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Samenvatting

Gedetailleerde kennis over de infectiecyclus van bacteriële virussen is beperkt
tot een aantal modelbacteriofagen die vooral Escherichia coli infecteren, naast
specifieke resultaten op basis van historische benaderingen. Tegenwoordig
laten nieuwe technologieën het toe om de decennialange interesse omtrent
bacteriofaagtranscriptie strategieën te exploreren. Bovendien is het mogelijk van
belang om de invloed van fagen op de gastheertranscriptie en –metabolisme na te
gaan, gedreven door het potentieel van bacteriofagen als modern therapeutisch
middel, vanwege zijn biotechnologisch potentieel en om meer fundamentele
vragen op een omvattende manier te beantwoorden.

Door RNA-Seq uit te voeren op het niet-ribosomaal RNA van synchroon
geïnfecteerde celculturen was het mogelijk om de gastheertranscriptie tijdens
de vroege, midden en late infectie te bestuderen, en dit voor zes fundamenteel
verschillende, lytische bacteriofagen. Deze groep van fagen bevat ΦKZ
(Phikzvirus, 280kb - Hoofdstuk 1), PEV2 (N4virus, 72kb - Hoofdstuk 3), 14-1
(Pbunavirus, 67kb - Hoofdstuk 4), LUZ19 (Phikmvvirus, 42kb - Hoofdstuk 5),
YuA (Yuavirus, 58kb - Hoofdstuk 6), en de nieuwe faag F7 (287kb) die P.
aeruginosa PAO1 infecteert. We werkten ook samen met collega’s van het
‘Insitut Pasteur’ om soortgelijke data te verzamelen voor PAK_P3 (Kpp10virus,
93kb - Hoofdstuk 7) en PAK_P4 (Pakunavirus, 89kb - Hoofdstuk 8), beide
fagen die P. aeruginosa PAK infecteren.

Deze data geeft experimenteel bewijs dat ons toelaat in silico voorspellingen
van open leesramen, operons, promoters, 5’ niet-vertaalde regio’s, regulatorische
elementen en terminatoren te valideren. Daarnaast werd ook op genomische
schaal de aanwezigheid van niet-coderende en ‘small RNA’ molecules ontdekt in
deze fagen. Op basis van het experimenteel bewijs van deze elementen en hun
werking tijdens de verschillende stappen van infectie kan een globaal overzicht
bekomen worden omtrent de transcriptie-organisatie van iedere individuele
bacteriofaag die deze op een fundamenteel diepgaande manier beschrijft. Zo
werden een aantal belangrijke en onverwachte observaties gedaan, zoals het

i



ii SAMENVATTING

groot aantal antisense RNA molecules die de midden en late transcriptie
domineren van structurele en lysis-geassocieerde genen in ons N4virus. Hierdoor
zal waarschijnlijk de late translatie neergereguleerd worden tot een specifiek
tijdstip waarop de late eiwitexpressie wordt aangeschakeld (Hoofdstuk 3).
Een ander type van transcriptie-organisatie dat tot op heden nog niet werd
beschreven vinden we bij bacteriofaag 14-1, die geen differentiële expressie
vertoont op transcriptieniveau, maar de eiwitexpressie zal regelen via een
translatie-gebaseerd systeem om het metabolisme van de cel om te zetten tijdens
de vroege fase van infectie, terwijl de structurele eiwitten worden aangemaakt
tijdens de late infectie (Hoofdstuk 4).

Tegelijkertijd laat RNAseq toe om de impact van de faaginfectie na te gaan op
de relatieve hoeveelheid van de gastheertranscriptie tijdens infectie. Omdat er
daarenboven informatie is over verschillende lytische Pseudomonas fagen die
allemaal dezelfde gastheer infecteren, is het mogelijk om een onderscheid te
maken tussen faag-gemedieerde manipulaties van gastheertranscriptie (door te
kijken naar faagspecifieke effecten) en de gastheer-gemedieerde respons tegen
faaginfectie (door het analyseren van effecten die door alle faaginfecties gedeeld
worden). Hoofdstukken 3 tot 9 beschrijven en bespreken de verschillende
manieren waarop individuele fagen de transcriptie van ongeveer 7% en 11% van
de genproducten van hun gastheer manipuleren. Hierbij wordt voor de eerste
keer aangetoond dat dit fenomeen niet enkel bestaat, maar dat deze respons
divers is en typisch voor iedere faag.

Daarnaast werd ontdekt dat ongeveer 5.5% van de genproducten in P. aeruginosa
PAO1 differentieel tot expressie worden gebracht door de gastheer, als respons
op elk van de bestudeerde faaginfecties (Hoofdstuk 9). Deze gemeeschappelijke
respons omvat de pqsABCDE-phnAB operons van P. aeruginosa PAO1, alsook
hun sRNA regulator PhrS. Aangezien het PQS "quorum sensing"systeem
vroeger reeds werd aangetoond als een stress respons regulator die metabolische
inactivatie induceert en aangezien de phiKMV-achtige faag LUZ2 enkel
PA14 infecteert wanneer het PQS systeem is uitgeschakeld, kan dit een
aanwijzing zijn voor de aanwezigheid van een nieuw ‘microkolonie geassocieerd
verdedigingsmechanisme’ van de faag.

Dit onderzoek levert niet enkel een bijdrage tot ons fundamenteel begrip
van Pseudomonas fagen (het aantal beschreven transcriptieregulatiesystemen
wordt verdubbeld), het draagt ook bij tot bredere biologische vraagstukken
en biotechnologische toepassingen. Daarnaast heeft dit onderzoek ook
directe gevolgen voor de veiligheid van faagtherapie die momenteel wordt
geëvalueerd bij specifieke patiënten. Specifiek kan de opregulatie van bacteriële
virulentiefactoren (zoals de voorspelde dehydrogenatie van HCN uit glycine,
geïnduceerd door LUZ19) een belangrijke bezorgdheid zijn bij de implementatie
van faagtherapie.



Summary

Detailed knowledge of the progression of bacteriophage infection has been limited
to few model bacteriophages, mostly infecting Escherichia coli, as well as the
results of low throughput and increasingly antiquated methods. However, state-
of-the-art approaches now make it possible to explore decades of interest in the
transcriptional strategies of phage as well as how they affect host transcription
and metabolism, now re-sparked by modern therapeutic and biotechnological
potential, as well as the ability to ask deeper more comprehensive questions.

By performing RNA-Seq on the non-ribosomal RNA of synchronously infected
cells we are able to compare host transcript data for early, middle and late
transcription with six fundamentally different lytic phages. These include ΦKZ
(Phikzvirus, 280kb - See Chapter 1), PEV2 (N4virus, 72kb - See Chapter 3),
14-1 (Pbunavirus, 67kb - See Chapter 4), LUZ19 (Phikmvvirus, 42kb - See
Chapter 5), YuA (Yuavirus, 58kb - See Chapter 6), and the novel F7 phage
(287kb - Data not shown) infecting P. aeruginosa PAO1. We also collaborated
with colleagues at the Pasteur Institute to collect similar data for PAK_P3
(Kpp10virus, 93kb - See Chapter 7) and PAK_P4 (Pakunavirus, 89kb - See
Chapter 8) infections of P. aeruginosa PAK.

With this data we now have experimental evidence to support or revise in silico
predictions of open reading frames, operons, promoters, 5’ untranslated regions,
regulatory elements, and terminators as well as posit the presence of non-coding
and small RNA species for the whole phage at once. With experimental evidence
identifying and defining these features at each of the various stages of infection,
we are able to construct a transcription level narrative for each phage that
powerfully describes them on a fundamental level. Indeed, we have found a
number of significant surprises including a large number of antisense RNA
molecules that dominate middle transcription of structural and lysis coding
sequences in our N4virus, presumably silencing all of late translation until late
protein expression is triggered (See Chapter 3). At the same time, unlike any
other tailed virus that we are aware of, phage 14-1 appears to not differentially
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express its genome on a transcriptional level, and instead uses a translation level
system to express gene features associated with converting the cell to a phage
metabolism during early infection while expressing structural coding sequences
in late infection (See Chapter 4).

Similarly, this technology enables looking at the impact of phage infection on
the relative abundance of host transcripts during infection. Having data for
so many fundamentally different phage types, all infecting the same host, also
provides the unique ability to distinguish phage-mediated manipulations of host
transcription (by looking for effects that are specific to each phage), from host
mediated responses to phage infection(establishing effects that are common
to each studied infection). Chapters 3-9 detail and discuss the distinct ways
in which the individual phages manipulate between 7% and 11% of the gene
features of their hosts to their benefit. demonstrating for the first time that
not only does this phenomenon exist but that it is diverse and a key feature of
phage infection.

At the same time, we have also found that 5.5% of gene features in P. aeruginosa
PAO1 are differentially expressed by the host in response to each of the
phage infections studied here (See Chapter 9). Interestingly, this includes
the pqsABCDE-phnAB operons of P. aeruginosa PAO1 as well as their PhrS
sRNA regulator. As the PQS quorum sensing system has been previously
demonstrated to control a stress response encouraging metabolic dormancy, and
as we have found phiKMV-like phage LUZ2 is only able to infect PA14 when
PQS is knocked out, this may indicate the discovery of a novel micro-colony
wide phage defense system.

This research not only contributes significantly to our fundamental under-
standing of Pseudomonas phages (doubling the number of known transcription
regulation mechanisms of the host), it also impacts bacteriophage biology
and biotechnology in general. It also has direct implications for the safety of
phage therapy as it is currently being assessed in medically vulnerable patients.
Indeed, our finding that phage LUZ19 upregulates virulence factors responsible
for dehydrogenating hydrogen cyanide from glycine not only suggests that the
production of HCN might be a direct concern, but that host virulence factors
in general have the potential to interfere.
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Lay Summary

With the advent of the antibiotic era in the 1940s and ‘50s, effective tools
with which to combat the bacterial diseases that formed many of our primary
sources of morbidity and mortality finally became available. Indeed, the use
of antibiotics has broadly raised life expectancies; not only directly addressing
previously deadly infections, but also taming human-associated bacteria into
mutualistic rather than parasitic lifestyles by selecting against virulent strategies,
making previously impossible surgeries a practical reality, and immeasurably
impacting women’s equality by drastically reducing both infant and maternal
mortality. However, these profound global impacts are rooted in the efficacy of
a finite number of chemical compounds that engender resistance at alarming
rates and a pipeline of drug discovery that increasingly appears to be intractably
clogged. In light of this, one possible source of new tools could be found in the
viruses that infect bacteria, known as bacteriophages (phages), which have been
locked in an antagonistic arms race with their hosts since the origins of cellular
life.

Wherever bacteria can be found, around one hundred times as many phage
particles that infect those bacteria can also be isolated, making these creatures
the most abundant biological entities on Earth. The obligately lytic double-
stranded DNA phages studied in his work begin their propagation process by
adsorbing onto the very specific bacteria that they can productively infect and
injecting their DNA genomes into the cytoplasm of their hosts. This genome
then competes with the hosts genome for control of the cell, rapidly transcribing
the sequences it encodes into RNA messages that are then translated into
proteins with functions involved in converting the host cell from a cell making
factory into a phage making factory. As the machinery of the cell become fully
co-opted to viral purposes after the early stage of infection, the phage then
replicates its genome with host nucleotides, constructs new phage particles with
host amino acids that it packages with new DNA, and then destroys the cell
membrane - releasing 30 to 3,000 new phage particles to encounter and infect
more cells.
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Over the last decade, there has been an exponential growth in the number of
available fully sequenced phage genomes, from the dozens that were painstakingly
sequenced with manual techniques to the thousands that have now been
sequenced with next-generation sequencing robots. While this has given us
maps with which to understand how the moving parts of phage are encoded
and allowed us to understand phage diversity in a radically more powerful way,
deeper questions about how these sequences function have been left unanswered.
This work investigates how the genomes of six phage that infect Pseudomonas
aeruginosa are transcribed within the host cell at each of the three stages
of infection using RNA sequencing, which takes snapshots of which DNA
sequences are transcribed in the cell. By doubling the number of transcriptional
narratives that have been experimentally derived from different phages, which
had previously been painstakingly investigated using older techniques, radically
new forms of gene regulation can be described with potential applications in
biotechnology.

At the same time, this technique simultaneously captures a snapshot of how
the genome of the bacterial host is being transcribed during phage infection,
providing solid answers to questions that could previously only be speculated
about. Do bacterial hosts attempt to transcribe genes with which to defend
themselves against phage during infection? Do phage actively manipulate the
transcription of host genes to supplement phage functions or take advantage of
host machinery to respond to stresses the phage infected cell might encounter?
Because snapshots were taken of infections by fundamentally different phage
all infecting the same host, effects on host gene transcription that are common
to all of these infections can be defensibly assumed to be host-mediated, while
effects that are unique to one phage would be the result of phage-specific
manipulations. This work demonstrates for the first time that there is in fact a
transcription level host-mediated response to phage infection, and postulates
several radically new forms by which bacterial hosts can defend themselves
against phage predation. These include a quorum sensing based method by
which infected Pseudomonas cells can secrete a toxic communication molecule
known as PQS to shut down the metabolisms of their clonal sisters in preparation
for the phage they will soon release as well as harm phage infected cells that
will be unable to effectively respond to the signal. At the same time, host genes
involved in consuming a number of amino acids that would be invaluable to
phage-infected cells and making energy from them are erroneously up-regulated,
suggesting a new defense system by which phage-infected hosts will attempt to
starve their viral masters.

This work also demonstrates for the first time that phages productively
manipulate the transcription of host genes with phage-mediated stress and/or
phage encoded factors to aid the progression of phage infection. This supports
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the opinion that we need to radically alter our view of what a phage, and indeed
a virus, actually is. Historically, viruses have been thought to be essentially
exemplified by their viral particles. Indeed, this is reflected in how we describe
their lifecycle where viruses are said to go through an ‘eclipse period’ when they
infect their hosts, disappearing into the host cell for the period of infection until
new viral progeny are released. Thus, similar to how we are biased to think
of Bullfrogs as the sexually mature frog rather than a tadpole or egg, we have
thought of the virus as being the viral particle rather than the virally-infected
cell. However, this result suggests that within the virally-infected cell, the host
genome plays a significant role as an auxiliary genome in the essential nature
of these viruses. The idea that the host genome acts as an ancillary phage
genome in the phage infected cell also has more practical, and indeed troubling,
implications. For the therapeutic use of active bacteriophages to be justifiable
from a safety perspective, it is necessary for clinicians to demonstrate that
the phages they intend to use to cure patients of bacterial infections do not
carry genetic material that could conceivably make infections worse or cause
healthy bacteria to turn pathogenic. This work’s finding that phage LUZ19
specifically manipulates its host into up regulating the expression of hydrogen
cyanide production, an important virulence factor, suggests a meaningful source
of caution.





Glossary

ATP Adenosine TriPhosphate

BLASTP Basic Local Alignment Search Tool for Proteins

bp base pairs

cDNA complementary DNA

CFU Colony Forming Units

DNA DeoxyriboNucleic Acid

DNase DNA degrading enzyme

ds double stranded

gp gene product

ICTV International Committee on the Taxonomy of Viruses

LoGT Laboratory of Gene Technology

lb lysogeny broth

MOI Multiplicity Of Infection

NaOAc Sodium Acetate

nvRNAP non-virion-associated RNA polymerase

ORF Open Reading Frame

PCR Polymerase Chain Reaction

PFU Plaque Forming Units

RNA RiboNucleic Acid
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asRNA anti-sense RNA

mRNA messenger RNA

ncRNA non-coding RNA

rRNA ribosomal RNA

sRNA small RNA

tRNA transfer RNA

RNase RNA degrading enzyme

RNA-Seq RNA-Sequencing

ss single stranded

T3SS Type 3 Secression System

T6SS Type 6 Secression System

UTR UnTranslated Region

vRNAP virion-associated RNA polymerase

A note on the idiosyncratic use of gene ontology: There is only one truly
valid definition for a gene, and its what it originally meant, the simplest unit of
inheritance. They are the the factors that determine traits, like those of pea
plants that assort in the ways initially described by Mendel.

After the development of central dogma, many were convinced that the molecular
basis for the "gene" had been discovered. They figured that a "gene" is a sequence
of DNA that is transcribed into an mRNA, then translated into a protein, and
then has a function. However many, if not most, differential traits can’t be
placed into such a neat molecular box. Indeed, many heritable traits are caused
by mutations in regulatory sequences that determine if a coding sequence is
transcribed or translated, many are caused by chemical modifications to DNA
nucleotide, some DNA has important functions as packing materiel that causes
harmful traits when deleted, and some heritable traits aren’t even directly
carried by DNA at all.

The term ’gene’ itself as well as the ontology it supports is like a pretty castle
built in the sky by classical geneticists lacking a firm foundation to place their
models on, and now that molecular genetics has built one, the structure can’t be
laid down on it without important cracks appearing. Wherever possible I avoid
the ambiguous term ’gene’ to describe molecular features or their annotations,
and replace it with a term more specific to the entity being described.
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Chapter 1

Introduction and Background

This chapter represents my own work except when cited.

1.1 Pseudomonas aeruginosa

1.1.1 A serious medical problem

“...I would like to sound one note of warning. Penicillin is to all intents and

purposes non-poisonous so there is no need to worry about giving an overdose

and poisoning the patient. There may be a danger, though, in underdosage.

It is not difficult to make microbes resistant to penicillin in the laboratory by

exposing them to concentrations not sufficient to kill them, and the same thing

has occasionally happened in the body. The time may come when penicillin can

be bought by anyone in the shops. Then there is the danger that the ignorant

man may easily underdose himself and by exposing his microbes to non-lethal

quantities of the drug make them resistant.” (Fleming, 1950)

1
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After the discovery of penicillin (Fleming, 1929), the advent of the antibiotic era

has created a fantastic boon for humanity drastically raising life expectancies

across the world (Piddock, 2012; Ventola, 2015) for rich and poor alike (Rossolini

et al., 2014). Indeed, not only are antibiotics directly responsible for reducing

many of the most common causes of death in the pre-antibiotic era (Jones

et al., 2012), but the confidence in our ability to treat infections that they have

brought have also made possible effective treatments for other major causes

of mortality and morbidity such as heart disease, cancers, and organ failure

requiring transplants (Rice, 2008). However, even at this miraculous era’s

very beginnings, its originator Alexander Fleming sounded his note warning

of potential development of resistance at the end of his 1945 Nobel lecture, as

cited above (Fleming, 1950). Indeed, a combination of medical and agricultural

overuse as well as misuse (Davies & Davies, 2010) has gradually led to the

development of now pervasive antibiotic resistance. Of particular concern

have been a class of bacteria acronymically termed ESKAPE pathogens by

the The Infectious Diseases Society of America (IDSA) (Rice, 2008; Boucher

et al., 2009). These species (Enterococcus faecium, Staphylococcus aureus,

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and

Enterobacter spp.) account for 40% of all nosocomial infections (Hidron et al.,

2008).

Within this list, P. aeruginosa is an opportunistic pathogen known to produce

purulent infections in immunocompromised patients. Indeed, The CDC

estimates that there are 51,000 nosocomial P. aeruginosa infections annually

in the United States alone (CDC, 2013). In particular it is associated with

producing lung infections in cystic fibrosis patients, urinary tract infections in

catheterized patients, gastrointestinal infections in premature infants as well

as neutropenic cancer patients, skin infections in burn wound patients, and

otitis externa. It is observed to infect these distinct infection systems in spite
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of being unadapted to evading clearance by the human immune system, with

only sporadic cases of endemic transmission in humans. This is perhaps due

to the remarkable ability to adapt to diverse ecological niches reflected in its

environmental ubiquity.

1.1.2 Powered by a diverse genomic structure

Since P. aeruginosa was first sequenced by Stover et al. (2000), its relatively

large genome filled with an unusually extensive collection of accessory gene

features (Pohl et al., 2014) has been a subject of fascination and significant

study. First isolated from an Australian wound (Holloway, 1955) more than

sixty years ago, the model strain PAO1 was found to have a genome that was

not only unusually large (at 6.3 million base pairs) but also unusually complex

without the widespread gene duplications common to other organisms (Stover

et al., 2000). This genomic complexity was thus proposed as the source of P.

aeruginosa’s ability to thrive in diverse ecological niches (Greenberg, 2000; Silby

et al., 2011).

The plastic pangenome of Pseudomonas aeruginosa

Not only are the genomes of individual P. aeruginosa isolates unusually complex,

but so is the so called ’pangenome’ of P. aeruginosa, representing all of the

unique gene features found among each of the strains sequenced by Pohl et al.

(2014). Within each isolate, a core genome representing an average of 88% of

coding sequences is observed (Valot et al., 2015), even though it represents only

15% of the 16,000 gene features recently described as being in the pangenome

of 200 strains (Mosquera-Rendón et al., 2016). Indeed, while mathematical

modeling by Mosquera-Rendón et al. (2016) suggested that the P. aeruginosa
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population has a ’closed’ rather than ’open’ pangenome as decribed by Tettelin

et al. (2008), they found so much diversity within the accessory genome that

they predicted each new sequenced strain would add 29 new previously unseen

coding sequences until a finite point. This accessory genome is composed largely

of so called replacement islands, prophages and phage-like elements, transposons

as well as insertion sequences and integrons, and other genetic elements reviewed

by Kung et al. (2010).

This points not only to a wide array of possible metabolic functions that can be

encoded within the accessory genome, but also to the remarkable adaptability

of the core genome of P. aeruginosa to be serviced by these functions. Notably,

this core genome includes functions functionally annotated in the Pseudomonas

Genome Database as being directly involved in virulence in lung infections

(Winsor et al., 2016), indicating that pathogenicity is encoded as a core function

(Mosquera-Rendón et al., 2016).

The diversity of Pseudomonas aeruginosa PAO1 strains

One unfortunate consequence of this genome plasticity observed in environmen-

tally obtained isolates appears to be that it is reflected in laboratory model

strains. Indeed, Klockgether et al. (2010) found that over the decades since P.

aeruginosa PAO1 was distributed from the original PAO strain isolated from a

wound in Melbourne, Australia significant differences have developed between

the sublines used in different labs. This strain is the host used for most of the

work presented here, and the most commonly used model for research on P.

aeruginosa. After de novo sequencing PAO1-UW, MPAO1, and PAO1-DSM,

they found the duplication of a mobile 12-kb prophage region, a variety of

deletions ranging from 3 to 1,006 bp in size, and at least 39 single-nucleotide

substitutions (SNPs). Notably, one of these SNPs affects MexT, which positively
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regulates the MexEF-OprN multidrug efflux system discussed in Chapter 9.

1.1.3 Transcription of the stress response

One of the most remarkable features of the P. aeruginosa genome originally

noted by Stover et al. (2000) was that 8.4% of the gene features they annotated

could be assigned a putative function in transcriptional regulation (Lee et al.,

2006). Indeed, it became apparent that with such a large genome capable

of adapting the bacteria to so many different environments, P. aeruginosa

requires an intricately complex regulatory apparatus. Recently, by analyzing

the transcriptomes of 151 P. aeruginosa clinical isolates growing in a single

standard condition, as well as one P. aeruginosa type strain under 14 different

environmental conditions, Dötsch et al. (2015) were able to precisely define

the parameters and context of P. aeruginosa transcription (See Figure 1.1).

They found that while only 24-46% of gene features are active within each

environmental condition that they tested, nearly all gene features were active

in at least one. Additionally, Dötsch et al. (2015) found that different clinical

isolates had the most significant variability in the expression of secreted factors

as well as selfish genetic elements, suggesting that these factors are most

transformed by evolutionary adaptation. At the same time, they found that

ncRNAs and gene features classed as chaperones and heat shock proteins had

the most significant variation in the environmental conditions, suggesting that

these elements are most involved in transcriptional adaption.
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Figure 1.1: Global comparison of transcriptional activity. "Principal
component analysis of the combined data set, including the 151 clinical isolates
(genome data set) and the 51 samples of strain PA14 under 14 different
environmental conditions (environment data set). The analysis was based
on the expression of the 1,121 genes that showed highly variable expression in
at least one of the two data sets. The first three principal components (PC1
to PC3) displayed account for 47% of the total variance of the data. The
environmental conditions used for cultivation were as follows: late exponential
phase (late exp.), exponential growth phase (exp.), stationary growth phase
(stat.), heat shock at 42°C or 50°C, low osmolarity (osmol.), iron deficiency
(iron def.), 24-h-old static biofilm (BF 24h), 48-h-old biofilm (BF 48h), attached
cells (attach), nonattached population in attachment experiment (att. cont),
anoxic cultivation, minimal phosphate concentration (low P), and mouse tumor
infection model (ex vivo)." Adapted from (Dötsch et al., 2015)

It is unfortunate that the work performed by Dötsch et al. (2015) on responses to

stress conditions and the work presented here were conducted in different strains

of P. aeruginosa as it prevents these data sets from being directly compared,

which could concretely answer a number of profound questions. However, a
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great variety of other authors have performed work assessing the transcriptomic

response of P. aeruginosa PAO1 to various stressors and deletions. This provides

a rich body of literature to which the impacts of individual phage on the host

transcriptome as well as the host response to phage infection can be compared.

Table 1.1: The stress conditions and transcriptional results of deletion mutations
that can be directly compared to phage transcriptomic data.

Host Condition Discussion Reference

PAO1 Iron Stress Chapter 6 (Palma et al., 2003)

PAO1 ∆fur- mutant Chapter 6 (Zheng et al., 2007)

PAO1 Spermidine catabolism Chapter 4 (Yao et al., 2011)

PAO1 ∆hfq- mutant Chapter 9 (Sonnleitner et al., 2006)

PAO1 ∆phrS- mutant Chapter 9 (Sonnleitner et al., 2011)

PAO1 ∆pqs- mutants Chapter 9 (Rampioni et al., 2010)

PAO1 ∆gcsR- mutant Chapter 9 (Lundgren et al., 2013)

PA14 Sigma mutants Chapter 5 (Schulz et al., 2015)

PAO1 Oxidative stressors N/A (Small et al., 2007)

PAO1 Hydrogen peroxide stress N/A (Palma et al., 2004)

PAO1 Ortho-phenylphenol N/A (Nde et al., 2008)

PAO1 Pentachlorophenol N/A (Muller et al., 2007)

PAO1 Copper starvation N/A (Frangipani et al., 2008)

PAO1 Copper stress N/A (Teitzel et al., 2006)

PAO1 Sulfate starvation N/A (Tralau et al., 2007)

PAO1 Osmotic stress N/A (Aspedon et al., 2006)

PAO1 ∆rsmA mutant N/A (Burrowes et al., 2006)
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1.2 History, nature and use of bacteriophages

1.2.1 The discovery of phage and the question of their

essential nature

"Plato had defined Man as an animal, biped and featherless, and was applauded.

Diogenes of Sinope plucked a fowl and brought it into the lecture-room with the

words, ’Here is Plato’s man.’ In consequence of which there was added to the

definition, ’having broad nails.’" (Laërtius, 1972)

Bacteriophage were first described by Frederick Twort in 1915 (Twort, 1915).

However, excitement with the possibilities of bacteriophage can be said to

have begun six months before when Félix d’Herelle, an infamously stubborn

microbiologist at the Pasteur Institute, was sent to Maisons-Laffitte only 50 miles

from the Western Front to investigate an outbreak of dysentery among 10 French

mounted infantrymen. Returning with samples he described a soon eponymous

novel bacillus (d’Herelle, 1916). However, in his investigations of this bacteria

over the next 18 months, he found that some seemingly sterile Chamberland

filtrates of it were capable of effecting the lysis of another dysentery bacillus

(likely Shigella). In one of the great scientific works of the twentieth century,

d’Herelle (1917) described in two short pages the experiments that he performed

showing that this lytic property could be serially passaged from one culture to

the next by transferring 10-6 dilutions fifty times. Similarly, he showed that no

dilution of these lysed cultures would produce hazy subinhibitory growth when

plated over a lawn of bacteria like any antibacterial toxin would, but instead

would display a number of clear glassy plaques equal to the concentration that

would lyse a liquid culture. From these observations, d’Herelle (1917) radically

intuited that he had discovered "un microbe invisible antagoniste des bacilles

dysentériques," described it as "un bactériophage obligatoire," suggested that his
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other bacteria would be found to similarly be infected by these pathogens of

pathogens, and (perhaps too radically) posited that these bacteriophage were

the true agent of natural immunity.

However, while d’Herelle was met with immediate excitement, his model

for explaining the bacteriolytic action he observed was also met with rapid

skepticism. Indeed, Tamezo Kabeshima of the Pasteur who put this lytic action

to work keeping rabbits alive long enough to produce antiserum against Shigella

(Kabeshima, 1919), soon published a paper suggesting that these “microbe filtrant

bactériophage” de d’Herelle could not be living microbes as they were stable

at 70◦C and could be precipitated with acetone, alcohol, or ether (Kabéshima,

1920). Thus, Kabéshima (1920) suggested that lytic property wasn’t the result

of a microbe at all, but instead much more closely resembled consequences of

enzymatic activity. This hypothesis seeded a controversy that would erupt into

a bitter feud between d’Herelle and two Belgian scientists Jules Bordet (Bordet,

1931) and André Gratia (Gratia, 2000) over the nature of bacteriophage and

the priority that should be given to their discovery. Were bacteriophage living

microbes, simply lytic enzymes, or a lytic principle of bacterial origin that could

induce a "nutritive vitiation" that would produce more of the lytic principle

(Gratia, 1921; Summers, 1999)? The question appeared to be partly solved by

the resolution of the structure of bacteriophages by Ruska (1940) as well as

Peankuch & Kausche (1940) through some of the first transmission electron

micrographs (Ackermann & Ackermann, 2011). However these questions about

how we can describe the essential nature of bacteriophages echo to this day.

Current debate

More than 68 years later Raoult & Forterre (2008) reignited this scholarly

debate in Nature Reviews Microbiology with their bold redefinition of viruses.
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Building on their experience with the Mimivirus, which is so large as to be

unable to pass through Chamberland’s filters and possesses many of the features

traditionally associated with cellular life (Raoult et al., 2004), Raoult & Forterre

(2008) observed only two features that could clearly distinguish between viruses

and cellular life. In order to give both groups a positive definition, they

Figure 1.2: A: Redefining viruses. "Representation of viruses with their
capsids, and the three domains of life that have evolved from the last universal
common ancestor. The three domains have ribosomes, but lack a capsid. The
newly defined viruses have a capsid, but no ribosome. Other infectious elements
are not shown."B: Clusters of orthologous groups (COGs) in Mimivirus
and traditional cellular organisms. "Distribution by categories of cluster of
orthologous groups’ homologues in Mimivirus, compared with cellular organisms
from the three domains of life that have the smallest currently known genomes:
Nanoarchaeum equitans (archaea), Candidatus Carsonella ruddii (bacteria) and
Encephalitozoon cuniculi (eukarya)." (Raoult & Forterre, 2008)

delineated viruses as being "capsid-encoding organisms" and cellular life as

being "ribosome-encoding organisms." In response Wolkowicz & Schaechter

(2008) countered by suggesting that the defining feature of viruses should be

their eclipse phase, characterized by how during this phase viruses break up
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and lose their bodily integrity, with their progeny becoming reconstituted after

replication from newly synthesized parts. Raoult (2008) then rejected this

feature as being definitively valid in the modern era as it is fundamentally

phenotypic rather than genomic.

The essential nature of phage, the virocell concept

While this debate on how we should define viruses was inherently stimulating,

it perhaps revealed a much more fundamental and interesting question: which

stage of the viral lifecycle represents the essential nature of what a virus is?

Indeed, if we think of viruses as particles that reproduce by infecting host cells

then they appear to be obviously inert and non-living. However, if we were

to think of viruses as being an infected cell, a "virocell", that reproduces by

releasing infectious particles then it becomes difficult to argue that this organism

is not in an important sense very much alive.

Viruses, when thought of in this way, author their own reproduction in

unambiguous autopoiesis, they just use the brush of their hosts to do it

with in a way not so unlike other intracellular obligate parasites. Like

other living organisms, they actively maintain homeostasis, and often for

internal environments fundamentally different from the one their hosts formerly

maintained (De Smet et al., 2016). Similar to cellular life, viruses often maintain

an energy store of ATP through fundamentally different mechanisms than their

host uses, while many fundamentally replace their hosts’ metabolisms with their

own viral metabolisms (De Smet et al., 2016). Unlike cellular life, viruses do not

just grow and evolve through natural selection, they are capable of a speed of

both exponential growth and evolution unmatched by even the fastest forms of

cellular life. While the inert particles of viruses might only fit these distinctions

in pedantic or meaningless ways, like fire or transposons would, perhaps it is
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time to acknowledge that the infected cells they produce very much constitute

an independent organism. Virocells certainly don’t encode for all of central

metabolism on their own, but then again neither do humans, as the synthesis of

many amino acids is left to gut symbiotes. Should the question of whether we

truly are alive be dissembled in a similar way? By centering its view of viruses

on the animate and vital virocell rather than on the infectious particle, this

manuscript will attempt to glean additional meaning from the data presented.

