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Abstract

Thermal change has a profound impact on species fitness, ecological interactions, and
evolutionary dynamics. Parasite communities are particularly sensitive to thermal change due
to their complex life cycles, strong competition for host resources, and dependence on host
thermal responses. Previous literature assessing the effects of thermal change on parasites has
primarily focused on the relationship between parasites and their hosts. However, hosts in
natural populations are frequently co-infected by a diversity of parasites which interact to
reduce host fitness and increase host mortality rates. Despite the importance of parasite
communities in animal and plant health, the extent to which thermal change alters parasite
community dynamics, composition, and diversity remains unclear. In this thesis, I assessed
the impact of temperature on parasite community ecology and evolution using a microbial
host-parasite system consisting of the bacterium Pseudomonas aeruginosa (host) and three
lytic bacteriophages (parasite). Firstly, I conducted an experimental study looking at the
impact of temperature on growth rates, life-history traits, and competition in a phage
community. Phages were found to vary in their responses to temperature and so thermal
change altered competition outcomes and drove phage community composition shifts. I then
used experimental evolution and follow-on genomic and phenotypic analyses to assess the
interaction between thermal adaptation and phage community dynamics. I discovered that
phages can avoid thermal extinction through evolutionary rescue. Rescue, however, results in
changes to competition outcomes and promotes the exclusion and evolutionary constraint of
phage competitors. This body of work demonstrates that thermal change is a major driver of
parasite community ecology and evolution. The findings have implications for understanding
the role of temperature in the structure and dynamics of phage communities associated with
eukaryotic hosts, as well as the efficacy of phage therapies. More broadly, they show that
thermal change can alter community dynamics and drive eco-evolutionary feedbacks, with

consequences for species coexistence amidst global climate change.
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Introduction

Section 1.3 has been published in Annual Review of Microbiology
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1.1 Parasite thermal biology

Thermal change has a profound impact in biological systems through effects ranging from
gene expression regulation, changes to growth rates, and alteration of community composition
and diversity [1—3]. Changes in organismal fitness with thermal change are typified by thermal
performance curves which show how phenotypes vary across temperatures. Thermal
performance curves are characterised by three defining features; upper and lower thermal
limits and a thermal optimum in which fitness is highest. Thermal performance curves across
biological systems generally follow the same pattern: fitness increases gradually with
temperature up to a thermal optimum, after which fitness rapidly decreases [4] (Figure 1).
Variation in the effects of thermal change on species fitness depends on the bounds of thermal

tolerance limits, and the position and breadth of the thermal optimum.

Thermal optimum (Topt)
Temperature where peformance is
maximised

v

Lower thermal limit .
Upper thermal limit

Performance

(CTmin)
Lower temperature (CTmax)
where performance Upper temperature
fallsto 0 where performance
Thermal tolerance range fallsto 0

Range of temperatures
permissive for growth

l /

A
v

Temperature

Figure 1. A typical thermal performance curve with critical features highlighted.
Performance increases gradually with temperature from the lower thermal limit to the thermal
optimum. After the thermal optimum, performance rapidly decreases. The thermal tolerance

range is the range of temperatures between upper and lower thermal limits.
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Parasite systems are particularly sensitive to thermal change due to their dependence on both
parasite and host thermal responses. Hosts and parasites often differ in the shape and
positioning of their thermal performance curves, called a mismatch [5]. Generally, parasites
are thought to have broader thermal tolerance limits than do their hosts; parasite burden is
highest either side of the host thermal optimum [5]. However, experimental studies frequently
highlight cases where parasites have narrower thermal tolerance limits than their hosts [6,7].
Depending on the extent and position of host-parasite thermal performance mismatches,
changes in temperature can either disrupt or exacerbate parasite infections. The effects of
thermal change vary across host-parasite systems due to the additional dependence of some

parasites on a vector for disease transmission [8].

