



physicians point out that the only infections they are allowed to treat with phage are the most
advanced and difficult to penetrate so it is reasonable to think that they would have even greater
success rates if phage therapy was the first line of defense or a prophylactic treatment [3]. These
regulatory restrictions and the strategy of patient-specific phage bank querying have preserved
phage therapy in Poland as a humanitarian effort rather than a commercial exploit.
1.2 Jumbo Phage

For decades after the discovery of bacteriophages, the only ones studied were those with a
genome size similar to the best studied phage, A, which infects Escherichia coli and has a genome
of 48.5 kb. Those phages are small enough to pass through a 0.2 pum filter and to resist pelleting
by centrifugation, the methods commonly used to remove bacteria from samples [6]. Larger
phages were likely excluded from early studies due to their large virions being caught in the filter
and the potential to pellet with bacteria. They are also elusive since they tend to make plaques that
are barely visible in standard concentrations of agarose overlay, due to the limitation of diffusion
for a large virion [7]. Nowadays, metagenome sequencing of crude samples prevents the exclusion
of phages based on size or growth requirements, leading to a new understanding of the full
spectrum of bacteriophage diversity. By 2007, only 6 phages with genomes over 200 kb had been
sequenced [7], but in 2020, Al-Shayeb et. al reconstructed 348 phage genomes over 200 kb from
a wide variety of human, animal, and environmental samples from around the world, and they
were only looking for those encoding a CRISPR-Cas system [8]. They even found a phage genome
predicted to be 735 kb, which would make it the largest on record. The term proposed for phage
genomes larger than the somewhat arbitrary cutoff of 200 kb is ‘jumbo phages’ [9]. In 2019,
Devoto et al. coined the term ‘mega phages’ for phages with a genome over 500 kb in size, upon

their curation of 15 genomes over 540 kb, belonging to the ‘Lak phages’ infecting Prevotella in



human gut microbiomes [10]. While classifications based solely on genome size are not
representative of phylogeny, they can be useful for discussion nonetheless. 518 phage genomes
between 200 kb and 553 kb were pulled out of metagenomes from human gut samples in 2021
[11], so evidently, large phages are a common component of the human microbiome and
understanding them is increasingly important.

Pseudomonas aeruginosa phage ®KZ (280 kb) appears to be the first jumbo phage genome
fully sequenced, published in 2002 [12]. The genus Phikzvirus [13] now contains 15 phages with
genomes published to NCBI. ®KZ was isolated in 1978 in Kazakhstan (“KZ”), from a patient
with a chronic pulmonary infection [14] and has since been used in the commercial phage
preparation PyoPhage by Eliava BioPreparations [15]. Bacillus subtilis phage PBS1 (252 kb) was
isolated earlier, in 1961 [16], but not fully sequenced until 2017. ®KZ is a major component of
this dissertation so its background will now be summarized, with the earliest results accessible
only by recent translation and summation from the original Russian studies. The genome of ®KZ
was found to have a low GC content which contrasts the high GC content of the host and this is
unusual for phages [17]. It encodes a DNA polymerase that is highly divergent from any others
known [18]. The plaques of ®KZ were noted to display strong opalescence which appears as
cloudiness with a blue hue [17]. This had been previously described for the T-even bacteriophages
of E. coli; T2 (164 kb), T4 (169 kb), and T6 (169 kb) [19]. With the help of mutant strains of each
T-even coliphage that lost the ability to create opalescent plaques and instead only made clear
plaques, this property of opalescence was described as ‘lysis inhibition’, a type of quorum sensing
where a large concentration of phage would inhibit continued lysis of the bacterial host. Further
studies into the bacterial colonies that could evade lysis by ®KZ and related phages led to the

conclusion that ‘pseudolysogeny’ was achieved when multiplicity of infection was high [20].



Electron micrographs from 1983 of ®KZ virions both intact and damaged revealed a
cylindrical structure inside the phage head deemed the ‘inner body’ [21]. Further imaging showed
a fibrous material 4 nm wide wound around the inner body, thought to be DNA with a supercoiled
tertiary structure [22]. It was also observed that with disrupted phage particles, the inner body
could slip outside the capsid but it was never found far away, insinuating a physical connection of
some sort. Those escaped inner bodies were measured to be slightly longer than those still inside
a capsid, suggesting that they were compressed when inside the virion. After the ejection of DNA,
when the tail sheath was contracted to reveal the tail tube and there was no longer DNA in the
capsid, the inner body also seemed to disappear. ®KZ was reportedly the first specimen to be
imaged with an inner body [22]. Since then, atomic force microscopy [23], cryo-EM [24, 25],
over-exposed cryo-EM bubblegrams [26], and mass spectrometry with biochemistry on the
cleavage of inner body proteins [27] have confirmed the presence of a proteinaceous inner body
around which DNA is wound. It was also shown that the DNA spool is positioned at a 22° [26] or
32° [25] angle compared to the long axis of the capsid which was described as unexpected but in
my opinion, it corroborates a spooling path with the least resistance.

Micrographs of ultrathin sections of the intracellular infection of ®KZ were also published
in 1983 and 1984, revealing different phases of particle maturation where empty capsids
containing only an inner body could be found next to capsids fully packed with DNA [17, 22].
These micrographs were interpreted to show a nucleoid of phage DNA which pushes the bacterial
chromosome to the periphery [17], aligning with the hypothesis of pseudolysogeny achieved by
sparing the host DNA from total degradation so that the cell may continue to divide while
harboring the phage genome [20]. It was reported in 1982 that ®KZ could transduce several

bacterial markers [28]. This supports the idea that not all host DNA is degraded upon ®KZ



infection. However, transduction was measured at a maximum average frequency of 7 x 10 [17].
In 2011, it was reported that P. aeruginosa phage ®PA3, a Phikzvirus, is also a generalized
transducing phage with a maximum frequency of 8 x 10”7 [29]. For comparison, E. coli phage A
and Salmonella typhimurium phage P22, which are capable of lytic and lysogenic cycles, were
reported to achieve a maximum transduction efficiency of 2.2 x 102 [30] and 1.0 x 1072 [31],
respectively. This suggests that while host DNA may persist during a pseudolysogeny phase of
Phikzvirus infection, these jumbo phages transduce with a frequency that is approximately 10,000-
fold lower than the efficiently transducing phages. However, transduction and pseudolysogeny
must be carefully considered when adapting jumbo phage for phage therapy.
1.3 Nucleus-Forming Jumbo Phage

Despite its ability to transfer pieces of bacterial plasmid DNA [28], ®KZ protects its own
genome by building a shell of protein around it, forming the phage nucleus [32]. This fascinating
structure was first studied by our lab in a Phikzvirus, 201¢2-1 infecting Pseudomonas chlororaphis
[33]. Leading up to that discovery, our lab was investigating the phage cytoskeleton formed by a
tubulin-like protein PhuZ, encoded by 201¢2-1 with homologs found in many other phages with
genomes of 186 — 316kb, though there were no prior reports of a cytoskeletal polymer [34]. When
expressed in vivo at high levels in P. chlororaphis, filaments of GFP-PhuZ spontaneously
polymerized in a majority of cells. In vitro, the observed lag phase in polymerization suggested a
nucleation-extension mechanism with a critical concentration measured at 2.8 = 0.1 uM [34].
Filaments did not form in the presence of GDP demonstrating a GTP hydrolysis-dependent
mechanism of polymerization. Nonhydrolyzable GTP prevented filament disassembly so it
allowed for imaging by negative stain EM, which showed twisted filaments [34], later revealed to

be the first reported three-stranded tubulin filament [35]. The structure of the PhuZ monomer was



resolved to identify the nucleotide binding pocket and the C-terminal extension, reminiscent of
other tubulin-like proteins [34]. Mutation of either of the conserved catalytic aspartic acid residues
to alanine resulted in spontaneous polymerization at very low expression levels, supporting the
hypothesis based on TubZ [36] and FtsZ [37] that GTP would be able to bind, allowing
polymerization, but since it would not hydrolyze, the filament would not disassemble even below
the critical concentration, as observed by Kraemer et al [34]. Further studies into PhuZ in vitro
revealed that the filaments treadmill and undergo catastrophe that could depolymerize the entire
filament, making PhuZ the first prokaryotic tubulin known to display dynamic instability [38].
This is thought to occur during stochastic loss of a stabilizing GTP cap when the PhuZ monomer
at the (+) end hydrolyzes its nucleotide before another GTP-bound monomer joins the polymer.
Live cell time-lapse of P. chlororaphis expressing GFP-PhuZ and infected with 201¢2-1
revealed that the polymers organize into a bipolar spindle that appears anchored at each cell pole
and dynamically extends toward the cell center without crossing into it [38]. Fluorescence
recovery after photobleaching (FRAP) observed for wild-type PhuZ filaments showed steady
movement of the bleached region towards the midcell while the mutant PhuZ filaments remained
static, demonstrating the treadmilling function of PhuZ that is eliminated by the aspartic acid
mutation [34]. 201¢2-1 infection caused the formation of a bulge at the center of the host cell,
within which was located a dense ball of DAPI-stained phage DNA called the infection nucleoid
[34, 38]. Fluorescent in situ hybridization (FISH) with probes for host DNA and phage DNA
demonstrated that the host DNA is degraded by 40 minutes post infection (mpi) and the DNA in
the infection nucleoid is exclusively phage DNA [38]. The phage nucleoid first appeared as a
small punctum and usually near a cell pole, before growing in size while moving towards the

midcell and oscillating there. GFP-PhuZ filaments were observed to form around 40 mpi, grow



and shrink, and remain assembled until cell lysis, when DAPI-stained capsids could be visualized
exiting the cell [34]. DNase I treatment removed DAPI signal from the center of the nucleoid,
leaving a halo of DAPI foci, most likely capsids packaged in an orderly fashion around the
nucleoid. Mutation of PhuZ abolished the central positioning of the nucleoid and reduced burst
size by 50% [34].

In order to find other proteins required for this novel phage replication pathway, mass
spectrometry was used to look for early abundant proteins made during 201¢2-1 infection [33].
The most abundant early protein was tagged with GFP and observed to create a spherical structure
around the phage DNA. This shell structure also separated DNA processing proteins (e.g. DNA
helicase, DNA ligase, RecA) encoded by both the phage and the host, from the cytoplasmic host
ribosomes and phage metabolic proteins like thymidylate kinase and synthase [33]. This protein
shell therefore uncouples transcription from translation and is now called the phage nucleus.
Simultaneous visualization of the tagged major phage nucleus protein and PhuZ confirmed that
the bipolar spindle pushes the growing phage nucleus to the midcell. Amazingly, midway through
infection, the phage nucleus rotates when the PhuZ filaments push against opposing sides [33].
This was the first observation of intracellular rotation of a large body inside of a prokaryote.
Midcell positioning and rotation of the phage nucleus are abolished with expression of the catalytic
mutant of PhuZ. Cryo-focused ion beam milling coupled with cryo-electron tomography (cryo-
FIB-ET) confirmed the fluorescent observations including the presence of capsids containing
varying amounts of DNA distributed around the periphery of the phage nucleus. Cryo-FIB-ET
showed the phage nucleus to be an enclosed compartment surrounded by a regular chain of ~5 nm
proteins, and revealed partially assembled capsids on the bacterial inner membrane as well as fully

assembled virions in a group adjacent to the phage nucleus [33]. P. aeruginosa phages ®KZ and



®PA3 were also found to replicate with a PhuZ spindle [39] and a phage nucleus composed of a
homolog of the major phage nucleus protein, demonstrating the conservation of this pathway [40].
®KZ infection progression was also analyzed by a Russian team using TEM on fixed embedded
cells [41]. They found that cells infected for only 5 minutes had round compartments, often
multiple, containing nucleic acid and possible protein remnants. These compartments seemed to
persist throughout the entire infection while the phage nucleus appeared after 15 mpi and grew in
size, becoming more frequently found at the midcell. Two nuclei in a single cell were observed
for 12% of the infections [41], consistent with prior observations [33]. Tomography revealed a
filamentous network inside the phage nucleus at 30 minutes which appears to be higher order
packing and organization of the genomes. Electron energy loss spectroscopy (EELS) for
phosphorus signal at 15 mpi showed that the bacterial nucleoid vacated the pole of the cell where
the round compartments were located, presumably the location of infection [41]. The bacterial
nucleoid then receded to the cell periphery before becoming more diffuse but they did not see full
degradation by 40 minutes, proposing that the remainder of the host DNA degrades very slowly
as it is likely protected by stress-related DNA-binding proteins. The persistence of some of the
bacterial genome throughout infection corroborates the findings on ®KZ transduction [28] and
pseudolysogeny [20].

The phage nucleus not only provides a DNA replication compartment free of ribosomes,
but it also offers protection from host immune defenses [42-44]. ®KZ and ®PA3 could evade
restriction modification (RM) enzymes (types I and II) as well as CRISPR-Cas systems including
the types found in Pseudomonas (types I-C and I-F) and those not naturally occurring in the host
(types II-A and V-A) [42]. In vitro, RM enzymes and Cas9 were able to cut ®KZ DNA, but in

vivo the components of those host immune systems were physically excluded from the phage
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nucleus. Utilizing the naturally imported RecA homolog from the phage, attempts to localize the
immunity enzymes to the inside of the phage nucleus resulted in successful reduction of phage
titer by EcoRI but Cas9 accumulated at the periphery of the phage nucleus and did not produce a
knockdown of phage replication [42]. While the phage nucleus provides physical protection from
DNA-targeting host defenses, some immune systems are able to target RNA, which is not
protected by the phage nucleus, such as the type VI-A CRISPR system. Casl3 targeting of ®PKZ
reduced phage titer though it is a non-specific shredder which could limit phage infection by
damaging the host. It was observed that the phage DNA can arrest as a punctum at the cell pole
but this condition is yet to be investigated [42]. Jumbo phage PCH45 infecting Serratia was also
found to evade DNA-targeting type I CRISPR systems while being susceptible to an RNA-
targeting type III system [43]. This phage is highly divergent from the Phikzvirus genus but still
contains homologs to the major phage nucleus protein and PhuZ. Tagging the putative phage
nucleus protein confirmed the formation of a protein shell around the phage DNA, making up a
phage nucleus that was centrally positioned 60% of the time. Bioinformatic analyses uncovered a
significant enrichment of jumbo phage-targeting spacers in type III over type I systems. Type I
spacers were even further depleted for jumbo phage encoding a homolog to the major phage
nucleus protein, consistent with the physical protection of the genome conferred by the phage
nucleus [43].

The newly assembled capsids of these nucleus-forming jumbo phage must reach the shell
of the phage nucleus to be packaged with a genome, but they are assembled on the bacterial inner
membrane [33]. Our lab investigated this capsid trafficking mechanism, first using two-second
time-lapse fluorescence microscopy [45]. Fluorescently-labeled capsids appeared on the

membrane for a few seconds before individually following a similar linear path to the phage
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nucleus. Capsids traveled at a rate of ~50 nm/s, the same rate measured for PhuZ spindle
treadmilling [45]. Co-expression of fluorescent capsid protein with fluorescent PhuZ protein
displayed colocalization of the string of capsids with the PhuZ spindle, supporting the hypothesis
that capsids are actively trafficked to the phage nucleus by the PhuZ spindle. The PhuZ catalytic
mutant immobilized the capsids which still colocalized with the spindle. Cryo-FIB-ET of infected
cells with mutant PhuZ showed a large number of capsids clustered around the PhuZ spindle distal
to the phage nucleus. The majority were devoid of DNA at a time point at which they are filled
under wild-type conditions [45].

The late-stage organization of maturing virions into structures adjacent to the phage
nucleus was recently characterized by our lab and termed ‘phage bouquets’ due to the near-
spherical arrangement of DNA-packed capsids with tails pointing inward like the stems of a
bouquet [46]. ®PA3 was the focus of this study since ®KZ and 201¢2-1 form more disordered
bouquets and at a significantly lower frequency, suggesting this mechanism is conserved but not
essential. Tagged capsid protein colocalized with DAPI staining in the bouquets which appears as
aring in 2D. As the bouquets gained DAPI signal, the phage nucleus lost DAPI signal, showing
the transfer of DNA. Tagged tail proteins localized inside the ring of DAPI demonstrating the
orientation of virions in the bouquet. The general exclusion of cytoplasmic proteins from the
bouquet suggested that the structure is very densely packed with phage structural proteins. Using
cryo-FIB-ET, a large bouquet with tails attached to capsids was visualized as well as a small
bouquet that did not yet contain tails but partially assembled tails could be found near the bouquet
[46]. Infection in the presence of the PhuZ catalytic mutant showed that bouquets retain their
position in relation to the phage nucleus so they do not depend on the PhuZ spindle for positioning.

However, the PhuZ mutation causes the filament to become static so capsids are not efficiently
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trafficked to the phage nucleus for packaging, reducing the size and number of bouquets observed
[46].

A discovery was stumbled upon in our lab that is very useful as a tool for studying these
phages. It was found that one type of GFP in particular, GFPmutl, is naturally imported into the
phage nucleus of ®KZ, but not ®PA3 or 201¢2-1 [44]. This was intriguing as there was no
explanation for why such closely related phages would import proteins differently. However, this
observation had the potential to shed light on the mechanism of selective import of DNA
processing proteins into the phage nucleus, since it did not seem to involve a signal sequence. To
investigate this, 3 amino acids that differed between GFPmutl and two closely related GFPs that
are excluded from the ®KZ nucleus, were mutated. V163, tucked inside GFPmutl, was mutated
to alanine to match the cytoplasmic GFPs, and this had no effect on localization. M153, also on
the surface of the protein, was mutated to threonine and resulted in a mixed phenotype with some
®KZ nuclei excluding it and others importing it. F99, on the surface of GFPmutl, was mutated to
serine accordingly and this mutation was able to switch GFPmutl localization from 100% in the
phage nucleus to 100% excluded from it [44]. A deeper structural analysis is required to detail the
mechanisms of selective import. Cryo-FIB-ET showed no physical differences in the shell
structures composing the phage nuclei of ®KZ, ®PA3, and 201¢2-1, therefore offering no further
structural explanation for the phenomenon of GFPmutl import by ®KZ [44]. To demonstrate
whether GFPmutl could be used as a tool to synthetically import proteins into the ®KZ nucleus,
GFPmutl was fused to mCherry and resulted in the import of both active fluorophores. GFPmutl
also facilitated the import of a DNA nuclease, which resulted in a 20% reduction of DAPI intensity,
demonstrating that the nuclease was not cleaved from the GFPmutl or inactivated as it was

imported [44].
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The characterization of the nucleus-forming jumbo phage replication cycle has
demonstrated the strict uncoupling of transcription from translation as well as the genome
organization by a tubulin-based spindle that are reminiscent of the eukaryotic nucleus and spindle
[32-34, 38, 40]. These investigations also provided the first observations of the rotation of a large
structure inside a bacterium, and virion maturation in phage bouquets [32, 45, 46]. The prevalence
of homologs to the major phage nucleus protein and PhuZ in phage infecting diverse hosts
including Pseudomonas, E. coli, Serratia, Salmonella, Ralstonia, Cronobacter, Erwinia, and
Vibrio suggests the relevance of nucleus-forming jumbo phage studies to the broader
understanding of the phage that inhabit this Earth.

1.4 Viral Speciation Factors

The discovery of the intricate organization of nucleus-forming jumbo phages raised the
question of how they would interact during a coinfection of the same host cell. Coinfection
happens commonly in nature, including in the human microbiome [47-49], and often allows for
genetic exchange between viruses, which was thought to be unrestricted [50-52]. If that were the
case, we would expect viral genomes to cluster into homogenous gene pools separated strictly by
host tropism, and while that is a significant determinant, it is more complex [53, 54]. Virus
phylogeny is officially classified largely by comparative sequence analyses [55-59]. The idea of
biologically defining viral species has only recently been tackled using The Biological Species
Concept [60, 61]. This concept says that organisms belong to different species when they belong
to separate gene pools. Their mating, or recombination of genetic traits, is no longer possible or
productive. A limitation to genetic recombination caused by a reproductive isolating mechanism

can lead to the accumulation of genetic variations that are incompatible with each other, called
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Dobzhansky-Muller genetic incompatibilities, which further isolate the gene pools by preventing
certain recombinants from being viable [60, 62-64].

Since viral genomes are only accessible to recombination when replicating inside a cell,
viruses that do not infect the same cell are strongly isolated from recombining their genes. With
respect to the Biological Species Concept, viral speciation has been addressed for viral populations
that are physically separated by either geography or by host tropism [65-67]. The ability of viruses
to coinfect a cell relies more on host ecology than on host phylogeny [47, 68, 69], meaning that
viruses tend to figure out ways to infect diverse host cells occupying the same microbiome,
pointing to the importance of geographic separation in the speciation of viruses. Though even
when two viruses share the same environment and are able to infect the same host, they may not
achieve coinfection due to superinfection exclusion, which prevents infection after an initial
infection has already occurred [70, 71], demonstrating another strong mechanism of reproductive
isolation.

Since coinfection is the major opportunity for viral “mating” [72, 73] and experimental and
ecological observations point to the abundance of coinfections in nature, including in the human
microbiome [49, 68, 74-76], investigating the intracellular interactions of viruses is vital to a more
thorough understanding of viral speciation and evolution. Once a coinfection is successfully
established, the viruses may recombine to produce hybrids with either increased or decreased
virulence as demonstrated for influenza [77-81]. Beneficial recombination provides a selection
for continued coinfection and genetic mixing while unproductive recombination reinforces a
separation of those two gene pools. The intracellular separation of viral factories has been
implicated in reproductive isolation between vaccinia viruses [82-85] and between HSV-1 viruses

[86] but no universally applicable speciation factor was proposed.
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The intracellular complexity of nucleus-forming jumbo phage presents an opportunity to
observe new types of reproductive isolating mechanisms between phages that establish an
infection within the same host cell. Generalized definitions of the reproductive isolating
mechanisms discovered in these nucleus-forming phage will allow them to be applied to any virus
or other intracellular parasite.

1.5 Mobile introns

Coinfections between divergent phages offers the potential for the spread of mobile genetic
elements between speciating phage that maintain an overlapping host range. Phage commonly
contain self-splicing introns [87, 88] encoding homing endonucleases that mobilize the intron to
invade the unoccupied locus in a related genome, the intron(-) allele. Homing endonucleases target
the DNA surrounding their open reading frame (ORF) or intron, causing a DNA break in a related
intron(-) gene, triggering recombination which results in unilateral gene conversion with the loss
of the homing site [88-90]. While these homing endonucleases can be freestanding, they are also
often found within group I or group II introns as well as inteins [88, 91-93]. Those self-splicing
elements allow the homing endonuclease to invade highly conserved coding sequences by ensuring
the essential genes of the host remain functional [88, 89]. The introns invaded essential genes at
conserved residues such as enzyme active sites, so that any imperfect attempt to delete the intron
would lead to a nonfunctional essential protein [90, 91, 94]. It has been proposed that next the
homing endonucleases, which were also targeting highly conserved sequences to optimize spread
to related populations, invaded the introns that protected the host from the disruption of essential
genes [90, 91, 95-99]. This created a composite mobile genetic element consisting of an intron

and a protein that promotes the intron’s mobility.
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In phage, the most common introns are group I with a homing endonuclease and they often
interrupt highly conserved regions of genes involved in DNA metabolism, likely because the
minimal genomes of phage are most conserved in those essential genes [90]. In every domain of
life, group I introns are found interrupting mRNA, rRNA, and tRNA genes [89, 94, 100]. A stop
codon often occupies the intron near the 5’ splice site, to reduce RNA folding interference by
ribosomes, which can also serve as RNA folding chaperones [89, 90]. The ribozyme formed by
group I intron RNA is highly conserved in structure while the nucleotide sequence can be highly
divergent [94]. The ribozyme core is 250-500 nucleotides long and the architecture can tolerate
large insertions in the terminal loops, ripe for invasion by homing endonuclease ORFs [89, 94,
99]. Later mutations in stop and start codons has resulted in the ‘creep’ of nuclease ORFs into the
RNA core structure [89]. A homing endonuclease is sufficient to mobilize the intron for efficient
unilateral gene conversion so it is curious that certain members of a family of coinfecting viruses
have avoided intron acquisition [90, 99].

Homing endonucleases in phage instigate intron mobility by employing the recombination
machinery of phage replication [88-90, 101]. They can do so by creating a double strand break
[101-104] or by nicking a single strand of the target DNA [99, 105-108], with nicking producing
a less toxic effect [109], suggesting an advantage in nicking to protect the host. When these introns
invade a related genome, the dependence on homologous recombination leads to less efficient
repair between more divergent genomes [101, 110]. As a reference, Redfy loses 100-fold
efficiency when the recombining sequences are 22% diverged and recombination does not occur
at 52% divergence [111].

These nucleases housed in the introns of phage are often elongated proteins that enable

recognition of a DNA target region over 30 bp long, despite the small number of residues making
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up the protein [88, 90, 106, 112, 113]. Their loosely connected DNA-binding (NUMOD [114])
and catalytic domains allow non-uniform contacts in the major and minor groove of the target
region, resulting in mismatch tolerant endonucleases that retain high specificity at only the most
conserved residues [88-90, 112]. Homing endonucleases with an H-N-H/N domain utilize a
leading histidine to activate a water molecule as a nucleophile, and an asparagine or histidine to
coordinate the metal (magnesium or zinc), stabilizing the transition state [88, 106, 115]. The
phage-encoded nicking homing endonucleases referenced above all belong to the HNH
family. The HNH motif is found in the homing endonucleases of group I and II introns,
transposases, restriction endonucleases, DNA packaging enzymes [116], and maturases
[106]. Maturases are often degenerate homing endonucleases that bind RNA or protein to assist
with the splicing of an intron that either encodes the maturase or is elsewhere in the genome [117].

Group I introns containing a homing endonuclease have been studied in the context of
coinfecting phage. Nicking HNH endonuclease I-PfoP31 from the group I intron in the DNA
polymerase (DNAP) of cyanophage Pf~-WMP3 is an example of a typical homing endonuclease. It
prefers the intron(-) allele of the homologous phage over related phage Pf~-WMP4 and cuts both
genomes 4 nucleotides upstream of the intron insertion site (IIS) with the recognition region
spanning only 14 bp [105]. Bacillus subtilis phages SPO1 and SP82 also contain DNAPs
interrupted by group I introns with nicking HNH homing endonucleases, I-Hmul and I-Hmull
respectively [99, 106, 118]. However, unlike many homing endonucleases, these two are able to
cut both the intron(+) and intron(-) alleles of the DNAP and they each prefer the allele of the
heterologous phage [99]. Interestingly, [-Hmull cuts SPO1 DNA and excludes the [-Hmul intron
while causing the co-conversion of the flanking genes. [-Hmull cleaves DNA 52 nucleotides from

the IIS while I-Hmul cleaves 4 nucleotides away, more like a typical homing endonuclease, so this
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feature of [-Hmull seems to provide a selective advantage to the SP82 alleles of the flanking genes
which replace the SPOI1 alleles [99] though there was no evidence that this advantage is bestowed
upon the entire host phage. Bastille is another phage infecting B. subtilis and it too contains an
HNH homing endonuclease, I-Basl, in a group I intron interrupting its DNAP [107, 112]. [-Basl
is able to cut the intron(-) alleles of both Bastille and SPO1 3 nucleotides upstream of the IIS, but
[-Hmul cannot cut Bastille so its ability to cut the intron(+) DNA of SPO1 and SP82 may have
come at the cost of being able to cut other divergent intron(-) alleles [112].