1.2.2 Phage therapy

Soon after Félix d’Hérelle’s seminal publication demonstrating the existence

of phage (d’Herelle, 1917), he and others began experimenting with the use

of phage as an antimicrobial therapeutic for infections beginning with the

treatment of chicken typhoid (d’Herelle, 1919). The first description of the

therapeutic use of phage in humans was in fact by Bruynoghe & Maisin (1921),

two other Belgian scientists from KU Leuven, who treated the cutaneous boils of

six patients using a preparation of staphylococcal phage and observed reduced

swelling. The contemporary paucity of effective antimicrobial treatments and

the exciting promise of these early results produced an enthusiastic ‘early period’

of phage therapy (Abedon et al., 2011). However, with the sober hindsight

provided by a deeply critical and widely read three part report by Eaton &

Bayne-Jones (1934), it became clear that this period was largely characterized

by inconsistent results, unrealistic claims, and unreliable companies. While

many assume that phage therapy was quietly extinguished in the West in the

wake of this appropriately damning assessment of the phage preparations that

were then available and the advent of the antibiotic era, there was in fact a

great deal of high quality work that continued in France and the United States

and is reviewed for the first time in the Anglophone literature by Abedon et al.
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(2011). Also reviewed in depth by Abedon et al. (2011) is the more well known

and extensive work done in the former Soviet Union that also continued right

up until the era of Perestroika.

Figure 1.3: Seizing the tools of death. Digital artwork constructed from a
frieze found on the side of the Fulton County Department of Health building
in Atlanta, Georgia. The original work by an unknown artist depicts Death
being stopped by the Greek god Apollo while he wields a caduceus, thought
incorrectly by the U.S. Army Medical Corps to be a symbol of healing, rather
than the rod of Asclepius. Here it has been replaced by a T4 phage.

One of the central challenges of phage therapy, then and now, has also been one

of its most attractive features, the extraordinary specificity of bacteriophage.

While this property of phage therapy presents the possibility of avoiding dysbiosis

as a result of treatment like is seen with antibiotics, it also requires that the

source of infection be susceptible to at least one phage used. Since the beginning

there have been a variety of strategies used to overcome this challenge.

The earliest serious attempt dates back to d’Hérelle’s early work and involves

pre-generating cocktails of vast numbers of phages. Indeed, intestiphage and

pyophage, developed by the Eliava Institute in the Republic of Georgia have
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been propogated from d’Hérelle’s original cocktails and are still updated every

6 months against new strains that they collect from around Georgia (Kutter

et al., 2010). Intestiphage is the oldest cocktail, which targets 20-28 different

types of gastrointestinal diseases. A second cocktail, pyophage, is made against

Staphylococcus, Streptococcus, Pseudomonas, Proteus spp., and E. coli, the major

causes of purulent infections, it has been used prophylactically on surfaces and

wounds on a routine bases during surgery and for severe burns as well as against

actively purulent wounds with a high reported success rate (Sulakvelidze, 2005;

Kutter et al., 2010). During the recent 1991-92 conflict in Georgia, soldiers

were reported to have carried spray bottles of phage for gunshot wounds and to

have maintained remarkably low infection rates (Abedon et al., 2011).

For alternatives, there is also the strategy used in Wrocław, Poland at the

Hirszfeld Institute of Immunology and Experimental Therapy (Fortuna et al.,

2008; Borysowski et al., 2014). There they treat intractable infections resistant

to all other treatment methods with phage preparations by selecting lytic phage

specific to the infection in question from a large collection maintained by the

Institute. Slopek et al. (1986); Kutter et al. (2010) have reported in a six

part series of papers success rates that range between 75% and 100% of cases,

depending on the type of infection. They suspect that the relatively low success

rates with some kinds of infections has to do with the fact that most infections,

by the time they see them, have had months, and more often years, to develop

solid biofilms and avascular hiding places.

The solution favored by Western companies has been to develop cocktails of

phage which together are able to infect a majority of clinical isolates from

the population of problematic bacteria (Chan et al., 2013). Indeed current

front runners with experience treating humans with phage include AmpliPhi

Biosciences developing cocktails against P. aeruginosa (Wright et al., 2009)

and other pathogens, Nestle developing cocktails of T4-like phages (Bourdin
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et al., 2014b,a) against coliform diarhea in infants (Sarker et al., 2016), and

Pherecydes Pharma developing cocktails of phages against P. aeruginosa through

the PhagoBurn European Research & Development project (Sansom, 2015;

Debarbieux et al., 2016; Jault et al., 2016).

There is also a very interesting alternative approach being advanced by Craig

Venter’s Synthetic Genomics, where they are taking well studied type phages

and genetically engineering them with features from other phage to expand

their host range and prevent resistant mutants (Hubby, 2016). Indeed, one of

the most common reasons why phage can infect some hosts of a given species

and not others is due to the mechanics of adsorption (Hyman & Abedon, 2010).

Phage particles are locked in a dynamic where binding to hosts they cannot

productively infect is suicide, but failing to bind to a host they can infect is a

wasted opportunity, while at the same time bacteria are constantly changing the

unique contents of their outer membranes to avoid phage predation. Genetically

engineering phage to bind to more hosts than they could ever be naturally

selected to is pretty exciting, particularly as it would have advantages for

patentability, and a reduced need to do the extensive characterization for the

large numbers of phages needed for constantly replenished cocktails.

1.2.3 Phage in the beginnings of molecular genetics

In the 1930s, inspired by Erwin Schrodinger’s influential book What is life

(Schrödinger, 1992), Max Delbrück developed a vision for bacteriophage as a

living system simple enough to truly understand on a fundamental level, even

with the rudimentary tools his Phage Group had available to it (Mullins, 1972).

They reasoned that, if we were ever going to understand how life works, we

would need to start with the simplest organism possible and work our way up.

He selected and renamed seven obligately lytic bacteriophages against E. coli
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B (Abedon, 2000), and organized them into a series labeled T1 through T7.

The central idea was that he and his growing number of colleagues would focus

on truly understanding how these phages worked and use that knowledge to

generalize to Escherichia coli, then the mouse, and then us.

This vision of bacteriophage, along with the elegant work of early bacteriophage

biologists, quickly provided a mechanistic foundation that radically reoriented

our understanding of life on Earth. Taking advantage of the simplicity of

bacteriophage, they described mutations as the units that natural selection acts

upon, established DNA as the heritable molecule, first described the triplicate

nature of codons in mRNA, and elucidated Central Dogma. Indeed, it was this

elegant simplicity of the bacteriophage lytic infection cycle on a microbiological

level that allowed Luria and Delbrück to initially demonstrate that genetic

mutations arise in the absence of selection rather than being a response to

selection (Luria & Delbrück, 1943; Zheng, 1999). Similarly, it was the elegant

simplicity of bacteriophage viral particle chemistry with just two types of

molecules, which could be differentially radiolabelled, that allowed Hershey

and Chase to demonstrate once and for all that DNA is the heritable molecule

(Hershey & Chase, 1952).

Following up on these efforts, much of the work that underlies the molecular basis

for bacterial physiology, biochemistry, genetics, genomics, and then recombinant

engineering was made possible by the elegantly determinative experiments that

can be performed because of how completely phage systems can be understood.

Indeed, many of the molecular tools we take for granted today, from T4 DNA

ligase (Lehnman, 1974) to the T7 expression system (Studier et al., 1990), are

derived from phage. With the extraordinary power now made available by next

generation “–omics” techniques, Delbrück’s historical vision of phage as the

underlying model organism of molecular biology has the chance to gain new

relevance.
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1.2.4 Diversity of Pseudomonas phages

To investigate a broad variety of transcriptional strategies as well as potential

impacts on host metabolism, a divergent array of P. aeruginosa phage,

introduced in Chapters 3-9, were chosen to sample as much of the genomic

diversity found in the phages of P. aeruginosa as possible. With the exception

of the related PAK_P3 and PAK_P4 phages, each phage described in this text

exhibits a unique synteny and at least nearly unique array of gene features. As

Figure 1.4: Virus population network reveals distinct clusters within
the Pseudomonas phage universe. "The network consists of phages within
the Virsorter database belonging to the Myoviridae, Siphoviridae, Podoviridae,
or uncharacterized and other phages, and displays the relationships between
them. The nodes in the network are linked by edges indicating the significant
relationships between viruses, in terms of shared protein contents. The network
was visualized with an edge-weighted spring embedded layout using Cytoscape
software platform (version 3.1.1), which places the viral genomes sharing more
protein families closer in the display. Selected phages are shown in circle and
named in bold. Produced by Dr. Ho Bin Jang, used with permission
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shown by De Smet et al. (2016), phages PEV2 and phiKZ are restricted to the

N4- and ΦKZ-related clusters, without detectable relationships to other phages

(See Figure 1.4). Aside from the related PAK phages, each of the other phages

used represents its own cluster with limited relationships to other phages.

1.3 Transcription narratives of lytic phage

Extensive work in T4, other model coliphages such as T7 (See Chapter 5) and

N4 (See Chapter 3) that are introduced in the chapters of their related P.

aeruginosa phage, and other model phages such as SPO1, has demonstrated

that the elegant simplicity of phage microbiology and chemistry is also reflected

in their transcriptional schemes. Indeed all tailed viruses that we are aware of

having been previously described follow a progression of at least two stages of

transcription. In the early phase of lytic phage transcription, phages express

gene features involved in the conversion of the host cell from maintaining its

own metabolism towards a viral metabolism conducive to the production of

phage virions. This could be said to be analogous to converting a car-making

factory to a motorcycle-making factory, in this case changing a cell-making

factory into a phage-making factory, where many similar components are used

in the same space to create a fundamentally different product. Many, though

not all, phages then express a middle mode of transcription that is typically

involved in the replication of the phage genome. Finally, the late mode of

transcription encodes the production of most structural proteins as well as other

gene features involved in morphogenesis, packaging and then lysis. Notable

examples of trancriptional narratives that have been described for lytic phages

are reviewed below.
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1.3.1 T4 transcription

While the temporal regulation of T4 expression primarily occurs on the

transcriptional level, there is also a significant amount of post transcriptional

regulation of middle and late coding sequences reviewed by Miller et al. (2003).

This transcriptional regulation is controlled by the sequential activation of a

series of promoters specific to early, middle, and late infection.

Immediately upon injection of T4 DNA, T4 early promoters begin competing

with host promoters for the estimated 2,000 RNA polymerases present in an

exponentially growing E. coli cell (Kutter et al., 1994). T4 early promoters

appear to very effectively recruit transcription machinery on their own, as

evidenced by their toxicity when expressed on plasmids that do not attenuate

transcriptional activity (Miller et al., 2003). However, they are made even

stronger by the activity of T4 gpAlt, which is co-injected from the viral particle

with T4 DNA and ADP-ribosylates an arginine residue primarily in one of the

two α subunits of the host RNA polymerase (Rohrer et al., 1975; Goff & Setzer,

1980). One early transcript encodes gp RecB, which is a sequence-specific

endoribonuclease that specifically inactivates early transcripts in association

with the ribosomal protein S1 by cleaving their Shine-Delgarno sequences (Uzan,

2009). Another early transcript encodes ModA, which ADP-ribosylates the other

α subunit of the host RNA polymerase, helping to catalyze the transcription

of middle promoters and excluding transcription of early promoters (Tiemann

et al., 2004).

The expression of gp AsiA, an anti-σ factor protein that forms a heterodimer

with the host σ70, is often thought of as the pivotal event in the activation of

middle-mode transcription (Miller et al., 2003). It appears to act in concert

with transcriptional activator protein MotA, which binds to the MotA box

sequence to recruit the host RNA polymerase to middle promoters (Marshall
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et al., 1999; Sharma et al., 1999).

The transition from middle to late transcription is then mediated by a phage-

encoded sigma factor (σ55), which specifically recognizes the -10 sequence of

late T4 promoters (Williams et al., 1994). While T4 σ55 is necessary to initiate

transcription from late promoters, it is not sufficient on its own. Indeed, gp33

appears to be necessary to recruit gp45, a sliding clamp protein that is also

involved in the DNA replication complex, which appears to be used as a so

called “mobile enhancer” (Miller et al., 2003; Twist et al., 2011).

Phage T4 transcription has also been analyzed by Luke et al. (2002) with a

dense microarray assay that effectively brought transcriptomics to the phage

world. This analysis largely confirmed the painstakingly detailed historical work

done on T4 transcription while comprehensively lumping T4 gene features into

early, middle, and late modes (with some features being found in two modes

being initiated by multiple promoters).

1.3.2 Xp10 transcription

Phage Xp10, infecting rice pathogen Xanthomonas oryzae, is a siphovirus with

a transcriptional scheme that appears to be remarkably similar to phage T7

(Discussed in Chapter 5) though with a gene synteny with remarkable similarities

to phage λ (Semenova et al., 2005). Transcription of Xp10 gene features appears

to occur sequentially with expression of first the so called “Early R” region and

“L region,” which codes for proteins involved in host shut-off, enzymes of viral

genome replication and a T7-like RNA polymerase, before transcription of the

so called “Late R” region containing structural proteins and host lysis proteins

proceeds (Semenova et al., 2005).
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Figure 1.5: Map of XP10 transcription. "The 44373 bp Xp10 genome is
schematically shown. Genes are numbered from left to right end; Letters L and
R identify genes which are transcribed in the leftward or rightward direction,
correspondingly. At the top, the colour code indicates Xp10 genes belonging
to different functional classes: structural genes, purple; genes involved in viral
DNA replication, yellow, H-N-H endonuclease genes, orange, host lysis genes,
cyan. Xp10 RNAP gene (32L) is coloured red-orange, the p7 gene (45L) is black.
Xp10 genes for whose products no function can be predicted are indicated in
white. At the bottom, the colour code corresponds to three temporal classes of
Xp10 genes. L genes are red, early R genes are green, late R genes are blue."
As reported by Semenova et al. (2005)

The Early R and L regions are both transcribed by the host RNA polymerase

independently of phage factors, however, expression of these regions was observed

to stop abruptly ten minutes after infection (Liao et al., 1987) due to the

action of the phage encoded transcription factor P7 (Semenova et al., 2005).

Transcription regulator P7 acts as an anti-σ factor by interacting with the β

and β’ subunits of the host RNA polymerase. This displaces the σ70 subunit,

shutting off expression of early gene features and many host transcripts (Liu

et al., 2014). It also appears to act as a transcription anti-terminator, that

allows the transcription of some late gene features to continue through factor-

independent terminators (Nechaev et al., 2002).

1.3.3 PhiKZ transcription

Phage ΦKZ is unusually large (280kb) myovirus infecting P. aeruginosa that

was previously understood to encode 306 coding sequences (Mesyanzhinov
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et al., 2002), later updated to 369 based on RNA-Seq data (Ceyssens et al.,

2014). Recently, a novel form of phage transcription narrative was described

when Ceyssens et al. (2014) showed that ΦKZ can infect its host completely

independently of the action of the host RNA polymerase. Indeed, they found

that ΦKZ proceeds normally even in the presence of high concentrations of

rifampin, which acts as a powerful inhibitor of all host transcription. This

independence was concretely demonstrated by Yakunina et al. (2015) to result

from the action of two RNA polymerases, one which is packaged into the

virion and co-injected with ΦKZ DNA to power early transcription (vRNAP),

while the other is encoded by middle transcripts and powers late transcription

(nvRNAP).

Presaging much of the work contained in this dissertation, RNA-Sequencing by

Ceyssens et al. (2014) provides a general overview of ΦKZ transcription. The

vRNAP appears to power the transcription of 28 early promoters, all found on

the Watson strand of the circularly permuted genome, without the need for

any phage protein synthesis and then the transcription of middle promoters

after the expression of a necessary but unknown phage transcription factor

(Ceyssens et al., 2014; Yakunina et al., 2015). Late transcription then appears

to be powered by the nvRNAP (Yakunina et al., 2015).
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Figure 1.6: RNA-seq analysis of the ΦKZ transcriptome. "Genome-wide
overview of reads mapped to the sense (red) or antisense (green) strand of the
ΦKZ genome at samples taken 5, 15, and 35 min after infection. Phage genes
encoding structural proteins are indicated in yellow. Early, middle, and late
promoters examined in more detail are indicated as red, green, and blue arrows,
respectively." As reported by (Ceyssens et al., 2014)

1.3.4 Transcription of Syn9 and Phi38:1 multiple hosts

By investigating the transcriptome dynamics of T4-like cyanophage Syn9 while

infecting three different strains of Synechococcus, as well as the dynamics of

podovirus Φ38:1 infecting two different strains of Cellulophaga baltica, Doron
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et al. (2016) and Howard-Varona et al. (2016) respectively were able to see how

the transcriptional strategies of two different phages change within multiple

hosts. Remarkably, both papers describe each phage using largely identical

transcriptional strategies in their different hosts, suggesting that phage generally

may not transcriptionally adapt to accommodate host diversity (See Section

1.4.8).

1.3.5 Other phages with global transcriptomic data

While the historical work that was done to characterize the expression of phage

operons transcript by transcript was largely confined to E. coli phages such as

T4, T7, and λ, most of the applications of more global transcriptomics have

branched out significantly into the phages of other model organisms. These

additional examples largely represent immature applications of the technique

compared to what is now possible.

Table 1.2: Other Phages with global transcriptomic data

Phage Host Data type Reference

GEV2 Geobacillus Microarray (Sevostyanova et al., 2007)

phiYS40 Thermus thermophilus Macroarray (Liu & Zhang, 2008)

phiEco32 Escherichia coli Macroarray (Pavlova et al., 2012)

LUZ19 Pseudomonas aeruginosa
Microarray

RNA-Seq
(Lavigne et al., 2013)

P-SSP7 Prochlorococcus RNA-Seq (Lindell et al., 2007)

PhiRT-37 Yersinia enterocolitica RNA-Seq (Leskinen et al., 2016)
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1.4 Impact of lytic phage infection on host tran-

scripts

One of the great questions of phage biology has been unanswerable until recently.

While it has been long established that T4 both shuts off the transcription and

translation of all host gene features (Koerner & Snustad, 1979; Black et al.,

1983; Kutter et al., 1994), and that T5 so thoroughly degrades host DNA that it

is implausible that any is transcribed during infection, is this exclusion of host

transcription common? Indeed, there are clear benefits to the phage in shutting

of the host’s ability to mount a stress response to the phage on a transcriptional

level. By leaving the host to detect and respond to infection through processes

consistent with central dogma, a phage would leave itself vulnerable to all

manner of unpredictable host-mediated interference. However, not only would

this inactivate host defense responses that rely on transcription, but it would

also serve to exclude the transcription of other competing selfish genetic elements

that might interfere with productive infection such as prophages, competing

phages, and plasmids. Indeed, the strength with which T4 excludes both the

transcription and translation of non-T4 DNA allows it to dominate other phages

in co-infections (Kutter, Personal communication).

At the same time, the potential benefits to allowing the host to transcriptionally

respond to stress are also significant. Indeed, Schachtele et al. (1972)

demonstrated through radioactive experiments that most transcripts produced

during Φ29 infection originate from the host indicating that it may play a role in

infection. Phages that allow the host transcriptional system to remain intact at

least on some level could manipulate host stress responses directly with phage

machinery, as well as indirectly through phage induced stress, and thus adapt

the cell to phage specific conditions. (De Smet et al., 2016) has found that some

phages maintain metabolite concentrations remarkably similar to those found
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in their hosts’ before infection while others actively devour valuable compounds.

Could the first class of phages be manipulating host transcriptional stress

responses to maintain these observed levels of homeostasis? Could the second

class of phages require the host osmotic stress response to ameliorate the impact

of converting host stocks of metabolites into phage? Similarly, phage infected

cells experience changes in extracellular conditions just like uninfected cells do,

could phages rely on host regulatory machinery that is already delicately tuned

to adjust to conceivable environmental conditions?

However, the more a phage opens itself up to relying on host regulatory

machinery, the more agency it provides to the host in the phage infected

cell. With this agency, host cells could conceivably mount the kinds of defensive

responses that have been only theorized by Hyman & Abedon (2010). Do these

responses exist? In this section we describe the impacts of phage infection on

host transcripts that have been concretely and comprehensively described so

far, and then expand on them with new data in the rest of the dissertation.

1.4.1 Replacement of host transcripts with phage transcripts

As soon as lytic bacteriophage adsorb and inject their genetic material into their

hosts a cascade of viral transcription begins, which progressively replaces at

least a portion of the pool of host transcripts with phage transcripts within the

cell. Historically it had always been unclear just how comprehensively phage

transcripts replace host transcripts, though evidence from T4 has indicated

that T4 actively degrades host mRNAs (Uzan, 2009; Qi et al., 2015) as well as

totally blocking all host transcription and translation of all host mRNAs (Winter

et al., 1987; Kutter et al., 1994), suggesting a more complete replacement (See

Section 1.3.1). Recently Doron et al. (2016) found Syn9 (See Figure 1.7), a

cyanomyoviruses related to T4, also almost totally replaces host transcripts
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with phage transcripts. Notably, Howard-Varona et al. (2016) showed that

their phage Φ38:1 had radically lower impact on an alternate host than it did

on the transcriptome of its primary Cellulophaga host, suggesting that less

phage transcription may be a reflection of sub-optimized infections (Discussed

in Chapter 9).

Figure 1.7: Percentage of reads that align to the phage after infection.
Left: "Hybridization of pulse-labeled RNA from phage Φ29-infected cells to B.
amyloliquefaciens H DNA (open bars) and phage Φ29 DNA (solid bars)." As
reported by Schachtele et al. (1972) Right: Ratios of phage and host mRNA
with time after infection as determined from RNA-seq reads that mapped to the
phage and the three host genomes during infection of three hosts, respectively.
Average and range of two biological replicates. As reported by Doron et al.
(2016)

1.4.2 Impact of PRD1 infection on Escherichia coli

The first phage to have its impact on the transcription of host gene features

experimentally described in a comprehensive way was PRD1 (Poranen et al.,

2006), a 14,925-bp (Bamford et al., 1991) lytic virus belonging to the Tectividae
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family (Bamford et al., 1995). Using microarray analysis, Poranen et al. (2006)

found that PRD1 infection, which requires an hour to complete, did not

transcriptionally adjust the expression of the host to meet the conditions

of stationary phase like uninfected cells did. However, they did find that

PRD1 induced an osmotic stress response, exopolysaccharide synthesis, and the

induction of phage shock proteins.

1.4.3 Impact of infection by two different phage on Pseu-

domonas aeruginosa

Before the beginning of this work, two independent experiments had been

performed assessing the impact of phage infection on Pseudomonas, using PRR1

(Ravantti et al., 2008) and phage ΦKZ (Ceyssens et al., 2014). One of the first

tasks undertaken during this PhD was the biostatistical analysis and description

of the results for the ΦKZ RNA-Seq within the resulting paper (Ceyssens et al.,

2014).

Impact of phage PRR1

Just two years after the publication of the PRD1 host transcriptome (Poranen

et al., 2006), the Bamford group in Helsinki, Finland published new microarray

data describing the effect of ssRNA phage PRR1 (a member of the Leviviridae

family) on its P. aeruginosa PAO1 host (Ravantti et al., 2008). They found

unique impacts on a variety of systems including transport/export, energy

production/conversion, ribosomal proteins, and transcription regulators.



IMPACT OF LYTIC PHAGE INFECTION ON HOST TRANSCRIPTS 29

Impact of phage PhiKZ

During infection by ΦKZ, only a single bacterial operon, including genes

PA0718 to PA0728, showed significant and easily discernible upregulation

during infection. These genes encode proteins of the filamentous prophage Pf1,

raising the intriguing possibility that Pf1 tries to escape the infected cell before

lysis occurs. To test this idea, quantitative PCR was performed by Ceyssens

et al. (2014) on DNA extracted from ΦKZ-infected cells to determine whether

new copies of the Pf1 genome are produced during infection. However, no

significant rise in Pf1 genome copies compared to the level of the housekeeping

gene oprL was observed; in contrast, a 57-fold average increase in ΦKZ genome

copies over the MOI of five was seen.

1.4.4 Impact of infection by two different phage on Lactococ-

cus lactis subsp. cremoris UC509.9

The first example of transcriptomic data for two different phages in the same

host came about when two independent groups in Cork, Ireland performed

microarray analysis on Lactococcus lactis subsp. cremoris UC509.9 infected

with the c2 (Fallico et al., 2011) and Tuc2009 (Ainsworth et al., 2013) phages.

The L. lactis host response to bacteriophage (Labrie et al., 2010) has significant

commercial relevance as the species is used globally as a starter culture in

dairy fermentation, which is vulnerable to phage infection (Garneau & Moineau,

2011). While these authors were unable to tease apart a coordinated host

response to phage infection, possibly due to only having data for two unique

infections, they were able to highlight a variety of impacts that appeared to be

phage-mediated. Indeed, both authors observed phage-specific impacts on genes

involved in carbon metabolism and energy production, cell wall modification,
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and the conversion of ribonucleotides to deoxyribonucleotides (Fallico et al.,

2011; Ainsworth et al., 2013), each of which reflects core needs of the phage

infected cell.

1.4.5 Impact of PhiRT-37 infection on Yersinia enterocolitica

The impact of phage ΦRT-37 on the transcription of Yersinia enterocolitica could

also be determined from our bioinformatic work described by Leskinen et al.

(2016). During ΦRT-37 infection, we observed the lowest level of host transcript

replacement by phage transcripts yet described (See Figure 9.1), in spite of the

large (270kb) size of its genome. While 2.6% (112 genes out of 4349 genes in

total) of the coding sequences within Y. enterocolitica appear to be specifically

targeted for downregulation, only seven gene features (mostly involved in energy

and proton transport) were upregulated after early infection. Interestingly, by

late infection 129 coding sequences were observed to be specifically upregulated,

including gene features involved in the cold shock and osmotic stress response,

phage shock proteins, and nucleotide metabolism.

1.4.6 Impact of Syn9 infection on three different Synechococ-

cus strains

By investigating the transcriptome of Syn9-infected cells belonging to three

genetically divergent strains of Synechococcus, Doron et al. (2016) were able

to investigate for the first time the impact that one phage has on multiple

hosts. They found that while Syn9 dramatically depletes almost all of the

transcripts of each of its hosts, there are indeed a number of host transcripts

that are upregulated either by protection from degradation or markedly increased

transcription. Remarkably, Doron et al. (2016) report that most of transcripts
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upregulated within each host are unique to the host, even though Syn9 uses a

largely identical transcriptional scheme (Discussed in Section 1.3.4). Indeed,

of all the 270 genes reported to be upregulated during at least one infection,

only two are commonly upregulated within all of the three hosts: ccmK2, which

scrubs CO2, and a small heat-shock protein. As a result, Doron et al. (2016)

suggest that, at least for T4-like cyanophages, these divergent impacts may be

a result of unique host defenses against phage found in different strains rather

than any phage mediated manipulations. Indeed, this would further suggest

that limitations on the observed broad host range of T4-like cyanophages may

be dependent on the effectiveness of these putative host defense mechanisms

rather than the ability of phage like Syn9 to tailor their transcriptional schemes

to individual hosts.

At the same time, while each of the other 268 gene features upregulated in

at least one host were also not upregulated in at least one host, they were

found to belong to similar functional groups as the upregulated gene features in

other phages. Indeed, Doron et al. (2016) reported that these coding sequences

were largely associated with the cell envelope, DNA repair, carbon fixation,

respiration, tRNA synthesis, and nutrient utilization. Remarkably, between

35–51% of the gene features upregulated within at least one host are located

in hypervariable genomic islands, potentially indicating that a need for fresh

defenses against lytic phages may be an important driver of horizontal gene

transfer.

1.4.7 Impact of P-SSM2 infection on Prochlorococcus NATL2A

under phosphate limiting conditions

By investigating T4-like cyanophage P-SSM2 (Sullivan et al., 2005) infection of

Prochlorococcus NATL2A under phosphate limiting and replete conditions, Lin
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et al. (2016) have demonstrated that, while other T4-like cyanophages may not

differentially express their gene features in divergent hosts (See Section 1.4.6),

P-SSM2 appears to use host regulatory mechanisms to respond to environmental

conditions. Indeed, Zeng & Chisholm (2012) had previously shown through

limited experiments using quantitative RT-PCR that phage P-SSM2 coding

sequences g247 and pstS, which are each host-like gene features involved in

responding to phosphate stress, were more abundantly transcribed in infections

conducted under phosphate limiting conditions. Remarkably, Lin et al. (2016)

are able to show that the phage response to phosphate starvation appears to

be controlled through a host PhoR/PhoB two-component signal transduction

system (Makino et al., 1989; Tetu et al., 2009), which senses phosphate levels,

demonstrating that P-SSM2 directly co-opts this host regulatory apparatus.

1.4.8 Impact of Phi38:1 infection on two different Cellu-

lophaga baltica strains

Similar to Doron et al. (2016), Howard-Varona et al. (2016) infected two related

hosts with the same phage to assess whether there were differences in the

transcription observed from both the host and phage genomes. However, while

both of the host strains are remarkably similar, the infection of one of the two

hosts is significantly more efficient than the other (Dang et al., 2015), allowing

Howard-Varona et al. (2016) to search for clues as to why one infection is more

successful within the differential impact of the transcription originating
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Figure 1.8: Host C. baltica’s response to phage Φ38:1 infection.. "(a)
Original (NN016038) and (b) alternative (no.18) host’s transcriptional categories
during infection, normalized to account for the fraction of infected cells." As
reported by Howard-Varona et al. (2016)

from each host. Like Doron et al. (2016), they found that phage Φ38:1 did

not express distinct transcriptional schemes within two different Cellulophaga
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baltica strains, while the impact on host transcription was drastically different.

The number of phage defense genes reported by Howard-Varona et al. (2016)

as being encoded by each host is implausibly low, suggesting the presence of

unknown systems that could not be annotated based on sequence homology

within each host that could confound any conclusions made from this data.

However, within the distinct impacts on host transcription, they found that host

DNA nucleases were only upregulated in the efficient host. As the availability

of DNA nucleotides appeared to be a limiting factor in the speed of infection in

the alternate inefficient host, this would seem to suggest that phage mechanisms

for co-opting the transcriptome of the host were functional in one host but not

the other.

1.5 Adapting RNA-Seq to the task of investigating

the phage infected cell

RNA sequencing (RNA-seq), also known as Whole Transcriptome Shotgun

Sequencing, is the use of second-generation platforms to sequence cDNA libraries

that have been reverse transcribed from RNA populations present in target cells.

When applied to phage infected cells it allows for the identification of both

phage and host encoded mRNAs, tRNAs, and sRNAs while quantifying them

in relation to each other in a single experiment. RNA-seq presents a number

of significant advantages over microarray-based techniques, as it is not biased

by hybridization efficiencies between oligonucleotides and allows the precise

definition of RNA species to the single nucleotide level for both host and phage.

It is also able to capture a faithful sample of the target population of RNAs

across a much wider range of expression levels as it does not rely on direct

detection methods like radioactivity or light, which can become oversaturated
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when enough material is used to detect low abundance transcripts. (Oshlack

et al., 2010)

It is important to consider that all but the smallest phages change their

transcription over time to fit the progressing needs of the phage. For example,

in the classical coliphage T4 model, phage first transcribe genes involved in

shutting down the host’s self-defense capability while converting its metabolism

toward viral production in an ‘early phase’ of expression. Next, coding sequences

involved in deoxynucleotide biosynthesis and replication are transcribed in a

‘middle phase’ before genes related to the production of structural proteins,

assembly, packaging, and lysis in a ‘late phase’ (See Section 1.3.1). When RNA-

seq is performed on a synchronously infected population of cells, each phase

can be captured individually in separate samples and compared quantitatively.

Adapting RNA Sequencing to the unique challenges of elucidating the

transcriptomics of phage infection has provided the transcriptional narratives

for each phage as well as a global view of the effect of phage infection on

host gene expression that are discussed in the coming chapters. First, time

points to sample from, representing early, middle, and late infection, were

selected using the well studied transcriptional progression of T4 as a guide.