1.2 Parasite community ecology

Thermal responses often vary between parasite species [9,10]. Therefore, thermal change has
the potential to alter ecological interactions in parasite communities. Host populations and
individuals are often infected by multiple parasites simultaneously [11,12]. Such co-infections
can occur between multiple parasites from either the same or different species. By targeting
the same host resource, co-infecting parasites are often in competition with each other
[11,13,14]. Competition between parasites can be broadly divided into three types: exploitation
competition, immune-mediated competition, and interference competition [15]. Exploitation
competition occurs through parasites depleting the host population, thereby reducing the
availability of hosts for competitors. Immune-mediated competition occurs when parasites
activate host immune responses which then restrict co-infections by competitors. While
immune activation can also be detrimental to all infecting parasites, immune priming can be
specific and may allow parasites to maintain growth in the absence of competition [16].
Finally, interference competition occurs when parasites block competitor entry into host

individuals [17] or directly restrict competitor growth [18].
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Competition between parasites is a major driver of parasite evolution. Co-infections of host
individuals and populations can select for increased virulence by elevating host mortality rates
and reducing the benefits of high transmissibility [13]. Selection for increased virulence by
competition is particularly strong in obligate killing parasites where transmission is directly
linked to host mortality [19]. However, high virulence places parasite communities at risk of a
“tragedy of the commons” where excessive host mortality then limits future infection potential

[20]. At limiting host densities, selection can start to favour low virulence [21].

While inter-parasite competition contributes to parasite evolution, it can also lead to
competitive exclusion and loss of parasite diversity [22]. Modern co-existence theory states
that competition between species will lead to competitive exclusion unless: i) species have very
similar levels of competitiveness (and so acquire equal proportions of resources) or ii) species
have niche differences which reduce competition [23]. Parasite species may co-exist due to
heterogeneity in host susceptibility to infection [24] or by evolving to expand their host ranges
[25]. Parasite species can also co-exist with each other by specialising at either within-host or

between-host competitiveness [26].

1.3 Temperature as a driver of phage ecology and evolution

Bacteriophages (phages), viral parasites of bacteria, are the most abundant biological entity
on the planet (reviewed in [27,28]). Phages can be found in nearly all habitats permissive to
life, with their abundance and diversity typically tracking those of their bacterial hosts. A
primary impact of phages in microbial communities is through their lysis (killing) of bacterial
cells. Phage lysis significantly impacts the abundance of bacterial genotypes and species and,
thus, microbial community composition and structure. Importantly, phages
disproportionately target the most abundant bacterial taxa and genotypes, and this targeting
leads to negative, frequency-dependent selection [29]. These antagonistic interactions can be

reciprocal driving rapid co-evolution [30].
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In natural populations, phages are often exposed to extremes of salinity, pH, and temperature
(reviewed in [31]). Temperature is a particularly important environmental factor that affects
processes at all biological levels from enzyme kinetics [2] to ecological and evolutionary
dynamics [32—34]. Phages are highly vulnerable to temperature due to their dependence on
the activity of replicative and lytic enzymes and the growth rates of their bacterial hosts [35].
Given that phages also rapidly deplete their host populations and so exist predominantly in
the environment as non-infecting particles [36], phages are susceptible to thermal or UV
degradation [37,38]. Temperature changes can drive shifts in phage persistence [39] and

growth rates [40].

By altering the mode of phage behaviour upon infection, environmental temperatures
determine whether phages act as bacterial parasites or as mutualists. Lytic phages replicate
immediately, and then they kill their bacterial hosts upon infection; conversely, some phages
follow a lysogenic life cycle, and they integrate their genetic material into the bacterial
chromosome and replicate in synchrony without inducing cell death [41]. Integrative (also
known as “temperate”) phage transmission among cells can facilitate bacterial horizontal gene
transfer [42] through the carriage of genes involved in bacterial symbiont mutualism [43] as
well as in pathogen virulence, metabolism, and competitiveness (reviewed in [44]). Finally,
phages can follow “pseudolysogenic” life cycles, where they exist in a dormant, non-integrative
state post-infection [45]. The three phage life cycle strategies are not mutually exclusive; many
phages can swap between lytic and lysogenic/pseudolysogenic life cycles in response to

changes in temperatures [46,47].