These mobile intron systems are ‘selfish’ mobile elements but sometimes their nuclease
confers a benefit to the host genome, such as intron splicing and transcriptional repression of an
intron, as well as stress-induced ectopic insertions with a potential for productive genetic diversity
[89, 119, 120]. As far as any selective advantage for an intron(+) virus over an intron(-) virus, the
only benefit reported is for the individual genes surrounding the I-Hmull intron that facilitates co-
conversion of alleles [99]. The influence of eukaryotic [121] and archaeal [122, 123] selfish
genetic elements on speciation has been described. However, a homing endonuclease-mediated
competitive advantage for an entire virus in a single coinfection has yet to be reported [89,
124]. Usually, the cleavage of related phage DNA is repaired by homologous recombination,
eventually resulting in intron integration since other repairs reconstitute the nuclease recognition
site. But the efficiency of recombination decreases as the sequences diverge, even for mismatch
tolerant phage recombinases [111, 125] which may lead to the destruction of phage genomes that
cannot be repaired to evade the nuclease of the related phage, but this has yet to be demonstrated
experimentally. The cross-activity of homing endonucleases inhabiting diverging viral genomes

presents potential consequences for the speciation of coinfecting viruses.
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1.6 Viral Eukaryogenesis

Introns must be spliced from transcripts before they are translated, which is difficult when
transcription and translation are coupled as in prokaryotes which lack a nucleus to exclude
ribosomes from the DNA. It has therefore been theorized that intron invasion could have been the
driving factor for the emergence of the eukaryotic nucleus [126, 127]. This idea converges the
major evolutionary events of endosymbiosis of the ancestral mitochondrion and the advent of the
nucleus and subsequent intracellular organization during the formation of the first eukaryotic cell,
or eukaryogenesis [126-129].

All eukaryotic cells have a nucleus with a double membrane scaffolded by a protein lamina
and the chromosomes are organized by a tubulin-based spindle, suggesting that the acquisition of
those structures was critical to the early evolution of the first proto-eukaryotic cells. Since the
eukaryotic spindle and nucleus are very complex structures, even in the simplest eukaryotic
organisms, it has always been a mystery how they might have evolved. The Viral Eukaryogenesis
theory [130, 131] proposes that the first eukaryotic cell came into existence when a viral
compartment took on the role of the nucleus 2 billion years ago. However, no intermediates
between eukaryotes with a nucleus and prokaryotes without one were known, prior to our
discovery of nucleus-forming jumbo phage [32, 33, 40]. These newly characterized phages
provide concrete evidence that these two structures, which are common to all eukaryotes, also
evolved in viruses. Therefore, while the phage nucleus and spindle likely evolved due to
advantages for viral replication, it is possible that other evolutionary pressures subsequently
selected for their acquisition by ancient archaeal cells, giving rise to the first proto-eukaryotic cells

containing a nucleus-like structure and a tubulin-based spindle.
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That evolutionary pressure may have been the invasion of introns into the genome of the
evolving proto-eukaryote. Mounting evidence builds an evolutionary pathway whereby the
ancestral archaea, related to the extant Asgard archaea [132-135], became dependent on the
metabolism of engulfed o-proteobacteria that evolved into mitochondria [136-151]. This
symbiotic a-proteobacterium could have contained the ancestors of bacterial group II mobile
introns [132, 144, 147, 152-158] which would have been released into the cellular environment
when the symbiont lysed [127]. This could expose the host archaeal genome to the introns which
would become the eukaryotic introns we see today [132, 159-171]. Intron invasion resulting in
non-functional genes being translated [132], would provide evolutionary pressure to uncouple
transcription and translation, by the compartmentalization of the genome into a nucleus [127].
This feat was already accomplished by viruses [131, 172] that could have been infecting the
archaea that were becoming dependent on a-proteobacteria for metabolism [130, 133]. With the
archaeal genome and an encapsidated virus genome competing for relevancy, the barrage of
introns from the bacterial symbiont could have provided the selective advantage to the physically
protected genetic system with uncoupled transcription and translation [127, 173], leading to the
viral genome enslaving the archaeon and its symbiotic bacteria. The separation of transcription
from translation allows time for the splicing of transcripts prior to translation but it also requires
the export of mRNA to the cytosol for translation. These eukaryotic hallmarks of a DNA
compartment that uncouples transcription from translation and caps mRNA for export are shared
by eukaryotes and viruses to the exclusion of bacteria and archaea [130, 131]. Further support for
the viral origin of the eukaryotic nucleus [174, 175] includes the analysis of DNA polymerases
[176] and the characterization of complex nucleocytoplasmic large DNA viruses (NCLDVs) and

giant bacterial viruses [177-181]. The separation of transcription and translation likely opened the
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door for evolution through exon shuffling and alternative splicing [152, 182], leading to an
explosion of cellular complexity [183-185] that eventually brought humans into existence.
1.7 Resurgence of Phage Therapy

As we explore the intricate replication cycle, diversity, and evolution of these recently
discovered nucleus-forming phage, our broader understanding of the phage world will contribute
to the global adoption of phage therapy in the battle against antibiotic resistance and microbiome
dysbiosis. Since the early 1900s, antibiotics have been saving lives [186-188] and overshadowing
phage therapy. Aside from the lack of standardized, well-controlled phage therapy clinical trials,
and the patentability and ease of antibiotic use and production, there was an intense decade-long
controversy over the nature of phage between Felix d’Herelle and Nobelist Jules Bordet [189].
Bordet won his Nobel Prize for the discovery of antibody-mediated bacterial lysis and he argued
that the lysis observed by Frederick Twort [1] and d’Herelle [2] was not a bacteria-targeting virus,
but instead a self-perpetuating lytic enzyme. Bordet’s theory was accepted by the scientific
community and their textbooks, but in 1939, the first electron micrograph of a phage was obtained
in Germany, though the 1940 publication of this finding was engulfed by the second World War.
Although we now know that Bordet was wrong, his influence overshadowed d’Herelle and fueled
the early stagnation of phage therapy [189]. The politics surrounding phage therapy, particularly
its use by the enemies of the United States during the World Wars, also did no favors for the
progress of phage therapy. This is exemplified by a passage published by Gunther Stent in 1963,
which discredits the history and validity of phage therapy [189, 190].

Our love of antibiotics is believed to have improved quality of life in the modernizing
world, but unfortunately, the bacteria are catching up quickly in this arms race. Since many

antibiotics are natural compounds produced by bacteria that are in competition with one another,
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it is no surprise that genes for resistance are quickly discovered. Through horizontal gene transfer
(HGT), these natural resistance genes can quickly dominate a population under the pressure of
antibiotics in the human body or in the ecosystem [191]. The first resistance enzyme, penicillinase,
was discovered even before penicillin was used widely as a therapeutic [192, 193]. Resistance of
M. tuberculosis to streptomycin was seen during the course of treatment in an individual patient
[193]. The low costs and wide usage of antibiotics quickly distributed them into the biosphere
where they have helped to drive the evolution of better resistance genes and the transfer of those
genes into many species of pathogens [193]. The CDC’s 2019 Antibiotic Resistance Threats
Report lists 4 bacteria and 1 fungus as the most urgent threats; Carbapenem-resistant Acinetobacter
and Enterobacterales, Drug-resistant Neisseria gonorrhoeae, Clostridioides difficile, and Candida
auris. That report now estimates that more than 2.8 million antibiotic-resistant infections occur in
the U.S. each year and over 35,000 people die every year from those resistant infections, not
including the 12,800 that died from standard C. difficile in 2017 [194].

This epidemic of antibiotic resistance is a call to action for phage therapy. While there are
a few downfalls of phage therapeutics including the requirement for fully lytic phage that can
withstand the immune system long enough to penetrate infections, and the issue of narrow host
range, which can be surmounted by cocktails of multiple phages, there are a good number of
advantages predicted for mainstream implementation of phage therapy [195]. Lytic phages are
destructive to the bacterial host and do not allow for recovery, unlike bacteriostatics such as
tetracycline. Phages also self-replicate where there are higher concentrations of host and naturally
clear from the body when the host is eliminated [196]. Since phages are the natural predator to
bacteria, they are able to adapt to bacterial resistance and play an active role in this arms race. A

group at the Eliava Institute recently published in 2018 that they could increase the therapeutic
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potential of a traditional phage cocktail by first passaging the phage with the UTI-causing
pathogen, allowing the phage a head start in that race [197]. In terms of toxicity, phages are a
natural component of our microbiome and are not inherently toxic, as reflected by the FDA’s
GRAS (generally recognized as safe) classification of 10 phage cocktails as of 2018 [198] and
their current use in food products [199], though high-quality lysates are necessary to avoid
contamination by bacterial endotoxins [195]. While the mounting antibiotic resistance crisis
requires continual examination of novel antibiotic compounds, bringing phage therapy to the West
is becoming increasingly vital to the successful treatment of deadly resistant infections [200-204].

Possibly one of the most exciting benefits of phage therapy is the sparing of commensal
bacteria, which can play a critical role in eliminating and resisting a recurrent infection [205, 206].
This final point is a strong motivation for the pursuit of phage therapeutics for standard treatments
of minor bacterial infections, in light of the body of work revealing the harmful effects of
antibiotics on overall human health and the consequences of indiscriminately killing large
populations of bacteria in our guts [207-209]. Antibiotics clearly alter the composition of the
infant microbiome [210-214] and the adult microbiome [207, 215] with long-term effects regularly
observed [216-218]. Antibiotic exposure has also been shown to affect the gut microbiome and
the central nervous system in mice [217, 219-221]. These discoveries combined with the
observations of an altered microbiome in humans presenting with obesity and type 2 diabetes,
cancer, immune dysregulation, and altered cognitive function to name a few [222-231], imply the
importance of an unperturbed microbiome.

These problems of antibiotic resistance and antibiotic-mediated microbiome dysbiosis
[232, 233] may be improved by the mitigation of antibiotic use in agriculture [198, 234], and the

increased implementation of phage therapeutics in food as well as in humans. Phage therapy is
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gaining traction in the American academic system [203] as well as the commercial biotech sphere
so the study of these bacteriophage contributes to the deeper understanding of the phages that are,

and will increasingly be, saving and improving human lives.
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CHAPTER 2:
A cytoskeletal vortex drives phage nucleus rotation during jumbo phage replication in

Escherichia coli
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2.1 Abstract

Nucleus-forming jumbo phages establish an intricate subcellular organization, enclosing
phage genomes within a proteinaceous shell called the phage nucleus. During infection in
Pseudomonas, Phikzvirus phages assemble a bipolar spindle of tubulin-like PhuZ filaments that
positions the phage nucleus at midcell, and drives its intracellular rotation, facilitating the
distribution of capsids on its surface for genome packaging. Here we show that the Escherichia
coli jumbo phage Goslar assembles a phage nucleus surrounded by an array of PhuZ filaments
resembling a vortex instead of a bipolar spindle. Expression of a mutant PhuZ protein strongly
reduces Goslar phage nucleus rotation, demonstrating that the PhuZ cytoskeletal vortex is
necessary for rotating the phage nucleus. While vortex-like cytoskeletal arrays are important in
eukaryotes for cytoplasmic streaming and nucleus alignment, this work identifies the first known
example of a coherent assembly of filaments into a vortex-like structure driving intracellular
rotation within the prokaryotic cytoplasm.
2.2 Introduction

Subcellular organization is essential for all domains of life, including viruses [1, 2]. We
recently identified a nucleus-like structure formed by Pseudomonas jumbo phage 201¢2-1 [3],
which was subsequently shown to be conserved in ®KZ [4, 5], and ®PA3 [4]. Analogous to a
eukaryotic nucleus, the phage nucleus imparts strict separation of transcription from translation by
enclosing phage DNA within a proteinaceous shell that excludes ribosomes [3]. This separation
requires the export of mRNA to the cytoplasm for translation and the selective import of proteins
required for transcription, DNA replication, and DNA repair. The phage nucleus grows as phage
DNA is replicated inside and it is positioned in the center of the cell by a bipolar spindle composed

of filaments of the tubulin-like PhuZ protein [3, 6, 7]. The phage nucleus protects the phage DNA

46



by excluding restriction enzymes and DNA-targeting CRISPR-Cas in both Pseudomonas and
Serratia jumbo phages [8-10]. Nucleus-forming Pseudomonas jumbo phages rely upon a bipolar
spindle to position and rotate the phage nucleus that encloses their DNA and protects it from host
defenses [1]. The phage nucleus and spindle are also important for jumbo phage diversification
because they contribute to the evolution of new species through subcellular genetic isolation and
virogenesis incompatibility [11].

Early in the nucleus-forming jumbo phage infection process, the phage nucleus is
maneuvered towards the center of the host cell and oscillates in position once it reaches the midcell
due to stochastic growth and shrinkage of PhuZ filaments in the bipolar spindle [3, 6, 7]. PhuZ,
which forms a three-stranded polar filament with dynamic (+) and (-) ends, analogous to eukaryotic
microtubules [12], was first identified in phage 201¢2-1 infecting Pseudomonas chlororaphis and
later shown to be conserved, along with the phage nucleus, in the related Pseudomonas aeruginosa
phages ®KZ and ®PA3 [4, 13]. The (-) ends of the spindle are positioned at each cell pole, while
the (+) ends point toward the midcell. PhuZ filaments display dynamic instability during which
the (+) ends rapidly depolymerize until returning to a growth phase, thereby allowing the spindle
to position the phage nucleus in the center of the cell [4, 6, 7].

During the later phases of the nucleus-forming jumbo phage replication cycle, PhuZ
filaments exhibit treadmilling when they polymerize at the cell pole at a rate similar to
depolymerization at the surface of the nucleus [14]. Treadmilling filaments apply pushing forces
to opposing sides of the phage nucleus, causing it to rotate [3, 14]. Capsids, which assemble on
the cell membrane, attach to treadmilling filaments of the PhuZ spindle and are trafficked to the
surface of the phage nucleus where they dock for packaging of the genome [14]. As the PhuZ

spindle rotates the phage nucleus, capsids are distributed to different locations on its surface to
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promote efficient DNA packaging. These functions of the PhuZ spindle, including the remarkable
capacity for driving intracellular rotation of the phage nucleus, are conserved in all three
Pseudomonas jumbo phages described above and they are important for full efficiency of the
replication cycle [3, 4, 7, 14].

To add to the intricacies of this replication mechanism, we recently described the discovery
of phage bouquets [15]. These nearly spherical structures are formed by DNA-filled capsids with
tails pointing inward, resembling a bouquet of flowers. Bouquets are established in the final stages
of the nucleus-forming jumbo phage replication cycle when fully packaged capsids move from the
surface of the phage nucleus to the regions adjacent to the nucleus. The interior of bouquets largely
excludes ribosomes and cytoplasmic GFP [15]. Eventually, the cell lyses, releasing the progeny
phages into the environment.

It is still unknown how widespread this replication pathway may be among jumbo phages;
assembly of a phage nucleus has only been observed in the above-mentioned Pseudomonas phages
and Serratia phage PCH45, while the PhuZ cytoskeleton has only been studied in Pseudomonas.
In order to further understand if phage nucleus formation and positioning, bipolar PhuZ spindle
assembly, intracellular rotation of the phage nucleus, capsid trafficking, and phage bouquets are
conserved among more diverse jumbo phage, we sought out a nucleus-forming jumbo phage that
infects Escherichia coli. Here we characterize the reproduction pathway of phage
vB_EcoM_Goslar (Goslar) [16]. We show that Goslar is a nucleus-forming jumbo phage that
assembles a vortex-like cytoskeletal array instead of a bipolar spindle to drive phage nucleus
rotation. PhuZ mutations that disrupt vortex assembly also disrupt phage nucleus rotation, linking

the cytoskeletal vortex to a key process in the phage replication cycle. Our results show that the
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nucleus-forming phage infection pathway is likely widespread and diverse strategies have evolved
to achieve intracellular rotation of the phage nucleus.
2.3 Materials and Methods
Growth conditions and bacteriophage preparation

The Escherichia coli strain APEC 2248 (APEC, serotype O78++) is an avian pathogen. It
is closely related to E. coli K-12, approximately 99% identical [17]. E. coli strains APEC and
MG1655 were grown on Luria-Bertani (LB) plates containing 10 g Bacto-Tryptone, 5 g NaCl, 5 g
Bacto-yeast extract, 16 g agar in 1 L ddH2O and incubated at 37°C overnight. Liquid cultures
were obtained by inoculation of LB broth with one colony of E. coli from an LB plate. Lysates
for Goslar were obtained from Johannes Wittmann at the DSMZ and were amplified by adding 15
ul high titer phage lysate to 300 pl APEC at ODgoo 0.5, incubating at 37°C for 30 minutes, then
adding 300 pl LB broth, plating 200 pl of the suspension onto each of 3 LB plates and incubating
at 37°C overnight. 15 ml of Phage Buffer (PB) containing 10 mM Tris (pH 7.5), 10 mM MgSOs,
68 mM NaCl, and 1 mM CaCl; was chilled on ice before 5 ml was added to each plate and left to
soak at room temperature. After 4 hours, 3 ml of PB was added to each plate and after 2 more
hours, the buffer was drawn off into a single tube. The lysate was clarified by pelleting the bacteria
at 3220 x g for 10 minutes. The supernatant was filtered through 0.45 um Corning membranes by
syringe. 5 drops of chloroform from a pasteur pipette were added to the 10 ml lysate and shaken
by hand for 1 minute. The mixture was spun at 3220 x g for 5 minutes and the aqueous phase
containing the phage was removed to a clean tube and stored at 4°C.
Plasmid constructions and bacterial transformation

Fluorescent-tagged phage proteins were synthesized and cloned by restriction with Sacl

and Sall into pDSW206 by Genscript, and delivered as lyophilized plasmid. The plasmids were
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hydrated at ~0.2 g/L. with Tris-EDTA buffer and diluted 1:10 with ddH,O. Electroporation
competent DH5a and MG1655 cells were prepared by washing with 10% glycerol and stored at
-80°C. 30-50 pl of competent cells was combined with 1 pl of diluted plasmid and electroporated
with 1.8 kV then incubated at 30°C in SOC media for 30-60 minutes before plating on LB with
100 pg/ml ampicillin and incubating overnight at 37°C.
Single cell infection assay

E. coli strains containing a plasmid with fluorescent-tagged phage protein(s) were grown
on 1% agarose pads supplemented with 25% LB and the desired IPTG concentration to induce
protein expression. Cells were obtained from overnight incubation at 37°C on an LB plate with
100 pg/ml ampicillin. A colony was resuspended in 25% LB to an ODsoo of ~0.35 then 8 pl was
spotted on the imaging pad and spread with the bottom of an eppendorf tube. Wild-type E. coli
was grown without ampicillin or IPTG. The imaging pad was then incubated at 37°C for 1.5 hours
without a coverslip in a humidor. 6 pl of Goslar lysate was added to the agarose pads and spread
as before, then further incubated at 37°C to allow phage infection to proceed. At the desired time
point, the slide was placed at room temperature and spotted with 7 pl of dye mix (2 pg/ml DAPI,
4 ng/ml FM4-64, 25% LB). Once dry after ~5 minutes, a coverslip was put on the agarose pad
and fluorescent microscopy was initiated. Data of static images and time-lapse imaging were
collected and processed as described below.
Live cell static image and time-lapse fluorescence microscopy

The DeltaVision Elite Deconvolution microscope (Applied Precision, Issaquah, WA,
USA) was used to visualize the live cells. For static images, the cells were imaged with 12-15
slices in the Z-axis at 0.15 pm increments. For long time-lapse, imaging pads were prepared and

infected as above and 30 minutes after the addition of Goslar, pads were coverslipped without
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dyes. The environmental control unit surrounding the microscope warmed the imaging space to
35°C. Fields adequate for imaging were marked and time-lapse imaging began within 10 minutes,
with Ultimate Focus utilized. For short time-lapse, infections proceeded at 37°C for the indicated
time before being coverslipped and imaged at room temperature one field at a time using Ultimate
Focus. Images were processed by the aggressive deconvolution algorithm in the DeltaVision
SoftWoRx 6.5.2 Image Analysis Program. Further image analysis and processing was performed
in FIJI version 2.1.0/1.53¢ [18]. Figure images were adjusted and layered in Adobe Photoshop.
Cryo-electron tomography sample preparation

Ten agarose pads for infection were prepared as above (1% agarose, 25% LB) and spotted
with 10 pl of APEC cells at an ODsoo of ~0.35 then incubated at 37°C for 1.5 hours in a
humidor. 10 pl of Goslar lysate from the DSMZ was added and spread on each pad then incubated
for another 1.5 hours until being removed to room temperature for cell collection. Infected cells
were removed from the pads by addition of 25 pl of 25% LB and gentle scraping with the bottom
of an eppendorf tube. All 10 pads were collected into one tube and after a portion was aliquoted,
the remainder was centrifuged at 6000 x g for 45 seconds, resuspended with 4 volume of the
supernatant, and a portion of that was diluted 1:1 in supernatant. Samples were delivered for
plunging 20-30 minutes after removal from 37°C which significantly slows infection progression.
Cryo-focused ion beam milling and electron tomography

Infected cells were prepared as described above and at approximately 90 minutes post
infection, 4-7 ul of cells were deposited on R2/1 Cu 200 grids (Quantifoil) that had been glow-
discharged for 1 min at 0.19 mbar and 20 mA in a PELCO easiGlow device shortly before
use. Grids were mounted in a custom-built manual plunging device (Max Planck Institute of

Biochemistry, Martinsried) and excess liquid was blotted with filter paper from the backside of
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the grid for 5-7 seconds prior to freezing in a 50:50 ethane:propane mixture (Airgas) cooled by
liquid nitrogen.

Grids were mounted into modified Autogrids (TFS) compatible with cryo-focused ion
beam milling. Samples were loaded into an Aquilos 2 cryo-focused ion beam/scanning electron
microscope (TFS) and milled to yield lamellae following published procedures for bacterial
samples [19].

Milled specimens were imaged with a Titan Krios G3 transmission electron microscope
(TFS) operated at 300 kV and equipped with a K2 directed electron detector (Gatan) mounted post
Quantum 968 LS imaging filter (Gatan). The microscope was operated in EFTEM mode with a
slit-width of 20 eV and using a 70 um objective aperture. Automated data acquisition was
performed using SerialEM-v3.8b11 [20] and all recorded images were collected using the K2 in
counting mode.

Tilt-series were acquired at either 4.27 A and 5.34 A per pixel. For the higher
magnification tilt-series, images were acquired over a nominal range of +/-60° in 2° steps following
a dose-symmetric scheme [21] with a per-tilt fluence of 2.6 e*A? and total of ~ 160 e A2 per
tilt-series. Lower magnification tilt-series were acquired similarly, but using a 1.5° tilt-step and
per-tilt fluence of 1.8 e-A 2. Target defocus values were set for between -5 and -6 pm.

Image processing and analysis of cryo-electron tomography data

Tilt-movies were corrected for whole-frame motion using Warp-v1.09 [22] and aligned via
patch-tracking using Etomo (IMOD-v4.10.28) [23]. Tilt-series CTF parameters were estimated
and tomograms reconstructed with exposure-filtering and CTF-correction using Warp-v1.09. For

general visualization and membrane segmentation, tomograms were reconstructed using Warp’s
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deconvolution filter applied at default settings and downsampled to 20 A and 25 A per pixel from
the original 4.27 A and 5.34 A pixel sizes, respectively.

Segmentation of host cell membranes and the phage nucleus perimeter from representative
tomograms was performed by first coarsely segmenting using TomoSegMemTV [24] followed by
manual patching with Amira-v6.7 (TFS). Ribosomes, capsids, and tails were segmented using
subtomogram analysis. For ribosomes, approximately 200 particles were manually selected from
the respective tomograms and used to generate an ab initio reference using Warp-v1.09 and
Relion-v3.1.1 [25] following conventional procedures [22, 26]. The references were used for
template-matching with Warp-v1.09 against their respective tomograms. Template-matching
results were curated to remove obvious false-positives (e.g., picks outside cell boundaries and cell
membranes, etc.). Curated picks were aligned and classified using Relion-v3.1.1 to remove
additional false-positives and refine their positions in the tomogram. For capsids, all particles were
manually picked. Reference-generation and alignment of capsids was performed while enforcing
icosahedral symmetry with Relion-v3.1.1 (despite the capsids possessing C5 symmetry) in order
to promote convergence from the low number of particles. For the phage tails, the start and end
points along the filament axis were defined manually and used to generate over-sampled filament
models in Dynamo-v1.1514 [27, 28]. An initial reference for the tail was generated using
Dynamo-v1.1514 from two full-length tails with clearly defined polarity. The resulting reference
displayed apparent C6 symmetry, which was enforced for the alignment of all tails from a given
tomogram using Dynamo-v1.1514 and Relion-v3.1.1. All interconversions of metadata between
Warp/Relion and Dynamo formats were performed using scripts from the dynamo2m-v0.2.2

package [29]. Final averages were placed back in the reference-frame of their respective
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tomograms using dynamo_table place. Figures of the segmentation models were prepared using
ChimeraX-v1.2.1 [30].
Construction of PhuZ and shell phylogenetic trees

PSI-BLAST was run querying ®KZ PhuZ (gp039) and shell (gp054). All phage-encoded
hits were pulled and only those with both a PhuZ and a shell were aligned by MUSCLE and used
to construct trees in MEGA X (10.2.6) [31, 32]. The evolutionary history was inferred using the
Neighbor-Joining method and bootstrapped with 1000 replicates. Evolutionary distances were
calculated using the Poisson correction method and gaps were eliminated.

Quantification and Statistical Analysis

To quantify filaments of GFP-PhuZ or GFP-PhuZ(D202A), non-deconvolved DeltaVision
image files were opened in FIJI version 2.1.0/1.53c using the Bio-formats importer. Images were
automatically scaled at 15.456 pixels per pm and filaments were measured in the GFP channel at
the slice containing the filament.

For the percentage of the infected population that had a rotating nucleus, an A/B test was
performed and a p value < 0.05 was the threshold for statistical significance.

Measurement of the linear velocity of nucleus rotation was performed on differential
interference contrast (DIC) images taken every 4 seconds. Dark protrusions on the surface of the
phage nucleus were traced by hand over 12 second intervals (3 images) using the segmented line
tool and their lengths recorded. Total distance traveled by points on the nuclear surface was
divided by total time (120 seconds) and averaged with standard deviation calculated. Data is
displayed as a violin plot produced in GraphPad Prism 9.2.0 for Mac OS X. An unpaired t-test

was performed to obtain p values (p < 0.05, significant).
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2.4 Results
E. coli jumbo phage Goslar forms a phage nucleus

E. coli phage vB_EcoM_Goslar (Goslar) was recently discovered and sequenced [16],
revealing distantly related homologs of the PhuZ spindle protein and the major phage nucleus
protein (Figures S2.1A and B). We studied the progression of Goslar through the lytic cycle in
the E. coli K-12 lab strain MG1655 and compared basic infection morphology in the isolation host,
APEC 2248 (APEC), to ensure our findings in the lab strain represented the replication pathway
in the original host. We found that host chromosomal DNA was largely degraded by 60 minutes
post-infection (mpi) as a dense ball of phage DNA accumulated, visible by DIC as well as DAPI
staining (Figures S2.1C-E), similar to infection of Pseudomonas by nucleus-forming phages [6,
7]. To determine whether the Goslar DNA ball is surrounded by a proteinaceous shell, we tagged
a homolog of the major phage nucleus shell protein, Goslar gp189, (21.52% amino acid identity
with gpl105 of 201¢2-1; Figure S2.1A), with GFP on the N-terminus and expressed it from a
plasmid by induction with 0.2 mM IPTG. In uninfected cells, fluorescence from the GFP-shell
fusion was diffuse (Figure S2.2A). In infected cells imaged without added dyes, GFP-shell formed
a distinct halo around the DNA density observed by DIC (Figures 2.1A and S2.2C). We
occasionally observed GFP puncta within the halo. When visualized with FM4-64 (cell
membrane) and DAPI added to the imaging pad at 30, 60, and 90 mpi, GFP-shell surrounded the
DNA (Figure 2.1D), suggesting that Goslar is a nucleus-forming phage.