Conditions were then found that would allow 95% of the culture to be infected

before the sample representing early transcription was collected (3-5 min). This

was particularly challenging for some more slowly adsorbing phage such as

YuA (See Chapter 6), however binding was aided by the addition of 10 mM

Magnesium Chloride and 10 mM Calcium Chloride to the medium (Rountree,

1951). The removal of genomic DNA also proved challenging, particularly

with phage that incorporate non-canonical nucleotides in their DNA that were

less sensitive to cleavage by commercially available enzymes. A method for

maximizing the activity of available DNases was thus devised. Once sequencing

reads were obtained, the question of whether to analyze the changes in mRNA
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population for each organism in the cell independently of the global replacement

of host transcripts with phage transcripts in the cell arose. We decided to

normalize each organism’s transcript counts before infection to their counts

after infection individually, setting aside the increase in the other organism’s

counts, even though, for example, this artificially depleted host counts before

infection and enriched host counts after infection. However, this allowed us to

more faithfully represent shifts in the transcription of each genome. The diverse

library of phages with RNA-Seq data was then exploited to differentiate between

phage specific manipulations of host transcription and the host’s transcriptional

response to phage stress.

1.6 Research Goals

Genome sequencing efforts in the last decade have revealed an immense molecular

diversity present among phages infecting different bacteria. As the number of

both phage and bacterial genomes published in public databases continues to

increase exponentially, our ability to understand and annotate the gene features

that give those genomes useful function has not kept up. Indeed, much of this

diversity shows limited similarity to traditional model phages like T4, λ, T7,

T5 and P22 at the genome organization level. Annotated gene features have

almost entirely been predicted in silico, based on the presence of open reading

frames and often distant orthology to other often hypothetical features. By

experimentally defining the location and length of transcripts in both phage and

host, directional RNA-seq has the ability to discover novel coding sequences,

particularly for small phage peptides falling below gene prediction thresholds

(Ceyssens et al., 2014), and refine annotations of existing coding sequences.

Additionally, directional RNA-seq allows detection of a plethora of non-coding

RNA species. For example, it can define cis antisense encoded RNA, which has
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been described in N4-like phage (Wagemans et al., 2014), that are not possible

to predict in silico and exist on conditionally bi-directionally transcribed regions

and block translation or other functions of sense transcripts (Georg & Hess,

2011).

Apart from genomic information however, relatively little is known about the

molecular mechanisms underlying the infectious cycle of many therapeutic

candidates, which is contributing to slow down their global acceptance as valid

treatments. Indeed, while basic microbiological analyses, including bacterial

receptor analysis, latency and eclipse periods and burst size are defined, many

questions about the molecular strategies employed by these bacteriophages

remain conspicuously unanswered. Are the transcriptional narratives that

have been developed for deeply studied obligately lytic type phage such as T4

unique or common? What other strategies for co-opting the host cell before

the production of viral particles could there be? How does the host respond

to phage infection, and what implications could that response have for phage

therapy? While many have assumed that phages shut down transcription and

translation of host genes, as is observed in phage T4, and thus would have

no reason to specifically modulate host transcripts, how generalizable is the

exclusionary relationship T4 has with its host? If other phage generally do

subjugate rather than exclude transcription of host gene features, what would

that more complex relationship look like?

Whole transcriptome sequencing (RNA-Seq) has helped to address these ques-

tions through the development of transcriptional narratives that simultaneously

describe the progression of viral expression over the course of phage infection

and the effect of phage infection on the expression of host genes. Our goal was

to perform RNA-Seq analysis on P. aeruginosa cells infected by a variety of

different obligately lytic phages and distinguish for the first time the strategy

each phage uses to co-opt the transcription of a common host.





Chapter 2

Methods

This chapter was previously published as (Blasdel et al., 2016) and represents

my own work except when cited.

2.1 Design

Performing RNA Seq on phage-infected cells can be divided into three distinct

parts. First, nucleic acid samples from various phases of a synchronous infection

must be collected to represent each phase of transcription (Part A, See Figure

2.1). Next, each sample must be processed into a collection of sequencing reads

that together represent the RNA population present in the infected culture (Part

B, see Figure 2.1) Finally, those reads must be aligned to the phage genome to

construct transcription maps of phage expression over time. They must also be

aligned to the host genome, the number of reads aligning to each gene feature

must be normalized between samples, and the fold changes between conditions

tested for differential expression (Part C, see Figure 2.1).

39



40 METHODS

Figure 2.1: Workflow for RNA-seq analysis of cells infected by lytic
phage. Biologically relevant samples are first collected in triplicate from a
phage-negative control as well as time points in a synchronous infection (Part
A). The samples must then be processed independently to liberate nucleic acids,
remove both phage and host genomic DNA, deplete rRNA, and convert the
remaining RNA into cDNA libraries for sequencing (Part B). Once sequencing
is complete, the resulting reads must be aligned to their relevant reference
genomes where they can be visualized to show the shape of the transcriptome.
Additionally, they can be counted to make statistical comparisons between the
abundance of reads that align to different gene features within a sample or
between samples (Part C).



DESIGN 41

A) To collect data that is specific to the various phases of phage transcription,

a synchronous infection must first be prepared. To do this, a culture of ~1x108

cells growing in the early exponential phase is infected at a high MOI under

conditions that allow fewer than 5% of bacterial survivors to be remaining

within five minutes (see Note 1). Then, at time points selected to represent

early, middle, and late transcription, one third of the infected culture is removed

and halted by rapid cooling in diluted phenol, which also temporarily stabilizes

the RNA population. Generating statistically significant differential expression

data requires that this be performed in triplicate to create biological replicates.

B) To process collected samples into cDNA libraries for sequencing, cells are

first lysed and RNAses present in the cells and media are inactivated to produce

a stable suspension of nucleic acids (Step 1). Then all genomic DNA from both

the phage and host must be enzymatically removed from the suspension (Step

2). Optionally, rRNA may then be removed from the sample with commercially

available kits to better economize on available sequencing depth (Step 3). The

RNA population is then reverse transcribed using commercially available kits

into a cDNA library that can be shotgun sequenced (Step 4).

C) The obtained sequencing reads for each sample must then be processed to

remove adaptors and low quality reads before they can be aligned to the genomes

of both phage and host using either open source programs or commercially

available pipeline software. Once aligned to phage genomes, the distribution of

reads can be used to correct gene annotations, define operons and upstream

untranslated regions, as well as discover new gene features such as sRNA

and small peptides that fall below ordinary gene prediction thresholds in size.

Additionally, with replicates, the read counts that align to annotated gene

features can be compared between samples to statistically test for differential

expression.
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2.2 Microbiology

Pseudomonas aeruginosa strain PAO1 Stover et al. (2000) or Pseu-

domonas aeruginosa strain PAK (Chevallereau et al., 2016) was cultured in

LB medium supplemented with 10mM MgCl2 at 37°C unless stated otherwise.

For RNA-Seq experiments, cells were infected with bacteriophage using a

multiplicity of infection of 25 unless otherwise stated in order to allow for

synchronicity of the infection. This was controlled for by ensuring that in each

measured sample more than 95% of the bacterial population was killed after 5

min phage-bacteria incubation. The large amount of phage used also necessarily

means that all of the data presented represents high MOI infections, and may

not be generalizable to more commonly studied low MOI infections. However,

the synchronicity obtained is essential for ensuring adequate resolution to

disambiguate the various time points within the infection process. Additionally,

this opens up the possibility of lysis from without, however this is a phenomena

that is largely limited to T4 phages and the optical density of each infection

remained stable.

Figure 2.2: Characteristics of Phage used and timepoints chosen.
Infection cycle times taken from De Smet et al. (2016); Chevallereau et al.
(2016).

None of the phages included here had previous transcriptomic work done using



MICROBIOLOGY 43

older techniques that can be multiplexed enough to precisely define the stages

of infection. Thus, to choose time points representing early, middle, and late

transcription from which to sample, an educated guess needed to be made

regarding when these phases of transcription were likely to be found. While the

library of phages chosen for RNA-Seq include a widely diverse set of lengths

of infection, the transcriptional progression of phage T4 was used as a guide.

Phages with longer infection times had their sampling stretched out, while

phages with shorter infection times had their sampling condensed, in order to

at least roughly follow the model of T4.

By sampling from a large population, RNA-Seq leaves open the possibility of

averaging out biologically meaningful variation between cells being studied,

particularly physiological variation. Thus it is possible that cells infected by

different phage took multiple distinct paths towards infection that could not

be detected. However, phage infection is famously repeatable and reliable,

suggesting that single cell variation is unlikely though possible. This could be

controlled for using new single cell RNA-Seq techniques.

Table 2.1: Sample table Number of samples used in each chapter

Number of samples

Phage Early Middle Late
Number of reads that map

to either phage or host

14-1 3 2 2 6-15 x 106

PAK_P3 3 1 3 0.9-18 x 106

PAK_P4 3 1 3 2-16 x 106

LUZ19 3 3 3 0.8-16 x 106

PEV2 1 1 1 6-9 x 106

YuA 3 1 3 2-13 x 106
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2.2.1 Organic extraction of RNA (Step 1)

1. Before infection, prepare one centrifuge tube per time point to be taken,

each with one part Stop Solution for every nine parts of cell suspension

that RNA is being extracted from and place on ice.

2. Over the course of infection, remove samples of ~2.5x107 cells at the

desired time points and pipette them into one tenth volume of prepared

Stop Solution before immediately shaking vigorously and placing back on

ice.

3. After infection, centrifuge at 5,000 x g for 15 minutes, to securely pellet

the stopped cells and remove the supernatant.

4. Resuspend pellet in 400µL of Lysis Buffer before transferring to a 1.5 mL

micro-centrifuge tube.

5. Incubate for 10 min, but not longer, at room temperature before freezing

with liquid nitrogen and thawing in a water bath at 45°C. Repeat the

freeze thaw cycle three times and look under microscope to confirm cell

lysis (see Note 2).

6. Add 500µL TRIzol® to pellet, thoroughly pipette mix, and incubate 10

min at room temperature. (see Note 3).

7. Add 200µL chloroform and mix before incubating 10 min at room

temperature.

8. Centrifuge ~16,000 xg for 15min 4°C.

9. Carefully transfer aqueous upper phase into new tube without disturbing

the organic phase or the protein layer found at the interphase.

10. Add 1/10 volume RNAse free 3M NaOAc and 2 volumes 96% EtOH,

spliting the sample into multiple tubes.
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11. Store at -20°C overnight to ensure precipitation of small RNA species and

centrifuge ~16,000 x g for 1h at 4°C.

12. Remove supernatant and wash pellet with ice cold 70% EtOH before

centrifuging again ~16,000 x g for 15 min at 4°C.

13. Remove supernatant, centrifuge again for 1 min to concentrate remaining

supernatant for removal and air-dry pellet for 5min.

14. Resuspend the pellets for each sample in 200µL total Rnase free water

and combine into a single tube.

15. Analyze sample on Nanodrop spectrophotometer (Thermo Scientific, Wilm-

ington, DE) to ensure adequate concentration and purity: OD260/280 &

260/230 > 1.8 (see Note 4).

16. Store at -20°C.

2.2.2 Removal of genomic DNA (Step 2)

Successfully completing this step is essential to the validity of the end result

as any remnant genomic DNA from either the host or phage will remain in

the sample to be sequenced with the cDNA libraries and their reads may be

indistinguishable. It can however be a source of significant frustration, as

the high concentrations of RNA present will act as a competitive inhibitor to

commercially available DNAse enzymes, impeding their function. It is also

important to consider that the DNAse used may be sensitive to non-canonical

nucleotides commonly present in phage DNA. Using standard DNAse according

to manufacturers’ instructions may work, though below is an expanded protocol

that optimizes enzyme function, and even this may need to be repeated several

times.
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1. Add RNase-free DNAse buffer to 1X concentration Incubate 5min at 65°C

to ensure remnant DNA is fully in solution (see Note 5).

2. Return to room temperature before adding the recommended amount of

RNase-free DNAse and incubating 1h at 37°C.

3. Add the same amount of DNAse a second time and incubate another 1h

at 37°C.

4. Analyze each sample for residual phage and host DNA by performing

PCR using primers that amplify small products and have been verified to

be sensitive to low concentrations.

5. Store at -20°C.

2.2.3 rRNA depletion (Step 3)

Depending on the sequencing resources available, it is generally desirable to use

commercially available rRNA depletion kits for bacterial total RNA to increase

the depth of coverage for desired RNA species. We have had variable success

using the Ribo-Zero kit available from Illumina (San Diego, California), which

captures rRNA using oligo hybridization to beads that are then removed with

a strong magnet. Although commercially available kits are typically regarded

as less reliable than advertised, even a modest reduction of the rRNA fraction

from ~95% to ~50% of the sample can result in enrichment of the output for

other RNA species by an order of magnitude.

2.2.4 cDNA library preparation and sequencing (Step 4)

DNA and rRNA depleted RNA is typically transformed into double-stranded

cDNA libraries through a process that uses random hexamer primed reverse
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transcription, followed by synthesis of a second strand. Through this process,

both strands of cDNA are then sequenced identically in a way that scrambles

the natural strand specificity inherent to transcription. However, particularly

with the extraordinary coding density of phage genomes, the significant amounts

of antisense RNA that have been characterized (Wagemans et al., 2014), and

transcribed features that often overlap, the various strand specific methods

that have been devised for cDNA library preparation have special value for

understanding the transcriptomes of phage (Mills et al., 2013).

While there are many established techniques for accomplishing strand specificity

in RNA-Seq a comprehensive comparative analysis of strand-specific RNA

sequencing methods has convincingly argued that the Illumina RNA ligation

methods (Croucher et al., 2009) and the dUTP second strand marking methods

(Zhang et al., 2012) provide better results for the effort expended (Levin et al.,

2010), see Mills et al. (2013) for additional discussion. We have used Illumina’s

TruSeq® Stranded Total RNA Sample Prep Kit, which uses a method similar

to the dUTP second strand marking method (Catalog Number: RS-122-2201).

Regardless of how a cDNA library is generated, once made it can be sequenced

using standard high throughput platforms to generate the list of millions of

short reads that will be used in the next section.

2.2.5 Notes

1. If phage binding efficiency proves inadequate, the addition of 1-20 mM

CaCl2 and/or MgCl2 to the medium may be needed to assist the phage

(Rountree, 1951).

2. If this proves inadequate to lyse the host, additional preferred methods

can supplement or replace incubation with lysozyme such as beating with
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micro-beads. It is important to ensure that the time that the sample

spends at room temperature before Step 6 is kept to an absolute minimum.

3. The RNA samples suspended in TRIzol® at Step 6 can be safely frozen

at -20°C for up to three months. It is important to note that this stage is

intended to inactivate the RNases made by the host and present in the

media. From this point on, all materials that interact with the sample

must be RNase free, gloves must be worn, and the samples should be kept

on ice when worked with on the bench.

4. A poor OD260/280 ratio indicates an unacceptable level of either phenol

contamination, from the phenol contained in the TRIzol®, or protein

contamination, from the white interphase layer in Step 9, relative to the

RNA concentration. It can be addressed by starting again from Step 6. A

poor 260/230 ratio indicates an unacceptable level of salt contamination,

from the NaOAc used in Step 10 as well as the media, relative to the RNA

concentration. It can be addressed by starting again from Step 10.

5. The 2’-OH group of RNA is capable of catalyzing autocleavage of RNA

strands at high temperatures and high pH.

6. Epicenter Bioscience’s Terminator™ 5’-Phosphate-Dependent Exonuclease

is an inexpensive and especially effective way to deplete rRNA, which are

post-transcriptionally modified with a 5’-monophosphate, but will also

remove any other RNA species that could have been similarly modified.
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2.3 Experimental Analysis

2.3.1 Mapping reads

After a minimally stringent process to clean out failed reads, the first step in

making sense of the millions of short reads generated by RNA-seq required

turning those reads into a quantification of transcript abundance by aligning

them to either the phage or host genomes. This involves attempting to match

each read to a corresponding sequence in each potential reference genome, which

is complicated by how short reads can align to multiple locations, errors in the

sequencing of both the individual reads as well as the reference genome, and

the possibility of RNA editing events. Current methods use either the Burrows

Wheeler transform or hash tables to assemble a list of candidate matches

available in the reference for each read and then pick between them. Alignment

can be performed using various free and open-source software packages such as

the Burrows Wheeler Aligner (Li & Durbin, 2010) or TopHat (Trapnell et al.,

2012), but we have used the CLC Genomics Workbench software package, which

incorporates a method developed from TopHat.

Generating transcription maps

Once aligned to both phage and host genomes, the reads form a map revealing

the abundance of RNA transcribed from any given locus in the infected

cell accurate to the single nucleotide level. These maps can be used to

precisely determine transcription start and end sites allowing promoters and

terminators to be predicted and their operons to be characterized. With defined

operons, 5’ upstream untranslated regions can be annotated and their effects

on translation hypothesized. Additionally, unannotated yet transcribed regions

can be scrutinized for peptides that are too small to definitively predict from
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sequence alone; indeed using RNA-seq Ceyssens et al. (2014) updated the ΦKZ

genome with 63 (20.5%) additional coding sequences. Non-coding sRNAs will

also be highlighted as transcribed features without plausible open reading frames

while both cis and trans-encoded antisense RNAs will map to the antisense

strand of coding sequences. These maps can also point out faulty annotations,

when previously defined open reading frames lack sense transcripts or the start of

transcription indicates a different start codon. The stranded cDNA library prep

process we have used allows us to create stranded maps that are significantly

more useful, particularly in tightly packed phage genomes.

2.3.2 Differential expression analysis

Differential analysis of the number of sequencing reads that align to

specific annotated host gene features between an uninfected control, sampled

immediately before infection, and various time points after infection also provides

a valuable window into how phage infection affects host transcript abundance.

This is accomplished by summarizing expression data into a table of the number

of reads that map to each host gene feature with three biological replicates before

infection and comparing them statistically to three biological replicates after

infection. To perform this differential analysis we first summarized expression

data into count tables using the CLC Genomics Workbench software package.

We then analyzed those count tables using the DESeq2 R/Bioconductor package

to normalize read counts between samples and then infer signal within the

noise inherent to RNA-seq. DESeq2 uses a method based on the negative

binomial distribution to model the differences that would be expected due to

natural variation and thus determine if an observed difference in read counts is

statistically significant. This method is more appropriate than other methods

based on the Poisson distribution for modeling the variance inherent to phage
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infection. (Anders & Huber, 2010)

Figure 2.3: The question of how to normalize reads mapping to phage
gene features between conditions in the context of a rapidly co-opted
cell. The phage infected cell contains two organisms with independent genomes
with the transcription of one progressively dominating the other. By comparing
the reads that map to the phage in early transcription to the reads that map
to the phage in late transcription, and ignoring the reads that originate from
the host genome, we would normalize away the biologically relevant global shift
in transcription from the host to the phage (Left). This will artificially enrich
early reads and deplete late reads as shown here, however it will also more
faithfully highlight intra-organism shifts in transcription and allow us to test for
differential expression independently of this global replacement. Alternatively,
in order to more faithfully highlight shifts in transcript abundance relative to
the total within the cell, reads that originate from the host genome could be
included in the normalization and then removed before testing phage reads for
differential expression (Right). All of the inter-condition comparisons used in
this dissertation are normalized using the first method unless otherwise specified.

When interpreting our results it is also important to consider that, aside from

dramatic examples such as those produced by prophages in the host sensing

infection and attempting to escape, almost all host transcripts will downshift in

abundance relative to the total RNA in the cell during a successful infection

due to the rapid synthesis of phage transcripts. Thus, while normalizing read

counts as we have from those mapping to host gene features in one sample to

those in another sample will show how the distribution of reads transcribed
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from the host genome changes, that analysis will not on its own show changes

in abundance relative to the total as it hides the natural relative decrease

in host reads. Thus, we have chosen to normalize the population of reads

that map to each genome independently of the other. In the context of a

phage infected cell rapidly replacing host transcripts with phage transcripts,

this normalization will artificially enrich host reads and deplete phage reads

progressively over the course of infection by normalizing away the biologically

relevant shift in each organism’s proportion of the total reads in the cell. (See

Figure 2.3) However, this procedure has also allowed us to both show and test

for differential expression of both phage and host gene features independently

of the more global swing towards phage transcription.

Defining the host response

While the alignment of sequencing reads to either host or phage has remained

clear and distinct in our experience, in all previous work showing differential

expression of host genes during phage infection, the assignment of agency to

changes in the cell during phage infection has become confounded. Differential

analysis highlights changes in the abundance of specific transcripts imposed

on the host by the phage such as the promotion and repression of particular

transcripts or targeted degradation. However, depending on the presence

or success of phage mechanisms for shutting down host systems, it will also

identically highlight host responses to phage infection for defense or as a reaction

to various stresses that are inherent to phage infection. Here for the first time,

the difference between the two has been distinguished by performing RNA-seq

on infections by several diverse phages in the same host. As taxonomically

divergent phage are unlikely to co-opt even a common host in the same way, a

similar transcriptomic response to many phages will indicate that it is performed

as a host response.
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Figure 2.4: Defining the host response. This volcano plot shows gene
features that can be considered differentially expressed (Log2 Fold Change >1
or <-1, and adj pvalue < 0.05) during all of the phage infections considered
as a single condition. These gene features that are differentially expressed in
common by each of the evaluated phage infections in this analysis are further
highlighted in the following chapters as differentially expressed by the host in
response to the phage.

In order to define the P. aeruginosa PAO1 phage stress response a novel method

was devised. Gene features that were up or down regulated in common among all

of the phage infections were identified by testing them for differential expression

with the late time points of all of the infections considered as a single condition.

With a sufficient number of evolutionarily distinct phage included in the analysis

(LUZ19, 14-1, YuA, PEV2, PA5oct - See Chapter 9.5), this allows us to identify

the effect of phage infection generally and eliminate specific manipulations

imposed by individual phages.
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This host response is both contrasted with phage specific effects and discussed

in detail in Chapter 9. Additionally, it is highlighted in each of the phage

chapters so that phage specific effects can be discussed independently of it.



Chapter 3

Surprises within the

transcriptional scheme of

N4virus relative PEV2

Portions of this chapter were previously published as (Wagemans et al., 2014)

and represents my own work except when cited.

3.1 Introduction

Phage PEV2 is a relative of Enterobacteriophage N4, which was isolated by

enrichment from the unprocessed in flow to the LOTT Sewage Treatment

plant in Olympia, WA USA against the virulentPseudomonas aeruginosa strain

PAV237 that had been recently obtained from infected dog ears. Evergreen State

College students showed that it can infect PAV237 under anaerobic respiration

55
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as well as aerobic conditions (Ceyssens et al., 2010) relevant to 95% of cystic

fibrosis patient deaths (Jones et al., 2000; Hassett et al., 2002). It directionally

encapsulates a 72,697 bp genome with more than 94% similarity in nucleotide

sequence to P. aeruginosa phage LIT1, showing identical synteny and similar

identity in all coding sequences aside from the tail fiber (Ceyssens et al., 2010).

When infecting under aerobic conditions at 37◦C in rich media, 100-150 infectious

particles are released per cell after an infection lasting 35 minutes. Notably,

preparations of PEV2 have also been found to remaining infectious after spray

drying, indicating its potential uses in aerosol phage therapy of the cystic

fibrosis lung (Leung et al., 2016). Given its unusually extensive host range

for a P. aeruginosa infecting phage, its ability to infect anaerobically growing

cells, its original isolation on an undomesticated and virulent strain, and its

clear obligate virulence, PEV2 has long been considered a suitable candidate

for phage therapy of both human and canine infections (Ceyssens et al., 2010).

Recently a new subfamily has been proposed to encompass the bacteriophage

related to N4, the Enquartavirinae (Wittmann et al., 2015). Indeed, these

authors have found the current N4virus genus to not only be polyphyletic, but

that the N4 phage appears to be a genetic orphan within its group of similar

viruses. They have further proposed the formation of four new subtaxa within

the Enquartavirinae, namely the G7virus, the Sp58virus, and the Dss3virus

genera, as well as the Lit1virus genus including the Pseudomonas phages LIT1,

PA26 and vB_PaeP_C2-10_Ab09. While the genomic sequence for PEV2

was not yet available in Genbank when this analysis was performed, it is clear

from the extraordinarily close relationship between PEV2 and LIT1 that PEV2

would have likely been considered to be an isolate of LIT1 within the proposed

Lit1virus genus. The genome organization of PEV2 and Lit1 is distinct from

N4 in how the structural region is split into two components, and one half is

placed into the center of the middle region along with genes involved in lysis.
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Enterobacteriophage N4 is most notable for its elegant transcriptional scheme

for progressively expressing phage genes using three distinct RNA polymerases,

including one virion associated RNA polymerase (vRNAP) packaged into the

capsid along with its DNA (Lenneman & Rothman-Denes, 2015). Phage N4

infection begins when the phage injects its vRNAP as well as a short sequence of

DNA into the cell, which is then transcribed in the forward direction using host

factors and the vRNAP, both creating early transcripts and pulling the rest of

the genome into the cell (Demidenko & Rothman-Denes, 2015: unpublished data

as cited in (Lenneman & Rothman-Denes, 2015; Choi et al., 2008)). The second

virally encoded RNA polymerase (N4 RNAPII, gp15-16), as well as two virally

encoded transcription factors (gp01-02), are then expressed from these early

transcripts and together promote the middle mode of transcription involving

gene features associated with DNA replication (Lenneman & Rothman-Denes,

2015; Carter et al., 2003; Willis et al., 2002). This includes one single stranded

DNA binding protein that interacts with the host σ70 sigma factor to promote

late phage transcription of structural and lysis genes (Lindberg et al., 1989).

In this chapter we construct transcription maps for PEV2 (See Figures: 3.2 3.3,

3.5, and 3.6) and use them to describe the transcriptional scheme for the Lit1virus

component of the Enquartavirinae as well as LUZ7. This transcriptional scheme

is remarkably similar to what has been described for phage N4 but with notable

surprises. Specific effects on host transcription could also be observed, though

with only single replicates for each of the time point conditions, the conclusions

that can be made are much more limited.
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3.2 Accumulation of PEV2 transcripts in the phage

infected cell

During PEV2 infection two large bursts in transcription, replacing the host

transcript population with phage transcripts, are observed during early and late

infection. Indeed, phage transcripts account for 39% of non-rRNA transcripts

after five minutes, 48% after ten minutes and 71% after fifteen minutes (See

Figure 9.1). This runs counter to what would have been expected based on

what is known for N4, which would involve a sizable burst of transcription for

middle infection as well.

3.3 The transcriptional scheme of PEV2 and the

Lit1virus genus

RNA-Seq has revealed a transcriptional narrative for PEV2 that is both generally

similar to and yet specifically distinct from the scheme that has been so

thoroughly defined for N4 (Zivin et al., 1981; Lenneman & Rothman-Denes,

2015). Phage PEV2 appears to begin infection by using its vRNAP and similar

vRNAP specific promoters to pull the first 30kb of its genome into the cell with

transcriptional activity pointed at the viral particle in a way similar to N4,

though the large peak in transcription over gp01 may indicate a pre-early stage

of DNA injection being briefly stopped by the gp01 terminator (See Figures

3.2 and 3.3). Distinct from what has been described in N4 however, is what we

did not expect to find in middle infection. The two structural regions encoded

on the Crick strand appear to be significantly more strongly transcribed on

the antisense Watson strand than the sense strand before late infection. This

could include a novel form of phage temporal regulation that represses leaky
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expression of transcripts encoding structural genes until the phage is ready

to translate them in late infection. Indeed, by late infection, transcription by

stronger sense promoters overwhelms the abundance of antisense transcripts,

presumably allowing translation to proceed.

Figure 3.2: Reads aligning to the PEV2 genome over the course of
infection. Reads aligning to each strand are visualized separately on a Log2
scale to visualize relative levels of both high and low abundance transcripts
over time together.

3.3.1 Early phase of transcription

The early phase of PEV2 infection is dominated by two specific features that can

be observed in this phage, a long transcript that appears to be the consequence

of vRNAP mediated genome translocaton, as well as a notably large peak in

transcription over gp01 and other strong peaks after four new putative phage

promoter motifs.
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Figure 3.3: Reads aligning to the PEV2 genome in early infection after
5 minutes. Only the first 150 reads mapping to a region are directly visualized
here in red (Watson strand) and green (Crick strand). The blue graph overlaid
onto the reads visualizes the relative concentration of reads across the genome,
showing an extraordinarily high peak over gp01. Gene features shown in black
are structural genes, while gene features shown in grey are conserved across the
Lit1virus genus. The early phage promoters are shown in purple.

This RNA-Seq data appears to confirm the elegant hypothesis based on

unpublished data cited by Choi et al. (2008) that the N4 virus uses the action

of transcription by its injected vRNAP to physically pull its genome into the

infected cell. That this translocation can also be observed in the Lit1virus

genus also appears to indicate that this may be a conserved feature of the

Enquartavirinae and a core purpose for the vRNAP. However, we also observe

a remarkably high peak in transcription over gp01 despite being just 255 bp

long, representing more than 11% of all non-rRNA transcripts in the cell (28%

aligning to the phage) after five minutes, which may point to the presence of

a pre-early stage of infection. Indeed, the transcription powered by promoter

PEV2.P1 appears to be very effectively terminated 34bp downstream of the

gp01 stop codon and 317bp upstream of the PEV2.P2 promoter, even in the

absence of any stem loop motif that could terminate transcription in a factor
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independent manner. Thus, if genome translocation stalls temporarily at this

terminator, it could explain why PEV2.P1 produces so many more transcripts

than PEV2.P2, PEV2.P3, and PEV2.P4 despite the strong conservation of the

promoter sequence (See Figure: 3.4). While PEV2 gp01 is conserved across the

putative Lit1virus members as well as LUZ7, it is not found in N4 or any of

the other putative genera. However, it does contain a helix-turn-helix domain,

indicating that it may encode a transcription factor with a function similar to

N4 gp1 or gp2.

PEV2 early phage promoters

PEV2 appears to use an early phage promoter with remarkable structural

similarity to the N4 early phage promoter, yet has little sequence similarity

(See Figure: 3.4), particularly in regions that have been determined to be

important for vRNAP binding and transcription initiation (Gleghorn et al.,

2008). PEV2.P1-P3 were previously described by Ceyssens et al. (2010) having

been predicted by in silico analysis, but can be confirmed here along with

the newly described PEV2.P4. The N4 promoter consists of GC rich inverted

repeats set on either side of a three nucleotide motif that form a stem loop

centered on -11 after host DNA gyrase induced negative supercoiling, which

appears to be a conserved structure. Like in N4, the transcription start site for

each promoter appears to be 50 nucleotides upstream of the start codon for the

coding sequence being transcribed, forming a 5’ untranslated region (5’UTR),

however this 5’UTR appears to be non-conserved in PEV2, LIT1, LUZ7 and

N4.
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Figure 3.4: Structure of the PEV2 early promoter and its sequence
similarity to other Pseudomonas Enquartavirinae. Top: The predicted
hairpin loop structure of the PEV2 early promoter is shown with conserved
nucleotides highlighted. Bottom: Similar sequences are found in LIT1 and
LUZ7.
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3.3.2 Middle and late phases of transcription

Surprisingly, a clear middle promoter motif could not be found associated with

middle mode transcripts while a number of clear host promoters could. As PEV2

encodes for a similar heterodimeric RNA polymerase that is weakly expressed,

while a number of probable transcription factors are strongly expressed, it

appears likely that the middle promoters are there and simply were not found

in this analysis.

Even more surprisingly, PEV2 appears to use a large number of very weak

and non-conserved σ70 promoters found on the antisense strand within the

coding sequences of structural genes to power the transcription of abundant

antisense RNAs. Notably, a small amount of sense transcription of late gene

features powered by host promoters does appear to leak through whatever

factors, or absence of factors, represses them until late transcription. Thus,

these antisense RNAs that we observe may be involved in the silencing of

structural coding sequences until the phage is ready for their expression in

late infection, particularly in putative hosts where other means of temporary

repression of late host promoters may not be as effective.
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Figure 3.5: Reads aligning to the PEV2 genome in middle infection
after 10 minutes. Only the first 150 reads mapping to a region are directly
visualized here in red (Watson strand) and green (Crick strand), showing a
unique antisense phase of transcription over structural genes in middle infection.
The blue graph overlaid onto the reads visualizes the relative concentration of
reads across the genome. Gene features shown in black are structural genes,
while gene features shown in grey are conserved across the Lit1virus genus.