1.3.1 Phage thermal environments

1.3.1.1 Extreme thermal environments

Phages have been identified across many environments that have unique thermal distributions
(Figure 2). At the thermal extremes, phages have been identified in polar ocean water and in
both glacial and arctic sea ice where temperatures are stably maintained below 0°C [48—50]
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(Figure 2a). Genomic signatures of phage infection and bacterial resistance evolution have also
been found in Antarctic soils [51,52] where temperatures can fall to ~-25°C [53]. Extreme low
temperatures generally increase phage stability and are used to preserve phages in
experimental studies [54]. However, phage infection rates are limited by low metabolic
potential [55] and low host availability as decreasing temperatures reduce the rates of bacterial

growth [3,56].

Phages have also been isolated from extreme heat environments including hydrothermal vent
plumes [57—-59] and hot springs [60] (Figure 2g). Temperatures in vent plumes and hot
springs increase with depth and, due to rising water pressures, can range from ~60°C up to >
400°C [61]. Vent plume and hot spring phages are generally associated with bacterial
thermophiles which reach high densities through metabolism of dissolved organic carbon
released during geological activity [62]. In order to persist under extreme heat and pressure,

phages have evolved high particle and enzyme stability [60,63].

Phages in hot deserts [64,65] experience less extreme temperatures than those in polar ice or
hydrothermal plumes (Figure 2d). Instead, they experience some of the highest temporal
thermal variation. Average diurnal temperature ranges in deserts often exceed 40°C but
temperatures can reach heights of 60°C during the day and lows of -10°C at night [66]. In
addition to large thermal variation, hot deserts are characterised by long periods of desiccation
which restrict bacterial growth rates [67]. Desert phages must contend with pressures found
in opposite thermal extremes: thermal stress (found in hot environments) and limited host

availability (found in cold environments).
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Phage therapy
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Figure 2. Examples of phage thermal environments spanning a thermal gradient.
a) Extreme cold phage environments such as polar ice or Antarctic soil span a range of sub-
zero temperatures [48]. b) Ocean phages [27] inhabit a more temperate environment,
although temperatures are bimodal, with prevalence peaks at 0°C and 30°C. Global sea surface
temperature data for the year 2023 were obtained from reference [68]. ¢) Soil phages [69]

have similar general thermal ranges to those of ocean phages, with temperatures largely
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occurring at or above 0°C. Thermal data were obtained from reference [70]. d) Desert phages
[65] experience the highest daily thermal variation, with diurnal temperatures ranging from
high heat to those of low cold [66]. e€) Phages associated with ectotherms [71] experience
higher temperatures and less thermal variation than free-living phages due to behavioural
thermoregulation. f) Endotherms also carry phages [72] and have higher but more stable body
temperatures than do ectotherms. Endotherm body temperatures are bimodal within a small
range because of diel and nocturnal lifestyle differences. Ectotherm and endotherm body
temperature data were obtained from reference [73]. g) Phages have been found in
hydrothermal vents and hot springs [57], which often have temperatures above 90°C [61]. The
blue-red bar shows the thermal gradient. Environmental temperatures for soil, oceans,
ectotherms, and endotherms are presented as smoothed density plots. Plots were generated
using R [74] and RStudio [75]. The vertical lines within plots show median values. The thermal
ranges that are shown for extreme cold and desert environments reflect values reported in the
literature. The dashed arrows show expected thermal environment changes with climate
change such as polar ice melting, soil desertification, and ectotherm vector range expansion
[76]. The block arrow between ectotherms and endotherms highlights potential ectotherm-
endotherm phage transmission [77]. The dotted arrow shows the thermal shift of marine
phages deployed as therapeutics [78]. Temperature information for phage thermal

environments is shown in Table 1. Figure adapted from images created in BioRender.