We next tested whether the Goslar phage nucleus selectively imports proteins, establishing
a nuclear compartment that is distinct from the cytoplasm. Using fluorescent protein fusions, we
found that the Goslar-encoded protein gp193 of unknown function localizes with the Goslar phage

nucleus. We co-expressed GFP-shell with gp193-mCherry and found that gp193-mCherry puncta
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were either clearly inside the GFP-shell (28%), inside the shell but also associated with it (43%),
or colocalized with the surface (29%) (n = 100; Figure 2.1B). Both fusions were diffuse when co-
expressed in uninfected cells (Figure S2.2B). We observed the same association of gp193 with
the phage DNA when gp193 was tagged with other fluorescent proteins (GFP, GFPmutl, mEGFP)
on either terminus (Figures S2.2D and E). These results demonstrate that in 100% (n = 100) of
infections, gp193 was associated with the phage nucleus and never elsewhere in the cytoplasm,
showing that it is selectively localized with the phage DNA.

The phage nuclei of the Pseudomonas jumbo phages exclude ribosomes and metabolic
proteins [3] so we examined the localization of the E. coli 50S ribosomal protein L20 (RplT) and
thymidylate kinase (TMK) fused to GFP, as well as GFP alone as a generally soluble protein.
RplT-GFP, TMK-GFPmutl, and GFP were all diffuse in uninfected cells (Figure S2.2F) and they
were largely excluded from the phage nucleus during infection (Figure 2.1C), demonstrating that
the phage nucleus forms a compartment that is distinct from the cell cytoplasm. These data suggest
that the Goslar phage nucleus successfully segregates DNA from ribosomes and metabolic
enzymes, thereby uncoupling transcription from translation.

In order to examine the ultrastructure and molecular organization of the phage nucleus, we
performed cryo-focused ion beam milling coupled with cryo-electron tomography (cryo-FIB-ET)
on Goslar-infected APEC cells at late stages of infections (~90 mpi). Despite the distant sequence
homology of the shell (Figure S2.1A), the ultrastructure of the Goslar phage nucleus is strikingly
similar to phage nuclei observed in the previously characterized Pseudomonas jumbo phages. As
observed for those phage nuclei, the perimeter of the Goslar nucleus appears to be composed of a
single layer of protein, though the estimation of the Goslar shell thickness is ~6 nm. In agreement

with our fluorescence microscopy results, the Goslar nucleus separates phage DNA from the
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cytosol and is devoid of host ribosomes (Figures 2.1E and F). Capsids containing various amounts
of DNA, based on the density within the capsids, were docked on the surface of the phage nucleus
shell, representing various stages of Goslar DNA packaging.
Goslar forms a vortex-like array of PhuZ filaments

Goslar encodes a divergent homolog (gp201) of the phage cytoskeletal protein PhuZ
(26.96% amino acid identity with 201¢92-1 gp59; Figure S2.1B). To determine whether this
divergent homolog forms a bipolar spindle that organizes phage replication similarly to the
nucleus-forming Pseudomonas jumbo phages, we tagged the N-terminus of Goslar gp201 with
GFP and visualized it with fluorescence microscopy in vivo. Since the polymerization of tubulins
like PhuZ occurs spontaneously above a critical concentration of monomers, we chose a
concentration of IPTG (0.2 mM) for induction of GFP-PhuZ that resulted in spontaneous filament
formation in less than 0.5% of cells (Figures S2.3B and C), but strongly labeled PhuZ filaments in
infected cells (Figures 2.2A and B). During infection by Goslar, GFP-PhuZ was incorporated into
filaments that organized into a vortex-like array around the phage nucleus (Figures 2.2A, B, and
D). The percentage of cells containing GFP-PhuZ filaments increased from 19% (n = 75) at 30
mpi to 97% (n = 114) at 60 mpi (Figure 2.2C). At 30 mpi, one or two long filaments (yellow)
could be observed in some cells (Figure 2.2A). By 60 mpi, GFP-PhuZ filaments were arranged
into a vortex wrapping around the phage nucleus (visualized by DAPI-staining and as a DIC
density) and terminating at the membrane with some reaching the cell poles (Figure 2.2A). This
vortex-like cytoskeletal structure remained assembled at both 90 mpi and 120 mpi (Figure 2.2B).
In some cells where the nucleus was positioned in the center of the cell, the longest filaments were
observed on either side of the nucleus resembling a bipolar spindle, however, they were

accompanied by smaller filaments around the phage nucleus forming the vortex. When GFP-PhuZ
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was expressed at lower induction levels, including 20 uM IPTG and 100 uM IPTG, the cytoskeletal
vortex was still observed (Figure S2.3A). Even without any IPTG present, GFP signal from the
fusion protein was most concentrated around the periphery of the phage DNA visualized by DIC,
although the signal was very low. These results suggest that GFP-PhuZ filaments wrap around the
phage nucleus and create a vortex-like cytoskeletal structure (Figure 2.2D) and that the vortex is
not due to an artifact of overexpression.

To better visualize the spatial relationship between the PhuZ vortex and the phage nucleus,
we simultaneously visualized the Goslar shell and PhuZ filaments by expressing GFP-shell and
mCherry-PhuZ from the same plasmid with 0.2 mM IPTG. At 90 mpi, the mCherry-PhuZ
filaments wrapped around the GFP-shell and protruded towards the membrane in all directions
(Figure 2.3A). To determine whether the choice of fluorescent protein fusion affected the co-
localization, we also imaged mCherry-shell with GFP-PhuZ and found a similar organization
(Figure 2.3B). In time course experiments, we found that at 30 mpi the shell of the phage nucleus
had grown to the point that it was clearly distinguishable as a compartment containing DAPI-
stained DNA before PhuZ filaments assembled a visible vortex around it (Figure 2.3C). By 60
mpi and beyond, the filaments colocalized with the phage nucleus surface and assembled a
cytoskeletal vortex. This contrasts with the bipolar spindle assembled by nucleus-forming
Pseudomonas phages, where filaments emanate from each pole of the cell and extend toward the
phage nucleus at the cell center, providing the pushing forces necessary for both positioning and
rotation (see model in Figure 2.5D) [3, 4, 6, 7]. Thus, the vortex-like organization of PhuzZ
filaments during Goslar infections represents a novel type of cytoskeletal structure found in

prokaryotes.
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The Goslar nucleus is not positioned at midcell

The bipolar PhuZ spindle of Pseudomonas jumbo phages uses dynamic instability to center
the phage nucleus [6]. However, we measured the position of the Goslar phage nucleus and found
that, unlike nucleus-forming Pseudomonas phages, the Goslar nucleus was not specifically
positioned at any one location along the cell length, in neither MG1655 nor APEC (Figures 2.4A
and C). In fact, the likelihood of finding a Goslar nucleus near the midcell was not significantly
greater than finding it elsewhere in the cell. The Goslar nucleus grew in size over time as DNA
was replicated inside, ultimately reaching an average 2D area of ~4 um? (Figures 2.4B and D).
These data demonstrate that the Goslar-encoded distantly related PhuZ protein does not position
the growing phage nucleus at midcell.
Goslar nucleus rotation is dependent on vortex orientation and PhuZ function

Midway through the infection cycle, the phage nucleus of Pseudomonas phages 201¢2-1,
®KZ, and ®PA3 begins to rotate due to the opposing forces of the PhuZ spindle (see model in
Figure 2.5D) [3, 14]. Rotation is coupled to the delivery of capsids to the surface of the phage
nucleus and disrupting PhuZ filament dynamics results in the production of fewer phage virions
[7]. Rotation is therefore an important and conserved aspect of the nucleus-forming jumbo phage
replication cycle. We collected time-lapse images of the GFP-tagged shell every 4 seconds and
found that the Goslar phage nucleus also rotates (Figure 2.5A). We also used DIC imaging to
visualize and quantify nucleus rotation without the potential interference of any fluorescent stains
or protein fusions (Figure 2.5B). The direction of phage nucleus rotation occurred along any plane
relative to the long axis of the cell and sometimes appeared to reverse direction. We measured the
rate of rotation using the distance a point traveled along the perimeter of the phage nucleus, when

that point appeared to be traveling along the focal plane. Reporting this rate in linear velocity
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allows for comparison to the rate of PhuZ polymerization and nucleus rotation reported for the
Pseudomonas phages [14]. We found an average linear velocity of 50 + 13 nm/s (measured at the
nucleus periphery; n = 20; Figure 2.5C). This average rate of movement is nearly identical to the
rates of nucleus rotation and PhuZ filament growth for the nucleus-forming Pseudomonas phages
[14].

We hypothesized a model of nucleus rotation for Goslar in which the PhuZ cytoskeletal
vortex provides pushing forces tangential to the surface of the phage nucleus (Figure 2.5D). This
model predicts that the direction of nucleus rotation should be correlated with the orientation of
filaments within the vortex, and that mutations that disrupt PhuZ filament dynamics by inactivating
GTP hydrolysis will reduce the rate of rotation. To test the first prediction, we examined the
direction of nucleus rotation relative to the orientation of the filaments. Nucleus rotation was
observed using DIC time-lapse at 60 mpi and 90 mpi in cells induced with 0.2 mM IPTG to express
GFP-PhuZ, and the PhuZ cytoskeleton was observed at a single time point just prior to the time-
lapse. As shown in Figure 2.5E, the nucleus in the top panels rotated counterclockwise while the
nucleus in the bottom panels rotated clockwise, and in both cases the cytoskeletal filaments were
arranged in such a way that filament elongation would drive rotation of the phage nucleus in the
corresponding direction. These results are consistent with a model in which the vortex of filaments
drives rotation of the nucleus by pushing against the cell membrane (Figure 2.5D).

In order to further test this model, we mutated a conserved PhuZ aspartic acid residue,
D202, to an alanine to disrupt the putative site of GTP hydrolysis. Expression of this mutant
protein PhuZ(D202A) in uninfected cells yielded filaments in 56% of cells during induction with
only 0.02 mM IPTG (Figures S2.4A and B), whereas filaments are only observed for wild-type

PhuZ above 0.3 mM IPTG (Figure S2.3C). The ability of the mutant to assemble visible filaments
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when expressed at a much lower level compared to wild-type PhuZ suggests that the D202A
mutation disrupts PhuZ polymer dynamics by inhibiting GTP hydrolysis. Based on our prior
studies creating similar mutations in phage and plasmid-encoded tubulins [6, 7, 33], we expected
GFP-PhuZ(D202A) to behave as a dominant-negative mutant that could co-assemble with wild-
type PhuZ to form inactive polymers. During Goslar infection in the presence of GFP-
Phuz(D202A) induced with 0.2 mM IPTG, the mutant protein failed to form a vortex (Figure
2.6A), yet phage nuclei positioning and growth appeared to be unaffected, compared to GFP-PhuZ
(Figures S2.5A-E). However, in time-lapse microscopy, the intracellular rotation of phage nuclei
was greatly reduced (Figure 2.6B). We measured the rates of rotation in cells expressing GFP-
tagged PhuZ for comparison to the previous measurements in cells with no fusion proteins, to
ensure there are no drastic effects on rotation due to GFP-tagging. In the presence of wild-type
GFP-PhuZz, 92% (n = 265; Figure 2.6C) of nuclei rotated visibly by DIC with an average linear
velocity of 44 + 9 nm/s (n = 20; Figures 2.6D and S2.4C and D, black dotted lines), whereas with
the expression of GFP-PhuZ(D202A), only 29% (n=101; Figure 2.6C) of nuclei appeared to rotate
and for those 29%, they had an average linear velocity of 18 =9 nm/s (n = 23; Figure 2.6D; Figure
S2.4D, magenta dotted line), significantly slower than the wild-type. As a control, nucleus rotation
in the presence of wild-type GFP-PhuZ (92% rotated, 44 + 9 nm/s) behaved similarly in the
absence of any fusion proteins (97% rotated, n = 105, Figure 2.6C; 50 = 13 nm/s, n = 20, Figure
2.6D; Figure S2.4C, red dotted line). The disruption of function by expression of PhuZ(D202A)
is likely not complete in some cells due to the presence of wild-type PhuZ expressed by the phage.
These results are consistent with a model in which the PhuZ vortex is required for Goslar nucleus

rotation.
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Goslar forms bouquets of mature virions

As the PhuZ cytoskeleton of nucleus-forming Pseudomonas phages rotates the phage
nucleus, it simultaneously delivers capsids to the surface of the nucleus for DNA packaging. Once
filled with DNA, maturing phage particles assemble structures we recently termed ‘“phage
bouquets” [15]. We therefore examined if Goslar also forms phage bouquets late in the infection
cycle. We tagged the putative Goslar capsid protein, gp41, with GFP at its C-terminus to determine
whether Goslar virions also assemble bouquets. At 90 mpi, several stages of capsid organization
were visible. In some cells, capsid-GFP was found around the nucleus, where the capsids were
likely docked and in the process of packaging phage DNA (Figures 2.7A and S2.6A, left panels).
We also observed the formation of spherical structures of capsid protein adjacent to the phage
nucleus, or “bouquets”, with capsids also appearing within the centers of the bouquets (Figures
2.7A and S2.6A, middle panels, white arrowheads). Since Pseudomonas phage bouquets have not
been shown to have capsids localized to the interior of the bouquet [15], this could be a newly
observed type of bouquet organization. Finally, in very swollen cells, capsids accumulated in the
cytoplasm without any obvious organization (Figures 2.7A and S2.6A, right panels).

To demonstrate whether capsids within these spherical structures are filled with DNA, we
stained Goslar infections with 10 pg/ml DAPI at 90 mpi because the addition of DAPI prior to
infection halted phage replication in MG1655 (Figure 2.7B). We observed a spherical pattern of
faint DAPI staining, similar to the capsid-GFP localization and consistent with DNA-filled capsids
arranged in a bouquet (white arrows). Curiously, no DAPI staining was visible in the interior of
the bouquets, despite observing capsid-GFP localized in this region. We also visualized bouquet
formation during Goslar infections of the APEC strain, which could be grown in 200 ng/ml DAPI

without inhibiting phage replication. The presence of DAPI throughout the entire infection
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allowed capsids to be stained prior to organizing into the bouquets. This resulted in very bright
staining of spherically shaped DAPI-stained phage bouquets that also contained DAPI staining
within the interior of the bouquet (Figure 2.7C), as predicted by capsid protein localization (Figure
2.7A). Cells with a single phage nucleus typically contained one or two bouquets that could be
found on either one side of the phage nucleus or opposite sides of the phage nucleus (Figure 2.7C).
An example of a cell with two phage nuclei and three phage bouquets is shown in Figure 2.7C
with more examples in Figure S2.6B. The length and width of 105 bouquets at a median focal
plane is displayed as a scatter plot in Figure S2.6C. Phage bouquets could become larger than the
nucleus, reaching over 2 um in width and over 5 pm in length, with a median maximum dimension
of 1.5 £ 0.75 um (Figure S2.6D).

These observations suggest that Goslar capsids are organized into a sphere with the tails
packed together as observed in the Pseudomonas phages [15], but also deforming to fill the cell
and containing capsids within the bouquet, not previously seen in the Pseudomonas phages (Figure
2.7D). To further investigate this model and better understand the stages of capsid localization,
we simultaneously visualized capsid-GFP and DAPI staining at various times post infection (30,
40, 50, 70, and 90 minutes) (Figure 2.7E). We were not able to express capsid-GFP in APEC so
we colocalized capsid-GFP with DAPI in MG1655. At early time points (30 mpi), the capsid
fusion was devoid of DAPI staining and was found near the membrane and in the cytosol, or
concentrated around the nucleus (Figure 2.7E). By 40 mpi, small circular bouquets stained with
DAPI were found next to the DAPI-filled nucleus (Figure 2.7E, white arrow). Between 40 and 50
mpi, the small bouquets expanded and acquired internal capsids but only the exterior ring of
capsids was stained with DAPI in MG1655. This time course resembles the trafficking of capsids

from the membrane to the nuclear shell as described for the nucleus-forming Pseudomonas phages
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[14] and the assembly of “bouquets” of DNA-filled capsids in those phages [15]. Time-lapse
microscopy of the capsid fusion without any dyes present confirmed the temporal progression of
capsid localization from membrane or cytosol, to the periphery of the nucleus, and then to the
adjacent bouquet(s) (Figure S2.6E).

Cryo-FIB-ET confirms that fully packaged capsids are arranged in a circular shape,
forming bouquets (Figures 2.7F and G). Consistent with our fluorescence microscopy data, the
interior of the observed bouquet is greatly depleted of host ribosomes compared to the surrounding
cytosol. In the observed bouquet the majority of the tails point to the inside of the bouquet and the
capsids to the exterior, but a capsid localized inside the bouquet is also observed (Figures 2.7F and
G). Given the sizes of the bouquets (> 1.5 um) compared to the thickness of FIB-milled lamellae
(< 200 nm), we were unable to capture a bouquet in its entirety and ascertain its complete
ultrastructure from our current cryo-FIB-ET dataset. Nevertheless, when combined with our
fluorescence microscopy results, our cryo-FIB-ET data support the assembly of Goslar virions into
double-layered bouquets at late stages of infection. Taken together, these data reveal that Goslar
forms a distinctive type of prominent bouquet containing DNA-packed capsids within its center.
2.5 Discussion

Nucleus-forming jumbo phages rely on a tubulin-based cytoskeleton for their complex
subcellular organization. In Pseudomonas jumbo phages 201¢2-1, ®PA3, and ®KZ, PhuZ forms
a dynamic bipolar spindle that positions the phage nucleus at midcell and delivers capsids to the
shell of the phage nucleus while rotating it [3, 4, 6, 7, 14]. Phage nucleus rotation occurs
concomitantly with the delivery of newly assembled capsids to the surface of the nucleus [3, 14].
We have proposed that this conserved feature of nucleus-forming jumbo phage replication allows

capsids to be distributed uniformly around the nucleus surface for efficient DNA packaging into
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capsids [14]. Intracellular rotation in prokaryotes has only been reported for Pseudomonas
infected by nucleus-forming jumbo phages, where a bipolar array of PhuZ filaments provides the
forces necessary for rotation. Here we characterize Goslar infecting E. coli and demonstrate that
this phage also has a complex replication cycle with both a nucleus-like compartment and a
tubulin-based cytoskeleton that rotates it (Figure 2.8).

Surprisingly, Goslar PhuZ filaments assemble a vortex-like cytoskeletal structure in which
filaments wrap around the entire phage nucleus and project radially toward the membrane (Figure
2.8). The orientation of the cytoskeletal vortex relative to the direction of rotation is consistent
with the hypothesis that it generates force against the membrane to cause nucleus rotation, and
expression of the PhuZ(D202A) mutant impairs both vortex formation and nucleus rotation. How
can radially arranged filaments lead to intracellular rotation? If filaments emanate from the surface
of the phage nucleus and are arranged radially around it, presumably no motion would occur if the
forces they generated were perfectly balanced. A stochastic imbalance of forces is more likely to
occur and this would lead to rotation in some direction. The process of rotation and consequential
flow of cytoplasm can impose the alignment of filaments with the current direction of rotation,
reinforcing the vortex array, as demonstrated in vitro [34, 35].

Taken together, these results suggest that the function of the vortex-like cytoskeletal
network of PhuZ filaments is to drive phage nucleus rotation. Previous work on phage 201¢2-1
has demonstrated that inactivating the PhuZ cytoskeleton eliminates both nucleus rotation and
capsid trafficking thereby reducing the number of phage progeny produced by approximately 50%
[7, 14]. In Goslar, the PhuZ cytoskeleton drives intracellular phage nucleus rotation, which is
expected to facilitate capsid distribution. The PhuZ vortex may also participate in capsid

trafficking, and radially projecting filaments would be ideal conduits for capsid migration from
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the cell membrane to the surface of the phage nucleus, but further investigation must be done to
determine whether Goslar PhuZ plays a role in capsid trafficking.

A cytoskeletal vortex has not previously been described within any prokaryotes as far as
we know. In eukaryotes, a vortex of cytoplasmic motion dependent on microtubules and actin has
been shown to be critical for development by driving cytoplasmic streaming in the eggs of several
species as well as in plant cells [36-39]. The eukaryotic cytoskeleton is responsible for the rotation
of the nucleus to align with cell polarity in motile cells, particularly fibroblasts [40-46] and has
been observed in a vortex-like arrangement during misalignment [43]. A self-organizing vortex
array of microtubules was demonstrated to spontaneously arise in vitro among purified
microtubules with Chlamydomonas dynein c¢ [34] and in spatially confined droplets of Xenopus
oocyte extract [35]. The vortex of PhuZ filaments that organizes during Goslar infection visually
resembles these in vitro microtubule vortex arrays.

While a cytoskeletal vortex is capable of providing intracellular rotation, it did not appear
to play a role in phage nucleus positioning. The Goslar phage nucleus is not positioned at the
midcell as it is for the nucleus-forming Pseudomonas phages. Instead, it is positioned along the
entire lateral axis of the cell. Expression of the PhuZ(D202A) mutant, which significantly reduces
nucleus rotation, does not affect nucleus positioning. Thus, the main function of the Goslar PhuZ
cytoskeleton may be to provide the driving forces for nuclear rotation and perhaps capsid delivery,
rather than midcell positioning. It is not presently clear why some phages position the nucleus at
the midcell and Goslar doesn’t. The midcell positioning in Pseudomonas phages may be a
consequence of a bipolar spindle that facilitates rotation and it would have the added benefit of

maintaining space between the surface of the phage nucleus and the cell membrane to allow the
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docking of capsids. In Goslar, with a vortex array instead of a bipolar spindle, the benefit of
keeping space between the nucleus and the membrane is provided without midcell positioning.

At late stages of infection, Goslar virus particles accumulate in large spherical structures
similar to the ones recently described for the nucleus-forming Pseudomonas phages and termed
bouquets [15]. In phage bouquets, virions are arranged in a sphere with capsids on the outside and
tails facing inward. Goslar bouquets appeared similar to ®PA3 bouquets except Goslar’s
contained capsids located in the center of the phage bouquets rather than only around the outside,
suggesting that Goslar bouquets are organized with internal capsids oriented inversely relative to
the larger outer layer, with tails packed together (Figures 2.8D and 2.7D). The role of phage
bouquets is currently unknown, and the fact that they are not always detected in phages ®PA3 and
®KZ, and are only rarely detected in phage 201¢2-1, suggests that they are not essential for phage
replication [15]. However, the discovery of prominent phage bouquets in Goslar, which is
distantly related to the nucleus-forming Pseudomonas jumbo phages, suggests that bouquets likely
offer an advantage to the phage.