Regulation of gene expression through the promotion of cis-encoded antisense

RNAs has been theorized to be mediated by the formation of dsRNA

by complimentary sequences preventing ribosome binding (See Chapter 4),

triggering the RNA degradosome, or triggering DNA methylation pathways

(Osato et al., 2007). However, the very short time span over which repression

would be necessary, as well as the extraordinarily dense transcription observed,

suggests that the promotion of these transcripts may function as a way to

encourage RNA polymerase collisions that would disrupt the procession of

sense transcription (Osato et al., 2007; Georg & Hess, 2011). Indeed, while

very little sense transcription of structural coding sequences is observed until

late infection, during late infection the host RNA polymerase appears to be

stochastically terminated while it transcribes these mRNAs (See Figure: 3.2),

as if the lower levels of antisense transcription still present continue to mildly
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impair processivity. A similar set of antisense host promoters was found in

the structural region of N4, indicating that these antisense RNAs may be a

conserved feature that has gone unnoticed thus far.

Remarkably, the most strongly transcribed coding sequence during middle

infection is gp67.1, representing more than 6% of all non-rRNA transcripts

in the cell (13% aligning to the phage) despite being just 162bp, the relative

proportion of which decreases to just over 2% of all non-rRNA transcripts in

the cell (3% aligning to the phage). The sequence for gp67.1 appears to be

highly conserved throughout the Lit1virus genus and has no predicted function.

Figure 3.6: Reads aligning to the PEV2 genome in late infection after
15 minutes. Only the first 150 reads mapping to a region are directly
visualized here in red (Watson strand) and green (Crick strand), showing
sense transcription for structural genes overwhelming the still present antisense
transcripts. The blue graph overlaid onto the reads visualizes the relative
concentration of reads across the genome.
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3.4 PEV2 is mysteriously unable to infect station-

ary phase cells

Lenneman & Rothman-Denes (2015) speculate that one functional consequence

of the N4 phage injecting its vRNAP into its host in an inactive conformational

shape reliant on host enzymes could be to provide a “checkpoint” for N4 to

assess the health of the cell and delay infection in stationary phase until better

times come. Indeed, as they note, the ATP dependent DNA gyrase activity

that N4 uses to activate its promoters is only functional in the presence of a

healthy ATP/ADP ratio. This would create a ‘hibernation mode’ similar to the

one that Bryan et al. (2016) have observed taking place during T4 infection

of stationary phase cells, allowing the phage-adsorbed cell to avoid mounting

an infection that will not optimally produce phage progeny due to potentially

temporary metabolic circumstances.

However, PEV2 appears to be unable to produce phage progeny either before

or after the addition of nutrients when it is made to infects cells in stationary

phase in spite of clear phage binding and host killing (Kutter & Bryan, Personal

communication). This would seem to indicate that the early "checkpoint"

postulated to exist in N4 infection is not functional in PEV2, and may be worth

testing directly in N4.

3.5 PEV2 appears to trigger modulation of host

transcription

While only a single valid sample is currently available for each of the three

temporal conditions assessed in PEV2, a statistical analysis investigating the
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effect of phage infection on host transcripts could still be performed by grouping

the middle and late samples into a single phage infected condition. This removes

the ability to distinguish whether phage effects on transcription occur during

early, middle, or late infection. However, experience with other phage indicates

that at least the vast majority of gene features in the host that are differentially

expressed by the phage are only progressively more up or down regulated over

the course of infection. Grouping the middle and late time points as both

representing a phage infected condition in this way can be justified with a PCA

analysis showing that both samples meaningfully diverge from the group of

negative controls.

During PEV2 infection, three particularly notable phage-specific effects on

host transcription are observed. While PEV2 possesses a significant number of

coding sequences involved in nucleotide metabolism expressed during middle

transcription, along with each of the Enquartavirinae (Wittmann et al., 2015), it

appears to actively recruit the host system for aerobic ribonucleotide reduction

(See section 4.5.1). It also appears to mobilize the transcription of the same Pf1

prophage activated by ΦKZ, indicating that both phage potentially provide the

same stress trigger in spite of their fundamentally different infection styles (See

section 4.5.2).

3.5.1 Upregulation of host ribonucleotide reductase

In addition to encoding a suite of gene features predicted to be involved in

nucleotide metabolism expressed primarily in middle infection, PEV2 appears

to target NrdAB, a set of host ribonucleotide reductase (RNR) components for

transcriptional upregulation. RNRs catalyze the reduction of ribonucleotides

into their corresponding 2’ deoxynucleotides (Nordlund & Reichard, 2006) In E.

coli, largely transcription level regulation of NrdAB ribonucleotide reductase
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Figure 3.7: MA Plot depicting the effect of PEV2 infection on
transcript abundance for each host gene feature by late transcription.
Differential expression analysis of host gene features comparing transcript
abundance between phage negative controls and late infection shows gene
features that are up or downregulated after infection.
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activity controls this critical step in controlling deoxyribonucletide abundance,

which is kept within tight parameters to maximize a balance between high

efficiency and high fidelity of DNA replication (Ahluwalia et al., 2012). While P.

aeruginosa encodes for three RNRs, including nrdJ and nrdDG (Jordan et al.,

1999), only NrdAB, a Class I RNR of the type found in eukaryotes as well as

aerobic bacteria, is upregulated during PEV2 infection.

Unlike LUZ19 or YuA, PEV2 does not deplete levels of glutathione (De Smet

et al., 2016), a metabolite that is required for the activity of Class I ribonucleotide

reductase as well as necessary for protection against oxidative stress (Masip

et al., 2006). This potentially indicates that the targeted upregulation of the

NrdAB operon fits neatly into the greater metabolomic strategy of the phage.

As PEV2 gradually depletes both the pool of available nucleotides as well as

the pool of nucleotide intermediates (De Smet et al., 2016), possibly reducing

the efficiency of DNA replication (Ahluwalia et al., 2012), the upregulation of

NrdAB likely serves a role in more efficiently depleting the cell of metabolites

that can be readily converted into dNTPs. However, NrdAB activity appears

to not be necessary for productive infection as it is oxygen dependent (Jordan

et al., 1999) and PEV2 is able to infect anaerobically growing Pseudomonas

cells though far more slowly.

3.5.2 Inactive Pf1 prophage

PEV2 infection promotes a single transcriptional unit of the apparently inactive

Pf1 prophage that is also activated by P. aeruginosa phage ΦKZ (Ceyssens et al.,

2014). The many prophages within P. aeruginosa are notoriously responsive

to phage infection, mobilizing upon infection to such a degree that one of the

primary benefits to working in the domesticated PAO1 strain is its noted lack of

lysogenic capacity. However, while each of the other bacteriophage infecting P.
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aeruginosa PAO1 that are investigated in this work activate the transcription

of a different prophage region, that PEV2 and ΦKZ both activate the same

prophage indicates that their infections share some unique mobilizing feature

that is exclusive to the other phage.

3.6 Conclusions

Whole Transcriptome Sequencing of PEV2 infected cells has not only generally

confirmed the transcriptomic narrative that has been previously described for

phage N4, it has also brought new insights into the progression of Enquartavirus

infection. We have found that PEV2 does appear to translocate the early

and middle gene feature regions into the cell using the processive power of

its vRNAP. Indeed, in early phase we observe one long continuous stream of

transcription extending out to the first 50kb of the genome, aside from one

clear terminated break after gp01 that potentially provides a pre-early phase

of infection. We are able to confirm the activity of structurally N4-like early

promoters found previously in PEV2 (Ceyssens et al., 2010) as well as discover

new promoters across the Pseudomonas phage related to N4. At the same

time, the transcriptional consequences of what may be a previously undescribed

system for silencing the transcription of structural gene features before late

infection in the putative Enquartavirinae sub-family could also be observed.





Chapter 4

Phage 14-1 uses an unusual

form of temporal gene

regulation

This chapter represents my own work except when cited.

4.1 Introduction

Phage 14-1 is a member of Pbunavirus with a linear 66,235 bp genome, and is

primarily characterized by and a myoviral morphology resembling Salmonella

phage Felix01 (Ceyssens et al., 2009). Along with each known member of the

Pbunavirus genus phage 14-1 performs exclusively lytic infections, forming clear

2-3 mm plaques and containing no known factors associated with lysogeny. This,

along with 14-1’s remarkably broad host range hitting 83% of strains isolated at

73
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the Burn Centre of the Queen Astrid Military Hospital in Belgium, has led to

its inclusion in clinical trials of phage therapy there (Merabishvili et al., 2009).

Phage 14-1 is also notable for its remarkably short latent period for a tailed

phage, producing infectious particles within 13 minutes of infection (De Smet

et al., 2016). The genome is tightly arranged with more than 92% composed

of coding sequences and much of the remainder containing conserved motifs

that will be discussed later (Section 4.3.3). All but one of the structural genes

were found to be encoded in a single cluster on the Watson strand along with

gp49 and 50, which appear to produce a classical two component endolysin

system. Additionally, three clusters of small proteins were found (ORF1-16,

ORF60-64, and ORF77-91) and suggested to be primarily early proteins involved

in the conversion from a host metabolism to a phage metabolism (Ceyssens

et al., 2009). The DNA of 14-1 is organized into a linear genome with clear

start and stop sites, which have been recently experimentally redefined (Barbu,

unpublished data) to the correct locations, and all maps of the 14-1 genome

have been altered from the published genome to reflect this.

Recently, De Smet et al. (2016) found that, uniquely among the six Pseudomonas

aeruginosa phage that were studied, 14-1 does not increase the abundance of

metabolites within the pyrimidine biosynthesis pathway, possibly indicating its

tight regulation in the middle of rapid phage DNA synthesis. An increase in the

abundance of ppGpp, a signal molecule linked to stationary phase and amino

acid starvation, was also found during 14-1 infection. This may be linked to

the host responding to the progressive and severe decrease in available amino

acid metabolites over the course of infection - likely a result of rapid protein

translation.

In this chapter we construct a transcription map for 14-1 (See Figures: 4.2

and 4.3), finding that, unlike any other tailed phage we are aware of, 14-1
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does not temporally regulate its transcriptional expression over the course of

infection. Additional evidence within the specific effect of 14-1 infection on the

host translational apparatus is then found to support a hypothesis that 14-1

and the other Pbunavirus members use a novel form of translational regulation

to adjust their gene expression to fit temporal needs.

4.2 14-1 transcripts begin to replace host tran-

scripts in middle infection

With the extraordinary speed of the 14-1 infection cycle, sampling needed to

be tightly timed in order to adequately represent the three expected phases

of transcription. With just 13 minutes of infection before the appearance of

infectious particles, samples were collected at 3, 6, and 12 minutes to ensure

that the different steps of transcription would each be individually encompassed.

Notably, 14-1 appears to have only a minimal impact on the transcript

population in the cell until 6 minutes after infection. Indeed, less than 2%

of the total non rRNA transcripts in the cell align to the phage at 3 minutes

of infection, before 45% and then 46% at 6 and 12 minutes respectively (See

Figure 9.1). This may indicate that while 14-1 is able to productively infect

its host much faster than the other phage studied here, the time gain is not

obvious from early infection. Thus, as no other phage in our set had a sample

collected at 3 minutes, the low levels of phage transcript abundance in early

infection may be a generalizable result of limitations to how quickly a phage is

capable of co-opting the cell transcriptome.
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4.3 Viral gene expression

4.3.1 Phage 14-1 does not appear to temporally regulate its

own transcription

PB1-like phage 14-1 shows an unexpected transcriptional pattern where, unlike

any tailed phage of which we are aware, it appears to not temporally regulate its

gene expression on a transcriptional level throughout its short infection. Indeed,

successful phage infection requires fundamentally different kinds of dramatic

protein expression in the early phase, for peptides involved in shutting off the

hosts’ metabolism and converting it to one conducive to active infection, and

late phase, for peptides involved in virion production and lysis. This suggests

that perhaps 14-1 regulates its gene expression on a translational level instead.

Figure 4.2: Transcription of the 14-1 genome appears to be largely
constitutive, over time. Transcription depth is represented on a log2 scale
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4.3.2 Organization of 14-1 transcription

Unlike the transcriptional schemes described in other chapters, the 14-1 genome

is organized into clearly delineated operons with remarkably little overlap.

While 14-1 was previously thought to contain over seven transcriptional blocks

(Ceyssens et al., 2009), we can experimentally observe twenty clear operons.

In the structural region alone, nine operons can be annotated on the Watson

strand along with a non-coding RNA (ncRNA_01) of unknown function on the

Crick strand.

4.3.3 Twelve transcripts associated with novel antisense

features dominate phage transcription

Nearly all of the sense transcript reads mapping to phage coding sequences (81%,

and more than 36% of the in the cell after middle infection) in early, middle

and late infection are found aligned to twelve small yet massively transcribed

hypothetical proteins with little homology outside of the Pbunavirus genus.

These twelve coding sequences are arranged into two groups on either side of the

structural region within areas that had been previously described as containing

notably small proteins and proposed to be involved in early infection (Ceyssens

et al., 2009).

At the genome start to the left of the structural region six coding sequences

(gp77, gp82, gp88, gp02, gp08, and gp12), which together contain 62% of reads

representing phage coding transcripts can be found. While none have clear

homology to any known proteins outside of the Pbunavirus genus, all but gp08

contain recognizable DNA or RNA binding domains. Towards the genome end

at the right of the structural region another six coding sequences (gp48, gp52,

gp53, gp65, gp67, and gp69) are found, which together represent 19% of phage
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coding transcripts, though only gp69 can be predicted to contain DNA-binding

domains.

Figure 4.3: Twelve strongly transcribed coding sequences are
associated with novel antisense features. The antisense feature is found
directly over the start codon of its associated coding sequence and is followed
by two strongly conserved motifs.

None of these twelve coding sequences produce structural components, and each

of the functions we can putatively assign to them all appear to involve in either

interaction with the host or to in some way prepare the phage-infected cell

for late infection through functions like DNA binding. Indeed, gp12 has been

demonstrated by Van den Bossche (2015) to bind to the α subunit of the host

RNA polymerase through bacterial two hybrid analysis and negatively affect

transcription from various host promoters. Thus, it is likely that each of these

genes encode for proteins involved in early infection.
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Antisense features and associated motifs

Remarkably, a set of extraordinarily small cis-encoded antisense RNAs could

be found associated with each of the abundant twelve coding sequences. These

RNAs are each approximately 70 bp long and are complimentary to the region

of the sense mRNA transcript for each of the twelve genes around the start

codon and extend to the transcription start sites of their operons. These

antisense transcripts were found to be significantly more abundant than their

sense counterparts, indicating a biologically relevant function. However, like the

coding sequences they are complimentary to, they appear to be constitutively

expressed throughout infection.

Figure 4.4: The twelve antisense features are associated with strong
motifs. The antisense feature is found directly over the start codon of its
associated coding sequence and is followed by two strongly conserved motifs.

These antisense features may be involved in the putative novel form of

translational temporal phage gene regulation that is hinted at by the finding that
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14-1 does not appear to differentially express its genes on a transcriptional level.

Thus, according to this model, these antisense features would have the effect of

silencing translation of the early coding sequences they are complimentary to in

middle/late infection, allowing the translation of structural and other late genes

to proceed unhindered by competition for ribosomes. These antisense features

could thus have either a limited or no effect on translation in the absence of

phage factors, possibly encoded by a subset of these twelve features, that would

make them active in middle/late infection. This would have an effect similar

to protein T4 regA, which effectively eliminates translation of specific phage

transcripts by binding to the mRNA (See Chapter 1).

4.4 14-1 triggers specific modulation of host tran-

scription

Phage 14-1 appears to leave the transcriptional apparatus of its host intact,

allowing it to attempt to respond to phage infection, at least on a transcriptional

level. In particular, the gene features that are downregulated in common between

all of the infections appear to be most downregulated during 14-1 infection (See

Chapter 9). There are however a number of interesting gene features that are

uniquely differentially expressed during 14-1 infection.

A number of transcripts associated with coding sequences that appear to

have biological implications for the 14-1 infected cells are uniquely and strongly

upregulated by 14-1. Indeed, 14-1 induces the expression of genes experimentally

associated with polyamine transport as well as spermidine catabolism during

infection, both likely a reflection of a need for spermidine to efficiently package

viral DNA. Additionally, 14-1 can be shown to upregulate the transcription of

coding sequences associated the the importation of amino acids that it
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Figure 4.5: MA Plot depicting the effect of 14-1 infection on transcript
abundance for each host gene feature by late transcription. Differential
expression analysis of host gene features comparing transcript abundance
between phage negative controls and late infection shows gene features that are
up or downregulated after infection.
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depletes over the course of infection, indicating active interference by a phage

in the amino acid metabolism of its host. Similarly, the upregulation of genes

associated with the TCA cycle and oxidative phosphorylation shows that 14-

1 may also actively stimulate energy metabolism (See section 4.4.1). The

active depletion of RnpB, however, is particularly important from a technical

perspective as some groups have been using it as a putatively stable transcript

to normalize RNA-Seq reads between samples (See section 4.4.2).

At the same time, one of the most striking features of the effect of 14-1 on host

transcripts is its radical effect on the host translational apparatus. Indeed, 14-1

appears to chemically modify the host’s tRNA population into a form that is

no longer detectable in our sample preparation while upregulating both tRNA

biosynthesis genes and a subset of ribosomal proteins.

4.4.1 Manipulation of host messenger RNA transcripts

Induction of polyamine transport and synthesis for the packaging of phage

DNA

One of the most notable effects of 14-1 infection on the transcriptome of the host

is the induction of a response to polyamine abundance. Indeed, the spuDEFGH

operon involved in the import of putrescine and spermidine (Wu et al., 2012) is

upregulated during 14-1 infection. Additionally, genes that have been described

to be involved in polyamine catabolism generally as well as genes involved in

spermidine catabolism specifically in P. aeruginosa PAO1 are upregulated after

14-1 infection (Yao et al., 2011). This would seem to indirectly indicate that

levels of spermidine to the exclusion of putrescine, or another polyamine that

prompts the same response, increase within the cell.

Classical work performed from the 1950s into the 1970s has demonstrated that
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many bacteriophages including T4 (Ames & Dubin, 1960) and P22 (Dasgupta

& Chakravorty, 1978) require the presence of polyamines in their hosts to

successfully package their DNA. These positively charged polyamines associate

with the negatively charged phosphate groups of nucleic acids, allowing more of

them to compress into the phage capsid. Any increased levels of polyamides in

the host would also have the effect of poisoning sensitive host transcription and

replication by compacting host DNA

Figure 4.6: Correlation in coding sequences involved in spermidine
catabolism between expression after growth in spermidine rich
medium and expression after 14-1 infection. The gene features found
by Yao et al. (2011) to be upregulated spermidine specific catabolism also
differentially expressed after infection by 14-1.

(Fukuchi et al., 1995; Limsuwun & Jones, 2000). Pseudomonas acidovorans

infecting phage ΦW-14 also substitutes hydroxymethyluracil for thymine in its

DNA and then modifies about half of it back into thymine and the converts

the other half into α-putrescinylthymine, allowing packaging to be 11% more

efficient (Miller & Warren, 1984). It has also been recently demonstrated that
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N4virus LUZ7 encodes for a small peptide (gp30) that interacts with PA4114, a

spermidine acetyltransferase (Wagemans et al., 2014). Wagemans et al. (2014)

then demonstrated that spermidine production is necessary for LUZ7 plaque

formation like it is for P. aeruginosa phage JG004 (Garbe et al., 2011). They

then speculated that LUZ7 may be inhibiting spermidine catabolism, allowing

levels of spermidine to build up for use in phage DNA packaging, which would

demonstrate for the first time viral inhibition of spermidine breakdown to

actively maintain sufficient levels. Together, the active use of spermidine in

JG004, LUZ7, and 14-1 infection may indicate that it is a common feature of

Pseudomonas phage infection. However, there are indications that the use of

polyamines for the more compact packaging of viral DNA may be common

among viruses generally as the polyamine depletion resulting from the deletion of

spermidine-spermine acetyltransferase restricts both the Zika and Chikungunya

viruses infecting human cell lines (Mounce et al., 2016).

Manipulation of host energy metabolism

Phage 14-1 also appears to directly manipulate host energy metabolism during

infection by specifically upregulating the transcription of genes involved in the

Citric Acid Cycle and the construction of NADH dehydrogenase I chains. This

active interference in ATP phosphorylation may be a result of 14-1’s likely

extreme energy requirements as it rapidly infects the Pseudomonas host. The

common requirement of phage to produce an abundant supply of energy, and

their common advantage in only needing to maintain that supply for a short

period of time, led us to hypothesize that - if phage were indeed found to

interfere with the host transcriptome - manipulations of energy metabolism

would be a likely target. However, the manipulation of energy metabolism by

14-1 is notable both for it extensive nature as well as its novelty, but also for
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how out of each of the phage studied in this work, only 14-1 does it, at least on

a transcriptional level.

This may be a reflection of the particularly fast infection by 14-1 removing

incentives for maintaining energy levels to last for a longer infection, allowing

14-1 to benefit from spinning the TCA cycle as well as running oxidative

phosphorylation more quickly.

Amino acid import

Phage 14-1 also markedly upregulates the expression of the AatJMQP operon

(Singh & Röhm, 2008), containing coding sequences involved in the importation

of glutamic acid, glutamine, and aspartic acid. Unfortunately, the minimal

media used in recent metabolomics experiments with 14-1 did not include any

of these three amino acids, and so it is not possible to directly track their

importation using this data set (De Smet et al., 2016). However, in the absence

of amino acids in the medium to import, we are able to observe strong decreases

in the abundance of each in the intracellular environment (Glu: Log2Fold Change

-1.406561 and pvalue 0.008665, Gln: Log2Fold Change -1.390265 and pvalue

0.033582, Asp: Log2Fold Change -1.375215 and pvalue 0.009657) (De Smet

et al., 2016). While many other amino acids were also depleted after 14-1

infection, likely a result of rapid protein synthesis, the upregulation of this

operon may reflect an attempt to replace this subset.
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4.4.2 Manipulation of host ncRNA transcripts

Depletion of RnpB

As is found in infections of phage LUZ19 (See Chapter 5), from a technical

perspective, one of the most important findings within the 14-1 specific effect

on the host transcriptome is the active depletion of RnpB, the typically stable

RNA component of RNaseP. In the absence of reliable levels of rRNA, caused

by routinely used rRNA depletion (See Methods Chapter 2.3.4), some groups

have elected to use RnpB as a standard to normalize read counts between

negative controls and phage infected samples (Doron et al., 2016), relying on

the assumption that RnpB transcript levels will remain stable through phage

infection.

However, the active depletion of RnpB by 14-1 during infection, along with the

differential expression of 27% of P. aeruginosa PAO1 gene features by the host

in response to phage infection or at least one of the phage currently studied

as part of this work (See Chapter 9), demonstrates the danger in assuming

phage infection will leave any host transcript stable. Alternatives include the

methods described in Chapter 2, or spiking prepared RNA-Seq samples with

known concentrations of RNA nucleotides immediately after RNase inactivation

and using their detected abundance to normalize away variation in sample prep

and sequencing depth.

4.4.3 Manipulation of the host translational apparatus

Strikingly, less than 6% of host tRNAs are remaining after six minutes of 14-1

infection and less than 3% after twelve minutes. This is particularly puzzling

as 14-1, unlike some other phage, does not encode for any of its own tRNAs to
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replace the host’s. It is important to note that the cDNA library synthesis step

of RNA sequencing does not reverse transcribe tRNAs as reliably as other RNA

species due to their stable secondary structures as well as the significant amounts

of substitution with non-canonical nucleotides. Without extensive optimization

of the technique towards the consistent detection of tRNAs (Wilusz, 2015), this

induces significant amounts of trivial technical variation in the number of total

reads that align to tRNA annotations. This technical variation is observed

in the data for this phage, however, the effect observed is so consistent and

so dramatic that appears to indeed reflect a biologically relevant phenomenon

rather than technical variation. Indeed the depletion of host tRNAs is also

reflected in the transcriptional upregulation of genes associated with tRNA

biosynthesis, presumably resulting from host mechanisms attempting to replace

them.

The observation that 14-1 removes nearly the entire population of host tRNAs

without replacing them with phage tRNAs is particularly puzzling as the

phage rapidly translates the 90 coding sequences needed to convert the host’s

metabolism into a viral metabolism and construct its viral particles during

its less than 13 minute infection, and tRNAs are an essential component of

protein translation. As it is not plausible that 14-1 indeed degrades the only

population of tRNAs available to translate its coding sequences, an alternative

hypothesis for explaining the disappearance of tRNAs from the detectable

sample after phage infection is required. Indeed, 14-1 also manipulates the host

into upregulating the transcription of ribosomal proteins. Additionally, the

likely reliance of 14-1 on its host’s tRNA population is also reflected in how it

shares the same dominant codon within its own codon bias as P. aeruginosa

PAO1.
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Figure 4.7: Effect of 14-1 infection on aspects of the host translational
apparatus. Infection by 14-1 removes more than 97% of the tRNAs present in
the host from the detectable sample by late transcription. 14-1 also specifically
upregulates the expression of tRNA biosynthesis coding sequences and ribosomal
proteins.

We believe that, rather than degrading host tRNAs, 14-1 may be modifying

one or more of the RNA nucleotides they are composed of into a form that

the reverse transcriptase used in our cDNA library prep kit (See Methods

Chapter 2) is sensitive to. Notably the structure and composition of tRNAs

are highly conserved across each of the three domains of life as well as the

viruses that contain them, reflecting the tight structural requirements associated

with their function within translation. However, it is possible that a small

change in the structure of host tRNAs could function in a way similar to

various translational repressors encoded by T4, which effectively eliminate host

translation 1-3 minutes after infection. Alternatively, this modification could

be used to exclude translation of the 12 highly transcribed phage early genes

(Section 4.3.3) during late infection, allowing the expression of structural and
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other late genes to proceed.

4.5 Conclusions and Perspectives

Various lines of evidence from both the phage and host transcriptomes within

the phage-infected cell indicate that 14-1 appears to use a novel form of temporal

gene regulation that works on a translational level rather than a transcriptional

level. First, 14-1 does not appear to differentially regulate its gene expression

on a transcriptional level, unlike any other tailed phage we are aware of, instead

almost constitutively expressing its entire genome. Indeed, throughout infection,

phage transcription is dominated by twelve constitutively expressed coding

sequences with protein products predicted to be involved primarily in early

infection. However, each of these gene features are associated with an even

more strongly expressed cis-encoded antisense RNA that is complimentary

to the transcription start site and start codon of each gene feature that may

be involved in translational silencing late in infection. Remarkably, 14-1 also

radically alters the host translational apparatus to suit its unique viral needs.

Indeed, it upregulates expression of a subset of ribosomal proteins as well as

tRNA biosynthesis genes, and appears to chemically modify host tRNAs in

such a way as to remove them from our detectable sample. As rapidly as

transcriptional expression patterns may be capable of being altered to suit

changing needs in a cell, it is possible that 14-1 may use this novel form of

temporal gene regulation if this form of differential gene expression is simply

not fast enough to keep up with an infection that produces infectious particles

in less than 13 minutes.

Future work will include the use of traditional chemical methods to sequence

the tRNAs present in the infected cell, which will give clues as to how they
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could be involved in shaping translational regulation. Similarly, the use of

radiolabeled 2D protein gels or ribosomal profiling will demonstrate which

proteins are translated early or late, pointing to mechanisms.





Chapter 5

LUZ19 infection induces

expression of host-associated

virulence factors

This chapter represents my own work except when cited.

5.1 Introduction

LUZ19 injects a 43,548 bp genome into its host and its proteome has been

previously characterized by two-dimensional gel electrophoresis (Lavigne et al.,

2013). It has a broad host range, infecting 44% of the LoGT library of

Pseudomonas aeruginosa strains (Ceyssens et al., 2009) and is currently

being considered for therapeutic applications. LUZ19 is also an isolate of

the environmentally ubiquitous podovirus ΦKMV, the type species of the

93
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Phikmvvirus genus (Ceyssens et al., 2006), which is distinguished from the other

Autographvirinae by its localization of the RNA polymerase gene downstream

of the DNA metabolism genes, rather than in the early gene region, as well as

conserved nicks found in their genomes (Kulakov et al., 2009) as in coliphage T7.

The Autographvirinae unite the Phikmvvirus members with the T7virus genus,

as well as the Sp6virus members from the classical "T7 supergroup" (Scholl et al.,

2004) and the Kp34viruses, creating a subfamily. While this clade has classically

been thought of as having been first studied by Max Delbrück through his

research into T7 of the original "T" typing set (Demerec & Fano, 1945), work

with them may date as far back as research by d’Hérelle & Smith (1926). As

a subfamily, it is currently defined by its members’ ability to transcribe their

own genes using a distinctive single-subunit RNA polymerase as well as the

syntengy that can be observed in their genomes, their exclusive use of a single

strand for transcription, and their putatively common transcriptional scheme

resembling T7 (Eriksson et al., 2015).

The T7 phage is in many ways most notable for the elegant simplicity of

its transcriptional scheme. Upon entering the cell, T7 recruits the host

transcriptional apparatus with strong σ70 promoters to transcribe early

genes, including its own single subunit RNA polymerase, before inactivating

the host RNA polymerase. The Phage RNA polymerase then transcribes

middle/late genes from phage-specific promoters that replicate the phage genome

and construct infectious viral particles (Häuser et al., 2012). The parallel

transcriptional system that T7 uses to continue expressing its own middle/late

genes while shutting off host expression is the hallmark of the Autographvirinae

subfamily (the source of its name) and one of the core tools of molecular biology.

While in a normal infection about 850 bp of the phage T7 genome is ejected into

the cell through transcription-independent mechanisms, T7 relies first on host

factor-mediated and then on phage factor-mediated transcription to translocate
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the rest of the genome into the cell (Kemp et al., 2004). However, T7 appears

to possess a functional mechanism for enzymatically ratcheting the genome

into the cell that is only limited to the first 850 bp by the action of T7 gp16,

allowing the host transcriptional machinery to access the host promoters at 498,

626, and 750 bp (Kemp et al., 2004).

Figure 5.1: Comparison of T7- and ΦKMV-subgroup phage genomes.
"The genome of T7 phage is schematically presented at the top and aligned with a
phi15 (a T7-subgroup Pseudomonas phage) and ΦKMV-subgroup Pseudomonas
phages LKD16, LUZ19, and LKA1. In T7, genes belonging to different temporal
expression classes (early, middle, and late) are indicated. Some replication (dark
green) and structural (dark blue) genes are homologous in all five genomes, as
are the viral RNAP genes (yellow). Host RNAP inhibitor genes are shown in
red. Genes indicated by lighter shaded of green or blue are conserved within T7-
of ΦKMV-subgroups only. Rightward arrows indicate viral RNAP promoters,
known (for T7) or predicted (for LKD16)" (Klimuk et al., 2013).

It has been long suspected that members of the Phikmvvirus genus transcribe

their genomes in a temporally directed fashion that is at least similar to T7,

with three strong σ70 promoters at the beginning of the genome driving early
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transcription, and leading to the expression of the viral RNA polymerase that

transcribes middle and late gene features (Lavigne, 2005; Lavigne et al., 2013).

This may seem implausible insofar as within the Phikmvvirus members the

viral RNA polymerase is located on the other side of the DNA metabolism

region from the T7-like σ70 promoters, more than 20kb downstream of these

promoters. However early transcripts that extend all the way to the rightward

end of the T7 genome have been observed (Studier, 1972; Chamberlin et al.,

1979), making it plausible that Phikmvvirus members rely on host transcription

of these promoters to express the RNA polymerase responsible for middle and

late infection.

Phage T7 also encodes for an early protein, gp2, which is essential for phage

development and appears to be involved in shutting down the host transcriptional

apparatus to silence early transcription in late infection (Qimron et al., 2008).

While the reason why the inhibition of the host RNA polymerase is essential

for phage infection is not concretely known, Qimron et al. (2008) speculate

that the slower host polymerase may interfere with the action of the faster T7

polymerase. The action of T7 gp2 would seem to logically repress transcription

of host coding sequences mediated by the host polymerase just as completely

as phage transcripts, creating a shut down of host transcription similar to the

result of T4 alc (Koerner & Snustad, 1979; Kashlev et al., 1993) Notably, Klimuk

et al. (2013) show that Phikmvvirus members, including LUZ19, encode for a

gp2-like protein (LUZ19 gp25.1) featuring little sequence similarity but with

apparently similar function.