1.3.1.2 Temperate thermal environments

1.3.1.2.1 Oceans and soil

In temperate environments, phages and their bacterial hosts often experience more hospitable
temperatures where selection for thermal tolerance is weaker [79]. In 2023, year-long average
ocean surface temperatures varied globally between -3.9°C and 37°C [68]. While the median
ocean surface temperature was 19.7°C, temperatures had a bimodal distribution with peaks at

~0.5°C near to the poles and ~28°C near to the equator (Figure 2b). Soil surface temperatures
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have a broader geospatial thermal range than ocean temperatures ranging between -38.2°C to
41.9°C [70]. However, extreme soil temperatures are rare; between the years 2017-2019 the
median soil temperature was ~8°C with peaks at ~0.5°C nearer to the poles, ~10.2C between
the poles and equator, and ~23.7°C near to the equator [70] (Figure 2c¢). As temperatures
increase closer to the equator, there is a corresponding increase in ocean bacterial and phage
abundance [80]. However, similar analyses have not been conducted on soils due to a lack of

available data [28].

Phages in temperate environments experience regular temporal thermal variation. Oceans and
soils exhibit diel (across day) and diurnal (day/night) thermal variation ranging from a few °C
up to > 10°C, respectively [81,82]. In addition, ocean and soil temperatures vary seasonally
[70,83] and can change with climate phenomena such as El Nifio and La Nina events [84,85].
Ocean and soil viral abundances are generally higher in the summer months than the winter
[86,87]. Ocean phage activity also varies daily although it can be difficult to separate
temperature effects from light effects which increase bacterial growth through bacterial
photosynthesis and carbon sequestration [88]. While it is unclear how El Nifio and La Nifia
events affect phage growth, El Nifio events can drive shifts in ocean bacterial composition [89]

and so alter phage host availability.

1.3.1.2.2 Animal and plant host-associations

Many phages are associated with animal and plant hosts, most notably when they comprise
part of the host gut or rhizosphere microbiome, respectively [72,90]. Rhizosphere phages are
expected to experience similar spatial and temporal temperature variations as the surrounding
topsoil (see above). In contrast, phages associated with land-based ectotherm animal hosts,
such as insects [71,91], generally experience higher average temperatures than the
surrounding environment. Land ectotherm body temperatures vary between 6°C and 40.8°C
with a median temperature of 30.7°C [73] (Figure 2¢e). Land and oceanic ectotherm-associated

phages experience lower thermal variation than do their surrounding environments due to
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buffering by behavioural thermo-regulation [92,93], although this depends on the presence of

local thermal refuges [93].

Phages are also associated with endothermic animals [72,94] that regulate their body
temperatures internally. Endotherm body temperatures are generally higher than ectotherms
with a range between 28.2°C and 42.6°C and a median temperature of 38.4°C [73] (Figure 2f).
Notably, endotherms have bimodal body temperature distributions with prevalence peaks at
~37.1°C and at 42°C. This is thought to reflect endotherms having either nocturnal or diel
lifestyles, respectively [73]. Endotherm internal environments also experience less thermal
variation than ectotherms and so can be considered a relatively stable thermal environment
for phages. Nonetheless, endotherm temperatures vary spatially throughout the body [95-97]

and can experience spikes through the onset of fevers [98].
1.3.1.3 Transitions between thermal environments