The detailed characterization of the replication cycle of Goslar has brought to light a
cytoskeletal vortex that drives phage nucleus rotation which is a key process in the nucleus-
forming jumbo phage replication cycle. This work also demonstrates that the replication
mechanism involving a phage nucleus and spindle is widespread across diverse hosts and that it
likely confers a selective advantage since divergent strategies for rotation of the phage nucleus
have evolved.
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2.7 Figures

Figure 2.1 Goslar builds a phage nucleus separating DNA from translation and metabolism.
(A) Goslar infecting E. coli (MG1655) expressing GFP-shell (gp189, yellow) at 0.2 mM IPTG and
infected by Goslar for 90 minutes (mpi). White scale bars are 1 um. (B) E. coli co-expressing
GFP-shell and gp193-mCherry at 0.2 mM IPTG, infected by Goslar for 60 minutes. Displayed in
the upper left is the percentage of the infected population that has gp193-mCherry localized clearly
to the interior of the GFP-shell halo (left), localized to the interior of the shell but on the periphery
(center), and localized to the shell (right) (n = 100). 100% of the time, gp193-mCherry is
colocalized with the phage nucleus. (C) E. coli expressing GFP fusions (yellow) with 50S
ribosomal protein L20 (RplT), thymidylate kinase (TMK), and soluble GFP, and infected with
Goslar for 60 minutes before being dyed with FM4-64 (4 png/ml, membrane, magenta) and DAPI
(2 pg/ml, DNA, cyan). (D) E. coli expressing GFP-shell, infected by Goslar for 30, 60, or 90
minutes then dyed with FM4-64 and DAPI. (E) Slice through a deconvolved tomogram of a phage
nucleus in a 90 mpi Goslar-infected APEC cell. Inset scale bar is 250 nm (1 - empty capsid, 2 -
partially filled capsid, 3 - nearly full capsid). (F) Annotation of the tomogram shown in (E). Outer
and inner host cell membranes are colored red and pink, respectively. The phage nucleus shell is
colored blue. Goslar capsids and tails are colored green and cyan, respectively. Host 70S
ribosomes are colored pale yellow.
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Figure 2.2 Goslar PhuZ forms a vortex-like cytoskeletal array. (A) E. coli (MG1655)
expressing GFP-PhuZ at 0.2 mM IPTG and infected with Goslar for 30, 60, or 90 minutes prior to
being dyed with FM4-64 and DAPI for 5-10 minutes. All scale bars are 1 pm. (B) E. coli
(MG1655) expressing GFP-PhuZ and infected by Goslar for 90 and 120 minutes. (C) Percentage
of 30 mpi (n = 75) or 60 mpi (n = 114) infections with a GFP-PhuZ filament over 0.3 pm. (D)
Model of the PhuZ cytoskeletal vortex. PhuZ filaments (green) extend radially from the phage
nucleus (blue) to the cell membrane (gold).
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Figure 2.3 Colocalization experiments show the PhuZ cytoskeletal vortex wraps around the
proteinaceous phage nucleus. (A) E. coli (MG1655) co-expressing GFP-shell (yellow) and
mCherry-PhuZ (magenta) and infected with Goslar for 90 minutes. All scale bars are 1 pm. (B)
E. coli co-expressing mCherry-shell and GFP-PhuZ and infected with Goslar for 90 minutes. (C)
E. coli co-expressing GFP-shell and mCherry-PhuZ and infected with Goslar for 30, 60, or 90
minutes then dyed with DAPI (cyan).
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Figure 2.4 The Goslar nucleus is not positioned at midcell and is excluded from the cell pole.
(A) Distribution of DIC phage nuclei positions along the lateral length of the cell (MG1655), in
0.05 fraction of cell length bins. For each time point, there is no significantly greater chance of
finding a phage nucleus near midcell (0.5) or quarter cell (0.25) than in the neighboring bins (30
mpi, n = 35; 60 mpi, n = 115; 90 mpi, n = 122). (B) 2D area of the DAPI-stained phage nucleus
in MG1655 at 30, 60, and 90 mpi (30 mpi; n = 50, 60 mpi; n = 114, 90 mpi; n = 121). (C)
Distribution of DIC phage nuclei positions along the lateral length of the APEC cell, in 0.05
fraction of cell length bins. No significant enrichment occurs at midcell or any other bins (30 mpi;
n = 96, 60 mpi; n = 105, 90 mpi; n = 114). (D) 2D area of the DAPI-stained phage nucleus in
APEC at 30, 60, and 90 mpi (30 mpi; n = 115, 60 mpi; n = 120, 90 mpi; n = 145).
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Figure 2.5 The Goslar phage nucleus rotates and the PhuZ vortex pushes against the cell
membrane. (A) Time-lapse of the phage nucleus every 4 seconds for 20 seconds in E. coli
(MG1655) expressing GFP-shell (white) infected with Goslar for 65 minutes. Yellow arrowhead
and bracket indicate distinctions for following rotation. All scale bars are 1 um. (B) DIC time-
lapse every 4 seconds for 20 seconds in E. coli infected with Goslar for 60 minutes. Yellow
arrowhead indicates dark spot to follow rotation. (C) Linear velocity of nucleus rotation measured
from DIC time-lapse, averaging 50 nm/s (n = 20), red dotted line, individual measurements shown
as gray lines. (D) Model of ®KZ phage nucleus rotation by bipolar PhuZ spindle (top) and Goslar
phage nucleus rotation by PhuZ cytoskeletal vortex (bottom). Arrows indicate the direction of
forces applied to the phage nucleus and direction of rotation. (E) GFP imaging coupled with DIC
time-lapse every 4 seconds on E. coli expressing GFP-PhuZ; yellow arrowhead indicates DIC-
dense spot to follow for rotation, red curved arrows in final panels indicate direction of rotation
(CCW top cell, CW bottom cell).
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Figure 2.6 Mutant PhuZ(D202A) disrupts filament formation and nucleus rotation. (A) E.
coli expressing GFP-PhuZ(D202A) at 0.2 mM IPTG and infected by Goslar for 60 minutes before
being stained with FM4-64 and DAPI. All scale bars are 1 um. (B) DIC time-lapse every 4
seconds for 36 seconds on E. coli expressing GFP-PhuZ(D202A) at 0.2 mM IPTG and infected by
Goslar for 60 minutes. Yellow arrowhead tracks dark spot for rotation. (C) Percentage of the
infected cells at 60 mpi that had a rotating nucleus with any amount of progressive movement
imaged by DIC time-lapse for E. coli with no plasmid (MG1655, n=105) or cells expressing GFP-
PhuZ (n = 164) or GFP-PhuZ(D202A) (n = 101) (unpaired t-test, * p value = 0.04, **** p value
< 0.0001). (D) Linear velocity of the most progressively rotating nuclei at 60 mpi by DIC time-
lapse for E. coli with no plasmid (MG1655, n = 20) or cells expressing GFP-PhuZ (n = 20) or
GFP-PhuZ(D202A) (n=23). Violin plot generated and unpaired t tests performed using GraphPad
Prism 9 (unpaired t-test, ns - p value > 0.05, **** p value < 0.0001).
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Figure 2.7 Goslar capsids migrate from the cytoplasm, surround the phage nucleus, and form
phage bouquets. (A) E. coli (MG1655) expressing the putative capsid protein (gp41) fused to
GFP (yellow) induced with 0.2 mM IPTG and infected with Goslar for 90 minutes. Three
predominant localizations can be found; around the phage nucleus (left panels), in adjacent
bouquets (middle panels), and filling more of the cytoplasm (right panels). White scale bars are 1
um. (B) MG1655 infected with Goslar for 90 minutes then stained with 10 pg/ml DAPI for 30
minutes at room temperature. White arrowheads indicate faint bouquets. (C) APEC grown with
200 ng/ml DAPI for 90 minutes and then infected with Goslar for 90 minutes and imaged. Large,
brightly fluorescent phage bouquets are formed. (D) Model of Goslar phage bouquet organization
with tails packed together. (E) MG1655 expressing capsid-GFP (yellow) and infected with Goslar
for 30, 40, 50, 60, 70, or 90 minutes before being stained with FM4-64 (magenta) and DAPI
(cyan). (F) Slice through a deconvolved tomogram of a phage bouquet in a Goslar-infected APEC
cell. Inset scale bar is 250 nm. (G) Annotation of the tomogram shown in (F). Outer and inner
host cell membranes are colored red and pink, respectively. The phage nucleus shell is colored
blue. Goslar capsids and tails are colored green and cyan, respectively. Host 70S ribosomes are
colored pale yellow.
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Figure 2.8 Model of the Goslar infection cycle. (A) The Goslar phage injects its DNA into an
E. coli cell and the formation of a shell begins. (B) The shell grows in size as DNA replicates
inside and the PhuZ vortex begins to form. Capsids form near the periphery of the cell and migrate
towards the phage nucleus, possibly by trafficking along PhuZ filaments as we have demonstrated
for Pseudomonas phages [14]. (C) The PhuZ vortex is fully formed, wrapping around and rotating
the phage nucleus. Capsids dock on the nuclear shell to be filled with DNA prior to localizing to
the adjacent bouquets. (D) Large bouquets form with internally localized capsids on either one
side or both sides of the phage nucleus. (E) Final assembly of the progeny virions is completed as
they fill the cell in a more disordered fashion. (F) Lysis of the E. coli cell is achieved, releasing
the progeny virions to find the next host.
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Figure S2.1 Goslar encodes distant homologs of the major phage nucleus shell protein and
tubulin-like PhuZ protein and forms a dynamic DNA density during infection. (A & B)
Unrooted phylogenetic trees of phage nucleus shell proteins (A) or phage tubulin PhuZ proteins
(B) with bootstrap values (1000 replicates). Red asterisks: Goslar, gold asterisks: characterized
nucleus-forming Pseudomonas phages, blue asterisks: nucleus-forming Serratia phage. (C & D)
Two examples of MG1655 cells (C) and APEC cells (D) either uninfected (uninf) or infected by
Goslar for 30, 60, or 90 minutes (mpi) then stained with FM4-64 (membrane, magenta) and DAPI
(DNA, cyan). A concentrated mass of DNA appears only after addition of phage lysate and this
mass can be observed without any fluorescent stains using DIC. All scale bars are 1 um. Goslar
replicates equally well in both strains. (E) DIC time-lapse every 12 minutes for 94 minutes of
MG1655 infected with Goslar for 30 minutes prior to imaging. The DIC density first visible at the
yellow arrowhead shows that the nucleoid grows in size and moves around over time as the cell
bulges.
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Figure S2.2 Control experiments show that the fusion proteins do not form specific
structures in uninfected cells and that the choice of fusion does not alter the results. (A) E.
coli (MG1655) expressing GFP-shell induced with 0.2 mM IPTG for 1.5 hours (uninfected). All
scale bars are 1 um. (B) E. coli co-expressing GFP-shell with gp193-mCherry and induced at 0.2
mM IPTG for 1.5 hours then stained with DAPI (uninfected). (C) E. coli expressing GFP-shell
induced with 0.2 mM IPTG and infected by Goslar for 120 minutes. (D) E. coli expressing each
gp193 fusion indicated and induced at 0.2 mM IPTG for 1.5 hours then stained with FM4-64 and
DAPI, or just DAPI for gp193-mCherry (uninfected). Fusions to different fluorescent proteins
(mCherry, mEGFP, GFPmutl) are generally uniformly distributed throughout the cell, only GFP-
gp193 forms a polar punctum. (E) E. coli expressing the listed gp193 fusion protein at 0.2 mM
IPTG, infected by Goslar for 60 minutes then stained with FM4-64 and DAPI. Fusing different
fluorescent proteins (mCherry, GFP, mEGFP, GFPmutl) to gp193 at either the N- or C-terminus
produces the same results. (F) E. coli expressing 50S ribosomal protein L20 (RplT-GFP),
thymidylate kinase (TMK-GFP), or GFP alone, induced at 0.2 mM IPTG for 1.5 hours then stained
with FM4-64 and DAPI. These fusions are generally uniformly distributed throughout the cell.

82



Uninfected C GFP-shell

A GFPshell B GFP-shell +Goslar 120 mpi
gp193-mCherry

DIC

Uninfected
GFP-gp193 GFPmut1-gp193 mEGFP-gp193 gp193-GFPmut1 gp193-mCherry

DIC
E +Goslar 60 mpi

GFP-gp193  GFPmut1-gp193 mEGFP-gp193 gp193-GFPmut1 gp193-mCherry

L -

S
mCherry
DIC

FM4-64

M

Uninfected
RpIT-GFP  TMK-GFPmut1 GFP

83



A GFP-PhuZ +Goslar

[IPTG] 0.02 mM 0.1 mM

B GFP-PhuZ uninfected C Uninfected cells
[IPTG] 0.02 mM 0.1 with GFP-PhuZ filaments

0.02 0.1 02* 03 04 05 1 2
mMIPTG

Figure S2.3 Assembly of GFP-PhuZ in uninfected and infected cells. (A) GFP-PhuZ
accumulates around the phage nucleus even when expressed at very low levels. All levels of
induction by IPTG show a similar vortex-like phenotype. All scale bars are 1 um. (B) Uninfected
E. coli (IMG1655) expressing GFP-PhuZ (yellow) does not form filaments over 0.3 um in length
until 0.3 mM IPTG. (C) Percent of uninfected cells with a PhuZ filament over 0.3 um at IPTG
concentrations from 0.02 - 2.0 mM (0.02, n = 78; others, n > 100).
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Figure S2.4 Expression of a catalytically defective PhuZ, GFP-PhuZ(D202A), alters PhuZ
assembly properties and phage nucleus rotation. (A) Uninfected E. coli (MG1655) expressing
GFP-Phuz(D202A) induced with 0.02-2.0 mM IPTG and grown on 50 pg/ml ampicillin for 90
minutes. Scale bar 1 um. (B) Percentage of cells expressing either GFP-PhuZ(D202A) (red) or
GFP-PhuZ (black) that contained filaments over 0.3 pm at each IPTG concentration (0.2, n = 99;
0.5, n = 85; others, n > 100). (C) Linear velocity of nuclear rotation of 20 measured nuclei for E.
coli (blue solid lines; average, red dotted line) compared to those in E. coli expressing GFP-PhuZ
(yellow solid lines; average, black dotted line), 60 minutes after the addition of Goslar. (D) Linear
velocity of nuclear rotation of 20 measured nuclei in E. coli expressing GFP-PhuZ (yellow solid
lines; average, black dotted line) compared to the 23 nuclei in E. coli expressing GFP-

PhuZ(D202A) (green solid lines; average, magenta dotted line), 60 minutes after the addition of
Goslar.
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Figure S2.5 PhuZ(D202A) expression does not affect Goslar nucleus positioning or size. (A)
Distribution of 60 mpi phage nuclei (measured by DIC) along the lateral length of E. coli
(MG1655) expressing GFP-PhuZ(D202A) induced with 0.2 mM IPTG. For each time point, there
is no significantly greater chance of finding a phage nucleus in one certain bin than in the
neighboring bins (n = 108). (B) 2D area of the DAPI-stained 60 mpi phage nucleus in the presence
of GFP-PhuZ(D202A) (n = 108). (C) Distribution of 60 mpi DIC phage nuclei along the lateral
length of E. coli expressing GFP-PhuZ induced with 0.2 mM IPTG. For each time point, there is
no significantly greater chance of finding a phage nucleus in one certain bin than in the neighboring
bins (n = 100). (D) 2D area of the DAPI-stained 60 mpi phage nucleus in the presence of GFP-
PhuZ (n=111). (E) Distribution of distances between the edge of the phage nucleus to the closest
cell pole, normalized to cell length. Either GFP-PhuZ(D202A) or GFP-PhuZ was infected for 60
minutes and stained with FM4-64 and DAPI. DIC was used for measurement (n = 88).
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Figure S2.6 Capsid-GFP localization and bouquet formation during Goslar infections. (A)
More examples of capsid-GFP localization as in Figure 2.7A. E. coli (MG1655) expressing the
putative capsid protein (gp41) fused to GFP (yellow) induced with 0.2 mM IPTG and infected
with Goslar for 90 minutes. Capsids localized around the phage nucleus (left panels), in adjacent
bouquets (middle panels), or filling more of the cytoplasm (right panels). All scale bars are 1
um. (B) Additional examples of multiple nuclei and bouquets (top four panels) and a single
nucleus (bottom two panels) imaged by DAPI and FM4-64 after 90 mpi in APEC (yellow
arrowheads indicate nuclei). Top 2 panels show 5 nuclei observed in one cell, middle 2 panels
show 3 nuclei with a large central bouquet, bottom panels show a single nucleus with the most
common bouquet phenotype. (C) DAPI-stained bouquets at 90 mpi in APEC were measured along
the maximum x and y dimensions. Each point represents one bouquet (n = 105). (D) Box and
whisker plot of maximum bouquet dimension for each bouquet in (C). Quartiles are calculated
with an excluded median and a mean of 1.5 um (n = 105). (E) Time-lapse of capsid-GFP (white)
at various intervals over 40 minutes starting at 42 mpi in MG1655. Capsids migrate from the cell
periphery or cytoplasm (yellow solid arrowheads) to the phage nucleus exterior and then to
adjacent phage bouquets (yellow open arrowheads) (cyan dashed line, nucleus; orange dashed line,
cell membrane).
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CHAPTER 3:

Viral speciation through subcellular genetic isolation and virogenesis incompatibility
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3.1 Abstract

Understanding how biological species arise is critical for understanding the evolution of
life on Earth. Bioinformatic analyses have recently revealed that viruses, like multicellular life,
form reproductively isolated biological species. Viruses are known to share high rates of genetic
exchange, so how do they evolve genetic isolation? Here, we evaluate two related bacteriophages
and describe three factors that limit genetic exchange between them: 1) A nucleus-like
compartment that physically separates replicating phage genomes, thereby limiting inter-phage
recombination during coinfection; 2) A tubulin-based spindle that orchestrates phage replication
and forms nonfunctional hybrid polymers; and 3) A nuclear incompatibility factor that reduces
phage fitness. Together, these traits maintain species differences through Subcellular Genetic
Isolation where viral genomes are physically separated during coinfection, and Virogenesis
Incompatibility in which the interaction of cross-species components interferes with viral
production.
3.2 Introduction

Bacteriophages are the most abundant microbes on Earth and arguably harbor the most
genetic diversity of any taxonomic group [1, 2]. Viruses are known to evolve quickly due to their
large population sizes, short generation times, and frequently high mutation rates. Mutations can
become fixed in the population by strong selective forces or by drift. Until recently, it was thought
that this genetic diversity was relatively unstructured with phages freely exchanging genes [3-5].
Through analyses of a growing number of full phage genome sequences, it has become clear that
the diversity coalesces into biological species clusters where more genetic information is
exchanged within, rather than between clusters [6]. This observation leads to the question of how

phages evolve barriers to genetic exchange. Adaptation to different hosts has been shown to cause
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viral speciation since viruses recombine when multiple particles infect the same cell. Evolving
divergent host specificities therefore has the side effect of developing barriers to genetic exchange
[7-9]. However, the evolution of host specificities cannot fully explain viral speciation because
viruses that infect the same hosts sometimes form genetically isolated species [6, 10]. Viral traits
must have evolved that form genetic barriers during coinfection of the same cell and could
ultimately lead to viral speciation. In the study of two closely related jumbo phages that infect
Pseudomonas aeruginosa, we hypothesized that specific viral mechanisms must exist that
contribute to genetic isolation. Here we sought to identify potential barriers to viral genetic
exchange and quantitate the extent to which they contribute to reproductive isolation. Our
approach is analogous to those historically performed on eukaryotes where the reproductive
isolation caused by different phenotypic and genetic characteristics is quantified [11]. During
infection of Pseudomonas, jumbo phages 201¢92-1, ®PA3, and OKZ establish an intricate
subcellular organization that we reasoned may impact gene flow [12-16]. These jumbo phages
replicate by enclosing their DNA within a proteinaceous shell that forms a nucleus-like
compartment, separating enzymes involved in DNA replication, transcription, and repair from
ribosomes and metabolic enzymes in the cytoplasm [15, 16]. A tubulin-like protein, PhuZ,
assembles a spindle early during lytic growth that plays multiple roles during the life cycle of the
phage [12-17]. At early stages of infection, the PhuZ spindle uses dynamic instability to position
the phage nucleus at midcell [12, 13, 15, 16]. Later during infection, the spindle uses treadmilling
to traffic newly assembled capsids through the cell and to distribute them around the nucleus [14].
Nonfunctional spindles result in severe nucleus mispositioning, loss of capsid trafficking, and a
50% decrease in phage progeny [12-16]. Given the organizational complexity of these phages, it

was unclear how they might interact with one another during coinfection of a single cell when
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there is an opportunity for genetic exchange. Here we characterize coinfecting phages and identify
two types of barriers to gene flow. We show that Subcellular Genetic Isolation occurs when a
nucleus-like compartment physically separates viral genomes during coinfection. We also show
that coinfections by different viruses can be less productive because of incompatibility between
divergent viral components. This Virogenesis Incompatibility blocks gene flow by reducing the
chance of producing recombinant progeny.
3.3 Materials and Methods
General methods

Pseudomonas aeruginosa strain PAO1 was grown on LB agar containing 10 g Bacto-
Tryptone, 5 g yeast extract, 5 g NaCl, and 15 g agar in 1 L ddH>O and incubated at 30°C. Lysates
of phages ®PA3 and ®KZ were prepared by infecting 109 cells of P. aeruginosa strain PAO1 with
phage (~10® pfu/ml) at room temperature for 15 minutes and then adding 5 ml of 0.35% LB top
agar onto an LB plate. Following overnight incubation at 30°C, plates were flooded with 5 ml SM
phage buffer and incubated at room temperature for 4 to 6 hours. Phage lysates were harvested,
centrifuged at 21,130 x g for 10 minutes and stored at 4°C.
Plasmid and strain constructions

Pseudomonas aeruginosa strain PAO1-K2733 was used for all experiments. Plasmids
were introduced into strain PAO1-K2733 by electroporation and selecting on LB containing 15
pg/mL gentamycin. The vector pHERD-30T [14-16] was used to express all GFP fusions.
Plasmids expressing sfGFP-®PA3PhuZ, sfGFP-OKZPhuZ, sfGFP-OPA3PhuZ(D190A), sfGFP-
®PA3shell and mCherry-®KZshell were previously described [14-16]. To construct a
colocalization construct of ®PA3 shell and ®KZ shell, the pHERD-30T backbone with mCherry-

®KZshell was first amplified using primers oVC701 and oVC406 by PCR from plasmid
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pMACOI11 [15]. The GFPmutl gene tagged at the N-terminus of ®PA3shell gene in plasmid
pVCO077 was replaced by sfGFP [15]. The insert of sfGFP-®PA3shell was then made by PCR
amplification using primers oVC403 and oVC702 from the resulting plasmid. These 2 amplicons
were assembled together by NEBuilder® HiFi DNA Assembly Cloning Kit (New England
Biolabs) resulting in a colocalization construct of sfGFP-®PA3shell and mCherry-®KZshell
(PMACO082). We then performed the same cloning strategy to construct a colocalization plasmid
of ®PA3 PhuZ and ®KZ PhuZ. The primers oVC701 and oVC406 were used to amplify the
pHERD-30T backbone with mCherry-®KZPhuZ from plasmid pVC116 while the primers
oVC403 and oVC702 were used to amplify the insert of sSftGFP-OPA3PhuZ from plasmid pVC028.
These 2 amplicons were then assembled using NEBuilder® HiFi DNA Assembly Cloning Kit
(New England Biolabs) resulting in a colocalization construct of sStGFP-OPA3PhuZ and mCherry-
®KZPhuZ (pVC120). An untagged ®KZPhuZ plasmid was made using oVC704 and oVC705 to
amplify the linear amplicon of ®KZ PhuZ linked with pHERD-30T from pVC029 [15]. The linear
amplicon was then circularized by ligase resulting in plasmid pVCI121. Plasmids containing
GFPmutl and sfGFP were previously described [14-16]. gp210 was amplified from ®PA3 lysate
using primers oEB003 and oEB004. Plasmid pKN053 and pKN069 were linearized using oEB00S5
and oEB006. gp210 was assembled with each linearized plasmid using NEBuilder® HiFi DNA
Assembly Cloning Kit (New England Biolabs). See Tables 1 and 2 for lists of primers, plasmids,
and strains. All plasmids were confirmed by DNA sequencing.
Live cell fluorescence microscopy

Single cell infections of P. aeruginosa were visualized using fluorescence microscopy [14-
16]. Briefly, 1% agarose pads containing 25% LB, 2 pg/ml FM 4-64, and 1 pg/ml DAPI were

inoculated with 5 pL of cells (~1 x 10® cfu/ml) allowed to grow at 30°C in a humidor for 3 hours
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and then infected with 10 ul of a high titer (10'? pfu/ml) phage lysate. For dual infections, lysates
of ®PA3 and ®PKZ were mixed at an equal ratio prior to infections. At desired time point after
phage infection, a coverslip was put on the slide and cells were imaged using a DeltaVision
Spectris Deconvolution microscope (Applied Precision, Issaquah, WA, USA). Images were
further processed by the deconvolution algorithm in DeltaVision SoftWoRx 6.5.2 Image Analysis
Program, and analyzed using Fiji 1.53c software. For time-lapse microscopy, infections were
established on agarose pads (25% LB, 1% agarose, 0.1% arabinose) without stains. At 30 mpi,
locations for taking time-lapse images were identified, and at 45 mpi, images were captured every
10 minutes for 4 hours. The cells from the resulting images were counted and the number of
infected cells was divided by the total number of starting cells to determine the percentage of cells
that were lysing over the course of the 4 hours. The percentages were averaged and plotted for
both conditions.

Fluorescence recovery after photobleaching (FRAP)

Cells containing sfGFP-OPA3PhuZ filaments were prepared as indicated for fluorescence
microscopy and photobleach using a laser (QLM module, API) for 0.05 seconds at 31% power.
Images were collected every 2 seconds for 1 minute by an Applied Precision/GE OMX V2.2
Microscope. Images were deconvolved with DeltaVision SoftWoRx 6.5.2 and analyzed by Fiji
1.53c.

IC50 growth curves

We determined the concentration of phage required to inhibit 50% cell growth over 6 hours
as a measure of phage fitness. 5 mL cultures of P. aeruginosa in liquid LB containing 15 pg/mL
gentamycin were grown to an ODgoo of approximately 0.6 to 0.8 and then diluted to an ODsoo of

0.1. 5 uL of 10-fold serial dilutions of a ®KZ lysate with a titer of 10'? pfu/ml were added to each
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well of a 96-well plate containing 100 pL of diluted bacterial culture. The 96-well plates were
shaken for an initial 40 minutes at 30°C in a microplate reader after which ODgoo measurements
were taken every 10 minutes for 6 hours, with continuous shaking at 30°C between the timepoints.
The resulting ODsoo values were averaged and plotted as a growth curve. Fusions were expressed
from a plasmid at very low levels without arabinose induction.
Efficiency of plating (EOP) titers

To compare the efficiency of phage plaque formation on different strains, 10 cells were
infected with 10-fold serial dilutions of phage lysate at room temperature for 15 minutes and then
5 ml of 0.35% LB top agar was added and poured onto an LB plate. Plaques were counted after
24 hours of incubation at 37°C and the efficiency of plating calculated as the ratio of the test sample
to the control. Protein expression was achieved with the indicated fusions by inducing with either
1.0% or 0.1% arabinose [14-16].
Coinfection shell analysis

Fiji image analysis program was used for image analysis. A total of 89 coinfected cells
containing both shells were included in the analysis. For size and DAPI intensity analysis of the
shell, a polygon was drawn over the shell to measure the area and mean DAPI intensity of the
shell. Then, the mean DAPI intensity was subtracted by the background DAPI intensity of the
corresponding image yielding the absolute DAPI intensity of the shell for the analysis. For shell
position analysis, the distance between the center of the shell and the mid-position of the cell length
was measured. Then, the distance was normalized by the corresponding cell length creating the

fraction of the cell length for data visualization.
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Statistics and reproducibility

All experiments, including microscopy, were repeated at least three times. Representative
microscopy images are shown. Standard deviations were calculated for phage titer experiments.
3.4 Results

We expected that two identical phages infecting one cell could either form a single nucleus
that would facilitate inter-phage recombination or two separate nuclei, greatly reducing gene
exchange. We first used DAPI staining to visualize phage DNA and soluble GFP to visualize the
cytoplasm, and found that cells infected with either ®PA3 or ®KZ frequently (24%, n = 156 and
19%, n = 368 at 20 minutes post-infection (mpi); 21%, n = 142 and 18%, n = 307 at 50 mpi,
respectively; Figure S3.1A) formed two separate phage nucleoids in a single cell (Figure 3.1A).
The similar percentage of cells with more than one nucleoid at 20 mpi and 50 mpi suggests that
the nucleoids remained separated throughout the infection. To confirm that these nucleoids were
in separate compartments, we fluorescently tagged the ®PA3 shell protein with GFP and the ®KZ
shell with mCherry and followed nucleus assembly during infection (Figure 3.1B). Each
fluorescent protein-shell fusion formed diffuse fluorescence and small foci when uninfected
(Figure S3.1B) and assembled a nuclear shell during infection (Figure 3.1B). Direct visualization
of each nucleus confirmed that a significant fraction of infected host cells contained two nuclei
(®PA3, 18%, n = 104; ®KZ, 14%, n = 117; Figure 3.1B). In cells containing two distinct nuclei,
both were adjacent to one another and positioned at midcell by the PhuZ spindle (Figure 3.1B).
These results demonstrate that during single-species coinfections, separate replication
compartments for identical genomes can be established within the same cell. These data also
suggest that the phage nucleus forms a physical barrier that separates co-replicating viral genomes,

thereby reducing the potential for genetic exchange even between two identical genomes. We
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refer to the separation of co-replicating viral genomes by physical or spatial barriers, such as the
phage nucleus, as Subcellular Genetic Isolation. This phenomenon has already been observed in
herpesviruses and poxviruses which form spatially separated replication factories [18, 19].
Recombination does not occur unless the replication factories coalesce. Traits that cause
Subcellular Genetic Isolation create a barrier to genetic exchange which allows for evolutionary
divergence and the accumulation of reproductive incompatibilities that arise by neutral drift or
other processes. Subcellular Genetic Isolation is therefore a potentially common mechanism of
viral speciation. To further test the theory that the phage nucleus results in Subcellular Genetic
Isolation, we visualized coinfections of ®PA3 and ®KZ, two related phages whose shells share
~45% amino acid identity. We expressed both fluorescently tagged shell proteins from a single
plasmid and determined if assembly into a nucleus was promiscuous or specific to the cognate
phage from which the shell originated (Figure 3.1C). We found that each shell protein only
assembled into a nuclear shell containing DNA during infection with the cognate phage (Figure
3.1C) and therefore can be used to track individual phage nuclei during coinfection of a single cell.
Next, we followed the fate of the two different phages during coinfection of P. aeruginosa
expressing both fluorescently tagged shell proteins, by infecting it simultaneously with ®PA3 and
®KZ (Figure 3.1D). Approximately 25% (n = 295) of doubly infected cells contained shell
structures that incorporated components from each species (Figure 3.1D, half red and half green
shell), whereas the majority (75%; n = 295) of coinfections resulted in separate red and green shells
that physically separated the genomes (Figure 3.1D). Thus, during coinfections resulting from
either a single species (Figures 3.1A and B) or two species (Figure 3.1D), phage can assemble
separate nuclei, supporting the idea that the phage nucleus is a speciation factor that creates a

physical barrier which separates co-replicating viral genomes and establishes Subcellular Genetic
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Isolation. A second mechanism that is likely universal among viruses and that can contribute to
genetic isolation, even without the formation of nuclear shells, is intracellular competition between
speciating strains. If one strain of virus gains an advantage over the other, then it will reproduce
more within cells and it will be more likely to recombine with conspecific genomes. The
probability of cross-species recombination can be predicted by the rate at which genomes
encounter each other, which, without subcellular organization or other factors that influence
recombination rates, is equal to their relative genome frequencies (Figure S3.2). When each strain
is equally competitive, then half of all recombinations will occur within the same strain and the
other half between strains. As competitive differences increase between strains, their relative
frequencies will shift, and the amount of cross-species recombination will equal two times the
product of each strains’ frequency (Figure S3.2). Phages ®KZ and ®PA3 were added
simultaneously to cells, yet after 1 hour, one phage nucleus was almost always (97%, n = 89) larger
than the other (Figure 3.1E), demonstrating competition between ®KZ and ®PA3. DAPI staining
was used to estimate relative DNA content by integrated intensity within individual phage nuclei.
We found a direct correlation between nucleus size and amount of phage DNA (Figures S3.1E and
F). ®KZ outcompetes ®PA3 in 78% (n = 89) of coinfections based on DNA content (Figure 3.1F).
For comparison, we quantitated DAPI staining during coinfection by a single species and found
that one phage usually (~88%; n = 50) out-replicated the identical phage, suggesting that
competition is inherent during coinfections (Figure 3.1G and H). We measured the relative
genome frequencies of ®PA3 (q) and ®KZ (p) based on DAPI staining for each coinfected cell,
and compared the expected probability of cross-species recombination, 2pq, to the probability that
two genomes present at equal frequencies would recombine (when p = q, 2pq = 0.5) (Figure S3.2).