Building on previous work that was significantly limited by low non-ribosomal

RNA read counts (Lavigne et al., 2013), we present in this chapter the results

of a new directional whole transcriptome sequencing analysis and integrate it

with metabolomics findings. This chapter aims to describe the transcriptional

strategy of LUZ19 and contrast it with the strategy that has already been
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defined as emblematic of the Autographvirinae, suggesting the necessity of

a taxonomic reshuffling. The impact of LUZ19 manipulations on the host

transcriptome is then defined and analyzed. We found that LUZ19 specifically

manipulates its host into upregulating a number of virulence factors, suggesting

the inadvisability of using the LUZ19 phage for human therapy and potentially

a new source of caution for the use of other Pseudomonas phages.

5.2 Accumulation of LUZ19 transcripts in the

phage-infected cell

Qualitatively tracking the progression of how phage transcripts replace host

transcripts over the course of phage infection revealed that 53% of all non-

ribosomal RNA reads align to the phage genome by late infection (See Figure

9.1). This progression is comparable to what is found in ΦKZ infection, which

reaches 46% (Ceyssens et al., 2014), but much less encompassing than is found

in PAK_P3, which reaches 88% (See Chapter 7).

5.3 Viral gene expression

5.3.1 More precisely annotating LUZ19 with novel features

With more precisely defined transcription start sites, it was possible to define a

novel putative promoter motif which, while it has no clear sequence relationship

to the T7 promoter, is intriguingly about the same size and shape. Puzzlingly,

however, this putative promoter motif appears to be found at the 5’ end of

both early and late transcripts. The increased quality of RNA-seq also made it

possible to precisely define transcription stop sites, allowing the discovery and
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confirmation of a variety of rho-independent terminators. While the T7 phage

uses the slow host RNAP for early infection and the fast phage RNAP for late

infection, this makes it less clear what purpose the LUZ19 phage RNAP serves.

Figure 5.2: Putative LUZ19 promoters. While this putative promoter
sequence contains no discernible sequence homology to the T7 promoter, it is
the same size and is localized in intergenic regions.

Notably, one of these terminators stops the transcription of the sigma 70

promoters previously thought to drive expression of early genes before it reaches

any coding sequences. The resulting ncRNA_01 (Figure 5.4) is 300 bp long and

is found with significant structural homology across the Phikmvvirus members

but not the other Autographvirinae. The availability of a transcription map has

also made two previously annotated coding sequences appear to be implausible,

specifically gp0.1 and gp13.1. Previously annotated as the coding sequence for a

small peptide - thought to be a so called "monkey wrench protein" (Miller et al.,

2003) involved in co-opting a host process through protein-protein binding -

gp0.1 now appears to be in fact the rho-independent terminator that stops

transcription of ncRNA_01. Similarly, gp13.1 now appears to in fact be found

in an untranscribed intergenic space. One of the most interesting features of

the LUZ19 transcriptome, however, is not what is present, but instead what

isn’t. Like other members of the Autographvirinae, each of the coding sequences

in the genome of LUZ19 is found exclusively on the Watson strand. However,

interestingly, no LUZ19 transcription is found on the Crick strand, indicating
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that LUZ19 does not express antisense RNAs.

Figure 5.3: Rho-independent LUZ19 terminators. Highlighted in bold are
the nucleotides that could concievably bind together to form a hairpin loop.

5.3.2 Temporal regulation and genome translocation

While early gene features are arranged as a cluster in the first 10 kb of the

LUZ19 genome, gp1-gp16, they are transcribed by a combination of putative

phage promoters and transcriptional start sites with no identifiable motifs. The

rest of the genome, including all of the known structural genes, appears to then

be transcribed in a middle/late mode, promoted by a similar arrangement of

putative phage promoters and transcriptional start sites with no identifiable

motifs. Thus, LUZ19 may continue to rely on host transcription of phage

gene features well into late infection. These findings do not allow LUZ19, or

presumably the other Phikmvvirus members to fit within the transcriptional

narrative presumed for all the Autographvirinae in which a brief burst of

transcription by host factors allows the phage to self-author its own gene

expression. This indicates that the Phikmvvirus transcriptional scheme must

be more complex and involve both host and phage factors throughout infection.

Indeed, we find that LUZ19 does not appear to use the T7-like σ70 promoters

to transcribe any coding sequences, much less the viral RNA polymerase, clearly

terminating their transcription to form a previously undescribed non coding
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RNA instead.

Figure 5.4: LUZ19 transcription is incompatible with the Auto-
graphvirinae narrative. Top: A graphical representation of the previous
model for how Phikmvlikevirus members could still use the Autographvirus
transcriptional scheme (Lavigne, 2005). Bottom: Transcription map of the early
LUZ19 gene region showing that, save one ncRNA of unknown function, it is
not driven by host σ70 promoters.
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The termination of the transcripts promoted by the T7-like σ70 motifs

also highlights another important unanswered question about the nature of

Phikmvvirus infection. The transcription-coupled genome translocation that

was summarized and further elucidated by Kemp et al. (2004) is reliant on

the remarkable absence of transcription termination found during T7 infection.

While there appear to be terminators with limited in vivo function scattered

throughout the early region of T7 (Dunn et al., 1983), there appears to be

only one transcription termination site known as "TE" with sufficient activity

to potentially interfere with translocation, which will allow around one in five

transcripts through (Neff & Chamberlin, 1980). Thus, the large number of strong

terminators indicates that Phikmvvirus members may not use transcription

coupled genome translocation at all. Alternatively, as ΦKMV encodes for

proteins that appear homologous to the T7 internal core proteins, Phikmvvirus

members may use a similar machinery to enzymatically ratchet the entire

genome into the cell, rather than just the first 850 bp (Kemp et al., 2004; Garcia

& Molineux, 1995).

5.3.3 Eliminating one possible role of the Phikmvvirus nicks

One of the most striking features of the Phikmvvirus genus, shared with phage

T5 (Johnston et al., 1977), is a set of single stranded DNA interruptions (nicks)

associated with a conserved motif, observed by Kulakov et al. (2009). While

the function of these DNA nicks remains unknown, they have been speculated

to be involved in transcription regulation or DNA packaging.

During LUZ19 infection, the nick motifs were not observed to have any impact

on transcription initiation or termination. Indeed, they appear be found in

the middle of operons. This suggests that the nicks may be induced during

packaging and play an unknown role in more efficiently folding the genome into
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the capsid.

5.4 LUZ19 triggers specific modulation of host

transcription

Contrary to previous conclusions based on microarray data (Lavigne et al.,

2013), LUZ19 appears to specifically manipulate a number of host gene features.

Indeed, previous work appears to have only detected secondary aspects of

the host response and not phage-specific manipulations. Remarkably, both a

host response, as well as phage-specific manipulations, are observed by early

infection before additional transcription of host gene features stops. Indeed,

LUZ19 appears to upregulate the expression of two gene regions involved in

the production of toxic anti-metabolites for chemical combat with competing

organisms, including hydrogen cyanide - a major virulence factor in human

infections. LUZ19 also manipulates the expression of two large surface structures,

possibly to induce virulence and prevent superinfection. Remarkably, this data

might also provide an explanation for an old observation about the association

between Sigma X and the host transcriptional apparatus during LUZ19 infection

(Ceyssens, 2009). At the same time, LUZ19 is observed to actively manipulate

levels of RnpB, the RNA component of RNaseP.
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Figure 5.5: MA Plot depicting the effect of LUZ19 infection on
transcript abundance for each host gene feature by late transcription.
Differential expression analysis of host gene features comparing transcript
abundance between phage negative controls and late infection shows gene
features that are up or downregulated after infection.
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5.4.1 LUZ19 upregulates genes responsible for hydrogen

cyanide synthesis and the AMB toxin

Hydrogen cyanide synthesis

One troubling effect of LUZ19 on host transcription, from a phage therapy

perspective, is the specific upregulation of the hcnABC operon encoding a

membrane bound Hydrogen cyanide (HCN) synthase, a major virulence factor.

Indeed, this upregulation clearly overwhelms the general depletion of host

transcripts associated with the replacement of host transcripts with phage

transcripts. Plausible explanations for why LUZ19 manipulates its host into

producing HCN include its use as a way to harm competing bacteria that the

phage cannot productively infect, or indeed as a way to induce Pseudomonas

virulence. Alternatively, this could potentially be a result of the host response

in a way discussed in Chapter 9.5. HCN has long been known to be found in

human burn wounds infected by Pseudomonas (Goldfarb & Margraf, 1967), and

this operon specifically has been linked to the ability of P. aeruginosa to rapidly

paralyze and kill the nematode Caenorhabditis elegans (Gallagher & Manoil,

2001). Thus, the upregulation of this operon during infection by a phage being

considered for phage therapy could plausibly have significant implications for

both the safety of phage therapy of human infections generally.

Particularly as Phikmvvirus members are currently being tested as therapeutic

agents in burn wound patients, urgent future work will include quantitatively

demonstrating what the concentrations of hydrogen cyanide in the headspace of

LUZ19 infected cells are relative to uninfected cells. While there are a number

of attractively simple colorometric assays available (Wissing, 1974; Gewitz et al.,

1976; Askeland & Morrison, 1983), they appear to not be sensitive enough to

detect the kinds of differences we would expect between 61 and 512 parts-per-
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billion by volume. However, methods based on cavity ring down spectroscopy

(Chen et al., 2016), polarography (Blier et al., 2012), or headspace mass spec

(Gilchrist et al., 2011) appear to be ideally suited to current needs.

If indeed the headspace concentrations of HCN are increased after LUZ19

infection, the impact of treatment with LUZ19 on the mortality of model

organisms such as Caenorhabditis elegans will need to be assessed. However,

even if the upregulation of the hcnABC operon has no specific biological

consequences, this finding will still suggest a potential danger that is not

addressed by current protocols for assessing the safety of individual phages that

only search for virulence factors within the phage genome.

Synthesis of the AMB toxin

Phage LUZ19 also appears to upregulate the expression of a novel third

transcriptional unit within the ambABCDE gene cluster, including ambDE,

which was not previously described by Lee et al. (2013). This operon encodes

gene features involved in the production of L-2-amino-4-methoxy-trans-3-

butenoic acid (AMB) (Murcia et al., 2015), which is a prominent anti-metabolite

produced by P. aeruginosa. The AMB toxin is an oxyvinylglycine, a group of

amino acids that have not been found to be used in translation but that can

irreversibly inhibit the activity of pyridoxal phosphate (PLP) containing enzymes

used by all three domains of life (Berkowitz et al., 2006). While Lee et al. (2012)

found that AMB is capable of arresting the growth of Acanthamoeba castellanii,

the concentrations necessary are not biologically relevant to P. aeruginosa

production, indicating that AMB may be primarily used against bacterial prey

or predators rather than as a true virulence factor.
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Figure 5.6: Intracellular abundance of the AMB anti-metabolite over
the course of infection. In collaboration with Dr. Jeroen De Smet, P.
aeruginosa grown in minimal media and infected with LUZ19 was sampled for
metabolite profiling by fast filtration at time points before and after infection.
These samples were assayed by negative mode flow injection-time-of-flight mass
spectrometry and the ion annotated as the AMB anti-metabolite was detected.
This analysis showed no statistically significant change in the abundance of
AMB for any of the time points.

The upregulation of this novel transcriptional unit appears to be insufficient to

prompt an increased production of the AMB anti-metabolite, as metabolomics

data indicates no statistically significant changes in the mass spec peak

associated with its mass. This suggests that LUZ19 may be attempting to

upregulate AMB synthesis and failing, or potentially that this upregulation

is the ancillary result of another process. The attempted co-upregulation of

AMB synthesis with HCN synthesis indicates that both effects may be primarily

intended by the phage to combat bacterial competitors in the environment



LUZ19 TRIGGERS SPECIFIC MODULATION OF HOST TRANSCRIPTION 107

rather than human hosts.

5.4.2 Manipulation of surface structures

Type VI secretion system

In addition to upregulating the hcnABC virulence factor, LUZ19 also specifically

upregulates the expression of one of the two type VI secretion systems

downregulated by YuA (See Chapter 6). The Hcp secretion island II (Hcp2)

can mediate the internalization of P. aeruginosa cells into human epithelial cell

lines and is often considered to be a virulence factor (Sana et al., 2012).

Type IV pilus downregulated

Phage LUZ19 also specifically downregulates the transcriptional expression of

the P. aeruginosa PAO1 type IV pilus, which it uses as its receptor (Chibeu

et al., 2009). Thus it seems possible that, rather than an attempt to attenuate

the virulence it otherwise stimulates or to mediate motility, LUZ19 might

plausibly downregulate the expression of the type IV pilus in order to prevent

superinfection by sister phage. These extended motorized fimbriae are among

the most abundant of cell surface features in bacteria and archaea, providing

twitching motility or stimulating biofilm formation in a surface-specific fashion

(Burrows, 2012). This feature of P. aeruginosa has been demonstrated to be

required for cytotoxicity in vitro as well as in vivo virulence in a mouse model

of acute pneumonia (Comolli et al., 1999). Recently, they have been found to

mechanochemically regulate virulence factors in P. aeruginosa PAO1 through

the interaction they mediate between the cell and physical surfaces (Persat

et al., 2015).
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Notably, the Phage Receptor Database (PhReD) (Silva et al., 2016) contains

four additional Pseudomonas phages that have been described to use the type

IV pilus as a receptor. Cystovirus Φ6 uses the sides of the type IV pilus as

a receptor (Vidaver et al., 1973; Daugelavičius et al., 2005), while Podovirus

MPK7 (Bae & Cho, 2013), Siphovirus MP22 (Heo et al., 2007), and Siphovirus

DMS3 (Budzik et al., 2004) each use the core of the pilus.

5.4.3 Manipulation of genes involved in importing metabolites

in central metabolism

C(4)-dicarboxylate transport

LUZ19 infection specifically downregulates transcripts encoding a variety of

genes (PA1183, PA5530, and PA5167-5169) associated with the transport of C(4)-

dicarboxylate compounds into the cell (Valentini et al., 2011). P. aeruginosa will

preferentially utilize succinate as well as other C(4)-dicarboxylate compounds

such as fumerate and malate as sources of both energy and carbon when they

are available (Liu, 1952). Unfortunately, no C(4)-dicarboxylate compounds

were present in the media used by De Smet et al. (2016) for our metabolomics

experiments with LUZ19 infections, thus it is not possible to determine any

functional consequences of this downregulation from that data. However, while

LUZ19 infection uniquely downregulates these gene features, they are known

to be modulated by PhrS (Sonnleitner et al., 2011), which is an sRNA that is

modulated as part of the host response (See Chapter 9).
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5.4.4 Use of transcription factor Sigma X during infection

In his doctoral dissertation, Ceyssens (2009) describes an experiment in which

he used a Tandem Affinity Purification (TAP) method to tag the host RNA

polymerase and use it to purify the transcription complex before and during

infection. Puzzlingly, he found that, while no identifiable phage proteins were

co-purified, two host proteins were found after infection but not before: PA4275

and PA1776. PA4275 is the P. aeruginosa PAO1 NusG homologue that acts

as a sequence-specific elongation factor by interacting with termination factor

rho (Li et al., 1993). However, PA1776 is a sigma factor with 49% sequence

similarity to σW of Bacillus subtilis (Blanka et al., 2014), which is known to be

induced by osmotic stress or treatment with antibiotics that disrupt cell wall

biosynthesis (Petersohn et al., 2001). Intriguingly, transcription of the Bacillus

subtilis σW regulon was found by Wiegert et al. (2001) to be induced during

infection by the strictly lytic phage SPP1. Wiegert et al. (2001) speculated that

the induction by phage SPP1, as well as alkali conditions, may be a result of the

accumulation of toxic compounds within the cell due to an altered membrane

permeability or membrane leakiness caused by both conditions.

To investigate the use of Sigma X by the host transcriptional apparatus, the

effect of LUZ19 on the abundance of host transcripts was compared to the

effect of Sigma X deletion on P. aeruginosa PA14 transcription reported by

Schulz et al. (2015). First, 2,682 out of 5,651 (47%) core genes in P. aeruginosa

PAO1 were paired with gene features identified by Winsor et al. (2010) as

clear homologs in PA14. A scatterplot showing the correlation between the

Log2(Fold Changes) prompted by LUZ19 infection and the WT when compared

to a ∆SigX mutant displayed a clear cloud with the exception of one prophage

promoted by both the presence of Sigma X and LUZ19 infection.
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Figure 5.7: Correlation of the Log2 Fold Changes reported by Schulz
et al. (2015) between a P. aeruginosa PA14 ∆SigX mutant and
our data for homologous gene features in P. aeruginosa PAO1 after
infection by LUZ19. Highlighted as squares are the gene features associated
with a PS17-like prophage. Their upregulation indicates that the association
between the transcription complex and σX detected by Ceyssens (2009) during
LUZ19 infection might be a result of attempted prophage induction.

Like PhiKZ (Ceyssens et al., 2014), PAK_P3 (See Chapter 7) and PAK_P4

(See Chapter 8), LUZ19 transcriptionally activates a likely defective predicted

prophage found in the host, in this case, one with weak sequence homology

to Pseudomonas phage PS17. It appears likely that this prophage uses Sigma

X to induce its transcriptional expression and thus attempt to escape in the

presence of Sigma X inducing stress. Thus, the original observation of Sigma X

association with the host transcriptional apparatus by Ceyssens (2009) may have

been a result of neither a host response or a phage manipulation of transcription,

but an unsuccessful attempt by the PS17-like prophage to escape the dying cell.
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5.4.5 Manipulation of RnpB

Phage LUZ19 mysteriously appears to strongly transcribe RnpB RNA, the

typically stable RNA component of RNaseP, early in infection and then actively

degrade it during late infection (See Figure 5.8). While both the function and

mechanism of each effect are unclear, the fact of the differential expression

is very significant from a technical perspective. As most groups performing

RNA-Seq deplete rRNA before cDNA library synthesis (See Chapter 2), some

groups desiring a stable RNA control to use as a standard for normalizing away

technical variation in sequencing depth have chosen to use RnpB (Doron et al.,

2016). This relies on the assumption that the relative abundance of RnpB per

cell will stay stable throughout infection. However, these results, as well as

the active depletion of RnpB by phage 14-1 discussed in Chapter 4, show that

this assumption may not be correct without strong controls demonstrating its

validity.

Figure 5.8: LUZ19 manipulates RnpB while nearly all differentially
expressed transcripts are unaffected after early infection. LUZ19
appears to strongly transcribe RnpB RNAs in early infection before actively
degrading it in late infection. At the same time very few gene features are
transcribed after early infection, indicating that transcription may be shut off.

Alternative methods include those described in Chapter 2, or spiking prepared
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RNA-Seq samples with known concentrations of RNA transcripts immediately

after RNase inactivation and using their detected abundance to normalize away

variation in sample prep and sequencing depth.

5.4.6 Impact on host transcription appears to largely end after

early infection

While both the host response as well as phage specific manipulations of

host transcription can be observed in LUZ19 infection, increases in any host

transcripts appear to end after early infection (See Figure 5.8). This can be

explained by the action of LUZ19 gp25.1, a T7 gp2-like protein that has been

demonstrated to inhibit transcription by the host RNA polymerase in vitro

(Klimuk et al., 2013). The appearance of both a strong host transcriptional

response to phage infection, as well as phage specific manipulations, even in

the context of early inhibition of host transcription, would seem to suggest that

host transcripts may play a significant role in more phages than previously

considered.

Indeed, while the strong inhibition of host transcription caused by T4 alc

(Koerner & Snustad, 1979; Kashlev et al., 1993) would seem to discount any

role host transcription might play in T4 infection, these results suggest that

pre-alc transcription may have biological meaning.

5.5 Conclusions

These results from the transcription of the phage genome indicate that

Phikmvvirus members may be more estranged from the other Autographivirinae

than previously thought. Key to the current understanding of what ties the
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Autographivirinae together is the remarkable independence of its transcription

from host factors achieved through a unique and characteristic transcriptional

plan. In T7, strong σ70 promoters at the beginning of the genome recruit the

host RNA polymerase to transcribe early genes involved in shutting down host

metabolism (McAllister & Barrett, 1977) as well as the T7 RNA polymerase,

which then transcribes middle/late genes. It has long been suspected that

Phikmvvirus members may have a fundamentally different transcriptional plan

because their RNA polymerase is found more than 20kb downstream of the

same σ70 promoters, however this more powerful RNA-Seq data now confirms

that those promoters have no role in the transcription of any coding sequences,

much less the viral RNA polymerase.

Additionally, a number of important virulence factors in the host genome were

found to be significantly upregulated on a transcriptional level by the phage

during LUZ19 infection, including HCN and the Hcp2 type IV secretion system.

This suggests that LUZ19, as well as possibly other members of the Phikmvvirus

genus, may not be appropriate for phage therapy if phage infection indeed

produces additional hydrogen cyanide in wounds. However, this upregulation

also suggests that the search for possible phage virulence factors may need to

be expanded to include factors encoded by the host genome - particularly for

environmental pathogens that may not be optimally adapted to the human

environment. This would indicate that efforts to investigate the genomes of

sequenced phage for therapeutic cocktails may require additional steps to ensure

safety. Additionally, the presence of this effect in LUZ19 in spite of transcription

inhibitor gp25.1 suggests that phage factors repressing host transcription may

not necessarily allow the effects of host transcription to be discounted.

Indeed, if the metaviromic environment of bacteriophage includes differentially

expressed host genes, as we demonstrate in Chapters 3-8 and summarize in

Chapter 9, and those genes include virulence factors, as we demonstrate in this



114 LUZ19 INFECTION INDUCES EXPRESSION OF HOST-ASSOCIATED VIRULENCE FACTORS

chapter, then our research would suggest that investigating host expression

during infection may be needed before phage are used in humans. Indeed,

as demonstrated in Chapter 8, mechanisms for specifically modulating host

transcripts appear to evolve readily, and thus relying solely on data generated

in type species may also not be sufficient on its own.



Chapter 6

Transcriptional narrative and

iron scavenging of the YuA

virocell

This chapter represents my own work except when cited.

6.1 Introduction

The type species for the Yuavirus (YuA) is a siphovirus resembling phage

M6 with a circularly permuted 58,663 bp genome that has been primarily

characterized by Ceyssens et al. (2007). Even on PAO1, the host it was

originally isolated on, YuA forms notably small 1 mm diameter plaques and

displays inefficient binding kinetics. It remains unclear whether YuA possesses

an obligately lytic nature, temperate nature, one of the diverse natures that

115
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have been variously described as pseudo-temperate, or a novel nature unique

to it. While stable lysogens have never been isolated, the high turbidity of its

plaques on PAO1K has hinted at the availability of a temperate lifecycle that

produces at least transient lysogens. Notably, YuA encodes peptides with weak

structural homology to known phage repressor and integrase enzymes, gp25

and 26 respectively, which has also suggested the capacity to produce bacterial

lysogens (Ceyssens et al., 2007).

YuA has also been predicted to encode for a hydroxymethyl-dUMP transferase,

gp17, which appears to replace the thymidylate synthase function in its host to

create a pool of 5-hydroxymethyluridine (5-HMdU) that is incorporated into

DNA replication instead of thymidine (Kutter et al., 2011). Notably, YuA DNA

was subsequently found to be insensitive to 10 out of a battery of 13 restriction

enzymes, and to be difficult to amplify through standard PCR amplification

(Ceyssens et al., 2007).

The coding sequences, densely encoded on the Watson strand, could be divided

into 3 major regions (Ceyssens et al., 2007). At the defined start of the

genome they described a large section (31% of CDS) dedicated to nucleotide

metabolism and DNA replication including a phage helicase, DNA repair enzyme,

DNA polymerase, deoxycytidylate deaminase, nucleotide kinase, ribonuclease

reductase, and exonuclease V. In the middle of the genome, they found 23

mostly small coding sequences with few known homologies that they suggested

might be mostly involved in host interaction in early infection. Finally, at the 3’

end of the coding strand they found genes predicted to be involved in particle

formation and host lysis including all of the predicted structural proteins.
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Figure 6.1: Circular representation of the YuA genome. "The outer circle
represents the YuA ORFs, and their predicted functions in DNA metabolism
and replication, host interaction, particle formation, and host lysis are indicated.
Experimentally confirmed structural proteins are marked with an asterisk,
and confirmed phage promoters are indicated with black arrows. Predicted
(nonconfirmed) promoters and terminators are indicated with open arrows and
stem-loop structures, respectively. The inner circles represent similar ORF
regions of phages 73 (purple), ΦJL001 (blue), and B3 and D3112 (red). The
corresponding E values are indicated for ΦJL001, B3, and D3112" (Ceyssens
et al., 2007).

Recently, De Smet et al. (2016) found that YuA pursues a ’leeching’ strategy
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of actively depleting host metabolites, rather than manipulating the host into

maintaining steady state levels in the face of phage exploitation, that is uniquely

draining among Pseudomonas phages. Indeed, they found that 17% of all

measured metabolites, including 14 out of 20 measured amino acids, begin to be

exhausted immediately after infection. A large increase in available nucleotide

monophosphates in YuA infected cells rapidly after infection proved to be the

exception to this rule, possibly explained by the presence of an exonuclease

actively degrading the host genome.

In this chapter I show that YuA likely does incorporate 5-HMdU in DNA

replication, but appears to further modify that 5-HMdU by condensing an

unknown functional group onto the major groove face hydroxyl. A new

transcriptional narrative for phage YuA is then described that redefines what is

known about the progression of its viral gene expression. How YuA, and the

specific effects of YuA infection, modulate host transcription - even as the host

mounts an especially strong phage stress response - is then discussed.

6.2 YuA substitutes hmdU for Thymine in its DNA

before further modification

A restriction endonuclease driven assay was developed to allow for the

identification and differentiation of prevalent nucleotide analogue substitutions.

Seven commercially available restriction enzymes with unique methylation

sensitivities (See Figure 6.2) are utilized. They were chosen for their ability to

distinguish between DNA strands containing different non-canonical nucleotides

known to replace standard nucleotides in the DNA of some phages. By

assessing which enzymes cleaved the DNA using standard gel electrophoresis,

the experimentally determined patterns of sensitivity could be compared
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to known patterns derived from the literature. Eight nucleotide analogues

with sufficient nuclease sensitivity data to distinguish them from each other

were found in the literature: 5-methylcytosine from Xanthomonas oryzae

phage XP-12, 5-hydroxymethylcytosine from the coliphage T4 genus of phages,

glucosylated 5-hydroxymethylcytosine from wildtype T4, uracil from Bacillus

subtilis phage PBS2, 5-hydroxymethyluracil from Bacillus subtilis phage

SPO1, 5-dihydroxypentyluracil from Bacillus subtilis phage SP-15, and α-

putrescinylthymine from Delftia acidovorans phage ΦW-14. Each non-canonical

nucleotide was differentiated from others by at least one enzyme.

A targeted library of methylation sensitive restriction enzymes was used to show

that packaged YuA DNA likely substitutes 5-HMdU for thymine and then further

modifies it (See Figure 6.3). DNA extracted from the YuA phage particle is

insensitive to digestion by SalI, which cuts both 5-HMdU (Pero et al., 1979) and

uracil (Jolly, 2000) containing DNA. However, it remains sensitive to digestion

by HpaII, which cannot cleave most known substitutions for cytosine (Huang

et al., 1982). Restriction enzyme BglII was also found to cleave YuA DNA,

contrary to previous reports (Ceyssens et al., 2007), when given sufficient time

(12 hours) as was previously found with 5-HMdU containing SPO1 DNA (Huang

et al., 1982). Notably, BglII does not cleave putrescinylthymine containing

PhiW14 DNA (Miller et al., 1983) or alpha-glutamylthymine containing SP10

containing DNA (Huang et al., 1982). That SalI, which cuts 5-HMdU containing

DNA, does not cleave YuA DNA suggests that, if YuA does indeed substitute

5-HMdU for dT in its DNA, it is further modified with the addition of an

unknown functional group. That BglII is able to cleave YuA DNA, unlike DNA

containing other bulky and charged modifications, suggests that the unknown

modification may cause less extreme steric or charged interference.
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Figure 6.2: Scheme for restriction enzyme assay to determine non-
canonical nucleotides in phage. Top: Table of methylation sensitivities for
various characterized phage incorporating non-canonical nucleotides. (+) Full
activity. (–) No activity. (Slow) Slow activity. (Huang et al., 1982) (Pero et al.,
1979) (Berkner & Folk, 1979) (Miller et al., 1985) (Swinton et al., 1985) (Szekeres
& Matveyev, 1987) (Chen et al., 2007) (Jolly, 2000) Bottom: A dichotomous
key derived from selected sensitivity data. The nucleotide composition of DNA
can be compared to known patterns of sensitivity by following whether it is
sensitive or not to each of the listed enzymes.

While the power of the assay to discriminate between nucleotide analogues does

become weaker when fewer enzymes cut, the approach still powerfully indicates

the probable presence of non-canonical nucleotides worth investigating with more

traditional methods. Indeed, although analogues such as hydroxycytosine in

Rhizobium phage RL38JI (Swinton et al., 1985) that provide strong resistance, as

well as any heavily modified nucleotides without available methylation sensitivity
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data, are not specifically identifiable with the assay, their presence would still be

indicated. It is also worth noting that many phages, particularly some targeting

Staphylococcus (O’Flaherty et al., 2004) or Lactococcus (Moineau et al., 1993),

adapt to the presence of host restriction modification systems by selectively

eliminating even small restriction sites from their genomes. These eliminations

would produce false negative results that could only be resolved through genome

sequencing.

Figure 6.3: Genomic YuA DNA shows a unique pattern of nuclease
sensitivity This pattern indicates a novel nucleotide composition.
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6.3 YuA infection

6.3.1 Unique microbiological and molecular challenges

Notably, although YuA displays poor binding characteristics, every infection

that led to RNA-Seq sampling was individually tested to ensure >95% of cells

were killed within 5 minutes of infection. This was achieved through repeated

attempts along with the use of a high MOI (50) to increase the number of phage

interacting with cells in solution. Additionally, 10 mM Magnesium Chloride and

10 mM Calcium Chloride were added to the medium, as was found to improve

T4 adsorption (Rountree, 1951), to further expedite binding and injection.

While the relative abundance of phage and host DNA compared to RNA can

be reduced through the use of acid buffered (pH 4.3) phenol, the elimination of

DNA contamination needed for RNA-Seq can only be achieved enzymatically.

Thus the presence of a non-canonical nucleotide in YuA DNA, which rendered

YuA DNA less sensitive to commercially available DNases, presented another

challenge. This was overcome using the procedure outlined in Chapter 2 to

maximize the effectiveness of Turbo DNase and repeated attempts.

6.3.2 YuA does not supplant the host’s transcriptional appa-

ratus until late infection.

Strikingly, YuA transcripts appear to have only a small global impact on the

relative abundance of total transcripts in the host until late infection. Indeed,

they comprise only 1.1% and then 4.9% of total non-rRNA transcripts in early

and then middle infection before representing 49% of the total in late infection.

This finding is in stark contrast to the rapid replacement of host transcripts

with viral transcripts that has been found in other P. aeruginosa phages (See
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Chapter: 9). The notably minimal impact on transcription in the infected cell

before late infection suggests a unique relationship between YuA and its host.

The very strong impact on the transcriptional environment of the cell in late

infection however appears to indicate the late introduction of some phage

factor that can either shut off host transcription, specifically promote the

degradation of host transcripts, aid in the promotion of phage transcription, or

some combination of the three. Notably, early gene gp08 has been previously

purified alongside the host RNA polymerase by Van den Bossche (2015), and

may be involved in promoting the transcription of phage σ54-like late promoters.

The interaction that this suggests was then confirmed by Van den Bossche

(2015) using both a native mobility shift assay and bacterial two hybrid that

showed binding to the first 500 amino acids of the β’ subunit. However, gp08

was not found to have a significant effect on the transcription of a variety of

host promoters.

6.4 Viral gene expression

6.4.1 Genome organization and temporal regulation

YuA transcription appears to be organized in a series of 22 operons found

exclusively on the Watson strand. One antisense feature corresponding to gp01,

encoding a hypothetical protein, could be annotated although, notably, no other

non-coding RNA was found. Gene features predicted to be involved in host

interaction are found be exclusively transcribed more strongly in early infection

while gene features established to be involved in particle formation and host lysis

are all preferentially transcribed in late infection. Gene features predicted to

be involved in DNA metabolism and replication appear to be transcribed most
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strongly in middle or early infection. The tallest peak was found in early and

middle infection, spanning genes encoding gp03-gp05, which are all hypothetical

proteins without established functions.

6.4.2 Is YuA a temperate phage?

In the absence of any indications of a true temperate lifestyle in our RNA-Seq

data for YuA, or any previous demonstrations of one (Ceyssens et al., 2007),

alternative hypotheses were explored to explain the presence of a putative

lysogeny cassette within the YuA genome.