Phages can move between environments potentially leading to considerable shifts in
temperature. For example, phages can move from marine or soil environments to animal hosts
via drinking water and by consuming soil [99] or plants and other animals [100,101].
Endotherm-associated phages can also be acquired through parasitism by ectotherm disease
vectors. For example, mosquito and sand fly microbiota are transferred to mammalian hosts
during feeding [77,102]. The movement of microbes from ectothermic to endothermic hosts is
expected to coincide with a thermal increase [73]. Finally, phages isolated from soil,
wastewater, and marine sources [78] are increasingly being deployed as therapeutics to treat
both animal and plant bacterial infections [103,104]. Phage therapeutic candidates isolated
from oceans or soil may experience similar temperatures when deployed in plant hosts due to
the overlap in soil and plant root/rhizosphere temperatures. However, phages used in animal
hosts likely experience large thermal upshifts as they move from an ambient external
environment to a warm internal environment. By moving between thermal environments,
phages may either act as invasive parasites targeting local bacterial populations [105] or be

restricted through thermal inactivation [38].
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Table 1. Estimated thermal profiles of phage environments

Thermal |Thermal range| Upper and Median Phage Temperature
environment (°0) lower temperature | reference reference
quartiles (°C) (&)

Antarctic soil ND ND ~-24.9 [51] [53]
Glacial ice -50 to -9 ND ND [106] [50]
Soil -36.3t0 39.9 1.00 to 15.5 8.04 [60] [70]
Ocean -1.85 t0 35.0 7.76 to0 26.8 19.7 [27] [68]
Ectotherm 6.00 10 40.8 25.4t0 34.5 30.7 [107] [73]
Endotherm 30.2t0 44.6 36.5to 41.5 384 [72] [73]
Desert -10 to 60 ND ND [64] [66]
Hot spring o (or 36.7%) to 28.710 55.0 ~ 40 [108] [109]
108
Hydrothermal 2 t0 400 ND ND [57] [61]
vent

Abbreviation: ND, not determined.

* The defined temperature range of hot springs is not unanimously agreed [110].
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1.3.2 Temperature and phage infection

1.3.2.1  Phage infectivity on bacteria

Phage thermal sensitivity is illustrated by the observed temperature-dependence of the
sequential phage infection steps that are essential for replication (reviewed in [111]): phage
adsorption to the bacterial cell, injection of phage genetic material, production of new phage
particles (lytic life cycle) or integration of genetic material (lysogeny), and release of phage
progeny through lytic enzyme activity. Phage infection steps can be grouped into life-history
traits which contribute to phage fitness (Figure 3). Phage life-history traits include particle
stability, adsorption rate, life cycle preference (lytic versus lysogenic), burst size (number of
phage progeny per infected cell), latent period (time from infection to cell lysis), and host
range. Temperature can affect each of these traits independently (Table 2) and can help shape

phage life-history strategies across thermal environments.
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Figure 3. Phage life-history traits. Phage life-history traits, with those that contribute to
phage fitness labelled with letters. a) Phage stability is a combination of the phage’s intrinsic
and extrinsic death rates (i.e., particle decay). b) Phage adsorption reflects the rate of
attachment to bacterial cells. ¢) The lytic and lysogenic life cycles refer to the ability of phages
to either start replicating immediately upon infection or integrate into the bacterial
chromosome. The pseudolysogenic life cycle refers to the ability of phages to adopt a dormant,
nonintegrative state postinfection. d) Burst size is the number of phage progeny (particles)
released from a single cellular infection. e) Latent period is the time that passes from the point
of infection to the point of cellular lysis. Burst size and latent period are coupled, as short latent
periods restrict the time available to produce phage progeny. f) Host range represents the
diversity and number of bacterial hosts that the phage can infect. Finally, antiphage defence
is the ability of the bacterial host to resist phage infections. While antiphage defence is a
bacterial trait rather than a phage trait, it was included because of its importance in the success
of phage infection. The labels correspond to those in Table 2. Figure adapted from images

created in BioRender.

1.3.2.2 Particle stability

Reviews that explore phages and temperature have primarily focused on phage inactivation
through thermal effects on phage stability [31,112,113], likely because phage persistence in the
environment is crucial for population survival during periods when bacterial densities are
limiting. Additionally, there is growing interest in the use of phages as biocontrols and
therapeutics which must remain stable during storage and may be used for products that will

experience thermal extremes, such as foods undergoing pasteurisation [114,115].