For ®PA3 and ®KZ coinfections, the average 2pq value was 0.47, which corresponds to a 6

102



percent reduction of cross-species recombination (Figure S3.2). Intracellular competition does not
have much of an impact on limiting interspecific recombination for these species; however, the
effect is predicted to magnify as competitive differences increase (Figure S3.2). Competition
between viruses may have an even more important long-term effect on speciation than calculated
above since inter-strain competition can trigger a coevolutionary arms race that will drive further
genetic divergence and help reinforce species separation. In eukaryotes, reproductive isolation
can be driven by pre- or post-zygotic incompatibilities between gametes, limiting the ability to
form offspring. While viruses do not form gametes or zygotes, our coinfection experiments
revealed that the PhuZ spindle is an incompatibility factor that limits the production of phage
offspring due to deleterious interactions between cross-species alleles (Figures 3.2 and 3.3).
Normally, the phage nucleus is positioned at midcell by the spindle within 1 hour post-infection
for single or double infections by one species of phage (Figures 3.1A-C and 3.2A, B, and D) [12,
13, 15, 16]. However, in coinfections with both ®PA3 and ®KZ, the two nuclei were always
adjacent to one another and usually (92%, n = 89) mispositioned (Figures 3.1D and 3.2A-C).
Normally, > 95% of nuclei occur within 20% of the cell midpoint at 60 mpi [12, 13, 15, 16].
Mispositioning results in a large percentage of nuclei outside of the 20% boundary. In time-lapse
microscopy (Figure 3.2C), two small nuclei at the cell pole grew in size over time but failed to be
moved to the center. This loss of positioning suggests that spindles are nonfunctional during
coinfections. One possibility is that each phage establishes a separate bipolar spindle that cannot
properly position two adjacent nuclei. Alternatively, a single nonfunctional spindle forms by co-
assembly of the divergent PhuZ monomers which share only 37% sequence identity [15]. To
understand the molecular basis of nuclear mispositioning, we expressed GFP fusions to either

®PA3 PhuZ or ®KZ PhuZ at low levels below the critical threshold for filament assembly, and
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followed spindle assembly and dynamics during cognate or cross-infection with ®PA3. When
®PA3 infected cells expressing the cognate sftGFP-OPA3PhuZ, a properly functioning bipolar
spindle formed, flanking a centrally located phage nucleus as expected (Figures 3.2D and G,
green). However, when ®PA3 infected cells expressing stGFP-OKZPhuZ (Figures 3.2F and H)
or untagged ®KZPhuZ (Figure S3.3), the spindles were malformed, usually resulting in one long
static filament within the cell (Figure 3.2F), and the nuclei were as severely mispositioned (Figure
3.2H, pink) as in cells expressing a ®PA3PhuZD190A catalytic mutant [15] that renders the
spindle inactive (Figures 3.2E and G, purple).

This suggests that the two divergent PhuZ monomers interfere with one another by co-
assembling in a non-productive manner. To directly observe if these proteins can co-assemble, we
simultaneously expressed both mCherry-OKZPhuZ and sfGFP-®PA3PhuZ proteins in P.
aeruginosa. Upon infection with ®PA3, instead of forming a dynamic bipolar spindle as occurs
when expressing sftGFP-OPA3PhuZ alone (Figure 3.2D; [15]), hybrid spindles composed of both
®PA3 PhuZ and ®KZ PhuZ monomers were formed, and the nuclei were mispositioned (Figure
3.3A). Fluorescence recovery after photobleaching (FRAP) demonstrated that normal PhuZ
spindles treadmill (Figure 3.3B, left; [14]), while the hybrid spindles were not dynamic (Figure
3.3B, right). Nuclei are mispositioned during coinfections of cells that do not express GFP-tagged
PhuZ proteins (Figure S3.3). Taken together, these results demonstrate that PhuZ monomers from
the two phages co-assemble nonproductively, disrupting the dynamic properties of the spindle.
Given the central roles of the PhuZ spindle in nucleus centering [12, 13, 15, 16], nucleus rotation
[14, 16], and capsid transport for DNA packaging [14], the nonfunctional hybrid spindles suggest
that PhuZ is a speciation factor that limits the ability of these two phages to reproduce while

coinfecting a single host cell. Analogous to pre-zygotic incompatibilities experienced by
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eukaryotes where combinations of alleles prevent the production of hybrid offspring, hybrid
spindles present an incompatibility that limits the production of progeny during the process of viral
replication. We term this Virogenesis Incompatibility, in which viral encoded factors create
barriers to the successful production of two different viruses within the same cell. Since loss of
spindle function causes a 50% decrease in phage production [13], we estimate that the Virogenesis
Incompatibility caused by hybrid spindles results in a 50% reduction in progeny phage during
coinfection. Since we found an incompatibility factor in the cytoplasm, we reasoned that nuclear
incompatibility factors might be important when hybrid nuclei between two distinct phages are
formed, which occurs in ~25% of ®KZ/DOPA3 coinfections (Figure 3.1D). We hypothesized that
nucleases normally present in the nucleus may diverge between species and, if introduced into the
opposing phage’s nucleus, would reduce its fitness. We identified five potential nucleases from
®PA3 and imported them into the ®KZ nucleus by taking advantage of our fortuitous finding that
GFPmutl and any proteins fused to it, are imported into the nucleus of ®KZ but not ®PA3 (Figure
3.4C) [20]. In contrast, sSftGFP does not alter protein localization and naturally resides in the
cytoplasm (Figure 3.4C), serving as a negative control. Of the five ®PA3 proteins tested, only the
putative endonuclease gp210 strongly inhibited ®KZ reproduction when imported into its nucleus.
Bioinformatically, gp210 has an HNH nuclease domain, but its specific biochemical activities are
presently uncharacterized. When tagged with either GFPmutl or sfGFP, and expressed from a
plasmid with 1% arabinose, gp210 localized inside the nucleus of ®PA3 without affecting the
efficiency of plating (EOP) (Figures 3.4A and C). In contrast, importing gp210-GFPmut1 into the
®KZ nucleus decreased EOP by 99.4% compared to GFPmutl alone (Figures 3.4B and D). The
cytoplasmically localized gp210-sfGFP control had a relatively small effect (~60% reduction) on

®KZ EOP (Figure 3.4B). When gp210-GFPmutl was expressed at low levels with 0.1%
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arabinose, the EOP of ®KZ was reduced by ~93% while cytoplasmic gp210-sfGFP was only
reduced by 20% (Figures S3.5A and B). This suggests a reduction in fitness resulting from
importing an endonuclease from a closely related phage, representing another type of Virogenesis
Incompatibility. Surprisingly, when we examined ®KZ replication in cells expressing gp210-
GFPmutl, we saw no obvious effect on the first round of phage replication as judged by nucleus
size or lysis time (Figures S3.5C—-E). We used bacterial growth curves to further quantify the
effect of gp210 on phage fitness over multiple generations in liquid cultures. Ten-fold serial
dilutions of phage were added to exponentially growing cells expressing either gp210-sfGFP or
gp210-GFPmutl at a low level from an uninduced arabinose promoter and then cell growth
(ODs0o) was monitored over time. If the imported gp210-GFPmutl impairs ®KZ fitness, we
expect an increase in the concentration of ®KZ required to inhibit 50% of cell growth (IC50) after
6.5 hours. We found the IC50 of ®KZ for cells expressing control proteins sfGFP or GFPmutl
was a multiplicity of infection (MOI) of 5 x 10~ (Figures 3.4E and F). In comparison, the IC50
of ®KZ for cells expressing gp210-GFPmutl was an MOI of 500 (Figure 3.4G). This shows that
100,000-fold more ®KZ phage were required to inhibit the growth of cells by 50% when gp210-
GFPmutl was imported into the nucleus compared to the GFPmutl control. As another control,
the IC50 of ®KZ for cells expressing gp210-sfGFP (which is localized in the cytoplasm) was an
MOI of 5 x 1073 (Figure 3.4H) which is similar to the IC50 in the cells expressing control proteins
sfGFP or GFPmutl. These experiments demonstrate that gp210 is a native nuclear protein of
®PA3 that is naturally excluded by the ®KZ nucleus and is incompatible with ®KZ replication
when imported. Such nuclear incompatibility factors can provide continued selection for the
nucleus, thereby reinforcing Subcellular Genetic Isolation and consequent divergence of these two

species.
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3.5 Discussion

The Biological Species Concept defines species as interbreeding populations that are
reproductively isolated from other populations [21]. Speciation factors in eukaryotes establish
reproductive barriers that allow genetic divergence and the formation of new species. Here we
describe three viral speciation factors that we categorize into two distinct reproductive isolation
mechanisms. Subcellular Genetic Isolation can act by reducing genetic exchange between viruses
coinfecting a single host cell, as in the case of the phage nucleus that physically separates phage
genomes. Virogenesis Incompatibility can act by limiting the production of viable viral particles
and reducing viral fitness, as occurs with incompatible hybrid spindles or the presence of a nuclear
incompatibility factor such as gp210. These general principles of Subcellular Genetic Isolation
and Virogenesis Incompatibility provide an understanding of the underlying mechanisms of viral
speciation. We calculated that these mechanisms are sufficient for nearly complete genetic
isolation between these two phages. The probability of a successful hybrid was estimated by
multiplying the effects of Subcellular Genetic Isolation due to the phage nucleus (25%), relative
genome frequency due to competition (94%), and Virogenesis Incompatibility due to hybrid
spindles (50%) and a nuclear incompatibility factor (0.59%). While we cannot discern from these
data if any of these factors caused the speciation of the two phages, we have demonstrated that
they significantly reduce the chance of obtaining a successful hybrid to 0.07% under ideal
circumstances where two diverging phages simultaneously infect the same cell. These results
show Subcellular Genetic Isolation and Virogenesis Incompatibility lead to a limitation of gene
flow, and together with previous work, directly support the application of the Biological Species

Concept to viral speciation.
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In line with other speciation mechanisms like Dobzhansky-Muller genetic
incompatibilities, we predict that each of these mechanisms will have a greater impact on isolation
with increased evolutionary divergence [22]. As the nucleus and spindles diverge, they are likely
to accumulate functional and structural differences that result in increasingly defective
configurations when they co-assemble. When mutations accumulate between diverging strains,
evolving nucleases that are beneficial to one phage can become detrimental to a divergent phage.
As shown in Figure S3.2, when strains diverge in their competitive fitness they are less likely to
recombine. Taken together, we expect that these mechanisms will favor genetic exchange between
closely related strains, and create increasingly reinforced barriers between divergent strains.

These evolutionary principles likely apply to many viruses and help to explain their rapid
evolution and diversity. Herpesvirus has been shown to form spatially separated replication
compartments (Subcellular Genetic Isolation) that limit genetic exchange but recombination
occurs when these compartments coalesce [18]. In comparison, the phage nucleus also limits
genetic exchange of viral genomes regardless of intracellular proximity. The phage nucleus, which
may have evolved to provide protection against host defenses [15, 16, 23, 24], is likely widespread
since it has been observed during infection of Serratia with phage PCH45 [23], and we have
identified shell homologs in many distinct phage families infecting a diverse range of hosts
including Salmonella, Ralstonia, Cronobacter, Erwinia, Vibrio, and E. coli. The PhuZ tubulin
that makes up the spindle is also conserved and the genetic divergence that has occurred between
the PhuZ proteins of ®PA3 and ®KZ results in Virogenesis Incompatibility that further limits
exchange and drives speciation. Virogenesis Incompatibility could conceivably occur for any
virus through the co-assembly of divergent proteins that make up any macromolecular structure

(including virion structural proteins) required for phage propagation. These are the first described
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examples of intracellular speciation factors for any virus, demonstrating that even viruses evolve
traits that facilitate reproductive isolation. This discovery suggests that all domains of life,
including viruses, are challenged to optimize genetic exchange by way of speciation in order to
enhance the supply of adaptive variation while minimizing the influx of incompatible genes

3.6 Acknowledgements

This research was supported by National Institutes of Health grants GM104556 (J.P.) and
GM129245 (J.P.) and by National Science Foundation grant DEB1934515 (J.R.M). We thank Eray
Eniistun and Chase Morgan for carefully reading the manuscript.

Chapter 3, in entirety, is a reprint of the material as it appears in Chaikeeratisak, V.,
Birkholz, EA., Prichard, A., Egan, ME., Mylvara, A., Nonejuie, N., Nguyen, KT., Sugie, J., Meyer,
JR., & Pogliano, J., 2021, Viral speciation through subcellular genetic isolation and virogenesis
incompatibility in Nature Communications. The dissertation author was a primary author and the
secondary investigator of this material.

Author contributions

V.C., E.AB., A.P.,, AM,, and M.E.E. conducted experiments and contributed to analysis

and writing of the paper. E.A.B., A.P., and J.P. conceptualized the original manuscript. K.N.,

P.N., J.S., J.R.M., and J.P. contributed to experimental design, analysis, and writing of the paper.

109



3.7 Figures

Figure 3.1 Subcellular Genetic Isolation occurs between identical and divergent coinfecting
phages. (A) P. aeruginosa infected for 50 minutes with either ®PA3 or ®KZ frequently harbors
more than one phage nucleoid. Cell membranes (magenta), DNA (cyan), GFP (green). (B) GFP-
tagged ®PA3 shell (green) and mCherry-tagged ®KZ shell (red) reveals two nucleoids separated
by nuclear shells at 50 mpi. (C, D) Cells expressing both GFP-®PA3shell and mCherry-®KZshell
and were infected with either ®PA3 or ®KZ (C) or both phages (D). (C) GFP-®PA3shell only
forms a shell (green) when infected with ®PA3 and mCherry-®KZshell only forms a shell (red)
when infected with ®KZ. Phage DNA is blue. (D) Coinfected cells formed two separate red and
green nuclei (~75%) or one nucleus with both red and green shell components (~25%). (E-H) n=
89 coinfected cells, (E) Percentage of coinfected cells with a larger ®PA3 or ®KZ shell. (F)
Distribution of coinfected cells based on DAPI intensity inside shells. (G, H) Distribution of
single-species coinfecting nuclei by DAPI intensity for ®PA3 or ®KZ, respectively. Using a cut
off of at least 5% difference between the two values to establish if they are different from one
another shows that 88% of the nuclei have unequal DNA content. Scale bars in panels (A-D) are
I pm.
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Figure 3.2 Nuclei are mispositioned during cross-species coinfections. (A-C) Cells expressing
both GFP-®PA3shell (green) and mCherry-OKZshell (red) were infected with either ®PA3 or
®KZ or both. (A) ®PPA3 nucleus position when singly infected with ®PA3 (open circles, n = 100),
when dual infected with ®PA3 (solid squares, n = 56) resulting in two ®PA3 nuclei in a single
cell, or when coinfected with ®KZ (solid triangles, n = 89). (B) ®KZ nucleus position when singly
infected with ®KZ (open circles, n = 100), when dual infected with ®KZ (solid squares, n = 40)
resulting in two ®KZ nuclei in a single cell, or when coinfected with ®PA3 (solid triangles, n =
89). (C) Time-lapse (sec, seconds) of coinfecting nuclei failing to migrate to midcell (mpi, minutes
post-infection).  (D-F) Cells expressing wildtype sfGFP-OPA3PhuZ (D), mutant sfGFP-
®PA3PhuZD190A (E), or wildtype sftGFP-OKZPhuZ (F) showing the nucleus (blue, DAPI) and
spindle (green, GFP), cell membrane (red, FM4-64) when infected with ®PA3. (G, H) OPA3
nucleus position displayed as fraction of cell length for cells expressing wildtype sfGFP-
®PA3PhuZ (G, H, green, n = 100), mutant sftGFP-®PA3PhuZD190A (G, purple, n = 100), or
wildtype sfGFP- ®KZPhuZ (H, pink, n = 100). Scale bar in panel (D) equals 1 um and all panels
in (C-F) are at the same scale. Data for ®PA3 nucleus position is repeated in graphs (A, G & H)
for reference.
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Figure 3.3 Nonfunctional hybrid spindles form through cross-species mixing of PhuZ
monomers. (A) Simultaneous expression of sStGFP-OPA3PhuZ (green) and mCherry-OKZPhuZ
(red) results in hybrid filaments (yellow) and mispositioning of the ®PA3 nucleus (blue). (B)
Photobleaching of sfGFP-®PA3PhuZ (left) shows movement of bleached zones indicating
treadmilling (yellow arrows) during ®PA3 infection. Photobleaching of hybrid spindles formed
by expressing sftGFP-®KZPhuZ and cross infecting with ®PA3 demonstrates filaments are not
dynamic. Scale bars equal 1 um.
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Figure 3.4 A nuclear incompatibility determinant impairs phage fitness. (A) Efficiency of
plating (EOP) relative to GFPmutl for ®PA3 in cells expressing the indicated fusions with 1%
arabinose. The number of independent replicates, n, equals 4 (GFPmutl), 3 (sfGFP), 4 (gp210-
GFPmutl), and 4 (gp210-sfGFP). Error bars show standard deviation. (B) EOP relative to
GFPmutl for ®KZ in cells expressing the indicated fusions with 1% arabinose demonstrate a
99.4% decrease in viable ®KZ with gp210-GFPmut1 in the nucleus. The number of independent
replicates, n, equals 7 (GFPmutl), 6 (sfGFP), 6 (gp210-GFPmutl), 6 (gp210-sfGFP). Error bars
equal standard deviation. (C, D) GFP fusions (green) and FM4-64 stained cell membranes (red).
Individual data points are shown as circles. (C) GFPmutl and sfGFP localize to the cytoplasm
during ®PA3 infections. gp210-GFPmutl and gp210-sfGFP localize to the nucleus and form
puncta during ®PA3 infections. (D) sfGFP and gp210-sfGFP localize to the cytoplasm of ®KZ
infected cells. GFPmutl and gp210-GFPmutl localize to the nucleus of ®KZ infected cells. (E-
H) Determination of ®KZ IC50 (red dotted line) for cells expressing control proteins GFPmutl or
sfGFP (E, F) or fusions to gp210 (G, H) as indicated by measuring cell growth (ODsoo) over 6.5
hours of infection. Ten-fold serial dilutions of phage were added to cells resulting in a multiplicity
of infection (MOI) ranging from 5000 to 5 x 1077 as shown in (D). All growth curves represent
an average of eight independent trials. For the sake of clarity, only the MOIs neighboring the IC50
threshold are shown for (F-H).
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Figure S3.1 Viral nucleoid size and shell size of single species dual infections. (A) Table of
single species dual infection percent per total infected cells, observed at 20 or 50 minutes post
infection (mpi). For ®KZ, n =368 (20 mpi) and n = 307 (50 mpi). For ®PA3, n = 156 (20 mpi)
and n = 142 (50 mpi). (B) Uninfected P. aeruginosa expressing GFP-®PA3shell (green) and
mCherry-OKZshell (red) form diffuse fluorescence and foci. (C, D) Nucleoid area as measured
by area of DAPI staining and plotted for two nucleoids in single cell for ®PA3 (C, n = 26 cells)
and ®KZ (D, n = 25 cells) dual infections. (E, F) The relative amount of nucleoid DNA was
estimated by measuring integrated DAPI intensity and found to be proportional to nucleoid area
for ®PA3 (E, n=52) and ®KZ (F, n = 50). (G) Average size of each shell during a coinfection (n

= 89).
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Figure S3.2 Fraction of cross-species recombination varies with competitive imbalance
between species. Competitive differences were calculated using a modified selection rate
equation, which computes the difference in Malthusian growth parameters over a period of time
(t). Here, t will equal one round of infection and thus factors out of the equation. Competitive
difference = In(p/0.5) — In(q/0.5). The yellow circle indicates the value calculated for ®PA3 and
®KZ based on their relative DNA concentrations.
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Figure S3.2 Fraction of cross-species recombination varies with competitive imbalance
between species (continued). Calculation of assortative mating frequency. One mechanism
that can reduce the chance of cross-species phage recombination, even in the absence of protected
shells, is through intracellular competition. Imagine a scenario where phage species infect a cell
simultaneously and their genomes begin to replicate diffusely throughout the cytoplasm. If the
two phages reproduce equally well, then they will achieve equal frequencies intracellularly and
each phage species will have an equal probability of recombining with conspecifics or the other
species. Alternatively, if one phage is able to allocate more resources and replicate more DNA,
then the probability of cross-species recombination will be reduced since the majority of the
recombinations will happen between conspecific genomes of the dominant species. This can be
shown mathematically with calculations that are similar to the Hardy Weinberg equation from
population genetics. If a cell were infected by two phages and these phages vary in their growth
rates, then their frequencies would shift from 0.5 and 0.5 to p and q. Additionally, if it is assumed
that most recombination between genomes occurs near the end of DNA replication when phage
DNA is at its highest concentration, then p and q can be used to predict the relative frequencies of
intraspecies versus interspecies recombination. The probability that recombination will occur
between two P genomes is equal to the likelihood that two P genomes encounter each other, which
is the product of their frequency in the cell, p?. The probability of recombination between two Q
genomes is q°. The total amount of intraspecies recombination will be p?> + 2. The probability of
P recombining with Q is pq, and the probability of Q recombining with P is qp. Therefore, 2pq is
the probability of cross-species recombination. When p = q, then 50% of the recombination is
interspecies and 50% is intraspecies. As the difference between the phages’ ability to reproduce
is magnified, their final frequencies will diverge, and interspecies recombination will become
increasingly rare (Figure 3.2S). We calculated 2pq for each individual coinfection based on DAPI
staining intensity within each nucleus at 60 mpi and found the average 2pq value equaled 0.47.
Therefore, the expected impact on the rate of recombination between ®PA3 and ®PKZ based on
genome frequency was a 6 percent reduction (Figure S3.2). This calculation makes many
simplifying assumptions and additional factors could also contribute to genetic isolation. Among
the additional factors we could conceive, all of them would reduce the potential for cross-strain
recombination, making our estimations conservative. For example, our calculation assumes that
the genetic differences between the strains does not impact the potential for them to recombine.
However, it is well known that as DNA sequences accumulate more genetic mutations, they will
be less likely to recombine [25]. Therefore, the probability of recombination will be the product
of the potential for two genomes to encounter each other within a cell, as we have computed here,
and how similar the genomes are to one another. Another factor that would also reduce the
potential for cross-strain recombination is the timing of infection. The greater the time lag between
infections, the less likely the different strains will recombine. There are many other mechanisms
that could reduce recombination. Our goal was to show that a simple ecological mechanism, such
as resource competition, can impact inter-strain recombination and thus reproductive isolation. To
the best of our knowledge, the effects of intracellular viral competition on recombination had not
been previously considered. Given that intracellular competition should arise between any two
strains infecting the same cell, we predict that this mechanism could have a significant impact on
establishing genetic isolation in the virosphere.
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Figure S3.3 Nucleus positioning of ®PA3-infected cells showing that the nuclei are
mispositioned during cross-infections. ®PA3 nucleus position is displayed as fraction of cell
length for cells expressing wild type sfGFP-OPA3PhuZ (green, n = 100), or wild type sfGFP-

®KZPhuZ (red, n = 100), or untagged ®KZPhuZ (grey, n = 100).
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Figure S3.4 Two examples of nonfunctional hybrid spindles formed through cross species
mixing of PhuZ monomers. Simultaneous expression of sfGFP-®PA3PhuZ (green) and
mCherry-OKZPhuZ (red) results in hybrid filaments (yellow) and mispositioning of the ®PA3
nucleus (blue).
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Figure S3.5 Low expression of gp210-GFPmut1 still incurs a large knockdown of ®KZ titer
but infection morphology and lysis not affected. (A) Efficiency of plating (EOP) relative to
GFPmutl for ®PA3 in cells expressing the indicated fusions with 0.1% arabinose. The number of
independent replicates, n, equals 7 (GFPmutl), 3 (sfGFP), 7 (gp210-GFPmutl), and 6 (gp210-
sfGFP). Error bars equal standard deviation. (B) EOP relative to GFPmutl for ®KZ in cells
expressing the indicated fusions with 0.1% arabinose demonstrate a 93% decrease in viable ®KZ
with gp210-GFPmutl in the nucleus. The number of independent replicates, n, equals 19
(GFPmutl), 6 (sfGFP), 19 (gp210-GFPmutl), 18 (gp210-sfGFP). Error bars represent standard
deviation. (C, D) Fields of cells at 70 mpi showing that P. aeruginosa cells expressing gp210-
GFPmutl (C, n = 3 replicates with 177 total cells) or GFPmut1 alone (D, n = 5 replicates with 172
total cells) both form large, centrally positioned nuclei. GFP (green), cell membranes stained with
FM4-64 (red). ®KZ replication in cells expressing gp210-GFPmutl appears normal during a
single round of infection. (E) The percentage of phage cells infected, as indicated by the presence
of a nucleus, decreases over time as cells lyse at the end of the infection cycle. The timing of cell
lysis after phage infection was measured in time-lapse microscopy. Cells expressing gp210-
GFPmutl (blue circles) or GFPmutl alone (orange circles) were infected and followed for 4.5
hours.
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CHAPTER 4:

A homing endonuclease of ®PA3 inhibits virogenesis of coinfecting phage ®KZ
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4.1 Abstract

Viruses constitute a large portion of the genetic diversity on Earth yet their taxonomy relies
largely on sequence similarity. The boundaries between species of viruses can be biologically
defined by the Biological Species Concept through the identification of speciation factors limiting
the potential for recombination between viruses in different gene pools. The first viral intracellular
speciation factors were discovered in nucleus-forming jumbo phage. The potential for gene flow
between coinfecting phages was restricted by subcellular genetic isolation, the physical
segregation of DNA, and virogenesis incompatibilities, the interference between machinery
required for virion production. Here we characterize the virogenesis incompatibility factor gp210,
encoded by ®PA3, and show that it is an intronic endonuclease that targets ®KZ DNA at a site
homologous to the intron insertion site in the ®PA3 genome. The intron containing gp210
interrupts a subunit of the ®PA3 RNA polymerase and targets the allele of coinfecting phage ®KZ
which lacks an intron, acting as a virogenesis incompatibility factor by severely limiting virion
production. Our studies indicate that homing endonucleases can reinforce the subcellular genetic
isolation that maintains separation of phage genomes and their respective endonucleases. This
presents an explanation for the disparities in selective protein import that has been observed
between closely related phages. The prevalence of homing endonucleases in phage genomes
infecting diverse hosts suggests that this is a widespread competitive mechanism that drives viral
speciation.
4.2 Introduction

The mechanisms of viral speciation are not fully understood despite viruses constituting
the majority of genetic information and diversity on our planet [1, 2]. Viruses are officially

classified into taxa mainly by comparative sequence analyses with arbitrary thresholds [3-
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6]. Virus genomes have been found to cluster into biological species where there is more genetic
exchange within than between the clusters [7, 8]. This definition of a biological species as a gene
pool comes from The Biological Species Concept [9, 10]. Gene pools can be separated spatially,
temporally, or by mechanisms that prevent mating or recombination. Gene pools can also be
isolated by incompatibilities, such as Dobzhansky-Muller genetic incompatibilities [9, 11-13], that
reduce the production or virulence of the progeny generated from the mixing of two different gene
pools. The divergence resulting from these reproductive isolating mechanisms can enhance or
introduce speciation factors that provide a selection against the mixing of the gene pools.