While nearly all gene features can be clearly distinguished as belonging to

either early, middle or late infection, transcription of the putative repressor

and integrase appears to vary as much between biological replicates as between

conditions, particularly in early and middle infection. The high levels of

variation indicate that whatever purpose the repressor and integrase serve, it

may be at least transiently active during infection of exponentially growing

cells under aerobic conditions in liquid LB. It is possible that YuA requires

specific conditions found in the pond near Moscow that it was isolated from

to produce the kind of stable lysogens most familiar to classical molecular

geneticists. However, it now appears more likely that, if indeed these genes act

as a repressor and integrase at all, they may be put to another purpose. Indeed,

the extraordinarily long infection of YuA and the extraordinarily long delay

in phage takeover of transcription in the cell suggests that it uses temperate

mechanisms to produce something that could be better described as a form of

lysis inhibition.

Alternatively, the gene features within this operon may not be a repressor

or integrase at all. Indeed, the helix-turn-helix domain that was previously

thought to make gp25 a repressor may simply be involved in some other form
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of transcriptional regulation. At the same time, gp26, the putative integrase,

which contains a VirE domain found in DNA primases, may instead play a role

in DNA replication.

6.4.3 A new view of YuA promoters and terminators

Eleven operons were found to be associated with a highly conserved promoter

motif and to be mostly expressed early in infection. Of these promoters, five

were described previously (Ceyssens et al., 2007) and were established to be non-

functional in the absence of phage factors. An additional three are associated

with previously identified (Ceyssens et al., 2007) σ54-like promoter elements

and are strongly expressed late in infection. All but three of the remaining

operons could be associated with σ70-like promoter motifs.

Figure 6.4: YuA phage promoter. Top: Highly conserved phage promoter
motifs associated with early infection. Bottom: Meme analysis assessing the
conservation of the motifs (Bailey et al., 2009).
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Two σ70-like promoter elements in intergenic regions upstream of Operons 2

(gp02-03) and 13 (gp50-51) that had been previously reported (Ceyssens et al.,

2007) could not be confirmed as in both cases no transcription initiation could

be identified within 260bp of the putative transcription start site. In contrast,

transcription of Operon 2 appears to be driven by a newly identified phage

promoter that starts 243 bp downstream, while no clear motif could be associated

with Operon 13. These promoters were initially discovered within regions of

transcription initiation that were identified by cloning randomly sheared 200-

400bp fragments upstream from a vector-born lacZ gene. It appears likely

that this technique identified correct regions of transcription initiation, but the

wrong promoter motif was identified within them. The intergenic locations of

the promoter-like features, as well as their positions between coherent operons,

suggests that it is possible these promoters may be still active in some way

under different conditions or in hosts other than PAO1, providing YuA with the

ability to transcriptionally adapt to distinct host environments. Alternatively,

they could also be a vestigial relic of a past transcriptional strategy, lost through

mutation and natural selection before isolation or through artificial selection

during repeated culturing in exponentially growing PAO1 under rich aerobic

conditions since 2003.

Of the four ρ-independent terminators that were previously predicted (Ceyssens

et al., 2007) three terminators at the end of genes 5, 55, and 56 respectively

could be confirmed while one predicted terminator behind gp12 appears to not

have biological relevance. An additional three ρ-independent terminators could

also be described based on RNA-Seq data behind genes 6, 44 and 66 while a

second terminator was found behind genes 5, 44, and 56.
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Figure 6.5: Map of YuA transcription over time. Normalized counts are
plotted to show stranded read density over time in the three regions of the YuA
genome. Also highlighted are annotated promoters and terminators.
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6.5 YuA triggers specific modulation of host tran-

scription

Remarkably, YuA appears to leave the transcriptional apparatus of its host

intact, allowing it to strongly attempt to respond to phage infection, at least

on a transcriptional level. Indeed, the 309 gene features that are differentially

expressed in common between all of the infections appear to be most differentially

expressed in YuA. However, there are a number of gene features that are uniquely

differentially expressed during YuA infection, which appear to be a combination

of host responses to YuA specific stress and phage factors uniquely manipulating

host transcription.

Figure 6.6: MA Plot depicting the effect of YuA infection on transcript
abundance for each host gene feature by late transcription. Differential
expression analysis of host gene features comparing transcript abundance
between phage negative controls and late infection shows gene features that are
up or downregulated after infection.
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6.5.1 Influence of YuA on host iron stress

Notably, YuA infection appears to specifically stimulate differential expression of

gene features associated with the Pseudomonas stress response to iron starvation

(Figure: 6.7) (Palma et al., 2003). This could either result from iron limitation

that is uniquely imposed on the host by viral metabolic activity and detected by

the dying host, or from phage transcription factors targeting the host iron stress

regulon. Related to this regulon, YuA specifically upregulates the iscAUSR

operon [Log2(fold change) 1.6 and adjusted p-value < 4.8 E-12] (Romsang

et al., 2014) as well as cysH [Log2(fold change) 1.6 and adjusted p-value <

0.00037] (Krone et al., 1991), both of which are involved in iron-sulphur cluster

bio-synthesis. Remarkably, the conserved early protein gp27 has been found to

interact with iscS, pointing to a significant role in phage metabolism.

As YuA does not contain coding sequences predicted to contain metal binding

sites for Fe-S clusters using the online tool MetalDetector v2.0 (Passerini et al.,

2011), the answer to why is likely associated with host proteins. Notably, in

E. coli the maturation of Fe-S clusters appears to be so highly sensitive to the

function of the ICS system, and the availability of mature Fe-S clusters has been

found to have such a sensitive effect on the conversion of dihydrouracil to uracil

by dihydropyrimidine dehydrogenase, that the incorporation of radioactively

labelled dihydrouracil into DNA can be used to precisely measure effects on

Fe-S cluster biogenesis (Hidese et al., 2014). It is possible therefore that YuA

specifically upregulates the iscAUSR operon in order to generate a large pool of

uracil for conversion to 5-HMdU and incorporation into phage DNA, depleting

iron. Alternatively, phage T4 uses iron ions to stabilize its receptor-binding tail

fibers (gp37) and YuA may require iron for similar purposes (Bartual et al.,

2010).
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Figure 6.7: YuA infection induces a transcriptional iron stress
response. The gene features found by Palma et al. (2003) to be differentially
expressed after iron starved PAO1 is given access to iron are also inversely
differentially expressed after infection by YuA, indicating that YuA infection
induces an iron stress response.

Evidence for the chemical reactions necessary for this hypothesis was then sought

within the metabolomics data presented by De Smet et al. (2016). The cysteine

transferase iscS converts cysteine into alanine in order to liberate the elemental

sulphur needed to construct mature iron-sulphur clusters; however, while levels

of cysteine drop precipitously, so do levels of alanine along with most other

amino acids. Both pools appear to be actively depleted by YuA in order to feed

protein synthesis over the course of infection. YuA also appears to specifically
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downregulate the abundance of a number of different host transcripts, including

those encoded by the arcD as well as the downstream arcABC operon, which are

responsible for arginine uptake and catabolism respectively. Together, they allow

Pseudomonas to use arginine as an energy source to slowly grow anaerobically

in the absence of nitrate (Lüthi et al., 1990). As metabolomics data suggests

that YuA rapidly depletes arginine stocks present in the phage-infected cell

(De Smet et al., 2016), likely as a result of rapid protein production, YuA may

be working to prevent the use of a necessary amino acid as an inefficient energy

source.

6.5.2 Influence of YuA on host virulence factors

Remarkably, infection by YuA specifically downregulated two out of the three

type VI secretion systems present in P. aeruginosa PAO1, Hcp secretion island

I and Hcp secretion island II. These systems encode for dynamic structures

that resemble bacteriophage tails and secrete protein factors directly into host

or prey cells (Chen et al., 2015). Hcp1 is built to inject three toxin proteins,

Tse1-3, into bacterial cells (Hood et al., 2010), while Hcp2 is typically considered

to be a virulence factor in Pseudomonas for human infection as it has been

demonstrated to mediate internalization into epithelial cells (Sana et al., 2012).

YuA also specifically down regulates the portion of the Type III secretion system

found in PAO1 that is responsible for constructing the needle apparatus, the

exsD-pscBCDEFGHIJKL operon. P. aeruginosa uses this secretion system to

inject a variety of known effector proteins into host cells during mammalian

infection. This downregulation could be a means of preventing superinfection

by sister phage if one of these large surface structures is used as the phage

receptor as seen for LUZ19 (See Chapter 5), or possibly to exclude competing

phage in a boom environment.
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The MagABCEF operon is also uniquely downregulated during infection by

YuA. These coding sequences are responsible for forming alpha2-macroglobulin,

the Pseudomonas homologue of a mammalian protease inhibitor that is a central

part of human innate immunity to parasitic and pathogenic proteases (Robert-

Genthon et al., 2013). In bacteria, it appears to reside in the periplasm where it

plays a role in bacterial immunity to the activity of foreign proteases (Wong &

Dessen, 2014). Indeed, bacterial alpha2-macroglobulins have been hypothesized

to work in concert with Penicillin Binding Protein 1c (PBP1c) to protect the

cell from protease activity in the event of a cell breach while PBP1c repairs

the barrier (Budd et al., 2004). The abundance of this transcript could be

incidentally targeted by the YuA phage, or possibly downregulated as a way to

increase the activity of the putative endopeptidase Rz (gp60) encoded by the

lysis cassette.

6.5.3 Influence of YuA on the export of quorum sensing

signals

The MexGHI-OpmD operon was also uniquely upregulated during YuA infection.

This operon has been determined to be involved in the export of the PQS quorum

sensing signal as well as AHL (Aendekerk et al., 2005). This is puzzling as both

PQS and AHL are induced as part of the host response (See Chapter 9). YuA

potentially could have adapted to the conditions of its host in its phage reactive

state and could thus be helping to induce it.

6.6 Conclusions

YuA appears to possess a unique relationship with its host within the infected

cell. The notable absence of suppression of host transcription is particularly
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puzzling with the knowledge that YuA uses a noncanonical nucleotide in its DNA.

Indeed, phage T4 uses the substitution of glucosylated hydroxymethyl cytosine

for cytosine to elegantly inhibit transcription of host (cytosine containing) DNA

using the gp alc (Koerner & Snustad, 1979; Kutter et al., 1981). However,

these results indicate that YuA may indeed rely on continued host transcription

enough to make risking the host responses worthwhile. Even as it rapidly

depletes the host cell of metabolic components to fuel phage infection without

replacing them (De Smet et al., 2016), YuA seems to not compete for domination

of the host transcriptome until late infection.





Chapter 7

"-Omics" approaches reveal a

massive alteration of host

RNA metabolism during

Pak_P3 Infection

The work and writing of this chapter represents the results of an equal

collaboration with Anne Chevallereau, and was previously published as

(Chevallereau et al., 2016). Figures produced by others are labelled as such.
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7.1 Introduction

One Pseudomonas phage clade that has not yet been extensively studied is

comprised of the two newly proposed genera (Pakunavirus and Kpp10virus)

belonging to a new subfamily of viruses, Felixounavirinae. Interestingly, these

phages display the best therapeutic potential in an experimental murine lung

infection model as compared to other P. aeruginosa phages belonging to distinct

clades (Henry et al., 2013). Aside from structural genes, most of their predicted

ORFs could not be associated with a putative function and consequently, no

meaningful conclusions about their strategy for hijacking host metabolism could

be drawn (Henry et al., 2015).

This chapter is the result of a collaboration with Anne Chevallereau and Laurent

Debarbieux (Institut Pasteur, FR) with whom microbiological, molecular, and

analytical tasks were shared as well as Jeroen De Smet who kindly shared his

metabolomic data and analysis. Synergistic next generation approaches were

used to provide the first parallel transcriptomics and metabolomics analyses for

phage PAK_P3, a representative of the Kpp10virus genus. Notably, this work

was done using PAK, an alternate strain of P. aeruginosa that is evolutionarily

distinct from the P. aeruginosa PAO1 strain that was used in previous chapters.

This was intended to draw a detailed global scheme of PAK_P3 infectious cycle

by addressing the following questions: Does PAK_P3 control expression of

specific bacterial genes? Does it interfere with bacterial metabolism? How does

it regulate its gene expression?
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7.2 PAK_P3 progressively dominates host cell

transcription

Given the short eclipse period duration of this phage (13min), 3.5 min and 13

min time points were used as representative snapshots of the beginning (early)

and the end (late) of one infection cycle at the transcription level. Investigation

of the regulation of both viral and host gene expression over a single phage

infection cycle by RNA-Seq revealed a progressive and dramatic replacement of

host mRNA with phage transcripts (See Figure 9.1). This process eventually

results in host transcripts representing fewer than 13% of non-ribosomal RNAs

in the cell. However, even in the context of this dramatic depletion of host

transcripts, a response to phage infection at the transcription level was observed,

suggesting a globally accelerated degradation of unstable mRNA species rather

than a global transcriptional repression as described for phage T4 (Kashlev

et al., 1993).

In addition to providing a transcriptional environment fully co-opted by the

phage for optimal infection (i.e. making host RNA polymerase available for

viral RNAs for instance), this observed host RNA depletion can be expected to

suppress host defenses that require host transcripts to function (Abedon, 2012)

as well as prophage induction attempts. Indeed, PAK_P3 infection appears to

activate the transcription of a P2-like prophage (Figure: 7.2) as corresponding

transcripts display a 6.8-fold increase in PAK_P3 infected cells at late time

point compared to non-infected cells. However, host transcripts overall were

depleted by 7.2 fold at the late time point, which would leave the infected cell

with marginally fewer prophage transcripts than during exponential growth,

indicating that the transcriptional activation of the prophage is suppressed,

although not completely blocked.
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7.3 Viral transcriptional expression is temporally

regulated

Besides redirecting host cell physiology, the phage must also control its own

gene expression. Here we intended to investigate the transcriptional strategy

of PAK_P3 and also discovered unexpected regulatory mechanisms the phage

uses to complete its infection cycle.

During the course of infection, early, middle and late transcripts of PAK_P3

genome were identified (Figure: 7.1). The early transcribed region encompasses

genes gp74 through gp112, all of which encode hypothetical proteins with low

or no sequence similarity to gene products from other bacteriophages (so-called

‘ORFans’). Transcripts produced at middle time point focus on two regions that

each contain gene features related to nucleic acid metabolism. As expected, the

structural region appears to be mostly transcribed in late infection. Strikingly,

five ORFs (i.e. gp34, gp37, gp38, gp45 and gp46), although located in the

structural region, are overexpressed early compared to late time point. Finally,

all predicted genes are transcribed, except for gp113, which corresponds to the

predicted genome terminus. Intergenic transcription is observed throughout the

genome, highlighting the great compaction of viral genomes where every single

gene is expressed, in contrast to bacterial genomes. This property is further

illustrated by the large amount of antisense transcripts detected, as reported in

Section 7.3.1.
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Figure 7.1: PAK_P3 transcription is temporally regulated. (A) Mapped
reads were summarized into stranded count tables of Total Gene Reads that align
to every 250bp of the PAK_P3 genome using the CLC Genomics Workbench.
These read counts were then normalized against each other by the Total Count
of reads that align to both phage and host genomes for each sample and then
plotted. This allows us to show the relative abundance of phage transcripts over
time in the context of the total transcript population. Red and green graphs
represent reads mapping to the forward and reverse strands, respectively, for
each replicate in each condition. The PAK_P3 genome is represented at the
bottom of the panel with yellow arrows indicating defined coding sequences.
(B) Enlargement of the PAK_P3 genome region encoding small RNAs. NA =
nucleic acid. Prepared in collaboration with AC
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7.3.1 PAK_P3 expresses antisense RNA elements targeting

its structural region during the early stage of infection

Analysis of antisense transcripts of PAK_P3 revealed 20 putative asRNAs, 8

of which are small asRNA (mean length 176+/-30 bp) and 12 are longer than

300 bp. All but one are encoded within genes, suggesting they may act as

cis-encoded antisense RNAs. These asRNA are predominantly (15 out of 20)

located in the structural region of PAK_P3 genome and are significantly more

strongly transcribed during early infection compared to late infection with fold

changes ranging between 2 and 17. These data support the hypothesis that

such antisense transcription is used to shut down expression of late structural

genes during the early stage of infection.

7.3.2 PAK_P3 displays strong expression of temporally regu-

lated small, non-coding RNAs

Following the observation of abundant antisense transcripts, we looked for other

unusual transcriptional profiles within PAK_P3 transcriptome and detected two

abundant small ( 100bp) transcripts during late infection. These two transcripts,

hereafter referred as sRNA1 and sRNA2, were found in two neighboring

intergenic regions: sRNA1 is encoded within a 200bp-intergenic region between

two genes encoding hypothetical proteins, whereas sRNA2 is part of a larger

intergenic region between two phage-encoded tRNAs (Figure: 7.1). They are

temporally regulated since they display a 91- and 12-fold change, respectively, in

their ‘late versus early’ expression. Strikingly, these two small RNAs belong to

the most strongly transcribed regions of the phage genome during late infection

as they respectively represent the 18th and 24th most expressed gene features

over 86 late genes.
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We hypothesized that they could be trans-encoded small RNAs, acting by

base-pairing on a target mRNA. As such, we looked for potential target regions

in both phage and host genomes. The potential targets found on the host

genome were not differentially expressed 13 min post infection, indicating that

these two phage small RNAs would not act through mRNA degradation but

rather have a role in translational silencing, if any.

Interestingly, a stretch of 11 nucleotides on sRNA2 was found to be repeated eight

times across the host genome and systematically located within tRNAs, more

particularly within the T Psi C-loop. We propose that it could be involved in

translational repression by binding, and eventually blocking, bacterial ribosomes.

As this 11bp-stretch is also conserved in closely related phages (PAK_P1-like

genus), it may represent a starting point leading to the discovery of new phage

non-coding RNAs.

On the phage genome, the only potential targets (11 consecutive nucleotides

matching perfectly) are located in the early ORFan product gp78 for sRNA1

and in the late gene encoding the putative ribonucleotide-diphosphate reductase

gp67 for sRNA2. To date, only few phage-encoded small RNAs have been

described in the literature and most of them derive from prophages (Dedrick

et al., 2013; Nejman-Faleńczyk et al., 2015). The only examples of phage sRNAs

encoded by a virulent phage, T4 band C and band D RNAs, were described in

the 1970’s and their functions have remained unknown (McClain et al., 1972).
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7.4 Phage infection triggers dramatic and specific

up-regulation of one bacterial operon linked to

RNA processing

Although host transcripts are globally replaced by phage transcripts, the changes

in host mRNA population can still be analyzed by normalizing the host transcript

counts before infection to the counts after infection, artificially depleting counts

before infection and enriching reads after infection. This allows us to look for

specific differential expression of host gene features in response to the stress of

phage infection as well as specific changes in host gene expression imposed by

the phage in order to hijack cellular metabolism.

Figure 7.2: PAK_P3 alters expression of many host gene features by
late infection. Differential expression analysis of host gene features comparing
transcript abundance between phage negative controls (t=0 min) and late
infection (t= 13min) was performed.

We discovered that one operon, comprising six genes (PAK_4493-4499), has a
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nearly 80-fold increase in abundance relative to other host genes, which is large

enough to strongly enrich its transcript abundance relative to the total RNA in

the cell even in the context of global RNA degradation (Figure: 7.2). RNA-Seq

analysis thus provided precise depictions of phage influence on the bacterial

transcriptome and host transcriptional response to infection. It also allowed

us to decipher the transcriptional strategy adopted by the phage to control its

own gene expression (Section 7.2). To have a broader view of the consequences

of a phage infection on host cell physiology, we performed a complementary

metabolomics analysis.

7.5 Amino acid, nucleotide/sugar and pyrimidine

pathways display drastic changes in phage

infected cells

This section was prepared in collaboration with Dr. Jeroen De Smet (JDS).

Viruses depend on host cell metabolic resources to complete their intracellular

parasitic development (Calendar, 2006). However, the effects of phage infection

on host metabolism are still poorly understood. We thus investigated whether

the phage completely shuts off host metabolism, as it may burden efficient

phage replication, or if it influences specific pathways. To assess the impact

of PAK_P3 infection on strain PAK metabolism, high-coverage metabolomics

analysis was applied to monitor metabolite dynamics during infection (Fuhrer

et al., 2011). Comparison of the metabolite levels at different time points post

infection to uninfected samples revealed significant metabolic changes upon

phage infection. Within the first 5 min of infection, 22% of measured metabolites

display altered levels with 13.8% increased and 8.5% decreased (p-value < 0,05,
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Log2(fold change) > 0,5). The proportion of metabolites with increased levels

gradually rises up to 22% at 25 min post infection, while the proportion of

metabolites with decreased levels temporarily drops to 3% to finally increase

back to 13% during bacterial lysis (Figure: 7.3). These variations indicate

that PAK_P3 does not simply deplete available host metabolites but relies

on an active metabolism in agreement with recent observations identifying

phage-specific physiological alterations (De Smet et al., 2016; Ankrah et al.,

2014).

Figure 7.3: PAK_P3 alters P. aeruginosa metabolite content over
the course of infection. Percentage of altered Pseudomonas metabolite ions
during the course of infection (p-value < 0,05, Log2(fold change) > 0,5), y-axis
shows percentage and x-axis shows the time points during infection. In total
377 ions were measured. JDS, with permission.

Next, to investigate whether PAK_P3 targets specific metabolic pathways, a

metabolite set enrichment analysis was performed. Overall, metabolites from

amino/nucleotide sugar and pyrimidine metabolic pathways were found over-

represented among increasing metabolites, while amino acid-related pathways
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were enriched among decreasing metabolites at later stages of infection (Figure:

7.4). Intriguingly, about 50% of the detected (deoxy)nucleotides-phosphates

have at least two-fold increased levels during infection.

Among accumulating metabolites belonging to amino/nucleotide sugar metabolism

and to lipopolysaccharide biosynthesis pathway (Figure: 7.4), it is worth noting

that the levels of cell wall precursors such as UDP-N-acetyl-D-glucosamine or

UDP-N-acetyl-D-galactosaminuronic acid show a significant two- and three-fold

increase, respectively, during late infection. This increase is not accompanied

by altered expression of host genes involved in this pathway.

Figure 7.4: Pathway enrichment analysis during PAK_P3 infection
revealed its requirement on pyrimidine metabolism. Values of the
enrichment analysis are shown for the significantly enriched pathways (rows)
at the different time points (columns). The color scale indicates the cut-off for
the p-values, where red and blue are used for, respectively, the pathways found
enriched among increased and decreased metabolites. JDS, with permission.

Most enriched pathways among decreasing metabolites involve amino acid

biosynthesis (Figure: 7.4), more specifically Arg, Pro, Ala, Asn, Glu, Cys and
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Met metabolism were found significantly enriched (p-value < 0.005). These

observed decreases may indicate drainage of amino acid pools in the cell during

phage particle formation, due to an imbalance between cellular amino acid

biosynthesis and consumption by the phage.

7.6 Metabolomic manipulations are not mediated

through differential expression of host genes

We initially hypothesized that the observed changes in metabolome composition

upon infection would largely be the result of a differential expression of host

genes induced by the phage. This would indicate that PAK_P3 mainly interferes

with cellular transcription to alter host physiological processes. To address this

question, we investigated if the variations at the metabolome level could be

directly linked to transcriptional changes. We thus analyzed all metabolites

belonging to pathways highlighted by the pathway enrichment analysis (See

Figure 7.4) that display significant variations (Log2(fold change) > 0.5, p-value

< 0.05) as well as differential expression of coding sequences related to the

corresponding pathways with a stringent cut-off point (Log2(fold change) > 1.3,

p-value < 0.05) (See Figure 7.5).

Only few genes linked to these pathways were significantly differentially expressed

upon late infection, indicating that the phage influence on host metabolism is

not primarily mediated through differential gene expression. In fact, several

pathways with increased metabolite levels have a decreased transcription of the

involved genes or vice versa (e.g. lipopolysaccharide biosynthesis).

Based on these complementary “-omics” approaches, it can be concluded that

PAK_P3 does not otherwise redirect host physiology towards viral reproduction
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through modification of host gene expression. The general degradation of

host RNA observed likely ensures sufficient building blocks for viral genome

replication. The metabolic content of PAK_P3 infected cells shows both

increased and decreased metabolite levels. We hypothesize these changes are

either the direct consequence of an increased viral consumption of metabolites

(e.g. amino acid metabolism) or are likely triggered by phage-encoded Auxiliary

Metabolic Genes (AMGs) (e.g. pyrimidine metabolism).

Figure 7.5: Comparison of significant changes in transcriptomics and
metabolomics data from PAK_P3 infected cells reveals no direct
correlation. On the left, the number of genes with a significant differential
expression (Log2(fold change) > 1.3, p-value < 0.05) is shown. On the right,
an overview of the number of metabolites with significantly changed levels
(Log2(fold change) > 0.5, p-value < 0.05) is shown. The middle column entails all
studied metabolic pathways and indicated between brackets are, respectively, the
total number of genes and metabolites involved in this pathway. Red = increase
in transcript/metabolite level, Blue = a decrease in transcript/metabolite level.
Prepared in collaboration with JDS.
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7.7 Conclusions

Next generation transcriptomics, metabolomics, and classical microbiological

techniques have here been integrated for the first time to describe virus/host

interactions between the candidate therapeutic bacteriophage PAK_P3 and

its host, P. aeruginosa strain PAK. By capturing early, middle and late

infection time points, we delineated genomic regions of temporally distinct

phage expression. This particularly highlights early gene features, which are

typically involved in the shutdown of host metabolism. Like the approximately

50 so called ‘monkey-wrench’ proteins found in phage T4, small early proteins

likely have functions reliant on protein-protein interactions to disrupt host

systems and could potentially be exploited to aid in small molecule antibiotic

design (Citorik et al., 2014; Drulis-Kawa et al., 2012; Hermoso et al., 2007).

It is well established for model bacteriophages, including T7 and T4, that

the temporal regulation of middle and late gene expression is typically the

result of a tight regulation driven by phage early proteins through various

mechanisms such as redirection of host RNA polymerase to phage middle and

late promoters (like phage T4 proteins AsiA-MotA or phage-encoded sigma

factor gp28 in SPO1) (Calendar, 2006; Lenneman & Rothman-Denes, 2015).

The early expression of antisense RNAs could represent an additional regulation

mechanism preventing transcriptional leaks from strong promoters controlling

expression of late structural genes. Consistent with this hypothesis, the temporal

distribution and the location of the numerous PAK_P3 asRNAs correlate with

the shut-off of structural gene expression observed 3.5 min post infection.

Although cis-antisense RNAs appear to be a common form of regulation in

bacterial genomes, they have not been extensively described in phage genomes.

Beside the regulatory oop RNA reported over 40 years ago (reviewed in (Nejman-

Faleńczyk et al., 2015)), no other asRNAs were reported until recently (Tree
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et al., 2014) and exclusively in lambdoid phages. Moreover, such asRNAs have

never been reported for virulent phages until 2014 (Wagemans et al., 2014).

Therefore, the high number of asRNAs reported for PAK_P3 implies that

antisense transcription may be a regulatory mechanism used by phages more

frequently than previously thought.

From a phage-host interaction point of view, we found that existing host

transcripts are rapidly overwhelmed with viral transcription. This may reflect

a globally accelerated degradation of RNA in the cell in a way similar to phage

T4. Indeed, it has been previously reported that T4 globally alters the stability

of existing mRNAs, in addition to repressing the transcription of cytosine

containing DNA (Ueno & Yonesaki, 2004; Uzan, 2009). This hypothesis is further

supported by the drastic overexpression of one host operon (PAK_4493-4499)

encoding RNA processing-related proteins. In particular, this operon encodes a

RNA 3’-phosphate cyclase RtcA (PAK_4496) that has been described as being

involved in the processing of RNA transcripts such as priming RNA strands for

adenylylation to protect them from exonucleases or to mark them for further

processing so they serve as substrates for downstream reactions performed by

additional enzymes (Chakravarty & Shuman, 2011; Filipowicz et al., 1998).

Therefore, we hypothesize that this operon may be uniquely upregulated by

the phage in order to participate in the global degradation of RNAs during

infection, which we observe in both the RNA-Seq and metabolomics data, by

tagging transcripts for degradation by phage encoded enzymes. An alternative

hypothesis to explain this dramatic up-regulation of PAK_4493-4499 relies on

RtcB (PAK_4494), a predicted RNA ligase. Together, the RtcAB system has

been shown to play a role in tRNA repair after stress-induced RNA damage (e.g.

viral infection) in E. coli (Tanaka & Shuman, 2011). Also, it has been shown

that phage T4 RNA 3’-phosphate cyclase (encoded by pseT) and RNA ligase

(rli) are involved in overcoming resistance (Schmidt, 1985) by restrictive strains
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of E. coli producing phage induced tRNA anticodon nuclease (encoded by the

prr locus) which causes abortive infection by preventing effective translation

of phage genes (Levitz et al., 1990). Therefore, it is possible that PAK_P3

upregulates this operon to activate a host repair function to interfere with a yet

uncharacterized host restriction system or a prr-like locus. However, deleting

the RNA ligase rtcB gene (PAK_4494), appears to have no toxic effect on the

host as well as no effect on the efficiency of plating.

The observation of a phage induced host RNA degradation is further supported

by our metabolomics data. Indeed, the increased pyrimidine metabolism

confirms that nucleotide turnover is a central viral need to achieve a successful

infection cycle. Overall, we showed that upon PAK_P3 infection, the host

metabolism is not shutdown but redirected to generate the required building

blocks for viral replication and this redirection is not the result of a phage induced

differential host gene expression, aside from the RNA processing operon. An

explanation for this metabolic turnover relies on phage-encoded AMGs and phage

early proteins. We propose that phage early proteins would interfere with host

metabolic processes through interactions with bacterial proteins. Once the host

machinery is disrupted, phage metabolic enzymes would take over and catalyze

the reactions yielding the specific metabolites required for viral replication. For

instance, we hypothesize that the observed global degradation of host mRNA

eventually produces an excess of free ribonucleotides that are likely converted

into deoxynucleotides by ribonucleotidases. Interestingly, PAK_P3 encodes

a putative ribonucleotide-diphosphate reductase (alpha and beta subunits,

respectively gp67 and gp69) that could catalyze such a reaction. An alternative

explanation for the observed increase of (deoxy)nucleotides-phosphates relies

on the putative deoxyribonuclease (gp57) encoded by PAK_P3, which could be

responsible for host genome degradation during middle and late infection stages,

as observed for phage LUZ19 (Lavigne et al., 2013). Supporting these hypotheses,
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these three phage-encoded AMGs are strongly expressed by PAK_P3 during

late infection stage as they are respectively the 7th, 22nd and 19th most

expressed genes over 86 late genes. It is noteworthy that a fourth predicted

phage-encoded AMG, a CMP deaminase (gp155), is also involved in nucleotide

metabolism and also expressed during late infection although less intensely than

the other AMGs mentioned. Altogether, these predicted AMGs involved in

nucleotide metabolism highlight the central need for nucleotides during PAK_P3

infection, in accordance with the short infection cycle span during which about

50 genomes of 88 kb have to be synthesized. Indeed, the advantage found

in precisely manipulating nucleotide depolymerization and pathways to shut

down host mechanisms, provide material for phage DNA synthesis, and prevent

osmotic stress appears to be significant across phage clades. For example,

Pseudomonas phage Lu11 contains ORFs predicted to be involved in nucleotide

metabolism (Adriaenssens et al., 2012), E. coli phage T5 degrades host DNA

before exporting it outside of the cell (McCorquodale & Warner, 1988), and T4

even encodes for its own, nearly complete, parallel DNA precursor biosynthesis

pathway (Mathews & Allen, 1983).

Another example of phage-driven interference with host metabolic pathway is

given by LPS biosynthesis pathway. The observed accumulation of cell wall

precursors, which is not correlated with an altered expression of corresponding

host genes, may be a direct consequence of peptidoglycan degradation and the

subsequent release of its precursors triggered by the infection. Consistent with

this hypothesis, PAK_P3 has a potential AMG (gp151) similar to a bacterial

cell wall hydrolase, which could explain such cell-wall degradation.