Phage thermal stability is largely determined by the physical capsid structure of free phage
particles. For example, as shown by Bull et al. [116], the evolution of phage thermal tolerance
can occur through mutations in genes involved in capsid formation, likely because thermal
destabilisation of phage proteins may disrupt their folding and assembly into phage particles.
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High temperatures can also select for mutations in structural genes [117,118] or in their
promoters [119]. These studies are supported by findings that natural phages isolated from
hot springs exhibit preferences for GNA (glycine-N-alanine) sequences that promote the
formation of thermostable disulfide bridges [60]. In some phages, thermal decay is
determined by the stability of capsid-tail connector proteins that degrade at high
temperatures; this degradation results in DNA expulsion [114,120]. Phage stability can be
enhanced by the presence of “decoration” proteins which stabilise phage capsids and support

particle assembly [121].

1.3.2.3 Adsorption

The first stage of phage infection involves adsorption to the bacterial cell (reviewed in [122]).
Briefly, phages initially collide with bacterial cells through Brownian motion and then bind
reversibly to common cell surface components. Through periodic adsorption and desorption,
phages conduct a “random walk” across the bacterial surface until they find preferred
receptors. Once target receptors are identified, phages bind irreversibly before injecting their
genetic material into the cell. Bacterial surface receptors targeted by phages are diverse and

often have roles in bacterial metabolism [122].

Rising temperatures reduce phage adsorption efficiencies [123—-125]. However, the
mechanisms behind reduced adsorption can vary. Thermal increases may alter the ability of
phages to bind to their target receptor - for example, because of reduced phage binding
affinities [126—128]. Consistent with this possibility, thermal adaptation in some phages has
been linked to mutations in tail fiber genes that support phage attachment to bacterial surface
receptors [129]. Theoretically, reduced binding may also reflect changes in the conformation
of bacterial structures that are used as surface receptors, although studies demonstrating this
hypothesis are lacking. Alternatively, warming may alter the expression of bacterial surface
receptors [130] and so change the availability of attachment areas. Receptor access may be
further affected by biofilm production [131], which can increase [132—134] or decrease [135]

in response to temperature. Notably, the adsorption of some phage taxa appears to be resilient

24



to warming and so thermal effects may be taxon dependent [125,136]. Whether such effects
are primarily driven by changes in phage binding ability or bacterial susceptibility to phage

attachment is unclear.
1.3.3.4 Infection and genome stability

While phages may be able to attach to hosts at high temperatures, the injection of phage
genetic material into the target bacterium can depend on temperature. For instance, during
injection phage A DNA undergoes a density transition that facilitates successful infection at
37°C, a process that can be hindered at higher or lower temperatures [137]. Similarly, under
elevated temperatures phage Qp rapidly evolves mutations in a protein involved in DNA
transfer, suggesting strong temperature-dependency of genome injection [138,139]. Phages
must be able to both adsorb to bacterial cells and transfer their genetic material at different

temperatures to successfully establish infections.

Theoretically, injection and persistence of phage genetic material inside the bacterial cell may
depend on the phage genome type: DNA vs RNA and double-stranded (ds) vs single-stranded
(ss). For example, dsRNA is considered more thermo-stable than dsDNA [140] and so dsRNA
phage genomes are expected to be at lower risk of thermal decay than dsDNA phage genomes.
Similarly, dsDNA is thought to be more thermo-stable than ssDNA [141] suggesting ssSDNA
and potentially ssRNA phage genomes may be at higher risk of thermal decay. Notably, RNA
and ssDNA phages have higher mutation rates than dsDNA phages [142]. Rising temperatures
may increase RNA or dsDNA phage prevalence if genome stability is under selection. However,
if thermal change selects on different phage traits, RNA or ssDNA phages may become more

prevalent given their greater access to mutational diversity.
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Table 2. Examples of studies reporting the impact of temperature increase on phage life-history traits?