In viruses, the identification of speciation factors in relation to the Biological Species
Concept has only been reported for spatially separated populations [14-16]. Duffy et al.
demonstrated that when RNA virus ®6 was propagated on a new host, it lost the ability to infect
the host of the ancestral virus, separating the gene pools [14]. Meyer et al. showed that two A
populations infecting two different hosts accumulated enough genetic divergence to result in
genetic incompatibilities [15]. Saxenhofer et al. reported genetic isolation between two clades of
a virus infecting a speciating rodent population and interestingly the amount of isolation between
the virus clades exceeded that between the emerging rodent species [16]. Since viral genomes are
only accessible to recombination when replicating inside a cell, viruses that are geographically
separated or do not share host tropism are largely isolated from recombining their genes, making
these the first barriers to be considered when defining viral gene pools.

The first characterized intracellular factors that separate the gene pools of coinfecting
phages were observed in the nucleus-forming jumbo phages ®KZ and ®PA3 of Pseudomonas
aeruginosa [17]. These phages encode proteins that interfere with the recombination of their

genetic traits by two different mechanisms. The major nuclear shell proteins of each phage form
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separate phage nuclei for 75% of coinfections. The shell protein even separates coinfecting
genomes from the same phage stock for about 20% of infections and does not show evidence of
fusing during infection [17]. This physical separation of coinfecting genomes was termed
Subcellular Genetic Isolation, a speciation factor that has also been observed between the
replication compartments of HSV-1 and vaccinia virus [18-20]. The bipolar spindle that centers
the phage nucleus is composed of filaments of tubulin-like monomers called PhuZ [21-23], and
the divergent PhuZ proteins from ®KZ and ®PA3 can co-assemble to create dysfunctional static
polymers [17]. These filaments of incompatible monomers reduce the efficiency of the
intracellular production of virions, or virogenesis. Their genomes have diverged enough that the
mutations in the PhuZ gene have created a reinforcement in the limitation of genetic exchange, or
speciation, by making coinfections less productive than single species infections. This type of
speciation factor was termed Virogenesis Incompatibility [17]. Another virogenesis
incompatibility found between these two phages involves a resident protein of the ®PA3 nucleus,
gp210. In nature, ~25% of the coinfections between these two phages would be subject to this
speciation factor, when the shells co-assemble and potentially contain both genomes and their
associated proteins [17].

The inhibition of ®KZ by gp210 was discovered using our recent discovery that GFPmutl1,
along with a fused protein, is imported into the ®KZ nucleus [24]. GFPmutl is the only
fluorophore tested that gets imported into ®KZ but no fluorophores used were imported into the
®PA3 nucleus. ®PA3 does import tagged gp210 demonstrating it is naturally a resident of the
nucleus while ®KZ excludes gp210 without the GFPmutl tag. This fascinating disparity in which
proteins are imported into the nuclei of such closely related phages as ®KZ and ®PA3 has yet to

be explained. By fusing gp210 to GFPmutl, we forced the import of this ®PA3 endonuclease into
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the ®KZ nucleus and saw a great reduction in the fitness of ®KZ (99.4% reduction by spot titer,
100,000-fold reduction in ability to lyse cells in liquid culture over 6 hours) [17]. Since gp210 is
a nuclear protein of one phage that is drastically detrimental when in the nucleus of a coinfecting
phage, it is a virogenesis incompatibility reinforcing the separation of these gene pools. It may
also offer an explanation for the evolution of phage nucleus protein import mechanisms that differ
between closely related phages. No details about the nature of gp210 and its activity against PKZ
have been published. Here we present evidence supporting that gp210 is a homing endonuclease
from a group I intron, and that it can target the ®KZ genome, interfering with the production of
virions.

Homing endonucleases are widespread in all kingdoms of life [25]. They target the DNA
surrounding their open reading frames (ORFs), causing a DNA break in a conserved site of a
homologous chromosome that does not contain the endonuclease gene, triggering recombination
which results in unilateral gene conversion the intron(+) allele with the loss of the homing site [26-
32]. While these homing endonucleases can be freestanding, they are also often found within
group I or group II introns as well as inteins. Those self-splicing elements allow the homing
endonuclease to invade highly conserved open reading frames by ensuring the essential genes of
the host remain functional. The introns invaded essential genes at conserved residues such as
enzyme active sites, so that any imperfect attempt to delete the intron could lead to a nonfunctional
essential gene [27, 28, 33]. It has been proposed that once an intron was in place, a homing
endonuclease, which also targeted highly conserved sequences to optimize spread to related but
diverging populations, invaded the intron that offered protection against disruption of the host gene
[27, 28, 34-38]. This creates a composite mobile genetic element consisting of an intron and a

protein that promotes the intron’s mobility, a mobile intron.
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In phage, the most common introns are group I introns with a homing endonuclease
interrupting genes involved in DNA metabolism [28]. Group I introns are also found interrupting
mRNA, rRNA, and tRNA genes in every domain of life [29, 33, 39]. A stop codon often occupies
the intron at the 5’ splice site, to reduce RNA folding interference by ribosomes, which on the
other hand, can chaperone RNA folding [28, 29]. The ribozyme formed by group I intron RNA is
highly conserved in structure [33, 40] with a terminal loop that can tolerate large insertions, ripe
for invasion by homing endonuclease ORFs [29, 33, 41].

Homing endonucleases in phage instigate intron mobility by employing the recombination
machinery of phage replication [26, 28, 29]. They stimulate homologous recombination by
creating either a double strand break (DSB) [42-44] or a single strand nick [41, 45-48]. Nicking
produces a less toxic effect [49], suggesting an advantage of nicking to protect the host. When
these introns invade a related genome, the dependence on homologous recombination will lead to
less efficient repair between more divergent genomes [50, 51]. The sequence tolerant recombinase
of phage A, Redp, loses 100-fold efficiency when the recombining sequences are 22% diverged
and recombination does not occur at 52% divergence [52, 53]. This feature of the homing process
sets it up to reinforce speciation if the genomes diverge too much to efficiently recombine but the
DNA targeting of the homing endonuclease is preserved through the most conserved amino acids.

These nucleases housed in the introns of phage are often elongated proteins that enable
recognition of a DNA target region over 30 bp long, despite the small number of residues making
up the protein [26, 28, 46, 54, 55]. Their loosely connected DNA-binding (NUMOD [56]) and
catalytic domains allow non-uniform contacts in the major and minor groove of the target region,
generating mismatch tolerant endonucleases that retain high specificity at only the most conserved

residues [26, 28, 29, 54]. Homing endonucleases with an H-N-H/N domain are common in viruses
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and they utilize a leading histidine to activate a water molecule as a nucleophile and an asparagine
or histidine to coordinate the metal ion (magnesium or zinc), stabilizing the transition state [26,
46, 57]. The phage-encoded nicking homing endonucleases referenced above all belong to the
HNH family.

Group I introns containing a homing endonuclease have been studied in the context of
coinfecting phage but only at the genome level and not for the entire organism. Nicking HNH
endonuclease [-PfoP3I from the group I intron in the DNA polymerase (DNAP) of cyanophage
Pf-WMP3 is an example of a typical homing endonuclease [45]. It prefers the intron(-) allele of
the homologous phage over related phage Pf~-WMP4 and cuts both genomes 4 nucleotides
upstream of the intron insertion site with the recognition region spanning only 14 bp. Bacillus
subtilis phages SPO1 and SP82 also contain group I introns with nicking HNH homing
endonucleases, [-Hmul and I-Hmull respectively, in their DNAPs [38, 58]. However, unlike many
homing endonucleases, these two are able to cut both the intron(+) and intron(-) alleles of the
DNAP and they each prefer the allele of the heterologous phage. Interestingly, [-Hmull cuts SPO1
DNA 52 nucleotides from the intron insertion site and excludes the I-Hmul intron while causing
the co-conversion of the flanking genes [41] as seen similarly for the SegF and SegG homing
endonucleases [30, 59]. This activity is termed ‘marker exclusion’ or ‘partial exclusion’ [60-64]
and has been implicated as a selective advantage that only acts on the specific genes that benefit
from co-conversion, resulting in a localized genetic isolation for a portion of the genome [60, 62].

These mobile intron systems are “selfish” genetic elements but whether or not their
nuclease confers a benefit to the host organism has remained unclear [65-68]. When these mobile
introns inhabit a virus, they have the potential to influence the fitness of certain genes, the virus

itself, or the bacterial host. The selective advantage of mobile introns on certain genes is the
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marker exclusion referenced above. We could not find any report of a selective advantage
conferred by a viral intron to the host of the virus. For benefits to the entire virus from the intron,
only stress-induced ectopic insertion has been posited, but not demonstrated, to provide an
advantage by introducing genetic diversity, which could also be destructive [29, 69, 70]. Other
host benefits that have been suggested merely mitigate the negative impact of the intron itself and
do not provide any advantage over intron(-) competitors. There has not been any reported
competitive advantage for an entire virus that is conferred by a homing endonuclease, though it
has been hypothesized [67].

Here we characterize the virogenesis incompatibility factor gp210, a homing endonuclease
encoded by ®PA3, that was previously identified through its ability to significantly decrease the
fitness of related coinfecting phage ®KZ [17]. We show that ®PA3 gp210 targets ®KZ DNA at
the unoccupied locus of the ®PA3 intron. This nucleolytic activity was supported by an in vitro
nuclease assay. Genetic and biochemical studies demonstrate that gp210 cuts a specific sequence
in the ®KZ DNA within a gene encoding a subunit of the virion-packaged RNA polymerase,
gp178. Using cryo-FIB-ET to visualize the consequence of this cleavage on phage replication we
demonstrated that the import of gp210 into the ®KZ nucleus inhibited the production of new viral
capsids. These studies allow us to propose a model in which gp210 acts as a virogenesis
incompatibility factor by preventing the production of ®KZ virions through targeting of gp178
which is required for viral capsid assembly.

4.3 Materials and Methods
Bacterial strains, phage, and growth conditions

P. aeruginosa PAOI derivative K2733 was used as the host in all experiments. It was
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grown at 30°C in LB and 15 pg/ml gentamycin was used for plasmid selection. Phage stocks of
®KZ and OPA3 were collected from medium titer plate lysates using phage buffer (10 mM Tris
(pH 7.5), 10 mM MgSO4, 68 mM NaCl, and 1 mM CaCl,) and stored at 4°C with titers of 10'? and
10'°, respectively.
Plasmid construction and transformation

Plasmids were either constructed by Gibson assembly [17] or synthesized and cloned by
Genscript. The vector for all plasmids was pHERD-30T [17, 71-73] and Genscript cloned the
inserts using Sacl and Sall. Plasmid transformation was accomplished by 2 kV electroporation of
K2733 cells washed with 300 mM sucrose and stored at -80°C.
Phylogenetic tree construction and alignments

All trees are unrooted neighbor-joining trees [74] constructed from a neighbor-joining
MUSCLE alignment using MEGA X [75, 76]. Trees are bootstrapped [77] by 1000
replicates. Tree scale is given in units of amino acid substitutions per site with branch lengths
equal to the evolutionary distances computed using the Poisson correction method [78]. Positions
containing gaps were eliminated.
Protein expression, purification, and characterization

Full length wild-type gp210 was cloned into UC Berkeley Macrolab vector 1B (Addgene
#29653) to generate N-terminal fusions to a TEV protease-cleavable Hisg-tag. Proteins were
expressed in E. coli strain Rosetta2 pLysS (EMD Millipore) by induction with 0.25 mM IPTG at
20°C for 16 hours. For protein purification, cells were harvested by centrifugation, suspended in
resuspension buffer (20 mM Tris-HCI pH 7.5, 300 mM NaCl, 5 mM imidazole, 5 mM 2-
mercaptoethanol and 10% glycerol) and lysed by sonication. Lysates were clarified by

centrifugation (16,000 rpm 30 minutes), then supernatant was loaded onto a 5 mL Ni?" affinity
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column (HisTrap HP, GE Life Sciences) pre-equilibrated with resuspension buffer. The column
was washed with buffer containing 20 mM imidazole and 100 mM NaCl, and eluted with a buffer
containing 250 mM imidazole and 100 mM NaCl. The elution was loaded onto an anion-exchange
column (Hitrap Q HP, GE Life Sciences) and eluted using a 100-600 mM NacCl gradient. Fractions
containing the protein were pooled and mixed with TEV protease (1:20 protease:gp210 by weight),
then incubated 48 hours at 4°C for tag cleavage. Cleavage reactions were passed over a Ni*
affinity column, and the flow-through containing cleaved protein was collected and concentrated
to 2 mL by ultrafiltration (Amicon Ultra-15, EMD Millipore), then passed over a size exclusion
column (HiLoad Superdex 200 PG, GE Life Sciences) in a buffer containing 20 mM Tris-HCI pH
7.5, 300 mM NaCl, and 1 mM dithiothreitol (DTT). Purified proteins were concentrated by
ultrafiltration and aliquoted and frozen at -80°C for biochemical assays.
Nuclease activity assay

Plasmids were miniprepped from 5 mL of overnight culture of NovaBlue E. coli cells.
Purified gp210 was mixed with 500 ng plasmid DNA in a buffer containing 10 mM Tris-HCI (pH
7.5), 25 mM NacCl, 10 mM MgCl,, and 1 mM DTT (50 pL reaction volume), incubated 1 hour at
37°C, then separated on a 1.0% agarose gel. Gels were stained with ethidium bromide and imaged
by UV illumination.
Efficiency of plating (EOP) by spot titers

To determine the efficiency of phage plaque formation on bacteria expressing different
fusion proteins, previously published methods were followed [17]. Protein expression was
achieved with the indicated fusions by inducing with 1.0% arabinose. For the EOP of progeny, the
indicated expression protein was expressed during the replication of the progeny and the titers

were performed on the P. aeruginosa host, K2733, without any plasmid present.
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IC50 growth curves

Growth curves to determine the amount of phage required for suppression of the bacterial
culture to 50% of maximum growth (IC50) were performed as described previously [17]. 95 ul of
bacterial host at ODgoo of 0.1 was combined with 5 pl of ten-fold serial dilutions of a ®KZ lysate
across a 96-well plate. The plates were shaken for an initial 40 minutes at 30°C in a microplate
reader (Tecan Infinite MPlex and Tecan Sunrise) after which ODgoo measurements were taken
every 10 minutes, with continuous shaking at 30°C between the timepoints. The ODgoo values
were averaged and plotted as a growth curve. IC50 is annotated at half of the ODsoo reached by
the strain when grown with only phage buffer. Fusion proteins were expressed by 0.1% arabinose.
Single cell infection assay

Single cell infections of P. aeruginosa were visualized using fluorescence microscopy [17,
71-73]. Briefly, 1% agarose pads containing 25% LB, 2 ng/ml FM 4-64, and 1 pg/ml DAPI were
inoculated with 5 pl of cells (ODgoo 0.4) and incubated for 3 hours at 30°C in a humidor and then
infected with 10 pl of a high titer phage lysate. Imaging was performed with a DeltaVision Elite
Deconvolution microscope (Applied Precision, Issaquah, WA, USA). Images were further
processed by the aggressive deconvolution algorithm in DeltaVision SoftWoRx 6.5.2 Image
Analysis Program, and analyzed using Fiji 1.53c software [79].
Lysis time-lapse

Time-lapse to measure lysis was performed as previously described [17]. Infections were
established on agarose pads (described above) without any stains. Beginning after 45 mpi, images
were captured every 10 minutes for 4 hours using UltimateFocus. The cells that lysed during the
imaging were counted and reported as a percentage of the total number of starting cells. The

percentages were averaged and plotted for both bacterial host strains.
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Progeny collection

®KZ progeny were generated in the presence or absence of functional or nonfunctional
gp210. Homogeneous liquid cultures of P. aeruginosa K2733 were grown in LB for 3 hours at
30°C. The ODgoo was measured and cultures were back-diluted to an ODgoo of 0.05 and induced
with 1% arabinose for 1 hour to express the protein of interest (GFPmutl1, gp210-GFPmut1, gp210-
sfGFP, or gp210H82A-GFPmutl). Cells were grown to an ODego of about 0.1 and infected with
®KZ at an MOI of 30 to ensure high infection rates. During early infection (30mpi, after cells
would be infected but before lysis begins), cells were centrifuged at 3220 rcf for 10 minutes to
pellet infected cells and the supernatant was removed, filtered through a 0.45 pm filter to remove
any residual bacterial cells, and saved as the “parent” phage sample. Cells were resuspended in
fresh LB and washed twice more by centrifugation and resuspension to remove any residual parent
phage from the supernatant. When the infections would be entering later stages (80 mpi),
centrifugation was halted to prevent premature lysis of infected cells and resuspended cells were
concentrated 5-fold in LB to ensure a high titer of progeny phage and incubated for 2-4 hours at
30°C to allow for complete lysis of infected cells. After incubation, the cells were centrifuged for
1 minute at 21,130 rcf'to pellet the cells and cell debris, and the supernatant containing the progeny
phage lysate was collected and filtered through a 0.45 um filter to remove any residual bacterial
cells. Progeny and parent phages were stored at 4°C.
Cryo-FIB-ET

Cells expressing gp210-GFPmutl were grown for 3 hours in a humidor at 30°C on 10
agarose pads (1% arabinose, 1% agarose, 25% LB). 10 pl of high titer ®KZ lysate was added to

the pads and incubated for another hour before 25 ul of 25% LB was added at RT and the cells
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were gently scraped from the pads using the bottom of an eppendorf tube and collected for
plunging.

A custom-built manual vitrification device (Max Planck Institute for Biochemistry,
Munich) was filled with liquid nitrogen (LN2) to maintain a and an ethane/propane gas mixture
was condensed to a liquid in a LN2-cooled cup in the device. Room humidity was kept around
30% to mitigate water contamination. Holey carbon-coated QUANTIFOIL® R2/1 copper grids
were glow discharged (0.2mbar, 20mA, 60sec) 30 minutes prior to plunging using a Pelco
easiGlow™ system. 7ul of concentrated infected cells were put on the carbon side of each grid.
Samples were blotted with Whatman filter paper No. 1 to remove excess liquid and plunge-frozen
in the liquid ethane/propane to be vitrified.

Grids were mounted into cryo-FIB AutoGrids (TFS) and milled as previously described
using an Aquilos (TFS) dual-beam scanning electron microscope under cryogenic conditions [80].
Briefly, areas of interest were rough-milled with an ion-beam current of 0.1-0.50 nA, followed by
fine milling and polishing at 30-50 pA. One grid was prepared for each condition to yield two
lamellae for the wild-type infection and four lamellae for infected host cells expressing the gp210-
GFPmutl fusion.

Lamellae were imaged under cryogenic conditions using a Titan Krios (TFS) transmission
electron microscope operated at 300 kV and equipped with a K2 direct electron detector (Gatan)
mounted post a Quantum 968 LS imaging filer (Gatan). The microscope was operated in EFTEM
using a 20 eV slit-width and the detector operated in counting mode. Data collection was
performed semi-automatically using SerialEM [81]. Tilt-series were collected following a dose-
symmetric scheme starting at the specimen pre-tilt and targeting a tilt-range of +/- 60° in

increments of either 2°, 2.5°, or 3°, using a pixel size of either 0.3457 nm or 0.4265 nm. Exposure
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times for each tilt-movie were adjusted to maintain constant counts on the detector throughout the
tilt-series. The cumulative dose for each tilt-series was usually between ~150-200 e/A? and
defocus between 5 to 7 microns.

Tilt-movies were motion-corrected and dose-weighted using MotionCor2 [82]. Tilt-series
alignments of motion-corrected stacks were performed by patch-tracking using Etomo from IMOD
[83]. Tomograms were then reconstructed by Fourier inversion on the aligned stack from Etomo
at a binning level of 4 using the implementation from EMAN?2 [84].

Isolation and sequencing of ®KZ mutants resistant to gp210

To obtain ®KZ mutants that were able to plaque successfully when the host was expressing
gp210-GFPmutl, whole plate infections were generated from 3 separate aliquots of 100 pl of cells
(ODsoo ~0.4) induced for over an hour with 0.1% arabinose and combined with 10 pl of ®KZ
lysate (10'%). Phage adsorption was allowed to proceed while stationary for 10 minutes at room
temperature (RT) prior to the addition of 5 ml warm 0.35% LB top agar. The mixture was poured
onto an LB plate with 15 pg/ml gentamycin and incubated overnight at 30°C in a humidor. Isolated
plaques from each plate were streaked onto a new plate and overlaid with top agar containing 0.1%
arabinose and cells expressing gp210-GFPmutl then incubated overnight. Plaque isolation was
repeated twice more and the final isolate was streaked to achieve web lysis. Those plates were
soaked with 5 ml chilled phage buffer for 5 hours then collected and centrifuged at 3,220 rcf for
10 minutes at 4°C. The supernatant was filtered through a 0.45 pm Corning membrane filter by
syringe, 5 drops of chloroform were added, it was shaken by hand for 2 minutes, then centrifuged
again to separate the aqueous phase. Lysate was drawn off the top for standard titers on cells
expressing GFPmutl or gp210-GFPmutl. For mutants displaying resistance to gp210, 2 whole

plate infections for each isolate were generated and the lysates collected as described above.
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Phage genomic DNA was isolated from each mutant using 10 ml lysate incubated with 5
ul of each RNaseA (100 mg/mL) and DNasel (20 mg/mL) at 37°C for 30 minutes. Then 4 ml of
phage precipitant solution (30% PEG 8000, 19.3% NaCl in ddH>O) was added and incubated
overnight at 4°C. Samples were centrifuged at 10,000 rcf 4°C for 20 minutes and the pellets were
resuspended in 0.5 ml sterile water for incubation at 5 minutes at RT. Then 2.5 ml of Qiagen
Buffer PB was added and incubated at RT for 10 minutes with occasional swirling. The
resuspensions were filtered through Qiagen PCR Purification columns and washed twice with
Qiagen Buffer PE. The columns were dried with an extra 2-minute spin before 100 pl of 37°C
Tris-EDTA buffer was added and allowed to soak for 5 minutes before elution.

Samples were sequenced by the Microbial Genome Sequencing Center (MiGS) in
Pittsburgh. Whole genome sequencing was performed using the Illumina NextSeq 2000 platform
at a depth of 200Mbp. MiGS provided paired end reads (2x151bp) and reported variations from
the Genbank entry for ®KZ (NC_004629.1).

Image quantitation

To measure differences in DNA content of the phage nuclei using DAPI concentration,
cells expressing either GFPmutl or gp210-GFPmutl were grown with 1% arabinose and 1 pg/ml
DAPI for 3 hours then infected by ®KZ for 45 minutes. Raw images were analyzed in Fiji 1.53¢
[79]. The raw integrated density of each phage nucleus was measured by an inscribed circle on
the Z slice closest to the middle of the nucleus. Background raw intensity was measured from
empty space next to each infected cell that was measured. Intensity was normalized to the area of
the region measured and the background subtracted. A violin plot of these values was generated

using Prism 9.2.0 by GraphPad.
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4.4 Results
Gp210 requires HNH endonuclease domain to inhibit ®KZ

The ®PA3 nucleus-residing protein that inhibits ®KZ fitness [17], gp210, is predicted to
contain an HNHc endonuclease domain (accession cl00083, e-value: 2.05 e¢3). A ClustalO
alignment of 20 jumbo phage proteins with similarity to gp210 reveals high conservation of the
H-N-N motif (Figure 4.1A, red asterisks). One of those proteins is I-Hmul of Bacillus jumbo
phage SPO1 (Figure 4.1A, blue asterisk) which has been characterized in detail as an HNH homing
endonuclease (PDB 1u3e) [46] and was the template used by Phyre2 to produce a 100% confidence
match with the H-N-N motif conserved (Figure 4.1B), supporting the prediction that gp210 is an
HNH endonuclease. These analyses predict that H82 of gp210 is necessary for nucleolytic activity
so we mutated it to an arginine and produced gp210(H82R) from a plasmid in P. aeruginosa. It
was previously established that ®KZ plaque formation is significantly inhibited on a host that is
expressing gp210-GFPmutl [17] which is forcibly imported into the ®KZ nucleus by GFPmutl
[24]. This result is reaffirmed here in Figure 4.1C by a 0.0017% efficiency of plating compared
to cells expressing only GFPmutl, while the expression of gp210(H82R)-GFPmutl results in a
full rescue of ®KZ. Gp210 without any tags is presumed to remain in the cytoplasm based on
previous localization of gp210-sfGFP [17] and does not have a significant effect on ®KZ
titer. These proteins do not significantly affect ®PA3 EOP (Figure S4.1A). In growth curves,
®KZ required a 1,000-fold higher MOI to suppress 50% of the growth of cells expressing gp210-
GFPmutl and this defect was again fully rescued by the H82R mutation of gp210 (Figure
4.1E). ®PA3 growth curves are not significantly affected by the expression of these proteins
(Figure S4.1C). Gp210(H82R) is still imported into the phage nucleus, so the rescue is not due to

physical exclusion of the mutant protein (Figure 4.1D). These data support the hypothesis that the
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mechanism of ®KZ inhibition by gp210 requires H82 of the H-N-N motif and access to the PKZ
DNA within the phage nucleus.