Further investigations are now required to fully associate transcriptomics

and metabolomics data to viral gene functions, a process which is currently

hampered by the lack of versatile genetic tools to construct mutants of virulent

bacteriophage. Such effort to deeply characterize one particular phage genus
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(i.e. KPP10-like) is also motivated by the great therapeutic potential of these

phages as demonstrated in animal models and recently strengthened by the

identification of such a phage in the ‘Intesti phage’ cocktail, a key commercial

product of the Eliava Institute in Georgia (Henry et al., 2013; Zschach et al., 2015;

Debarbieux et al., 2010; Morello et al., 2011). Overall, the knowledge of phage

biology provided by next-generation “-omics” approaches not only enlighten

viral mechanisms of infection but can also open an array of biotechnological

applications based on regulatory elements and proteins found in this new sub-

family of phages.



Chapter 8

Related PAK phages

evolutionarily conserve an

ancestral infection process

The work and writing of this chapter represents the results of an equal

collaboration with Anne Chevallereau. Figures produced by others are labelled

as such.

8.1 Introduction

As the evolution and ecology of tailed bacteriophages in the environment is

increasingly being better understood through the lens their DNA sequences

rather than just their morphology, an understanding of the functional

consequences of those sequences on a transcriptomic level has yet to catch

153
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up. Indeed, multiple comparative genomic analyses have suggested that related

phages genome can be clustered based on their sequence similarity (Kwan

et al., 2005; Kropinski et al., 2007; Grose & Casjens, 2014; Marinelli et al.,

2012). However, several studies have shown that bacteria and their phages

rapidly co-evolve, promoting genetic diversity in both populations (Koskella &

Brockhurst, 2014; Williams, 2013; Marston et al., 2012). This genetic diversity

has been largely observed when analyzing the increasing number of phage

genome sequences over the last decade (Hatfull & Hendrix, 2011). Because of

this rapid genetic drift and high rate of horizontal gene transfer (HGT) as well

as the lack of universal phage genes, the reconstruction of phage evolutionary

stories is challenging. Consequently, many studies focus on understanding how

different phage clusters are related to each other or how phage population is

structured (with comparative (meta)genomics) but none addressed evolution

of mechanisms of phage life-cycle (apart from mechanistic basis for host-range

evolution). In particular, it has not previously been investigated how conserved

is the ancestral subversion strategy during the evolution of phages, which cannot

be predicted on the basis of gene content.

To gain insights on this question, in collaboration with Anne Chevallereau

(AC) and Laurent Debarbieux (Institut Pasteur, FR), we provide here a

comparative analysis of the infectious strategies of closely-related phages

infecting Pseudomonas aeruginosa PAK as a continuation of Chapter 7. In

previous studies, several phages infecting the same P. aeruginosa host (strain

PAK) were isolated and characterized (Henry et al., 2013). Analysis of their

genome sequences supported their classification within two new genera among

Myoviridae, namely Kpp10virus and Pakunavirus, as they differ by their mean

genome length, number of predicted ORFs and tRNA and GC content. They

share homologous proteins (about 25%) and a set of 26 proteins was defined as

core proteins, most of which being structural proteins (Henry et al., 2015).
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Moreover, analyzing a large set of phages from each genus revealed that their

genomes display a remarkable mosaicism outside of strongly conserved regions,

which alternate (0.1% SNP frequency) with highly heterogeneous regions (up

to 20% SNP frequency, scars of HGT and recombination events) (Essoh et al.,

2015). Despite this propensity to undergo genomic divergence, the phages

from both genera display a strong synteny and the study of their evolutionary

relationships revealed that they probably share a relatively recent common

ancestor (Henry et al., 2015).

To investigate whether infectious strategies are conserved between divergent

phage populations, we studied the lifecycle of phage PAK_P4 (Pakunavirus)

and compared it with the related PAK_P3 (Kpp10virus) infection scheme

(See Chapter 7), both infecting the same P. aeruginosa strain PAK. Indeed,

sixty-nine homologous proteins were defined (i.e. approximately 40% of the

proteomic content of the two phages, according to CoreGenes analysis with

default parameters). Most of these homologous proteins belong to the structural

(34/69) and DNA-metabolism related (22/69) modules. It has to be noted that

even though some proteins do not meet the criteria required to be considered

as homologous (i.e. blastp score <75), they have conserved functions. For

example, proteins predicted as putative ribonucleoside-reductase beta subunit

(PAK_P3_gp069 and PAK_P4_gp078) display 30% of similarity ( 17% of

identity) in their sequences. Interestingly, few of these defined homologous

proteins (13/69) are encoded by early-expressed (see below) ORFans which are

acknowledged to be the least conserved phage proteins, often responsible for the

subversion of host metabolism (Calendar, 2006). Altogether, these observations

suggest that PAK_P3 and PAK_P4 may have conserved similar infectious

mechanisms and strategies despite their divergent evolution.

In this chapter we provide a transcriptomic-based comparative analysis of the

mechanisms of these closely-related phages driven by the following questions:
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Do phages, that have common life-history traits and subsequently diverge,

still share common mechanism in the way they infect their host? Are these

mechanisms overall conserved despite divergent protein content? Is the host

response similar to two different phage infections?

8.2 Rapid takeover of the cell transcriptional envi-

ronment

While PAK_P3 induces a progressive depletion of host transcripts that

eventually represent only 13% of non-ribosomal RNAs in the cell 13min post

infection, PAK_P4 is much more rapid as only 20% of the total transcripts

matches the host genome as soon as 3.5 min post infection (See Figure 9.1).

These results indicate that both phages shut down host cell transcription

but their different kinetics suggest that they either have a different control

of the machineries dedicated to (i) degrade host mRNAs or (ii) catalyze the

transcription of viral genes.

8.3 The transcriptional strategy of PAK_P4 is

generally similar to PAK_P3

As it was previously demonstrated for PAK_P3 (See Chapter 7), PAK_P4

temporally regulates its transcription over the course of infection. Most of the

genes encoding unique hypothetical proteins (i.e. with low or no homology

to any other sequence in databases) are expressed during the early stage of

infection. This ‘early region’ contains genes encoding gp080 through gp124

while the ‘late region’ constitutes genes encoding gp001 to gp034. These genes,



158 RELATED PAK PHAGES EVOLUTIONARILY CONSERVE AN ANCESTRAL INFECTION PROCESS

Figure 8.2: PAK_P4 Transcription map Transcript density for early middle
and late infection, normalized by the Total Count of reads that align to the
phage genome for each sample. Read density and coding sequences on the
Watson and Crick strands are highlighted in red and green respectively while
antisense RNA, tRNA and other non-coding RNA are depicted in light blue,
dark blue, and yellow.
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that are massively expressed 13min post infection, encode the phage structural

proteins (See Figure 8.2). PAK_P4 produces antisense RNAs (asRNAs) that

are probably acting as cis-encoded asRNAs since most of them (15 out of 17)

are encoded within structural genes. These asRNAs are significantly more

expressed (2 to 3-fold change) 3.5min after infection compared to late infection

stage (13min). We hypothesize that these non-coding RNAs act as repressors

to attenuate the expression of the structural genes during the early stage of

infection. As these phenomena were also reported for PAK_P3 (See Chapter 7),

these data suggest that both phages are using similar regulatory mechanisms to

control their gene expression.

8.4 Comparison of PAK_P3 and PAK_P4 core

genes expression

As PAK_P3 and PAK_P4 overall regulate their gene expression using a similar

temporally directed strategy, we looked for differences in how this strategy

is enacted. Thus the differential expression of the set of 69 core genes was

compared. This analysis shows that the expression pattern is notably different

between the two phages, suggesting they are not expressing exactly the same

genes at the same moments (See Figure 8.3). For instance, PAK_P3 tends to

differentially express gp002-gp006 more drastically than PAK_P4 does, while

PAK_P4 favors the differential expression of gp007-gp010. Strikingly, one

gene is strongly up-regulated during PAK_P4 late infection while it is not

temporally regulated in PAK_P3. The corresponding hypothetical protein

(gp014 in PAK_P4) possess a wide range of homologs in other unrelated phages

but also in bacteria. Genes encoding DNA-metabolism related proteins as well

as early genes are overall more strongly temporally regulated in PAK_P3 than
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they are in PAK_P4.

This deeper analysis of phage gene expression highlights how, even while the

overarching transcriptional strategy of these two bacteriophages appears to have

remained broadly conserved, evolution has readily selected for tweaks to the

mechanisms regulating a variety of specific systems.

8.5 PAK_P4 uniquely modulates the expression of

host transcripts that PAK_P3 does not.

PAK_P4 strongly upregulates expression of three host operons (PAK_4090-

4104, PAK_1971-1978, and PAK_4106-4109) predicted to be related to

siderophore synthesis and transport that are not upregulated during PAK_P3

(See Chapter 7) infection. The upregulation in transcription for operons

PAK_4090-4104 and PAK_1971-1978 is strong enough that it can be expected

to outpace the global replacement of host transcripts with phage transcripts

and plausibly have a biologically meaningful effect.

Notably, PAK_P4 infection also specifically triggers the upregulation (Log2(fold

change) 2.1), a type VI secretion system (PAK_5692-5712) that is orthologous

to the Hcp secretion island I found in PAO1. This systems encodes for a dynamic

structure that resembles a bacteriophage tail and secretes protein factors Tse1-3

directly into host or prey cells, and is often considered a virulence factor (Chen

et al., 2015; Hood et al., 2010). However, this upregulation is overwhelmed

by the massive replacement of host transcripts by phage transcripts during

PAK_P4 infection, and is thus unlikely to successfully produce additional type

VI secretion activity. This exemplifies the value of detailed analysis of the

interactions between hosts and phage to eliminate the possibility of virulence
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Figure 8.4: MA Plot depicting the effect of PAK_P4 infection on
transcript abundance for each host gene feature by late transcription.
Differential expression analysis of host gene features comparing transcript
abundance between phage negative controls and late infection shows gene
features that are up or downregulated after infection.
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factor induction.

8.6 Transcripts modulated in common during infec-

tion by both PAK_P4 and PAK_P3

Sixty two coding sequences were upregulated in response to both PAK_P3

and PAK_P4 infection while about 665 gene features were downregulated,

indicating that some mechanisms for manipulating host transcription may have

been conserved. One operon linked to RNA processing and was previously

found to be specifically upregulated during PAK_P3 infection (See Chapter 7).

At the same time, at least some of these gene features could represent a

transcriptional host response to phage infection. Particularly, infections by both

PAK_P3 and PAK_P4 prompt the dramatic transcriptional up-regulation of a

predicted P2-like prophage. Notably, like PAK_P3 (See Chapter 7), PAK_P4

transcripts globally replace all mRNAs of host origin faster than the increased

prophage specific transcription can compete with.

Interestingly, infections by both phages reduce the abundance of the ncRNA,

annotated previously in the PAK strain (Chevallereau et al., 2016) even more

strongly than mRNAs, with 45 out of 144 ncRNA features downregulated

(Log2(fold change) > 1 and adjusted p-value < 0.05). Both phage infections

also specifically deplete Hfq transcripts, similar to PhiKZ infected PAO1 cells

(Ceyssens et al., 2014), possibly preventing their use by phage mechanisms.
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8.7 Discussion

Here we report the results of our RNA-Seq analysis of PAK_P4 infected P.

aeruginosa PAK cells and assess for the first time the differences between the

strategy this phage uses to orchestrate both viral and host transcription from

the approach described for PAK_P3 under identical conditions (See Chapter 7).

Recent work by Doron et al. (2016) has elegantly determined that a single phage

produces a nearly identical transcriptional program within three evolutionarily

divergent hosts (See Chapter 1.4.6). In contrast, host response to phage infection

was found to be host-specific (Doron et al., 2016). Similar results were obtained

by Howard-Varona et al. using a system of a single phage on two alternative

hosts, genetically nearly identical (Howard-Varona et al., 2016). By contrast,

we provide here a comparative analysis of the infectious strategies of two closely-

related phages on the same host driven by the following questions: Do divergent

phages deriving from a recent common ancestor still share common strategies

for infecting their host? Is the way in which the transcription of host gene

features co-opted similar?

We have found that, while PAK_P3 and PAK_P4 share largely similar infection

parameters, PAK_P4 has a smaller burst size and a longer latent period. This

observation goes against the optimal lysis timing model which states that longer

latency period results in larger burst size (Wang et al., 1996). One explanation

for this longer latency period is a delayed lysis in PAK_P4. Comparing

expressions of the genes encoding the putative endolysin (PAK_P4gp29 vs

PAK_P3gp28), as well as the 4 downstream ORFs (putative holins as they

all display putative transmembrane domains and <150aa) revealed that these

genes are more differentially expressed in PAK_P4, resulting from a lower

early expression coupled with a higher late expression. This would indicate

that holin-endolysin genes are more efficiently transcribed in PAK_P4, which
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appears contradictory with the longer latency period compared to PAK_P3.

However, PAK_P4 encodes an asRNA (PAK_P4as15), not present in PAK_P3,

matching the endolysin gene and could therefore act as a translational repressors,

preventing a rapid accumulation of endolysins and delaying lysis . Overall,

with a larger burst size and a shorter latent period, PAK_P3 is able to infect

a larger new host population more rapidly which might explain why in vivo

phage therapy with PAK_P3 is more effective than with PAK_P4 (Henry et al.,

2013).

We have found that both phages have the same global transcriptional program,

with a similar temporal regulatory scheme of the syntenic gene sets and a

production of antisense transcripts during the early stage of infection. However,

in addition to the genes unique to each phage (expected to specifically modulate

each phage infection), we noted differences in the transcriptional program of

conserved genes (core genes), as exemplified above (endolysin). This indicates

the value that transcriptomics may have to phage taxonomy. Indeed, in adition

to defining phage clades by their genomic sequences, there could be significant

value to defining them by the functional consequences of those genomes on a

transcriptional level.

In addition to investigating phage transcriptional programs, which were expected

to be globally conserved (See Chapter 1.3.4), we examined how host transcription

is manipulated by the related viruses. To summarize, we propose the global

infection strategy of PAK_P3 and PAK_P4 consists in massively degrading

host RNA with little manipulation of host gene expression (only one and

three operons are up-regulated upon infection by PAK_P3 and PAK_P4,

respectively) and relying on the host polymerase, which is hijacked to very

efficiently transcribe phage gene features throughout infection. However: (i)

the kinetics of RNA degradation is different. PAK_P4-induced RNA depletion

is more rapid, indicating the phage has probably more efficient degradation
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mechanisms (likely phage-encoded) compared to PAK_P3, which is supposed

to rely on host RtcAB system to degrade host transcripts (See Chapter 7). (ii)

Each phage co-opts the transcription of host gene features in a unique way.

For example, unlike PAK_P3, PAK_P4 upregulates three operons involved in

siderophore synthesis.

While the specific evolutionary and environmental context of the two known

siderophores in P. aeruginosa is not entirely clear, it is known that iron is

limiting both in the environment as well as in a mammalian host (Loper &

Henkels, 1997). Indeed, siderophores are often considered to be virulence factors

(Gensberg et al., 1992) for the benefit they appear to provide in human hosts

that go to great lengths to sequester iron from potential pathogens (Cassat

& Skaar, 2013). Notably, siderophore synthesis has been described as an

exercise in cooperation, with each bacterial community member contributing

resources to the production of siderophores to a communal extracellular pool

from which each member can benefit (Lee et al., 2016). The evolution of

siderophore synthesis has therefore been described as weakly driven by kin

selection while it naturally selects for non-producers (cheaters) that benefit by

collecting siderophores that other members produce. However, if siderophore

producers (cooperators) are outcompeted to extinction then cheaters are able to

gain no benefit at all. In Pseudomonas, this dynamic generates an evolutionarily

stable intermediate strategy of mild siderophore underproduction that is sub-

optimal for overall fitness (Lee et al., 2016). Thus, PAK_P4 may benefit from

stimulating siderophore availability toward optimal levels as it spreads across a

micro-colony even if it exacts a cost to the first few infections. Indeed, the phage

infected cell creates a new evolutionary dynamic as the benefit of siderophore

production will be harvested by daughter phage infections rather than by any

potential cheaters.

Remarkably, a number of host gene features were also found to be differentially
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expressed in common between the two phage infections including the PAK_4993-

4999 operon containing an RtcAB system. It was previously proposed that this

operon is upregulated by PAK_P3 to use the RNA 3’-phosphate cyclase RtcA

to prime host transcripts for adenylation as part of a degradation pathway.

Alternatively, it was also hypothesized that this operon could be a reflection of

the host attempting to respond to the extensive RNA damage imposed by the

phage. However, the upregulation of this operon is much weaker in PAK_P4

than in PAK_P3. At the same time, the replacement of host transcripts with

phage transcripts observed in PAK_P4 infection is both more rapid and more

extensive than in PAK_P3 infection. This indicates that the upregulation of

RtcAB may indeed be a feature that is conserved between the Pakunavirus and

Kpp10virus genera reflecting active phage manipulation of host genes to effect

RNA degradation.

Our results indicate that PAK_P4 remains a plausible agent for phage therapy

of Pseudomonas infections. Indeed, the way PAK_P4 manipulates the PAK host

into increasing the expression of coding sequences associated with siderophore

synthesis indicates that PAK_P4 may be well adapted to the conditions that

P. aeruginosa experiences within the mammalian host. Additionally, the

comprehensive replacement of non-viral transcripts with viral transcripts found

in PAK_P4 infection can be expected to suppress unpredictable host responses

as well as the expression of competing genetic elements in the host, such as

prophages or other aspects of the mobilome, which have been such a concern

for phage therapy.





Chapter 9

Assembling the

meta-transcriptome of

Pseudomonas phage infection

This chapter represents my own work except when cited.

9.1 Introduction

By comparing the strategies used by Pseudomonas aeruginosa phage to

temporally regulate the expression of their own gene features, as well as the

gene features each phage co-opts within the host cell, we can gain a more

complete picture of the nature of phage infection. With the addition of nine new

phages with RNA-Seq data assessing the three stages of synchronous infections

(including the phages discussed in Chapters 3-8 as well as ΦKZ, F7, and ΦRT-

169



170 ASSEMBLING THE META-TRANSCRIPTOME OF PSEUDOMONAS PHAGE INFECTION

37), we are able to double the number of phage with experimentally described

transcriptional narratives. This puts us in a unique position to describe the

diversity and common features of transcriptional strategies used by phage in

general.

At the same time, we are able to investigate the impact of phage infection on

the abundance of host transcripts for each of the nine phages, nearly tripling

the number of phage infections for which this apparently integral part of phage

metabolism has been defined. With so many infections by such radically different

phages investigated in the same host, using the same conditions and the same

approaches, we are then able to tease out phage mediated manipulations of host

transcripts from host mediated attempts to respond to phage infection. These

two types of impact can be distinguished by hunting for gene features that are

differentially expressed in common between each of the infections, and defining

them as part of the host response. In Chapters 3-8 this general host response

was set aside to investigate phage specific impacts on host transcripts, likely

part of phage mediated manipulations of expression or otherwise a consequence

of phage specific impacts on the cell’s metabolism. The diversity of impacts on

host transcription is also discussed here.

Similarly, the P. aeruginosa PAO1 stress response to infections by multiple

phages can be investigated though methods described in Chapter 2, illustrating

the response to a sort of ’meta-phage infection’. This is the first time the

response to meta-phage infection could be distinguished from individual phage

manipulations of host transcripts in any host system. Within this host response

a quorum sensing based phage defense system could be observed, potentially

protecting P. aeruginosa micro-colonies through a system of reduced infection

vigor Hyman & Abedon (2010). At the same time, a strikingly consistent

depletion of Hfq transcripts was observed across each infection examined while

phage infected cells were observed to weakly exhibit a pattern of differential
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expression clearly similar to ∆Hfq- mutants. This suggests not only that changes

in transcript abundance have biologically meaningful impacts on the physiology

of the phage infected cell, but that depletion of Hfq by the host may be a means

to deprive phage of this useful peptide.

9.2 Relative abundance of phage transcripts within

the infected cell

Within the infections of these nine phages there is a great diversity of

transcriptional impacts on the host cell. Indeed, at one extreme, PAK_P4

(See Chapter 8) can be observed to produce 84% of all the transcripts in the

cell after 3.5 minutes while at the other end ΦRT-37 produces less than 16%

even after 49 minutes (Leskinen et al., 2016). Some phages such as PAK_P3

appear to replace host transcripts at a constant rate (See Chapter 7), while

others appear to slowly accelerate the replacement such as LUZ19 and ΦKZ

(See Chapter 5 and 1.3.3), and others such as 14-1 and YuA appear to have a

sudden impact at a specific point in the middle of infection (See Chapters 6

and 4). As Howard-Varona et al. (2016) showed that their phage Φ38:1 had

radically lower impact on an alternate host than it did on the transcriptome of

its primary Cellulophaga host (See Chapter 1.4.1), the low impacts we observe

in P. aeruginosa may be a reflection of similarly sub-optimized infections in

an unfamiliar host. However, as PAO1 is a heavily domesticated strain with

likely few active phage defense systems, and as each of the phages studied

here produce very effective infections, and as each have been serially passaged

through PAO1 as a host for years or even decades, this may be at least an

incomplete explanation for the diversity observed. These different impacts may

instead reflect fundamentally different relationships between the studied phages
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and the transcriptomes of the host as well as fundamentally different RNA

nucleotide metabolisms.

Figure 9.1: Reads aligning to phage genomes over the course of
infection. Shown here is the percentage of reads that map to the phage
genome when compared to the total non rRNA reads that map to either the
phage or host genome. Reported for context are the percentage of reads aligning
to the Φ38:1 genome over the course of its infection of its primary host as well
as an alternate host (Howard-Varona et al., 2016). This proportion ends up
representing the relative mass of RNA present in the cell.

9.3 Diversity of transcriptional strategies used by

Pseudomonas phage

One of the most striking features of the population of transcriptional strategies

for phage infection that we have described is how internally diverse they are
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while remaining either externally similar to or distinct from the narratives

that have been determined for related phages. Indeed, remarkable similarities

to transcriptional strategy of phage N4 can be found in phage PEV2 (See

Chapter 3). At the same time, while the DNA similarity of LUZ19 and

the other Phikmvvirus members has led to the ambitious construction of the

Autographvirinae sub-family meant to unite phage T7 relatives into a clade

of viruses that self-author the transcription of much of their genomes in a

characteristic way, RNA-Seq data has shown the T7 strategy to be almost

unrecognizable in LUZ19 (See Chapter 5).

Antisense RNA was also used in exotic and unpredicted ways. Indeed, while

antisense transcription was classically observed in temperate phage λ (Krinke

et al., 1991), we have observed fundamentally different strategies for its use in

most of the phages studied. Indeed, PEV2 appears to use antisense transcription

during early infection to translocate the genome into the cell and then in middle

infection appears to use weak host promoters to overwhelm sense transcription

of late gene features (See Chapter 3). Similarly, PAK_P3 and PAK_P4 appear

to encode antisense RNAs that repress transcription of late coding sequences

before the phage is ready for them (See Chapters 7 and 8). At the same

time, 14-1 cis-encodes small highly abundant antisense transcripts from the

start codon regions of its most highly abundant coding sequences. As these

dominating 12 transcripts are constituitively expressed, this may represent a

part of a unique form of temporal gene expression (See Chapter 4).

More unexpected were the strong transcriptional hotspots observed in each of

the phages studied so far and the gene features where they were found. Indeed,

while the strong transcription of sequences encoding major capsid proteins

during late infection was predicted, in no case were they the most strongly

transcribed element in the phage genome and they were only barely transcribed

in ΦRT-37 (Leskinen et al., 2016). Instead, these hotspots were found over a
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pre-early coding sequence and previously unannotated small coding sequence in

PEV2 (See Chapter 3), hypothetical early coding sequences in 14-1 (See Chapter

4), and small RNA in the PAK_P3 and PAK_P4 phages (See Chapters 7 and

8).
Table 9.1: Role and distribution of transcriptional hotspots

Transcriptional Hotspots

Phage Early Middle Late Notes

14-1 Early Features Early Features Early Features Constitutively expressed

PAK_P3 Early Features N/A sRNA Host Depletion

PAK_P3 Early Features N/A sRNA Host Depletion

LUZ19 Early Features N/A N/A No role in translocation

PEV2 Pre-Early Feature Unannotated Unannotated Role in translocation

YuA Early Features Early Features Structural New Promoters

9.4 Diversity and implications of phage mediated

impacts on transcripts of host origin

Having defined the host meta response to phage infection, which differentially

expresses 5.5% of the gene features present in P. aeruginosa PAO1 (Log2 fold

change >1, adj pvalue <0.05), we can then look specifically at each of the

other gene features differentially expressed during each of the individual phage

infections. Remarkably, while each phage manipulates between 7% and 11% of

host gene features (Log2 fold change >1.3, adj pvalue <0.05), a full 27% are

manipulated by at least one phage, indicating a wide diversity of strategies for

co-opting the functions of host gene features. Indeed, within this 27%, 84% are

manipulated by just one phage.
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Figure 9.2: Number of host gene features that are differentially
expressed during infections by each combination of phage(s). We
find that each phage has a mostly unique impact on host transcription and that
of the gene features that are significantly expressed in more than one phage,
more than 57% are significantly differentially expressed in the analysis designed
to highlight the host-mediated response (See Methods Chapter: 24.2). This
indicates that there are not meaningful ways in which any two phage manipulate
the host in a similar phage-mediated way.

Having established a phage specific impact on host transcripts, we can expect it

to contain a combination of differentially expressed gene features that are directly

manipulated by phage factors and differentially expressed gene features that

are indirectly manipulated by specific phage induced stresses. Indeed, within

LUZ19 infected cells the depletion of transcripts associated with producing its

receptor, the type IV pilus, can be observed (See Chapter 5), which is likely

the result of direct manipulation preventing superinfection. At the same time,

YuA infected cells can be observed to stimulate the iron stress response (See

Chapter 6), which is likely indirectly mediated by iron stress induced during

YuA infection. However, both the manipulation of host stress responses and

the more direct manipulation of host transcription are considered to be phage

mediated in this manuscript.

The very high percentage of host gene features manipulated by at least one phage

would seem to indicate that, at least for Pseudomonas phage, the host genome

is an integral part of the phage infected cell. Indeed, if on an epistemic level

“the phage” is the living phage infected cell rather than the inert phage particle,
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as suggested by the virocell model (See Chapter 1.2.1), then these results

would seem to indicate that each Pseudomonas phage infected cell assessed

so far truly has at least two genomes. Unlike phage T4 (Uzan, 2009) and its

cyanophage relatives (Doron et al., 2016), which each appear to only use their

hosts’ genomes as a source of nucleotides for replication, Pseudomonas virocells

appear to manipulate the genome of host origin as an active contributor to

infection. Indeed, this genome of host origin, in a sense co-opted as an ancillary

phage genome, is actively manipulated to suit the specific needs of the virocell.

This finding has profound implications for a number of aspects of phage

biology. Indeed, as Howard-Varona et al. (2016) have found similar results

in a Bacteriodetes virocell, in order to be complete the microbial metavirome

that some groups are now beginning to define in various environments (Paul

& Sullivan, 2005; Edwards & Rohwer, 2005; Santos et al., 2010; Adriaenssens

et al., 2015, 2016; Sauvadet et al., 2010; Roux et al., 2015; Bruder et al., 2016)

must seemingly include even sequences of host origin with no sequence level

relationship to phage genomes. It also appears to indicate that the search for

phage born virulence factors, which must be performed before phage therapy

can be considered in order to eliminate the possibility of their introduction

to an infection, may also need to include gene features of host origin in the

virocell. Indeed, we have found that LUZ19 virocells stimulate the transcription

of the hcnABC operon responsible for hydrogen cyanide synthesis (See Chapter

5). Unlike virulence factors encoded by phage genomes, virulence factors

used by the virocell that are encoded by the genome of host origin cannot be

predicted based on sequences extracted from purified phage particles. Thus,

either transcriptomics or targeted biochemical assays may be advisable to

eliminate the possibility of transcriptionally inducing virulence through phage

therapy like occurs through some forms of antibiotic therapy, particularly

with environmentally acquired pathogens like P. aeruginosa that may not be
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optimally adapted to the human host.

9.5 Stress response to the meta-phage infection

Different researchers are starting to elucidate the effect of phage infection on

host transcription using whole transcriptome sequencing in bacteriophages

infecting globally abundant marine Bacteriodetes (Howard-Varona et al., 2016),

phages infecting Lactococcus lactis (Fallico et al., 2011; Ainsworth et al., 2013),

a phage infecting Yersinia pestis (Leskinen et al., 2016), a phage infecting

Prochlorococcus strains (Lindell et al., 2007), a phage infecting Synechococcus

strains (Doron et al., 2016), and various phages infecting Pseudomonas (Poranen

et al., 2006; Ravantti et al., 2008; Lavigne et al., 2013; Ceyssens et al., 2014).

These impacts are summarized in section 1.4 of the literature review. However, it

has thus far been impossible to tell which effects are phage mediated and which

effects are prompted by the host in response to phage stress. By comparing the

effects of multiple different phage infecting the same host, in this work we are

able to define the meta host stress response to phage infection (See Methods

Chapter: 24.2).
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Figure 9.3: PCA analysis comparing gene features that are
differentially expressed by the host. This analysis shows the diversity
of specific impacts on transcripts of host genome origin. Circles represent
negative controls, the X represents PEV2 late infection, the triangles represent
replicates of 14-1 late infection, the stars represent replicates of YuA late
infection, and the crosses represent replicates of LUZ19 late infection.

Within this host mediated meta response to phage infection we observe a

number of remarkable effects. These include an indication of increased Hfq

activity through the depletion of the CrcZ sRNA (Section 9.5.1), a previously

undescribed quorum sensing based phage defence system (Section 9.5.2), a

previously undescribed form of reduced infection vigor validating the model

predicting forms of reduced infection vigor described by Hyman & Abedon

(2010) (Section 9.5.3), and upregulation of an efflux pump system that suggests

that phage infected cells may be uniquely antibiotic resistant (Section 9.5.4).

While interpreting our results it is important to keep in mind that host bacteria

rapidly lose phage defense systems as they are cultured in laboratories, becoming
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Figure 9.4: Volcano graph highlighting gene features that are
differentially expressed by the host. Here we see the gene features that
are significantly differentially expressed in the meta-phage infection condition.
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significantly more susceptible to more phages. Indeed, it appears that factors

that make bacterial hosts insensitive to infection get selected against in the

environment of the sterile Erlenmeyer flask and P. aeruginosa PAO1 is a

domesticated laboratory strain that has not been in contact with a phage since

it was isolated from a wound in 1954 (Holloway, 1955).

9.5.1 The mysterious relationship between meta-phage infec-

tion and Hfq activity

The Pseudomonas Hfq peptide is known to form a hexameric ring (Nikulin et al.,

2005) with an ancient RNA binding motif specific to oligo U RNAs (Achsel

et al., 2001). It has been demonstrated to act as an RNA chaperone for mRNAs

and sRNAs, positively and negatively modulating both abundance and function

of each RNA species (Vogel & Luisi, 2011; Geissmann & Touati, 2004; Valentini

et al., 2011). Remarkably, Hfq was first described and named as the essential

component of the Host Factor fraction required for plus strand synthesis from

RNA bacteriophage Qβ (Franze de Fernandez et al., 1968). We have found that

meta-phage infection appears to differentially express the same gene features

that Sonnleitner et al. (2006) found to be differentially expressed in an ∆Hfq-

mutant when compared to a wild type control (See Figure 9.5). Indeed, 75% of

genes that are upregulated in the ∆Hfq- mutant are also upregulated during

meta-phage infection, while both conditions only significantly modulate 14%

and 5.5% of the gene features in the host respectively. Notable exceptions to

this co-regulation include pyochellin biosynthesis (discussed in Section 9.5.5)

and a lysin inhibition coding sequence.
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Figure 9.5: Gene features differentially expressed by Hfq The gene
features found by Sonnleitner et al. (2006) to be differentially expressed in
a ∆Hfq- mutant are also inversely differentially expressed after infection by
Pseudomonas phages, indicating that meta-phage infection induces Hfq activity.

While the transcript encoding for Hfq is downregulated during infection by

each Pseudomonas phage examined, including PAK_P3 and PAK_P4 infecting

the PAK strain, the CrcZ sRNA is also just as universally rapidly depleted.

CrcZ was recently demonstrated by Sonnleitner & Bläsi (2014) to titrate Hfq in

vitro abrogating Hfq-mediated translational repression. Indeed, CrcZ appears

to decoy for Hfq, competitively inhibiting each of its mRNA dependent roles

(Sonnleitner & Bläsi, 2014).