Phage life- Bacteria used Phage used Phage family Genome | Genome | Temperatures Effect of Reference
history trait length type used (°C) warming on
(kB) trait
Stability Escherichia coli OX174 Microviridae ~5.4 ssDNA 3710 44 Restricted [116]
particle
formation
Pseudomonas ®OMKO1 Myoviridae ~281.8 dsDNA 55 to 75 Increased [38]
aeruginosa particle decay
Adsorption rate Listeria ®LP-026 (P70- Siphoviridae ~67.1 dsDNA 6.5to0 37 Reduced phage [123]
monocytogenes like) binding affinity
®LP-037 (P70- Siphoviridae ~64.8 dsDNA
like)
®LP-048 (P100- Herelleviridae ~133 dsDNA
like)
O®LP-0125 Herelleviridae ~135 dsDNA
(P100-like)
®A511 (P100- Herelleviridae ~134 dsDNA
like)
Yersinia pestis OvB_YpM_3 Myoviridae* ~39.4 dsDNA 26 and 37 Reduced phage [143]
(Mu-like) receptor
expression
OvB_YpM_5 Myoviridae* ~37.2 dsDNA
(Mu-like)
OvB_YpM_6 Myoviridae* ~37.2 dsDNA
(Mu-like)
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®vB_YpM_ 23 Myoviridae* ~38.7 dsDNA
(Mu-like)
Pseudomonas Not tested NA NA NA 23 and 37; 22 to | Altered receptor | [131,132,135
aeruginosa; 37 access through ]
Vibrio cholerae biofilm
production
Life-cycle Lactococcus ®LC3 (P335- Siphoviridae* ~32.1 dsDNA 3010 34.5 Lytic induction [144]
strategy lactis like) (thermal stress)
Burkholderia ®Bp-AMP1 Autographiviridae ~ 45 ND 25to 37 Selection for [145,146]
pseudomallei lytic infection
(virulence-
transmission
trade-off)
Burst size Lactobacillus ®iLp84 (P22- Siphoviridae ~39.4 dsDNA 30 to 37 Reduced burst [147]
paracaset like) size
®iLp1308 (P22- Siphoviridae ~34.1 dsDNA
like)
Lactobacillus ®iLp84 (P22- Siphoviridae ~30.4 dsDNA 20 to 37 Increased burst [148]
paracasei like) size
®iLp1308 (P22- Siphoviridae ~34.1 dsDNA
like)
®B1 Siphoviridae ~38 dsDNA
OLDG Siphoviridae ~26.6 dsDNA
Latent period Lactobacillus ®iLp84 Siphoviridae ~39.4 dsDNA 30 to 37 Reduced latent [147]
paracaset period
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®iLp1308 Siphoviridae ~34.1 dsDNA
Host range Escherichia coli DOWGo1 Straboviridae ~170 dsDNA 28 to 42 Expanded host [149]
range
®QLo1 Straboviridae ~171 dsDNA

Abbreviations: NA, not applicable; ND, not determined.

Asterisk indicates families that were inferred from similar phages.

aThe National Center for Biotechnology Information database or discovery publications were used to determine phage families.
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1.3.3.5 Life-cycle strategy

Phage life cycle strategies (lytic, lysogenic, or pseudolysogenic; see Figure 3) are not mutually
exclusive and phages can move among them depending on environmental conditions [46,47].
While phages following a lysogenic life cycle are often under selection to preserve and even to
protect host cells [150], high temperatures can induce integrated phages into a lytic cycle
through the threat of cell death [144,151]. Temperature modulates lysis/lysogeny decisions
during phage infections with higher temperatures generally encouraging phages to follow a
Iytic life cycle [47,143,146]. Phage preference for lysis at high temperatures may follow the
same mechanism as lytic induction, with phages attempting to “jump ship” before the death

of their hosts.