Despite this drastic inhibition of ®KZ, there are no apparent morphological defects of the
®KZ nucleus when visualized with fluorescence microscopy, however, by 70 mpi, expression of
gp210-GFPmutl resulted in a lack of stained capsids in phage bouquets compared to GFPmutl
and gp210(H82R)-GFPmutl (Figure 4.1D). ®PA3 infection morphology is undisturbed by the
expression of these proteins (Figure S4.1B). To determine whether there was an overall loss of
®KZ DNA in a nucleus containing gp210-GFPmutl which might indicate nonspecific large-scale
cleavage by gp210, we quantified the amount of DAPI signal in the nuclei. At 45 mpi, the mean
DAPI intensity for ®KZ nuclei containing gp210-GFPmutl was 491 arbitrary units and in nuclei
containing GFPmutl it was significantly lower at 395 arbitrary units, possibly indicating a
retention of DNA in the nucleus due to a lack of genome packaging into capsids (Figure 4.1F,
unpaired t-test, p = 0.0019, n = 53). Since gp210 may affect the final stages of ®KZ infection
related to the formation of phage bouquets (Figure 4.1D and F), we looked for an effect in the
subsequent process of cell lysis. Lysis delay could allow the host to outgrow ®KZ, producing the
effect seen in growth curves (Figure 4.1E) and premature lysis could end the infection before the
maximal number of virions are produced, reducing the effectiveness of ®KZ infection, and again
resulting in the growth curves obtained. We performed time-lapse DIC microscopy on ®KZ
infections beginning at 45 minutes post-infection (mpi) with images taken every 10 minutes and
the results were averaged from five replicates. 50% of the infected cells expressing either
GFPmutl or gp210-GFPmutl were lysed by ®KZ after 115 mpi and 95% lysis was achieved by

®OKZ after 195 mpi in both strains (Figure 4.1G). These results suggest that gp210-GFPmutl does
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not affect the ability of ®KZ to lyse its host nor does it instigate general destruction of the PKZ
genome as visualized by DAPI, but it may play a role in the packaging of DNA into capsids.
Gp210 is encoded within a group I intron interrupting an RNAP subunit

To deduce the target of nucleolysis by gp210, we analyzed its genomic locus in
®PA3. From Phyre2, the best match for gp210 was I-Hmul (Figure 4.1B), which is a homing
endonuclease that can target its own DNA as well as the DNA of a coinfecting phage [46, 58,
63]. Homing endonucleases are either contained within an intron, fused to a host protein, or
freestanding. I-Hmul is nested within an intron interrupting the DNA polymerase gene of SPO1,
so we inquired whether gp210 is also housed within an intron. We used Rfam to predict the nature
of the entire ®PA3 sequence between the start of gp211 and the stop of gp209 (coding strand is
transcribed), which both contain homology to the ®KZ RNA polymerase (RNAP) subunit gp178,
and the bacterial RNAP subunit RpoB [85] (Figure 4.2A). This resulted in a single high confidence
hit for a group I intron (accession RF00028, 6.2 €1%) which is also the type of intron that contains
the [-Hmul homing endonuclease [58].

Analysis of the related RNAP genes in ®KZ and nucleus-forming jumbo phage 201¢2-1
that infects P. chlororaphis [73], revealed that they are also interrupted by group I introns. The
RNAP gene corresponding to bacterial RpoB is interrupted in ®PA3 and 201¢2-1 but not in PKZ
where the locus is unoccupied, while the gene corresponding to bacterial RpoC is interrupted in
®KZ but not in ®PA3 or 201¢2-1 (Figure 4.2A). Each intron interrupts the gene in a critical
region, which is expected for mobile introns that have evolved to evade deletion and target
divergent genomes at sites of high conservation [26]. The ®KZ intron interrupts the catalytic
DFDGD motif of the RpoC homolog while the ®PA3 and 201¢2-1 introns are inserted in the RpoB

homolog at the same site, immediately following two highly conserved aspartic acid residues
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(Figure 4.2D), the second of which has been implicated in polymerase fidelity in E. coli (D675,
[86]). The ®KZ and ®PA3 introns both contain putative endonucleases but the 201¢2-1 intron
does not contain any open reading frame (ORF). Pairwise alignment of the entire ®PA3 intron
DNA sequence with each of the other two displays high conservation at the 3’ end (Figures 4.2B
and C), allowing their identification as group I introns [47, 58, 87, 88]. Interestingly, the first 109
nucleotides of the 201¢2-1 intron are 45% identical to the last 108 nucleotides of the gp210 ORF,
and in the middle there is a 64-nucleotide gap in the 201¢92-1 sequence compared to the ®PA3
sequence. The entire 201¢2-1 intron (336 nt) is significantly shorter than the ®PA3 intron (1352
nt) and shares 63.4% identity with the ®PA3 intron, excluding gaps. This is indicative of a shared
origin of the ®PA3 and 201¢2-1 introns, and a subsequent degeneration of the 201¢2-1 intron that
deleted the majority of the homing endonuclease ORF, as well as another 64 nucleotides, reducing
the burden of the intron on the host but retaining the ribozyme activity that effectively splices the
intronic sequence from the 201¢2-1 RNAP subunit which was confirmed by mass spectrometry to
be intact and properly spliced [89]. The phylogenetic relationship of RNAPs from phages
infecting 9 different genera of hosts, along with the RpoB genes of E. coli (MG1655) and P.
aeruginosa (PAO1) is presented as an unrooted neighbor-joining tree in Figure 4.2E.

Alignment of the phage-encoded RNAP genes with RpoB of E. coli strain MG1655 and P.
aeruginosa strain PAO1 uncovered an extra 15 residues annotated as part of the C-terminal end of
®PA3 gp211 (Figure S4.1D). However, these 15 amino acids following the conserved D-D are
likely excluded from the exon in the splicing process to reconstitute the site as presented in Figure
4.2D. We hypothesized that the region in ®KZ that aligns to the intron insertion site in ®PA3 is
the target site of gp210. This gene of ®KZ, gp178, is part of the polymerase that transcribes only

early genes [85] and it is also packaged into the virion of newly produced ®KZ progeny, making
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it a “vRNAP” [90]. If this gene is disrupted by gp210 and the protein cannot be made, that may
prevent the proper assembly of virions as well as the transcription of early genes in the second
round of infections being carried out by the progeny that were produced when gp210-GFPmutl
was in the ®KZ nucleus. This hypothesis is consistent with all of the observations of Figure 4.1.
Gp210 targets the unoccupied locus in the ®KZ vRNAP subunit

To test this hypothesis, we performed a nuclease assay in vitro using purified gp210 protein
and a plasmid containing the potential target gene ®KZ gpl78. Incubation of increasing
concentrations of gp210 (0-5 uM) with ®KZ gp178 plasmid resulted in cutting of the plasmid that
presented as a decrease of supercoiled plasmid and an increase of nicked and linearized plasmid
(Figure 4.3A). Nicked and linear species were identified based on the control reactions using
enzymes Nt.Bsal (nicking) and Ncol (linearizing). Quantitation of the bands and comparison to
the reaction performed with the empty vector (Figure 4.3B) demonstrated an elimination of
supercoiled plasmid (Figure 4.3C) and an accumulation of nicked plasmid (Figure 4.3D) that was
more specific than for the empty vector. The 5 uM condition does not continue the trend for the
gpl178 plasmid which may be an artifact of high nuclease concentration. This assay will be
performed again to confirm the activity and to compare with purified gp210(H82R) to determine
whether this nucleolysis is from gp210 and not a contaminant. To narrow down the target site of
gp210 in vitro, we are working to gel purify and sequence the linearized band of ®KZ gp178
digested by gp210. We expect that the sequencing will drop off at the site of gp210 cutting. We
are also testing whether gp210 can cut the intron(+) and intron(-) alleles of the DPA3 RNAP gene
that is interrupted by it. This could help to fully define gp210 as a homing endonuclease.

Despite a strong knockdown of ®KZ titer in the presence of gp210-GFPmutl, there are

always a few plaques that are able to form. To identify mutations that allow ®KZ to evade the

145



activity of gp210, we isolated clones from three independent infections in cells expressing gp210-
GFPmutl by induction with 0.1% arabinose. We confirmed the resistance of these ®KZ mutants
to gp210-GFPmutl using titers expressed as EOP (Figure 4.3E, ratio paired t test, p = 0.0004, n
= 4) and sequenced their genomes. We found that these gp210-resistant ®KZ phages all had a
mutation of the adenosine at position 3215 in the gp178 vVRNAP gene (Figure 4.3F). Two mutants
replaced the adenosine with a cytosine and the third mutated it to a guanine. These changes
resulted in a missense mutation of the highly conserved aspartic acid residue at position 1072 to
alanine or glycine, respectively. D1072 of gp178 aligns with the aspartic acid residue neighboring
the gp210 intron insertion site in ®PA3 (Figure 4.3G). The mutated nucleotide is 2 bases upstream
of the intron insertion site so it is well within range to be required for gp210 recognition of the
®KZ gene. To further support this target site of gp210, we attempted to complement ®KZ
infections inhibited by gp210-GFPmutl with the mutant gp178(D1072A) found in resistant
isolates. Coexpression of gp178(D1072A) with gp210-GFPmutl resulted in an average 10-fold
increase in titer suggesting a partial but significant recovery of EOP (Figure 4.3H, ratio paired t
test, p = 0.0078, n = 4). We are currently performing further controls to ensure the rescue is not
due to decreased production of gp210 which is downstream of gp178(D1072A). It was expected
that the rescue of ®KZ would not be complete due to the missense mutation at a highly conserved
residue which possibly plays a role in polymerase fidelity. These mutants and the resistance
provided by gp178(D1072A) support the hypothesis that gp210 of ®PA3 is able to hydrolyze ®KZ
DNA within vVRNAP gene gp178. The proximity of the mutation to the native intron insertion site

of gp210 also indicates classic homing activity at a conserved site in a divergent genome.
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Gp210 disrupts ®PKZ capsid assembly when imported into the ®KZ nucleus

The biological consequences of gp210 targeting of the ®KZ vRNAP gene were
investigated next. Gp178 is a subunit of the ®KZ vRNAP that is injected into the cell along with
the phage DNA where it transcribes early genes [85, 90]. If this gene is made nonfunctional by
gp210, the early transcripts produced by gp178 will not be affected in the first round of infections
which originate from the ®KZ virions that have not yet been exposed to gp210. However, the
®KZ progeny produced in the presence of gp210-GFPmutl will not have functional gp178 and
therefore may not be able to transcribe the early genes in the second round of infections. To test
the virulence of ®KZ progeny produced from infections containing gp210-GFPmutl, parent phage
were washed out from a liquid infection and the host cells were allowed to lyse and release the
progeny for collection. The ®KZ progeny lysate produced with gp210-GFPmutl plated with an
efficiency of 0.000014% (paired t test, p < 0.0001, n = 5) compared to the progeny produced with
only GFPmutl and this is rescued by the H82R mutation of gp210 (Figure 4.4A). These data
support the idea that the production of infective virions is inhibited by gp210 targeting of gp178.

This loss of virulence of the ®KZ progeny could potentially be due to a structural defect
that prevents the assembly of virions, since gp178 is incorporated into the capsid [85]. To visualize
the macromolecular organization of a ®KZ infection proceeding in the presence of gp210-
GFPmutl, we performed cryo-focused ion beam milling coupled with cryo-electron tomography
(cryo-FIB-ET), presented in Figures 4.4B, D, and E as a 2D slice of a 3D tomogram. The ®KZ
infections in P. aeruginosa without any plasmid formed many complete capsids full of DNA by
90 mpi. They were grouped together in a non-spherical bouquet and also observed were empty
capsids and nascent capsids assembling on the cell membrane (Figure 4.4B “No

Plasmid”). However, when gp210-GFPmutl was expressed, there was a noticeable loss of
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completed capsids (cyan arrowheads) and the observation of unidentified structures (orange and
red arrowheads, Figure 4.4B “210-GFPmutl”). In 5 tomograms of infections without plasmid,
113 filled capsids were observed (average: 22.6 = 3.3 SEM). In 17 tomograms of infections with
gp210-GFPmutl, only 13 filled capsids were observed (average: 0.76 + 0.34 SEM) demonstrating
a 96.6% decrease in virion production (Figure 4.4C, unpaired t test, p < 0.0001). Along with the
significant deficit of completed capsids, we discovered many unusual structures never before
observed in these cells, shown in Figure 4.4B. In all of the tomograms of wild-type ®KZ infecting
a cell expressing gp210-GFPmutl, large geometric and sometimes tubular structures filled the
cell. A phage bouquet has not previously been observed without capsids and tails, but in Figure
4.4B, the yellow arrowheads highlight the boundaries of ribosome-free regions that we
hypothesize to be nascent phage bouquets due to the location and size, as well as the association
of capsid-like assemblies near the perimeter. DNA-filled capsids that can be observed with gp210-
GFPmutl do not appear to have an obvious defect compared to those observed in cells without a
plasmid (Figure 4.4D). This is likely due to the production of a few copies of VRNAP subunit
gp178 before the gene was cut by gp210. Those limited gp178 proteins could then be incorporated
into the capsids that assemble occasionally to form a wild-type virion capable of packaging DNA,
but leaving many other assembling capsids without the integral gpl78 protein. Some of the
unusual structures visualized with gp210-GFPmutl closely resemble partially assembled capsids
and this is exemplified in Figure 4.4E.

This work demonstrates that gp210 is a homing endonuclease housed within an intron
interrupting a ®PA3 RNAP gene and it is able to cut the VRNAP gene of coinfecting phage ®KZ

at the site homologous to the intron insertion site in ®PA3. This results in the inhibition of ®KZ
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virion assembly and prevents subsequent rounds of infection, significantly reducing ®KZ fitness
(Figure 4.5A).
4.5 Discussion

Gp210 is one of the first bacteriophage-encoded intracellular speciation factors to be
identified [17], but its mechanism was not previously understood. Our data allow us to propose a
model to explain how this factor could influence speciation (Figure 4.5B). In a natural coinfection
of phages ®PA3 and ®KZ, a hybrid nuclear compartment forms in 25% of coinfections
[17]. Hybrid compartments are expected to import gp210, which will cleave ®KZ DNA,
disrupting the expression of the VRNAP, and decreasing the production of ®KZ capsids. DNA
cleavage by gp210 can be repaired by homologous recombination with either ®KZ DNA or ®PA3
DNA as the donor. Repairs made with ®KZ DNA will simply result in the reconstitution of the
gp210 target site so recurrent nucleolysis will occur until the insertion of the intron from the ®PA3
template disrupts the site. However, rescuing the ®KZ DNA by conversion to the intron(+) ®PA3
allele becomes less efficient as the genomes diverge. These two alleles currently share only 60.4%
sequence identity, which is likely poorly recombinogenic given that lambda recombinase Redfs
loses 100-fold efficiency at 78% sequence identity and no longer recombines at 48% identity [52,
53]. The resulting damage to ®KZ DNA by this nuclease will reinforce the reproductive isolation
between these two sister phages by acting as a virogenesis incompatibility factor that limits the
number of ®KZ progeny produced from a hybrid phage nucleus. This nuclease natively resides
in the nucleus of ®PA3 and therefore is a potent virogenesis incompatibility speciation factor that
would bias the replication outcome in favor of ®PA3 for the 25% of coinfections that form a hybrid
nucleus (Figure 4.5B). Under these conditions, the intron provides a selective advantage for DPA3

over ®KZ.
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Do mobile introns generally provide a selective advantage for the organism they
inhabit? How selfish genetic elements like introns and inteins affect the evolution of viral
populations, and whether they confer selective advantages for the virus itself has been unclear [65-
68]. For coinfections of two nearly identical viruses, one with and one without the intronic
endonuclease, the cleaved DNA can be repaired efficiently by homologous recombination,
resulting in the spread of the intron (Figure 4.5C). Rescue of the intron(-) virus by homologous
recombination would be diminished as the divergence between the viruses increases (Figure
4.5D). Since homing endonucleases generally target highly conserved sites in essential genes, the
recognition sites diverge more slowly than the rest of the genome. This can result in sustained
targeting by the homing endonuclease yet inefficient recombination to rescue the intron(-)
virus. Hence, over time, the phage carrying the homing endonuclease would possess an increasing
advantage during coinfections as the two phage genomes diverge. For viruses that establish
distinct replication factories and display subcellular genetic isolation, the rates of repair are
expected to be greatly diminished, even if closely related, due to physical sequestration of the
intron(+) repair template (Figure 4.5E).

In a broader sense, speciation can be considered a process during which two populations
of organisms diverge from recognizing each other as self, the same species, to defining each other
as non-self, two different species. In this context, homing endonucleases can spread between
organisms of the same gene pool without causing significant harm, but can destroy related
organisms that have diverged enough to prevent rescue by homologous recombination. This
makes the homing endonuclease toxic to organisms that are related enough to be a competitor but
divergent enough to be non-self. Along the continuum of sequence divergence between two

organisms, there exist conditions where the genomes recombine at low frequencies but the homing
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endonuclease still targets the insertion site. These conditions define where the two organisms
behave as non-self and are therefore a different species biologically. We can imagine a
relationship between sequence divergence, recombination frequency, and competitive fitness for
two phages coinfecting the same cell, one containing and one lacking a mobile intron. As sequence
divergence increases, the rate of recombination decreases, and the competitive fitness of the intron-
containing phage increases. This model provides evidence of a competitive mechanism that
defines self from non-self and therefore determines which individuals are in competition and which
are cooperating. This model suggests that the intron-containing organisms have a strong fitness
advantage during speciation and provides a possible explanation for intron pervasiveness
throughout life.

The effect of mobile introns on competition has profound implications for diverging
nucleus-forming jumbo phages. Since two identical phages infecting the same cell form separate
phage nuclei [17] yet import the same components, the acquisition of a homing endonuclease by
one of those genomes would lead to the production of the nuclease and its import into the nuclei
of both the intron(+) and the intron(-) phages, but the intron(-) genome would not have access to
the intron(+) DNA template for recombination (Figure 4.6C). We can imagine a scenario in which
the ancestor to ®PA3 and ®PKZ evolved a phage nucleus to protect its DNA from host defenses
(Figure 4.6A) and at some point, it acquired a mobile intron, the ancestor of the gp210 intron
(Figure 4.6B). The phage that acquired the mobile intron (Phage 2) would be able to coinfect with
its relative that did not acquire the intron (Phage 1). As Phage 1 and Phage 2 competed during
coinfections, the endonuclease from Phage 2 would be imported into the nucleus of both Phage 1
and Phage 2 (Figure 4.6C). Phage 1 DNA would be cut by the endonuclease without repair by the

Phage 2 DNA, which is fully enclosed within the phage nucleus. Phage 1 would therefore be
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unable to produce progeny phage, except when these phages formed mixed nuclei, which happens
at a relatively low frequency [17]. Phage 2 would therefore have a significant advantage over
Phage 1. This selective pressure might promote more frequent mixing through formation of hybrid
nuclei, but the fusion of different nuclear compartments was not previously observed [17], and is
even less likely when the phages inject their DNA near opposing cell poles. Mutations in the target
site of Phage 2 will also arise, but these are expected to occur at a low frequency due to its location
within a highly conserved region of an essential gene. The other possible outcome of this selective
pressure would be the evolution of Phage 1 mutants that exclude the homing endonuclease from
the nucleus (Figure 4.6D).

While we don’t yet understand the mechanisms underlying selective protein import, we
hypothesize that they are likely shaped by the evolutionary pressure to exclude enzymes harmful
to the phage DNA [17, 24, 91, 92]. This predicts that phages ®PA3 and ®KZ should have evolved
different specificities for protein import to avoid importing toxic endonucleases native to the other
phage. In support of this hypothesis, we know of two proteins, GFPmutl and gp210, that are
differentially imported between the two phages [17, 24]. ®PA3 imports gp210 and excludes
GFPmutl, while ®KZ excludes gp210 and imports GFPmutl. While initially puzzling why these
two closely related phages would display such disparate protein import selectivity, this homing
endonuclease model provides an explanation and predicts such disparities must evolve for both
phages to co-exist.

These studies reveal a complex evolutionary relationship between the phage nucleus and
mobile introns. The competition of homing endonucleases selects for the phage nucleus in two
different ways. The intron(-) phage is pressured to retain the nucleus so that competitive

endonucleases are excluded from its genome, while the intron(+) phage receives an advantage
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from the nucleus since it sequesters the repair template away from the intron(-) phage, increasing
the effectiveness of the competitive homing endonuclease. Taken together, our results present a
clear example of how a mobile intron can provide a selective advantage for a virus and drive viral

speciation. Given the ubiquity of introns, this selective advantage is likely widespread in nature.
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4.7 Figures

Figure 4.1 Gp210 of ®PA3 requires the HNH endonuclease domain to inhibit ®KZ. (A)
Protein alignment of phage-encoded endonucleases related to gp210 (green asterisk), including
well-characterized homing endonuclease I-Hmul (blue asterisk), shows high conservation in the
predicted HNH nuclease domain, including critical H-N-N residues (red asterisks). Residue
numbers based on gp210. ClustalO alignment annotated by ESPript3. (B) Phyre2 alignment of
gp210 with I-Hmul (PDB: 1u3e). H-N-N is conserved including H82 of gp210 indicated above.
(C) Efficiency of plating (EOP) of ®KZ as measured by spot titer and normalized to the paired
titer on GFPmutl. gp210-GFPmutl causes a 99.9983% decrease in ®KZ titer (p = 0.0011, n = 3)
while untagged 210, not imported into the nucleus, causes an insignificant 27% decrease (p =
0.1371, n = 3). H82R mutation (gp210(H82R)-GFPmutl) fully rescues ®KZ compared to 210-
GFPmutl (p = 0.0026, n = 3). Error bars represent SEM, p values calculated by ratio paired t test.
(D) Live fluorescent microscopy of ®KZ infections stained with FM4-64 (magenta: membranes)
and DAPI (blue: DNA). Infections proceeded in the presence of either GFPmutl, gp210-
GFPmutl, or gp210(H82R)-GFPmut1 (green: GFP). Nuclei formed, grew in size, and centered at
midcell with no apparent deficit, but stained capsids in phage bouquets did not appear with gp210-
GFPmutl. Scalebaris 1 um. (E) ®KZ growth curves measuring OD, of bacteria in liquid culture
showed an MOI of 7¢ was required to achieve 50% inhibition of cell growth (IC50: red dotted
lines) when cells were expressing GFPmutl (n = 10). gp210-GFPmutl increased the IC50 MOI
to 7, a 1,000-fold decrease in ®KZ fitness (n = 10). 210H82R-GFPmutl rescued the IC50 back to
7¢3 (n=10), while untagged 210 in the cytoplasm caused only a 10-fold increase in required MOI
(n =15). (F) Violin plot of the total DAPI signal counts from the middle image slice, divided by
the area of the circle measured, and normalized to a matching background measurement taken
outside the cell. Gp210 significantly increases (unpaired t test, p = 0.0012, n = 53) the total
amount of ®KZ DNA contained within the nucleus at 45 mpi. This may indicate the retention of
DNA in the nucleus instead of packaging into capsids. Dashed lines indicate quartiles with the
center line at the median. (G) Lysis kinetics for ®KZ infecting cells expressing GFPmut1 (blue)
or gp210-GFPmutl (orange) was measured by DIC time lapse microscopy. For both strains, 50%
lysis is reached by 115 mpi, 95% lysis by 195 mpi. Line plots are an average of biological
replicates (GFPmutl n = 6, gp210-GFPmutl n = 7).
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Figure 4.2 Gp210 is within a group I intron interrupting an RNAP subunit with homology
to ®KZ gp178, a virion-packaged RNAP subunit. (A) Diagram of 2 RNAP subunit genes of
nucleus-forming Pseudomonas jumbo phages ®PA3, ®KZ, and 201¢2-1. ®PA3 and 201¢2-1
contain introns at the same conserved position in the subunit with homology to bacterial RpoB,
while the corresponding gene in ®KZ, gp178, does not contain any introns. ®KZ does contain an
intron in the subunit with homology to RpoC, interrupting the catalytic DFDGD motif, while
®PA3 and 201¢2-1 do not. All three introns are putative group I introns but only the ®PA3 and
®KZ introns harbor open reading frames, which are predicted to encode HNH endonucleases. The
leading 109 nt of the 201¢2-1 intron contains homology to the 3’ end of gp210. Another 64 nt
deletion leaves the 201¢2-1 intron 27% of the length of the ®PA3 intron. (B) Nucleotide
alignment between the introns of ®PA3 and ®KZ, based on ClustalO alignment. Nucleotide
identities, including gaps, are reported as a percentage for each 60 nt block and color coded. The
ORFs of each HNH endonuclease are annotated by red lines and the catalytic histidines are noted
in their respective positions. (C) Nucleotide alignment between the introns of ®PA3 and 201¢2-
1 as represented in (B). The 201¢2-1 intron does not contain an ORF but begins with homology
to the gp210 ORF annotated by the red line above. It is also lacking 64 nt compared to the ®PA3
intron, represented by the gap that is followed by 60 nt with 70% nucleotide identity. (D) Protein
alignment of the intron(-) version of the ®PA3 RNAP, after editing from the annotation in
Genbank which can be found in Figure S4.1D. It is aligned with RpoB of MG1655 (E. coli) and
PAOI1 (P. aeruginosa), 8 RNAPs encoded by jumbo phages infecting different genera of hosts,
and 4 RNAPs encoded by other Pseudomonas jumbo phages including the intron(-) allele of the
201¢2-1 intron, as annotated in Genbank. Alignment was performed by ClustalO and annotated
by ESPript3. The intron insertion site (IIS) occupied in ®PA3 and 201¢2-1 is indicated by a green
carrot and text. The IIS is in a region of high conservation, a hallmark of mobile introns, following
the E. coli D675 which is important for polymerase fidelity. Residue numeration in green above
is based on the ®PA3 sequence. (E) Unrooted neighbor-joining tree of the homologous phage-
encoded RNAP subunits, showing an expected clustering of Pseudomonas phages.
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Figure 4.3 Gp210 cuts ®KZ gp178 in vitro, resistant ®KZ mutated gp178(D1072A) which
provides some protection against gp210. (A, B) Nuclease assay of purified gp210 incubated
with plasmid DNA containing KZgp178 (A) or only the empty vector (B). Gp210 concentration
from left to right was 5.0, 2.5, 1.25, and 0 uM. Nt.Bsal is a reference digest for nicked plasmid
(red asterisks) and Ncol is a reference for linearized plasmid (blue asterisks). Supercoiled plasmid
is indicated by black asterisks. (C) Quantitation of bands in (A) and (B) revealed a more drastic
decrease of supercoiled plasmid when KZgp178 was present (orange bars) compared to the empty
vector (blue bars). Analysis was performed in Fiji. (D) Quantitation of bands in (A) and (B) shows
a specific accumulation of nicked plasmid when the KZgp178 sequence is present (orange bars).
(E) EOP of ®KZ on cells expressing gp210-GFPmutl. Mutants 1-3 (PKZ isolated from infections
with gp210-GFPmutl expressed by 0.1% arabinose) displayed an average 266,907-fold increase
in EOP compared to wild-type ®KZ (WT). Mutant 2 had the lowest EOP which was still a
significant increase over WT (ratio paired t test, p = 0.0004, error bars = SEM, n =4). (F) All 3
mutants contained a single point mutation at adenosine 3215 in ®KZ vRNAP gene gp178. The
adenosine was mutated to either cytosine (mutants 1 and 2) or guanine (mutant 3), and resulted in
a coding change of D1072A or D1072G, respectively. (G) The point mutation in the ®KZ vRNAP
gp178 at position 3215 (red box) is 2 bases upstream of the site that aligns with the intron insertion
site (IIS, black dotted line) in ®PA3 and 201¢2-1 (asterisks). Red sequences code for the
conserved aspartic acid residues. The exons of ®PA3 and 201¢2-1 are noted above. (H) The EOP
of ®KZ on cells containing no plasmid (blue) or expressing gp210-GFPmutl (orange) or the
mutant @®KZ VvRNAP gpl78(D1072A) co-expressed with  210-GFPmutl  (light
green). Complementation of gp210-GFPmutl with gp178(D1072A) resulted in an average 10-
fold (maximum 40-fold) rescue of ®KZ titer (ratio paired t test, p = 0.0078, error bars + SEM, n
=4).
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Figure 4.4 Gp210 causes a loss of virulent ®KZ progeny and capsid production is disrupted.
(A) EOP of ®KZ progeny collected from washed infections of cells expressing the indicated
protein, measured by spot titer on cells without plasmid. Progeny grown in the presence of gp210-
GFPmutl plaque with an efficiency of 0.00001% of the progeny grown with GFPmutl (p <
0.0001, n =5). Progeny produced with gp210(H82R)-GFPmutl have a relative EOP of 190% (n
= 5). Error bars represent SEM and a paired t test was used. (B) 2D slices of 3D tomograms of
90 mpi ®KZ infections of P. aeruginosa containing either no plasmid (top left panel) or gp210-
GFPmutl (other 3 panels). A decrease of completed capsids full of DNA (cyan arrowheads) and
the bouquets they normally organize into can be observed with gp210-GFPmutl. Unidentified
geometric (orange arrowheads) or tubular protein structures (red arrowhead) occurred in all gp210-
GFPmutl tomograms analyzed (n = 17). Black arrowheads indicate tails, purple arrowheads
highlight fully assembled capsids that have not yet been filled with DNA, and the pink arrowhead
shows a capsid partially assembled on the cell membrane. The shell of the phage nucleus is
delineated by blue arrowheads and the compartment is labeled when in view. Scale bars are 250
nm. (C) Counts of assembled capsids containing DNA that were observed in infections of cells
without plasmid (22.6 + SEM 3.28, n = 5) were significantly higher (p < 0.0001, unpaired t test)
than counts of completed capsids observed in infections with gp210-GFPmutl (0.76 = SEM 0.34,
n = 17). Error bars represent 95% CI. (D, E) Expanded portions of tomograms highlighting the
morphology of full capsids (D) which appear similar between samples, and of empty capsids (E)
from the control host (left panel) compared to what may be improperly assembled empty capsids
in the host expressing gp210-GFPmut1 (right panel).