Thus while meta-phage infection would seem to act in such a way as to liberate

Hfq activity from CrcZ mediated titration through downregulation of the sRNA,

it also appears to downregulate Hfq transcription and have an impact on

host transcripts that is similar to an ∆Hfq- mutation. At the same time,
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microbiological evidence suggests that one of the many functions of Hfq may be

useful as a phage defense. Indeed, Ceyssens found that phage 14-1 (See Chapter

4) was observed to produce three times as many plaques on an ∆Hfq- mutant

as it does on its WT primary host (Ceyssens, Personal communication).

9.5.2 PQS functions as a quorum sensing based phage

defense system

Infection by each of the various phages infecting P. aeruginosa PAO1 strongly

upregulate the pqsABCDE operon (Gallagher et al., 2002), as well as the co-

regulated phnAB operon (Palmer et al., 2013), which are both necessary for the

formation of the Pseudomonas Quinolone Signal (PQS). The PQS metabolite

is a quorum sensing compound that has been described to be involved in

modulating biofilm formation (Diggle et al., 2003) as well as the chelation of

iron and the stimulation of pvd and psc siderophore synthesis (Diggle et al.,

2007). Häussler & Becker (2008) have previously proposed that its dual nature

as a pro-oxidant and a regulator with the ability to promote a protective anti-

oxidative response may be involved in rescuing healthy members from oxidative

stress while promoting the destruction of unhealthy sister cells that would

reduce the fitness of the micro-colony as a whole.
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Figure 9.6: Differential expression of PQS during each phage infection
The normalized counts aligning to the pqsABCDE operon are shown from each
replicate of each condition separately.

The pqsABCDE operon has been previously described as requiring the activity

of PqsR to transcribe (Gallagher et al., 2002; Wade et al., 2005), and sRNA PhrS

has been concretely described to stimulate the translation of PqsR (Sonnleitner

et al., 2011). However, we observe no upregulation of PqsR transcripts as

well as the active depletion of PhrS sRNAs (Log2 Fold Change = -3.2, adj

pvalue = 1.8E-09) across phage infections. At the same time, the activity of

PhrS stimulating the transcription of various gene features throughout the

host through its modulation of PqsR translation, including pqsABCDE and

phenazine biosynthesis, can be observed (See Figure 9.7).
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Figure 9.7: Gene features differentially expressed by PhrS. Gene features
found by Sonnleitner et al. (2011) to be differentially expressed during PhrS
overexpression are also differentially expressed after infection by Pseudomonas
phages, indicating increased activity of PhrS in spite of its depletion.

Pseudomonas infected cells produce more intracellular PQS metabolite

Given that this system is being unregulated on a transcriptional level, the

metabolomic consequences of these differentially expressed transcripts were then

assessed with whole cell mass spectrometry. In collaboration with Dr. Jeroen

De Smet, P. aeruginosa grown in minimal media and infected with LUZ19 was

sampled for metabolite profiling by fast filtration at timepoints before and after

infection. These samples were assayed by negative mode flow injection-time-of-

flight mass spectrometry and the ion annotated as the PQS signal was detected.

With this assay, a statistically significant signal indicating increased levels of

the PQS metabolite was found in YuA, 14-1, and LUZ19 but not the others,

suggesting that some phage may have an inhibitory post-transcriptional effect
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on the system. However, the increase in PQS metabolites in even fast phage

infections suggests that unregulated transcripts are capable of having biological

plausible effects within these short time frames.

Figure 9.8: Impact of phage infections on the abundance of the PQS
metabolite Performed by Jeroen De Smet in minimal media, used with
permission.

Putative transcriptional consequences of PQS synthesis

As one of the two primary functions of the PQS metabolite appears to be as a

transcriptional regulator, upregulating the stationary phase and the oxidative

stress response, evidence for the impact of PQS on the expression of host

gene features was searched for. We compared the LOG2 Fold Changes of P.

aeruginosa PAO1 gene features after meta-phage infection to the inverse of Log2

Fold Changes observed after the deletion of pqsA reported by Rampioni et al.
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(2010).

Figure 9.9: Gene features differentially expressed by PQS. The gene
features found by Rampioni et al. (2010) to be upregulated in a ∆pqsA- mutant
defective in the PQS system are also inversely differentially expressed after
infection by Pseudomonas phages, indicating that meta-phage infection induces
a PQS mediated response.

Proposed model and microbiological evidence

These results suggest that rather than serve as just a warning of oxidative stress,

PSQ could also function as a warning of coming phage infection. PQS quorum

sensing system could work as a host defense against phage by shutting down the

metabolisms of not yet infected cells and weakening or killing phage infected

cells that lack the ability to transcriptionally respond to its toxic effect. While

neither effect could plausibly save a cell that has received the chemical signal

with any reasonable frequency, both could substantially reduce burst sizes or

prevent productive infection, impacting the success of the phage.

To test for whether the PQS system could have functional consequences on the
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success of phage infection a library of eight phages that P. aeruginosa PAO1

is insensitive to were tested against a ∆pqsA- mutant defective in the PQS

system. No phage were found to produce plaques on this mutant, indicating

that if PQS is indeed a phage defense system it is inactive in PAO1. However,

this could be expected in the strain of PAO1 used for these experiments as the

PQS system appears to be missing essential components. Déziel et al. (2004)

posited that PQS precursor HHQ is in fact the signal molecule excreted by

cells, to be converted into PQS upon entry, and Lamarche & Déziel (2011)

have found that the MexEF-OprN is essential for exporting HHQ. Indeed, the

RNA-Seq presented here considered as if it were simple re-sequencing shows

that there is a 11,843 bp deletion in our strain of P. aeruginosa PAO1 obtained

from the Krylov laboratory in Moscow, Russia. (Remarkably, this same region

is affected by deletions in other laboratory strains of PAO1 indicating that this

feature may be selected against in the environment of the Erlenmeyer flask,

See Chapter 1.1.2) Thus, the same test was performed in PA14. As a result,

putative Phikmvvirus LUZ2 (LoGT, unpublished phage), which is unable to

infect wild type PA14, was found to infect a PA14 ∆pqsA- mutant deficient for

PQS production at a similar efficiency of plating to its host strain PAO1. This

suggests that the system could indeed be active in less domesticated strains.

Evolutionary context

This model presents a fascinating example of the power of kin selection to drive

the evolution of traits with no direct benefit to the organism that the traits are

active in. Indeed, no matter how strong the production of the PQS signal is in a

Pseudomonas cell, by functioning as a toxin the system would seem unlikely to

save an infected cell and allow it to recover as a colony forming unit. Similarly,

this system would not seem to plausibly be able to provide much benefit to the

cell’s mostly clonal sisters in its micro-colony, which would still stand a high
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chance of being killed anyway in spite of the chemical warning to shut down

and produce the oxidatively toxic PQS signal to harm infected cells unable to

transcriptionally respond. Instead, the most significant benefit of maintaining a

PQS system able to warn a micro-colony of impending phage attack would be

to the micro-colony’s sisters (See Appendix A).

9.5.3 Amino acid catabolism used as a mechanism for

reducing infection vigor

During infection by each phage, both the liuRABCDE cluster and the glycine

cleavage system are significantly upregulated by the host. They appear to be

used as a system similar to abortive infection meant to poison the virocell by

depleting leucine and glycine stocks into acetoacetate and pyruvate respectively.

As De Smet et al. (2016) showed, phage appear to consistently deplete amino

acid metabolites indicating that their abundance may be a major limiting

factor in the success of phage infections and that this aspect of the virocell

may be a particularly vulnerable target for the dying host to attack. Indeed,

successful abortive infection may not require special or exotic toxin/antitoxin

systems (Forde & Fitzgerald, 1999; Chopin et al., 2005; Snyder, 1995), but

could potentially simply involve the cell driving itself off a metabolic cliff that

the virocell would have a hard time recovering from. Even if such a system

does not fully abort infection, it could have substantial ecological effects on the

success of phage propagation by reducing burst sizes or extending latent periods

through what Hyman & Abedon (2010) have termed reduced infection vigor.
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Glycine catabolism

Meta-phage infection also appears to upregulate the production of transcripts

for PA2441-2446, which are involved in the glycine cleavage system. This operon

is under the control of GcsR (PA2449), which is not differentially expressed on

a transcriptional level. However, GcsR activity does indeed appear to induced

by the host during meta-phage infection (See Figure 9.10).

The glycine cleavage system forms a metabolic pathway that converts glycine

into pyruvate to power central metabolism, which must be tightly regulated

(Kikuchi, 1973; Sarwar et al., 2016). The host may be post-trascriptionally

activating GcsR so as to specifically upregulate the transcription of the glycine

cleavage system during infection, even though there will be no additional

glycine in the medium, in order to poison the cell as an abortive infection

mechanism. Notably, the activity of GcsR is intricately linked to Hydrogen

cyanide (HCN) synthesis, which is discussed in Chapter 5. Indeed, hcnABC

uses glycine as a substrate to produce HCN, however GcsR it is also known to

promote the transcription of the hcnABC operon. Indeed, Lundgren et al. (2013)

demonstrated that activation of the hcnA promoter can be GcsR-dependent

using a lacZ reporter assay. However, Sarwar et al. (2016) found that a ∆GcsR-

mutant had increased virulence in a Caenorhabditis elegans nematode model that

is exquisitely sensitive to the production of HCN, which induces paralytic killing

(Darby et al., 1999). Sarwar et al. (2016) explained this virulence attenuation

by GcsR as a consequence of the increased glycine catabolism by the glycine

cleavage system that it promotes depleting the pool of glycine available for

hcnABC to convert into HCN.

While transcription of hcnABC is mildly but not significantly upregulated

in our statistical model of the host response, the induction of GcsR activity

indicates that our model for explaining why hcnABC is upregulated during
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LUZ19 infection (See Chapter 5) may be incorrect. Indeed, the upregulation

observed during LUZ19 infection could potentially be a reflection of LUZ19

failing to shut down GcsR activity with gp25.1 (Klimuk et al., 2013) until after

it has had a significant effect on hcnABC transcription. What effects exactly

are acting to transcriptionally control the hcnABC opron is difficult to tease

apart as it has been demonstrated to be modulated by the ANR, LasR, RhlR,

and GacAS/RsmYZ systems (Pessi & Haas, 2000, 2001; Brencic et al., 2009).

Figure 9.10: Gene features differentially expressed by GcsR The gene
features found by Lundgren et al. (2013) to be upregulated in a ∆GcsR- mutant
defective in the Glycine cleavage system are also inversely differentially expressed
after infection by Pseudomonas phages, indicating that meta-phage infection
induces a GcsR mediated response. Notably, GcsR also downregulates the
transcription of the MexEF-OprN, which is missing in our strain.

The depletion of glycine through this system potentially indicates that the

upregulation of the glycine dependent hcnABC opron may not have biological

significance, at least in P. aeruginosa PAO1.
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Tyrosine/phenylalanine catabolism

Another two transcriptional units, MaiA/FahA/HmgA and hpd, related to amino

acid catabolism also appear to be upregulated during meta-phage infection of

P. aeruginosa PAO1. According to the Pseudomonas Genome Database this

pathway is predicted to encode for a 4-hydroxyphenylpyruvate dioxygenase (hpd)

homogentisate-1,2-dioxygenase (HmgA), maleylacetoacetate isomerase (MaiA),

and fumarylacetoacetase (FahA), which process the p-hydroxyphenylpyruvate

precursor for tyrosine and phenylalanine into acetoacetate and fumarate (Winsor

et al., 2016). However, this activation does not appear to be similar to the

ordinary transcriptional response to additional phenylalanine and tyrosine

(Palmer et al., 2010).

Leucine catabolism

In P. aeruginosa PAO1 leucine catabolism is controlled by the liuRABCDE

cluster, which converts excess leucine recovered from the extracellular matrix

into acetoacetate for injection into central metabolism (Aguilar et al., 2006). By

upregulating leucine catabolism, P. aeruginosa PAO1 could potentially hope to

starve the infected cell of an essential amino acid.

9.5.4 The host responds to phage infection by upregulating

an efflux pump system

While the P. aeruginosa PAO1 MexEF/OprN efflux pump appears to be deleted

in the strain used for these experiments, one of the other two major PAO1 efflux

pump systems (MexCD/OprJ) appears to be transcriptionally upregulated

in response to meta-phage infection. The MexCD/OprJ system has been

demonstrated to effect the extrusion of a number of critical antibiotics including
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tetracycline and chloramphenicol (Gotoh et al., 1998) as well as quinolones,

lincomycin, macrolides, novobiocin, cephems except ceftazidime, penicillins

except carbenicillin and sulbenicillin, flomoxef, meropenem, and doripenem

(Masuda et al., 2000). While it is unclear why the host is responding to meta-

phage infection with this efflux pump system, it may reflect an attempt to

produce abortive infection by extruding an unknown metabolite that could be

vital to some virocells.

However, if the finding that Pseudomonas responds to meta-phage infection

by upregulating an antibiotic efflux system can be generalized to medically

relevant isolates, this would suggest an exciting possibility for phage therapy.

Indeed, if virocells become more resistant to antibiotics then it is possible that

there could be more synergy between phage therapy and antibiotic treatment

than previously considered. Therapy by both antibiotics and phage share a

central pharmacodynamic challenge in reaching the infected tissues most distal

to the site of administration. Indeed, antibiotics must be given in a sufficiently

high dose such that as they diffuse towards the deepest site of infection they

lowest concentration they are diluted to remains sufficiently high to effect

killing. In contrast, use of phage according to the "active" phage therapy

model (Payne & Jansen, 2000) have the ability to replicate in situ, amplifying

wherever an infection is present (Abedon & Thomas-Abedon, 2010). However,

this remarkable property requires host cells that are healthy enough to generate

productive infections. Thus, if hosts do indeed respond to meta-phage infections

by increasing resistance to antibiotics, this may indicate that antibiotics may

not significantly interfere with in situ replication.
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9.5.5 Comparison to published PAO1 transcriptomes

In Section 1.4.2 two P. aeruginosa phage that have published effects on the host

transcriptome are described, PRR1 (Ravantti et al., 2008) and ΦKZ (Ceyssens

et al., 2014).

Notably, Ravantti et al. (2008) described a fundamentally different effect on the

host, suggesting the absence of a universal phage response common to infections

by the Leviviridae. However, the data is not reported in fine enough detail

to allow for the kind of direct comparison that would allow us to asses the

strength of the host response we observe. At the same time, systems observed

are observed to be differentially expressed that are similar to those that are

manipulated by the specific effects of the phage described in this work.

Unfortunately, neither of the two experimental data sets available for ΦKZ-

infected cells were directly comparable to the higher quality sets generated

for the other phages, being either unstranded or possessing read counts that

were too low. However, a when the gene features each of the other phage had

differentially expressed in common (See Chapter 9) were laid over ΦKZ data, a

weak host response could be observed.

9.5.6 Meta-phage infection upregulates pyochelin biosynthe-

sis

One puzzling feature of the host response is its upregulation of the pyochelin iron

uptake pathway (pchABCDEFGR), contrary to what could be expected during

the inhibition of Hfq activity that is observed. Pyochelin is one of two primary

siderophores secreted by P. aeruginosa PAO1, the other being pyoverdine, to

chelate and adsorb iron (Braud et al., 2009). Siderophores are postulated

to be involved in phage specific manipulations of the host during PAK_P4
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infection (See Chapter 8) and even pyochelin specifically during YuA infection

(See Chapter 6). However, while pyochelin upregulation in YuA infection is

stronger than during the other infections and appears to fit into the context of

a larger iron stress response imposed by the virus, we are at a loss to explain

how or why pyochelin is more weakly upregulated by the host.

9.6 Conclusions

Within this chapter we are able to leverage the RNA-Seq data that has been

generated with nine different phages in three different hosts to cleanly answer a

number of previously unaddressable questions that are central to phage biology.

For example, the volume of transcripts produced by the phage relative to the

host appears to be a fundamental and unique part of the story of each phage

infection. Similarly, in doubling the number of known transcriptional narratives

for unique phage infections, we are able to posit that transcription strategies

may be the most unique and characteristic aspect of phage clades.

At the same time, we are able to propose hypotheses to describe plausible

phage defense systems that will need to be further demonstrated with additional

work. The relationship between Hfq and the meta-response to phage infection

can be further fleeced out by performing RNA-seq on phage infected ∆Hfq-

mutants. Indeed, it remains unclear whether the most relevant possible effect

of Hfq is on host or phage transcripts, or even if it is on a transcriptional or

post-transcriptional level. Similarly, the effect of PQS on phage-infected P.

aeruginosa cells, as well as soon to be infected cells, will need to be better

defined on a microbiological level. Does the addition of synthetic PQS reduce

burst sizes, extend latent periods, or even abort infection? The potential role

of stimulating amino acid catabolism in excluding efficient phage infection will
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also need to be elucidated with planned RNA-Seq experiments assessing the

adaptations phage-infected cells make to minimal media.





Chapter 10

General discussion and

perspectives

This work is in many ways inspired by Max Delbrück and the Phage Group’s now

seventy year old dream of an ability to concretely define lytic bacteriophages as a

type of organism that could be understood as completely as a principle in physics

(Introduced in Chapter 1.2.3). Starting in the 1930s, this vision transformed

genetics from a discipline that Ernest Rutherford could have derisively referred to

as merely ’stamp collecting’ into a branch of science that could be fundamentally

rooted in physics though structure/function arguments (Abbot, 1916), only

made on a molecular level. At the time, the field of genetics could be said

to be largely concerned with collecting and categorizing units of inheritance

(’genes’) as if they were stamps. By examining bacteriophages on a molecular

level, the Phage Group was able to create a deeper understanding of these

’genes’ creating the field of molecular genetics. Today, as a community, we have

a similar dynamic with an exponentially growing collection of bacteriophage

197
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genomes, which in many ways are now fussed over, delineated, and prized as if

they were stamps, rather than biological structures with interesting functions.

A new genome sequence, on its own, ultimately can have little to add to our

knowledge of the function of phage genomes without additional experimental

data. This work represents an attempt to use next generation "-omic" based

techniques to precisely define the function of various entire phage genomes on

at least an RNA level.

10.1 Implications for phage applications and under-

standing

10.1.1 Demonstrating the utility of the virocell model

We have found that each of the Pseudomonas aeruginosa phages studied here

actively manipulates the host genome, as well as allows the host to attempt

to respond to phage infection, in spite of the presence of phage proteins that

have been demonstrated to shut off host transcription early in infection (See

Chapters 4, 5, and 6). The implications of this finding are more concretely

interpretable with an understanding of phages that centers on the phage-infected

cell rather than the inert viral particle (See Chapter 9.2.1 for introduction). If,

on an epistemic level, the phage is more the phage-infected cell than the phage

particle, then that would allow us to posit that the residual genome of host

origin within the infected P. aeruginosa cell functionally is a second, ancillary,

phage genome with antagonistic evolutionary selective pressure.

Indeed, while each phage examined here appears to coerce the host genome

into cooperating in the optimal production of phage particles, it is important

to keep in mind that logistical constraints have encouraged us to only study
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successful infections. The evolutionary pressure that shapes the host genome

will naturally select for mechanisms to exclude phage infection or to as much as

possible reduce infection vigor. This natural antagonism makes it all the more

remarkable that each of the examined phages not only allows host transcription

to continue long enough to have a meaningful impact on the abundance of host

transcripts, but appears to benefit from this differential expression.

10.1.2 Potential for inspiring the design of antimicrobial

molecules

We observed that the P. aeruginosa PAO1 host appears to activate the

catabolism of several amino acids in response to phage infection (See Chapter

9). This suggests that it may be attempting to wastefully convert amino acids

that would be especially valuable to a virocell for protein synthesis into central

carbon and energy metabolism, forcing the virocell to remake these metabolites

in order to synthesize the large amount of proteins needed to produce an effective

phage infection. This would be an example of a bacterial host defending itself

against phage not just by inducing dramatic abortive infection mechanisms,

which have been extensively characterized, but also through mechanisms that

reduce infection vigor by metabolically poisoning the cell. While the search for

phage antimicrobial peptides that could be used directly for therapy (Fenton

et al., 2010), or as inspiration for the design of antimicrobial molecules (Liu

et al., 2004; Roucourt & Lavigne, 2009; Citorik et al., 2014), has focused on

phage proteins that either induce lysis or are directly toxic, we could potentially

also use these host-mediated mechanisms for poisoning the cell in response to

phage infection in similar way. For example, this suggests that if we could find

a way to trick P. aeruginosa PAO1 into phage defense pathways, that could

plausibly induce it to dump its valuable amino acids into central metabolism to
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reduce the vigor of a phage infection that need never come. As P. aeruginosa

PAK was not found to induce the same response to either PAK_P3 or PAK_P4,

this specific mechanism may not be conserved among clinically relevant strains,

but the general theme of inducing the reduction of infection vigor plausibly

could be.

One of the original goals of this work was to use RNA-Seq to highlight early

phage proteins that would be hypothetically more likely to have very toxic

impacts on the host cell as part of a role in converting the cell towards phage

metabolism (See Chapter 1.3). These particularly toxic proteins would then be

used as inspiration for the design of small molecule inhibitors that would mimic

the toxic effect of the phage proteins (Liu et al., 2004; Roucourt & Lavigne,

2009; Citorik et al., 2014). However, to our surprise, we found that middle and

late gene features are as likely to be toxic and potentially useful.

10.1.3 Direct impact on phage therapy

This dissertation contains a number of relevant findings that could suggest

additional caution with regards to evaluations of the safety and efficacy of phage

therapy. Indeed, if the true therapeutic agent being applied in the medical use

of active phage is the infected virocell, then each of the factors expressed by the

infected cell might need to be considered to be a potential part of this drug’s

active form. For example, we have found that one phage, LUZ19 (See Chapter

5), specifically upregulates the expression of the hcnABC operon responsible for

hydrogen cyanide synthesis. Our concern is that, by upregulating relevant host

virulence factors like hydrogen cyanide synthesis, phage therapy could (however

briefly) stimulate virulence, plausibly making infection worse. For example,

similar reasons prevent the treatment of Escherichia coli O157:H7 infections

with many antibiotics. While treatment of E. coli O157:H7 with quinolone
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antibiotics improves morbidity and mortality; particularly antibiotics associated

with DNA damage are known to actively harm patients (Panos et al., 2006).

These antibiotics induce prophages within E. coli O157:H7 that encode the

shiga toxin responsible for causing haemolytic uraemic syndrome, resulting in

significant damage to the kidneys in spite of the susceptibility of the infectious

pathogen to the antibiotics being used. Indeed, by promoting the expression of

the operon responsible for HCN synthesis, treatment of patients infected by P.

aeruginosa with LUZ19 could conceivably produce deleterious outcomes, even

in the context of successfully clearing the pathogen.

Having found one example of virulence factors being specifically manipulated by

phage, as well as an active host-mediated response to phage, experimental data

is needed to exclude the possibility that phage-infected cells can upregulate

biologically relevant virulence. Thus, the possible stimulation of bacterial

virulence factors is an element that requires specific scrutiny during in vivo

(pre)clinical trials.

10.1.4 Genetically engineering phage for therapeutic purposes

The transcriptional maps presented here have the potential to guide efforts to

genetically manipulate phages for therapeutic purposes as discussed in Chapter

1.2.2. Indeed, by experimentally identifying phage promoter elements and

qualitatively defining their strength at each of the various stages of infection,

we can suggest which promoter sequences might best power the transcription

of recombinant proteins. Moreover, by defining the transcriptional landscape

of the entire phage, we can also suggest genomic locations for the insertion

of synthetic elements that will cause the lowest unintended impact on phage

fitness. However, the potential for RNA-Seq to guide the genetic engineering of

bacteriophages has hypothetical implications that are broader than either the
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antimicrobial use of phage or our P. aeruginosa host.

10.1.5 Hypothetical use of phage mechanisms to create a

parallel transcriptional environment in the cell

Through an understanding of the transcriptional strategy of phage T7, molecular

biologists have already been able to exploit the T7 RNA polymerase and

promoter system to construct a parallel transcriptional environment within

healthy cells that does not interact with the complex host system. Indeed,

the great advantage of using the T7 expression system is that, being entirely

independent, it does not interfere with the bacterial systems necessary for cell

growth, and neither do those systems interfere with the expression of desired

transcripts. However, it is limited to regulating the expression of the T7 system

by tying the transcription of the T7 RNA polymerase to host expression systems

like the lac promoter. Rather than relying on the kind of radically foreign RNA

polymerase found in some phages to differentiate between native and synthetic

transcription, it might be possible to use the radically foreign nucleic acids

found in some phages.

One of the central complications facing Synthetic Biology is that classical genetic

manipulation techniques seek to manipulate living systems using genetic tools

encoded in their own language, which can be read or targeted for degradation

in fundamentally unpredictable ways. By borrowing alternate systems for

encoding genetic information using the natural nucleic acid analogues encoded

by many bacteriophages, a type of organism that already successfully faces these

problems in nature, synthetic biologists can similarly hope to construct parallel

expression systems within living cells that do not directly interfere with essential

functions already present and that can be manipulated independently. Indeed,

the potential associated with encoding genetic information in totally synthetic
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systems is so favorable that there is already an emergent field dedicated to

producing various types of promising synthetic non-canonical nucleotides with

modifications to or substitutions of the phosphodiester backbone, furanose

sugar, or nucleic acid (Blasdel, 2012). However, phage-derived non-canonical

nucleic acids incorporated into synthetic sequences and manipulated using

phage methylation-specific enzymes present interesting directions for this field.

As phage substitutions that have been described preserve the Watson-Crick

base-pairing function, there is the potential to synthetically incorporate the

analogues across a template using phage enzymes, and the information encoded

by these synthetic sequences can be transcribed into RNA messages. Indeed,

with non-lethal phage transcription factors that act only on non-canonical

DNA, synthetic sequences could be regulated independently of the host in much

more complex ways than is currently possible. For example, YuA gp08 (See

Chapter 6) appears to direct the host RNA polymerase to late phage σ54-like

promoters encoded on non-canonical DNA without detectable impact on host

transcription. Thus, by encoding synthetic sequences in YuA-like DNA, a

parallel transcriptional environment could be maintained and this environment

could be further manipulated by the differential expression of YuA gp08, which

could turn on the expression of synthetic YuA promoters.

At the same time, using bacteriophage biology as a basis for this putative

parallel transcriptional environment presents another opportunity as phages are

naturally very efficient delivery systems for foreign DNA. By engineering phages

with synthetic systems that can be delivered as a payload rather than laboratory-

adapted model organisms, it should become possible to directly manipulate

environmental bacteria in situ for both research and directly useful purposes.

For example, one of the central challenges inherent to the dream of genetically

engineering the human microbiome is the difficulty of establishing colonization

with manipulated organisms. Indeed, even unmanipulated probiotic bacteria
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typically do not remain in the gut, having been adapted to the conditions of

their industrial production rather than the unforgivingly selective intestinal

system. However, bacteriophages could be engineered to carry advantageous

genetic payloads for manipulating the commensal bacteria already found in the

gut in situ.

10.2 Remaining questions

This is in general a dissertation that has clear things to say on an organismal

level about both the phages examined and the host. Indeed, it strongly validates

the existence of both phage-mediated manipulations of the host transcriptome

and a host-mediated response after P. aeruginosa infection by obligately lytic

phage. It also defines the progression of phage transcription over the course of

infection. However, at the level of individual gene features it is largely filled

with hypotheses and tentative findings with regards to the functions of observed

differential expression rather than solid conclusions based on data from diverse

techniques.

Some of the functional hypotheses that could be generated from this data

were already independently supported. For example, we found that LUZ19

infection specifically downregulates the expression of gene features associated

with the production of the Type IV pilus, which had already been found to

be the phage’s receptor (See Chapter 5). However, a variety of findings still

require significant additional investigation. For example, the question of whether

the transcriptional upregulation of the hcnABC operon by LUZ19 results in

increased hydrogen cyanide production needs to be investigated in a more

quantitative manner than cigar smoking can provide (See Chapter 5). Similarly,

the extent to which this putative hydrogen cyanide production might induce
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harm in model organisms needs to be investigated.

At the same time, we are left with three major unanswered questions that this

work can aid in addressing.

10.2.1 How conserved is our phage stress response, and would

our phages manipulate the transcription of divergent

hosts in the same way?

Doron et al. (2016) and Howard-Varona et al. (2016) found that the impact that

Syn9 and Φ38:1 respectively had on the transcription of their hosts’ genomes

during infections of evolutionarily divergent hosts were radically different, and

each speculated that this may reflect the activity of distinct phage defense

mechanisms and an absence of phage manipulations. However, we have found

both a common host-mediated phage stress response to each phage studied

here (See Chapter 9), and distinct ways in which each phage manipulates

host transcription (See Chapters 3-8). Having already putatively distinguished

between host and phage-mediated impacts on host transcription in the phage-

infected cell will add a great deal of context to what we might observe in the

impact of one of our phages on the transcription of an evolutionarily divergent

host.

By infecting P. aeruginosa PA14 with one of the phages presented here, we

would be able to more concretely see how much of the PAO1 host response to

phage infection is evolutionarily conserved between these two divergent strains.

Gene features in P. aeruginosa PAK, which are similar to those in PAO1 that

are involved in the host response, do not appear to be differentially expressed

during either PAK_P3 or PAK_P4 infection. Therefore we would not expect to

see much conservation. However, we would be able to see if the phage-mediated
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manipulations we observe happen in divergent hosts. For example, would the

iron stress response imposed by YuA (See Chapter 6) also be imposed on PA14?

Would the upregulation of the hcnABC operon during LUZ19 infection (See

Chapter 5) still occur?

10.2.2 Do phages manipulate either their own genomes or the

genomes of their hosts in response to environmental

conditions?

Sullivan et al. (2005) have demonstrated that T4-like cyanophage P-SSM2

actively regulates its own transcription, as well as its Prochlorococcus host’s,

in response to phosphate limitation (See Chapter 1.4.2). However, it remains

unclear either how ubiquitous or how extensive transcription level strategies for

adjusting to nutrient conditions are. By examining the infection of each of these

phages in a minimal medium with the same RNA-Seq techniques, we could see

how differently each phage transcribes its genomes under more metabolically

taxing conditions. At the same time, RNA-Seq performed in a minimal medium

would also be more directly comparable to the metabolomics work done on

these phages.

10.2.3 Do phages differentially regulate expression on a

translational level?

One of the most exciting future directions for this work may come from so

called "Ribosomal Profiling" (Ingolia et al., 2009; Ingolia, 2014) of phage-infected

cells. This technique involves halting the bacterial ribosomes in place using

chloramphenicol, which prevents protein chain elongation by inhibiting their

peptidyl transferase activity. The cells are then lysed and treated with an
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RNase to digest the RNA not protected by a ribosome. These ribosomes are

purified, historically through sucrose gradients, and then separated to release

the mRNA they protected. These ribosome footprints are then sequenced in a

strand specific manner, revealing a "translatome" representing the transcripts

that are being translated at the moment that chloramphenicol was added to

the cell.

While this technique has already been performed on E. coli infected with phage

λ (Liu et al., 2013), RNA-Seq has yet to be performed on phage λ, preventing

the global comparisons we would like to perform. With ribosomal profiling, we

would particularly like to characterize the putative translation-level expression

scheme of phage 14-1 proposed in Chapter 4, which appears to not differentially

express its gene features on a translational level, unlike any other tailed phage

we are aware of. However, Max Delbrück’s original Phage Group could have

only dreamed of the kind of completeness that this technique would add to any

of the phages discussed in this work.





Appendix A

Hymn of the devoured

This is a poem, written by Margaret Maloney using the style of Sappho as

revealed in a recently discovered fragment depicting ’Brothers song’ (Obbink,

2016). It is in the voice of one bacterium communicating to another about

bacteriophages, having been inspired by the work described in Chapter 9.5.2. We

found that Pseudomonas aeruginosa PAO1 cells infected with bacteriophages

may attempt to warn their clonal sisters in their micro-colonies of the daughter

bacteriophages they are about to release. While this system of collaboratively

reduced infection vigor may not effectively prevent the death of the micro-colony,

it could conceivably save the micro-colony’s sisters.

But you keep repeating "Phages are coming

with full capsids": that, I believe, is for Democritus

and all the scientists to know; you should not be

thinking such things;
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as you are a bacterium, and neither you nor I

have thought, though perhaps through quorum sensing

we can develop a way to alert our colony, keep it

safe and sound,

finding us safe as well. As for the rest,

let’s entrust it all to fate—favorable growth conditions,

after all, can come from the destruction of competitors

all of a sudden.

Those to whom evolution has given restriction

endonucleases, ones who will help them forthwith

out of their troubles, they are the blessed ones

and very wealthy.

We ourselves, if our host’s immune system should raise

up the alarm and one day turn on the phages that plague us,

we will be from the troubles that weigh us down

freed in an instant.
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