160



A EOP of ®KZ Progeny B ®KZ 90 mpi

29 Fokkk

-8

=10

GFPmut1  gp210- gp210(H82R)-
GFPmut1  GFPmut1

C Filled Capsidsin Tomograms
40

30 oo

20

0 -ﬂaﬁs—

No plasmid  gp210-GFPmut1

Filed asids
No Plasmid

161



Figure 4.5 Models of gp210 mechanism of ®KZ knockdown and general mobile intron
competition between viruses. (A) gp210 (green pacman) tagged with GFPmutl is artificially
imported into the ®KZ nucleus (red shell, blue fill) where it cuts ®KZ DNA in the VRNAP gene
of gp178, dependent upon adenosine 3215, and this results in a stark reduction of properly
assembled virions, thereby inhibiting ®KZ bouquet formation and subsequent infections. (B)
Hypothesis of the effects of gp210 on a hybrid nucleus containing ®PA3 and ®KZ which occurs
for 25% of coinfections. In a hybrid nucleus, gp210 would be imported and cut the ®KZ vVRNAP
gene gpl78. Some ®KZ may be repaired by homologous recombination with the ®PA3 allele that
no longer contains the gp210 target site, but with only 60.4% identity between the VRNAP alleles,
recombination efficiency is reduced and that may lead to the formation of more virions with the
®PA3 genome. (C) Model of mobile intron spread during coinfection between any related viruses
that replicate their genomes freely in the cytoplasm of the host. (D) Theoretical model of mobile
intron competition between divergent viruses that can physically mix their genomes but sequence
divergence has significantly reduced the efficiency of homologous recombination while the highly
conserved site in the essential gene is still targeted by the homing endonuclease. This results in a
selection for the intron(+) virus which treats the divergent coinfecting virus as non-self. (E)
Theoretical model of mobile intron competition between closely related viruses that perform
subcellular genetic isolation. Whether spatially separated in distinct replication factories or
physically isolated by a barrier such as the phage nucleus, the homing endonuclease can target the
essential gene in the intron(-) virus but the repair template containing the intron that interrupts the
target site is sequestered. This results in the destruction of the intron(-) virus and a strong selective
advantage for the intron(+) virus.
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Figure 4.6 Model for the evolution of differential selective protein import by the phage
nucleus driven by mobile intron competition. (A) The phage nucleus likely evolved in the
ancestor to ®PA3 and ®KZ (Phage 1) to protect replicating phage DNA from host defenses such
as restriction endonucleases and CRISPR/Cas. (B) One of the ancestral phages (Phage 2) then
acquired the intron with the homing endonuclease that is ancestral to gp210. (C) Coinfection
between Phage 1 and Phage 2 would result in the import of the homing endonuclease into both
nuclei since they are identical except for the intronic sequence that Phage 2 acquired. The
endonuclease would be able to cut the conserved sequence in Phage 1 but there would be no repair
of Phage 1 since the template with the disrupted target site is sequestered in the nucleus of Phage
2. (D) The nuclease attack in (C) would provide a selective pressure on Phage 1 to evolve a
different mechanism of protein import into the phage nucleus that would exclude the homing
endonuclease that Phage 2 can import without issue. This model of mobile intron competition
offers an explanation for the natural import of GFPmutl into the nucleus of ®KZ but not into the
nucleus of ®PA3 or 201¢2-1. Similarly, it explains the ability of the ®KZ nucleus to naturally
exclude gp210 while closely related phage ®PA3 imports gp210.
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Figure S4.1 ®PA3 is unaffected by gp210 and its RNAP is annotated with superfluous
residues in Genbank. (A) ®PA3 is not significantly affected by expression of gp210-GFPmutl
(» = 0.74, n = 3), 210H82R-GFPmutl (p = 0.51, n = 3), or untagged 210 (p = 0.93, n=3). The
difference between gp210-GFPmutl and gp210(H82R)-GFPmutl is also insignificant (p =
0.42). Ratio paired t tests were used to determine p values. (B) Live fluorescent microscopy of
stained ®PA3 infections in the presence of either GFPmutl, gp210-GFPmutl, or 210H82R-
GFPmutl, with no obvious morphological differences between them. (C) ®PA3 growth curves
demonstrating only a 10-fold decrease in ®PA3 fitness with the expression of gp210-GFPmutl (n
= 14) or untagged 210 (n = 7) but no change with gp210(H82R)-GFPmutl. This is not surprising
since overexpression of an active nuclease can be toxic, even to its original host. (D) Protein
alignment of Pseudomonas jumbo phage RNAPs reveals an extra 15 residues are included in the
Genbank annotation of ®PA3 gp211. They are likely spliced out to reconstitute the protein as seen
in homologous genes and as presented in Figure 4.2D.
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Bacteriophage are the most abundant and diverse entities on Earth [1, 2], yet we have only
recently discovered that they have the ability to build the incredibly complex structures of the
phage nucleus and PhuZ spindle within host cells [3-8]. The characterization of this intricate
replication system established by three Phikzviruses infecting Pseudomonas chlororaphis and P.
aeruginosa begs the question of how widespread this astonishing replication mechanism could be
and how conserved or divergent it is in more distantly related phage. To investigate this, I
characterized the major stages of nucleus-forming jumbo phage replication in the tractable model
bacterium Escherichia coli. Phage vB_EcoM_Goslar (Goslar) [9] was isolated as a potential
therapeutic to fight avian pathogenic E. coli and we discovered that its genome encodes homologs
to the Phikzvirus proteins that form the phage nucleus and tubulin-like PhuZ spindle.

Several key processes are conserved in Goslar; a proteinaceous phage nucleus forms
around the phage genome and grows as the DNA replicates, excluding metabolic proteins and
ribosomes to maintain uncoupled transcription and translation while the entire structure rotates, a
cytoskeleton of PhuZ filaments is assembled, and phage bouquets [10] are formed by DNA-filled
capsids. Despite this general conservation of the three major stages of nucleus-forming jumbo
phage replication, I found intriguing divergences as well. Instead of the midcell positioning of the
phage nucleus performed by the Phikzviruses, Goslar could position the nucleus anywhere along
the cell length. I observed that positioning relied on the location of cell bulging which is a stage
of this replication cycle that is currently under investigation in our lab. Another difference I
detected was that the phage bouquets of Goslar are more prominent than those of the Phikzviruses
and they are more organized with capsids localizing to the inside of the spherical bouquet at later
time points. This contrasts the Phikzvirus bouquets that range from disorganized to spherical

without internal capsids [10]. Finally, the most fascinating divergent feature of the Goslar
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replication cycle is the assembly of the PhuZ cytoskeleton into a vortex-like array. As opposed to
the bipolar spindle of filaments formed by the Phikzviruses [3-8], Goslar PhuZ filaments wrap
around the phage nucleus and project radially towards the cell membrane in every direction,
resembling a vortex. This cytoskeletal vortex composed of the tubulin-like PhuZ protein functions
to rotate the phage nucleus inside the E. coli cell.

This is the first time a cytoskeletal vortex has been observed within a prokaryote while in
eukaryotes, a vortex-like array of microtubules drives cytoplasmic streaming [11-14] and has been
shown to spontaneously self-organize in vitro when spatially confined [15]. It is also remarkable
that the function of the Goslar cytoskeletal vortex is to perform intracellular rotation, an activity
only witnessed thus far in the Phikzviruses and in eukaryotic motile cells that must realign the
nucleus with cell polarity [16-22]. However, the nuclear rotation observed in eukaryotes is not a
continually progressive rotation as occurs in the nucleus-forming phage jumbo phage. These
noteworthy features of the Goslar replication cycle are not only reminiscent of eukaryotic
mechanisms but their divergence between nucleus-forming jumbo phage implies their
evolutionary significance. The evolution of diverse methods for achieving this style of viral
replication suggests that it is established in evolutionary history and that it offers advantages to
surviving evolutionary pressures. The diversity of this replication cycle revealed by the
characterization of Goslar in E. coli points to the significance of nucleus-forming jumbo phage on
the evolutionary stage.

Competition has been fierce on this evolutionary stage and since phage far outnumber their
host bacteria, they have been locked in a millennia-long competition for host resources. This
competition has resulted in a milieu of mechanisms, both antagonistic and cooperative, that govern

the interactions of these intracellular parasites, as well as the viruses that infect all kingdoms of
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life. The way that viruses interact with each other shapes their speciation as they either recombine
their genomes or they isolate and diverge from each other, both outcomes contributing more
genetic diversity to our biome. This wealth of viral genetic diversity is currently organized by
species delineations that rely largely on sequence similarity [23], with no consideration of the
biological capacity for different viruses to mate, or recombine their genetic information. A greater
understanding of viral diversity is being reached by the application of the Biological Species
Concept [24-26] which defines species as gene pools that are separated by reproductive isolating
mechanisms.

Mechanisms that isolate different viral gene pools from each other have been observed for
decades, with only recent acknowledgement that traditional concepts of speciation and evolution
also apply to viruses [24]. Since viruses in general can only exchange genetic material while
replicating inside of a host, coinfection is the major opportunity for viral “mating” [27, 28] and it
happens commonly in nature [29-33]. If two viruses occupy physically distinct ecosystems [30,
34, 35], or they do not share host tropism, they cannot achieve coinfection, and therefore
experience a strong reproductive isolation that can lead to their divergence into separate species
[36-38]. If two viruses have the capacity to infect the same cell, superinfection exclusion may still
prevent coinfection [39, 40]. Once a coinfection is successfully established, the viruses may
recombine to produce hybrids with either increased or decreased virulence [41-44] which will
either reinforce genetic mixing or it will reinforce genetic isolation, respectively.

Interestingly, the intracellular mechanisms of reproductive isolation between viruses with
the capacity to coinfect a single host cell have been understudied but appear to exist based on the
clustering of viral genomes into biological species within overlapping host tropisms [24]. The

intracellular aspect of viral interaction has been observed in vaccinia virus [45-48] and HSV-1 [49]
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where viral factories occupy discrete regions of the host and only recombine when they spatially
overlap. We have since then investigated the intricate intracellular interactions between two
nucleus-forming jumbo phage that infect the human pathogen Pseudomonas aeruginosa and
discovered two new universally applicable viral speciation factors that we have termed Subcellular
Genetic Isolation, which can be applied to HSV-1 and vaccinia virus, and Virogenesis
Incompatibility [50].

®KZ or ®PA3 infecting P. aeruginosa separately were observed to form 2 or more distinct
phage nuclei in ~20% of single species infections [50]. This number did not significantly decrease
as the infection progressed, suggesting that the nuclei do not regularly fuse together. This same
spatial separation of single species coinfections was seen when the major phage nucleus protein
was fluorescently tagged, demonstrating that the shell of the phage nucleus formed a physical
barrier around each nucleus. This is expected to essentially eliminate genetic exchange when
compared to the amount of recombination possible when the genomes can physically interact with
one another [46, 49]. Since the major protein of the phage nucleus appears to require no genetic
divergence to reduce the capacity for genetic exchange, the phage nucleus is a potent facilitator of
subcellular genetic isolation. ®KZ and ®PA3 (~80% sequence identity) coinfections were then
studied for speciation factors acting between diverging phage. Each major phage nucleus protein,
tagged with two different fluorophores, formed strictly around its own genome in a single infection
of either phage. Of the coinfections of ®KZ and ®PA3, 75% formed two separate nuclei,
demonstrating subcellular genetic isolation between the majority of coinfections.

Coinfections between ®KZ and ®PA3, but not between the same phage, displayed a defect
in the centering of the nucleus [50], which is important for the full efficiency of the replication

cycle [3]. The PhuZ proteins from the two different phages were found to colocalize into hybrid

179



spindles that lost their dynamic nature, explaining the defect in nucleus positioning, and
introducing another new speciation factor for viruses, Virogenesis Incompatibility [50]. This term
regards the incompatibility between divergent replication components that interferes with the
generation of virions. A second virogenesis incompatibility factor, gp210, was discovered in the
nucleus of ®PA3. Since this protein is normally imported into the ®PA3 nucleus, it would come
into contact with ®KZ DNA in the 25% of coinfections that form a hybrid nuclear compartment.
Artificial import of gp210 into the ®KZ nucleus resulted in a drastic decrease in ®PKZ titer
(99.41%) and in ®KZ growth curves (100,000-fold decrease in IC50 of host), while displaying no
obvious morphological defects of the single cell infections [50]. This ®PA3 nucleus-residing
protein is expected to affect the outcome of the 25% of coinfections that form a hybrid nucleus,
possibly by reducing the proportion of ®KZ virions produced from that coinfection. This
incompatibility between ®KZ DNA and gp210 in the ®PA3 nucleus which interferes with the
success of ®KZ replication, makes gp210 another virogenesis incompatibility factor. The nature
and mechanism of ®KZ interference caused by this ®PA3 protein gp210 was therefore
investigated in more detail.

Bioinformatic analyses predicted that gp210 is an HNH homing endonuclease and it was
experimentally confirmed that histidine 82 of the HNH endonuclease motif is required for gp210
inhibition of ®KZ. However, gp210 did not cause an overall decrease in the amount of DNA
produced by ®KZ, nor did it affect host lysis by ®KZ. Further bioinformatic analysis revealed
that gp210 is housed within a group I intron interrupting a subunit of the ®PA3 RNA polymerase
(RNAP). That genomic locus is unoccupied by any intron in ®KZ but at that locus in 201¢92-1,
which cannot coinfect with ®PA3, there is a much smaller intron that contains no ORF yet displays

high nucleotide conservation to the gp210 intron. Interestingly, the intron of 201¢2-1 appears to
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be a degenerate version beginning with strong homology to the last 108 nucleotides of the gp210
coding sequence. The rest of the intron is highly conserved with the gp210 3’ intronic RNA except
for a 64-nucleotide deletion in the middle. It is possible that this degeneration of the gp210 intron
in ®PA3 has not occurred because there is a competitive advantage conferred by the ability of
gp210 to interfere with coinfecting ®KZ DNA. Gp210 would also be protected from deletion in
®PA3 if it plays a role in regulating the intron as a folding and splicing chaperone or as a
transcriptional regulator, consistent with its native import into the ®PA3 nucleus. Targeting of a
coinfecting phage at the unoccupied genomic locus of the mobile intron is a common characteristic
of phage-encoded homing endonucleases [51, 52], so I hypothesized that gp210 is able to
recognize and cut the homologous ®KZ RNAP gene, gpl78. Gpl78 is a subunit of the PKZ
RNAP that transcribes only early genes [53] so a loss of this gene product would not affect the
first round of infection but instead would leave the progeny unable to transcribe early genes in the
next round of infection, consistent with prior data. It is important to note that gp178 is packaged
into the virion [54] and therefore it may also be structurally necessary for the proper assembly of
virions.

In vitro, purified gp210 appeared to preferentially nick a plasmid containing ®KZ gp178,
supporting my hypothesis. To look for genetic mutations that allowed ®KZ to escape inhibition
by gp210, I isolated 3 clones that could plaque on a host expressing gp210. Three independent
®KZ isolates with verified resistance to gp210 were sequenced and found to all have a single
nucleotide substitution in the same position, adenosine 3215 of ®KZ gpl78, 2 nucleotides
upstream of the gp210 intron insertion site. Two isolates mutated adenosine 3215 to cytosine
while the third mutated it to guanine, resulting in a coding change of D1072A or D1072G,

respectively. That aspartic acid residue is highly conserved among phage RNAPs and is also
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conserved in the RpoB gene of P. aeruginosa and in E. coli where it has been shown to control
RNAP fidelity (D675; [55]). These results are consistent with homing endonuclease targeting of
a conserved region in an essential gene, matching the genomic locus where the intron is inserted
in its host genome.

To elucidate the biological consequences of gp210 targeting of ®KZ DNA within gp178,
we isolated the progeny produced from ®KZ infections proceeding with gp210 synthetically
imported into the nucleus and found that they had severely reduced virulence (0.00001% plaquing
efficiency relative to progeny produced without gp210). Cryo-FIB-ET of ®KZ infections with
gp210 compared to ®KZ infections without any artificially expressed proteins revealed a
significant loss of DNA-filled capsids and an abundance of strange structures never before
observed in this system, some of which resemble empty capsids. Due to a lack of DNA-filled
capsids, infections with gp210 also lack phage bouquets where final virion maturation occurs.
However, we did observe ribosome-free regions of approximately the same size and location as
bouquets, lacking a discernible protein barrier which differentiated them from phage nuclei. This
is an exciting avenue for future investigations into the composition and assembly mechanisms of
phage bouquets. For the investigation of gp210, these data revealed that gp210 prevents ®KZ
capsid assembly.

Introns have been shown to influence speciation in yeast [56, 57] and archaea [58, 59]
while in viruses, they have only been shown to provide an advantage to certain neighboring genes,
rather than to the entire virus [60-62]. Introns have been implicated as a driver of evolutionary
transitions [63] and their ubiquity among viruses [64, 65] supports the magnitude of their influence
on viral speciation. The prevalence of homologs to the major phage nucleus protein and PhuZ in

phage infecting diverse hosts including Salmonella, Ralstonia, Cronobacter, Erwinia, Vibrio,
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Serratia, and E. coli also suggests that these reproductive isolating mechanisms of the phage
nucleus and the PhuZ spindle, along with mobile introns, are widespread among phage and
therefore greatly influence the genetic landscape of the earth’s virome.

The human microbiome also consists of an entire ecosystem of viruses and microbes that
are constantly evolving and speciating in response to competition and cooperation with each other
and with the human host. This magnificent biome of complex relationships plays vital roles in
human health [66-69], yet it is vulnerable to perturbation that results in dysbiosis. The most
common disruption of this delicate balance of intricate interactions is the use of broad-spectrum
antibiotics [70-73]. These chemical compounds are most often discovered from natural sources
because bacteria have been producing them to compete with each other for millenia [74].
However, when used as a therapeutic to eliminate a pathogenic bacterial overgrowth, the pathogens
are not the only microbes that suffer. Many species of our resident bacteria that positively
contribute to the ecosystem of the human body are obliterated along with the ones causing trouble.
This slash-and-burn approach to bacterial pathologies has saved countless lives but we are overdue
for a makeover that utilizes a point-and-shoot strategy with more finesse. Our (over)use of broad-
spectrum antibiotics and the saturation of the biosphere with them [74] has led us into an era of
antibiotic resistance where many people are again losing their lives to bacterial infections that have
gained the ability to evade every antibiotic we have [75]. Resistance to antibiotics arises quickly,
which is to be expected considering that bacteria have been using them to compete with each other
for millions of years.

To remain in harmony with our bacterial counterparts, we will need to enlist the help of
the entities which have been evolving in harmony with these microbes since the beginning of life

as we know it [ 76, 77]. Bacteriophage shape bacterial populations with more finesse than we could

183



ever achieve with chemical antibiotics [78]. They are more discerning about which microbes are
eliminated and they continually evolve to overcome resistance tactics developed by the bacterial
hosts [79]. Phages have been used as a therapeutic for over 100 years, particularly in the countries
of Georgia [80] and Poland [81], since their discovery by Felix d’Herelle [82] and Frederick Twort
[83]. In Poland, phage therapy remains a second line of defense only to be used once antibiotics
fail, but in Georgia, phages are part of the standard of care. The commercial arm of the Eliava
Consortium, Eliava BioPreparations LTD, currently produces 6 phage cocktails which can be
picked up at a local pharmacy to combat the most common bacterial infections, without disturbing
the majority of the beneficial microbes of the human microbiome. One of those cocktails,
PyoPhage, has traditionally included our good friend, the nucleus-forming jumbo phage ®KZ [84].
®PA3 was also demonstrated to lyse clinical isolates of P. aeruginosa from cystic fibrosis patients
[85]. Other jumbo phages have made it to the spotlight of growing phage therapy in the West [86-
89] and giant phages with genomes up to 552 kb have been discovered to be residents of the human
gut biome [90]. Until 2017 [6], it was completely unknown that a jumbo phage could construct a
proteinaceous nucleus around its DNA and protect its genome from bacterial defenses [91-93].
This is a glimpse into the realm of possibility presented by giant bacteriophages that we have yet
to fully explore. These are the phages that contribute to who we are as human biomes and the
phages that have been saving us from a fatal imbalance with our microbes [84, 85, 94].

Not only are nucleus-forming jumbo phages vital to who we are today, but they may hold
the key to how we came to be. Two billion years ago the Last Eukaryotic Common Ancestor
(LECA) [95-97] was born, but how that occurred remains a mystery. The first eukaryote is
predicted to have harbored all of the hallmarks of a eukaryote since there is not yet any evidence

of a gradual acquisition of each trait [98]. All eukaryotes contain a nucleus that encloses the
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genome and uncouples transcription from translation as well as membrane-bound organelles such
as the mitochondria and endoplasmic reticulum. One of the theories for the seemingly sudden
emergence of the first eukaryote is the Viral Eukaryogenesis hypothesis first published by Philip
Bell in 2001 [99, 100]. He proposed that the eukaryotic nucleus evolved from a complex DNA
virus that persisted in an archaeal host [96] where viral membrane fusion mechanisms developed
into phagocytosis which allowed the predation of bacterial syntrophs that would become the
mitochondria [101]. As the viral compartment acquired a set of essential genes from the archaeal
host, and metabolism was carried out by the bacterial hostages, the archaeal chromosome became
redundant and was lost, and this tripartite organism became the first eukaryote [99, 100]. Bell
provides arguments based on characteristics that are shared between the eukaryotic nucleus and
viruses but not by prokaryotes including the closest archaeal relatives; mRNA capping, linear
chromosomes, and uncoupled transcription and translation, all of which were fully developed in
the LECA. Another theory pertaining to the advent of the nucleus during eukaryogenesis is the
hypothesis spearheaded by Eugene Koonin which posits that intron invasion provided the selective
pressure for a genome that is compartmentalized by a nucleus [63, 102, 103]. Koonin and
colleagues make a case for the evolution of a nuclear membrane by an unknown mechanism to
protect the archaeal genome that was being disrupted by selfish group II mobile introns harbored
in the ancestral mitochondria [104-106]. I propose that these two theories can be combined to
create a simplified version, satisfying Occam’s razor. I hypothesize that the intron invasion from
the ancestral mitochondria was the selective force that championed the protected viral DNA
compartment over the increasingly redundant archaeal chromosome, sealing its fate and

establishing the first eukaryotic cell composed of an archaeal cell boundary, a bacterial/archaeal
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hybrid cytoplasm with membrane-bound organelles, and a viral genetic compartment — the
nucleus.

When investigating theories of ancient evolutionary transitions, we tend to look for extant
organisms that resemble a stepping stone between the two stages of development, the “missing
link”. Nucleus-forming jumbo phage are a promising link between simple prokaryotes and the
complex nucleated eukaryotes. The phage nucleus displays several characteristics that support its
relation to the ancestor of the eukaryotic nucleus [100, 107]. While the term “phage nucleus”
originally received criticism due to the lack of a double membrane surrounding it, it is important
to remember that the eukaryotic nucleus is scaffolded by a protein shell called the lamina [108].
Therefore, it is reasonable to hypothesize that the nucleus first consisted of a barrier made of
protein only, akin to the phage nucleus, later becoming surrounded by layers of lipid membranes.
Also important to the assignment of the phage nucleus as the “missing link” between prokaryotes
and eukaryotes, is the essential function of uncoupling transcription and translation. This is
achieved by the phage nucleus and necessitates an intricate system to determine which proteins
are to be imported into the nucleus, which must be excluded, and how to export mRNA for
translation. It may be revealed with further investigation that nucleus-forming phage process
mRNA with mechanisms resembling those of eukaryotes. Alternative splicing and exon skipping
made possible by introns and uncoupled transcription and translation drastically increases the
coding potential of a single gene while noncoding DNA has been positively correlated with
biological complexity [109-111]. This suggests that the ancient intron invasion that may have
selected the viral nucleus over the archaeal chromosome, could also hold the key to the explosion

of organismal complexity that eventually brought humans into existence.
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Bacteriophage are much more than mere “bacteria-eaters”. This dissertation demonstrates
that nucleus-forming jumbo phage are enlightening us to the vast potential of intracellular
complexity encoded by phage, the diverse mechanisms influencing the speciation of viruses as
they compete inside a single host cell, and the answer to our calls for a weapon against antibiotic

resistance and the big question of how we came to be.
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