Lysis/lysogeny decisions are also affected by temperature-mediated changes to bacterial
growth rates and population densities [152]. At high temperatures, bacterial growth rates are
high, and so an abundance of bacterial hosts are available for phage infection [3]. High host
densities select for virulent, lytic phages which rapidly replicate through host killing [153]. In
contrast, poor bacterial growth at low temperatures selects for low phage virulence through
long latent periods or lysogeny, in which phages replicate in tandem with their hosts [153].
Phage life cycle decisions vary in response to host densities; phages following lysogenic life
cycles often possess quorum-sensing systems which allow them to become induced into a lytic

cycle when susceptible bacterial host densities increase [154].

1.3.3.5.1 Extreme environments: phage shifts from parasitism to mutualism

Phage life-history strategies are largely determined by their thermal environments. In polar
environments where bacterial densities are low, phages minimise virulence by adopting a
lysogenic life cycle, integrating into the host genome rather than causing cell lysis [48].
Lysogeny in cold environments allows phages to maintain replication without depleting
valuable host cells. Lysogeny also promotes the horizontal transfer of bacterial genes allowing

phages to contribute to bacterial fitness and polar microbial genetic diversity [48]. Polar
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phages exhibit seasonal variation in lysogeny-to-lytic conversions; while lysogeny is prevalent
in the winter and spring months, lytic replication is favoured in the summer months [48].
Climate forecasts indicate that rising global temperatures will accelerate the melting of polar
ice [76] leading to more frequent cold-to-temperate shifts that occur earlier in the year. In
polar environments, phages largely exist as mutualists which benefit from host associations
and facilitate the growth of their hosts. However, thermal upshifts may reduce polar lysogeny
rates and push phages across the mutualism-parasitism continuum from lysogenic mutualists

towards lytic parasites [155].

In contrast to polar regions, extreme heat environments have high extra-cellular phage
densities indicating phages largely follow a lytic life cycle [108]. Heat stress is a well-known
inducer of phage lysis as phages seek to avoid the thermal death of their host cell [144].
However, consistently high phage densities suggest that bacterial hosts are abundant and are
likely able to resist high temperatures. Given phage maximum growth increases with thermal
adaptation [156], high temperature environments may exhibit the highest levels of phage lysis.
Yet, high temperature environments are not necessarily hotspots of phage parasitism. Lytic
phages in hydrothermal vents [59] and hot springs [157] have been shown to carry genes
involved in bacterial metabolic processes. It was suggested that phage infections may support
bacterial growth in high temperature environments by compensating for poor bacterial
metabolic activity. Lytic phage-encoded genes have also been linked to the stabilisation of
bacterial heat shock proteins [158] although the presence of these genes in high temperature
environments is unclear. By supporting the growth rates of their bacterial hosts, phages appear
to favour parasitism in temperate environments but move towards mutualism at the thermal

extremes.

Desert environments represent a unique extreme thermal environment due to large daily
thermal fluctuations and low soil moisture content. The combined effects of thermal variation
and low soil moisture restricts bacterial growth [159] and is expected to select for phage

lysogeny. In agreement, it is difficult to isolate phages from desert samples without using

30



protocols that induce phages out of a lysogenic life cycle ([64,160], see [65] for more
examples). Desert phages act as mutualists by carrying genes involved in bacterial extremo-
tolerance [161]. A notable exception is Antarctic desert soil which, despite being a low
temperature environment, often has high levels of extracellular phage [69]. This may reflect
high levels of biofilm in Antarctic soil communities which create high local bacterial densities
[65]. Extracellular phages may also be more detectable at low temperatures due to lower phage

decay rates [54].

1.3.3.6 Latent period and burst size

Following successful adsorption and DNA injection, the phage lytic life cycle involves the
production of phage particles, the replication and packaging of phage genetic material, and
lysis of the bacterial cell. The success of these steps can be exemplified by two correlated,
temperature-dependent phage traits: latent period and burst size. The latent period represents
the time taken from cell infection to cell lysis and is determined by the expression and activity
of lytic enzymes [162]. The burst size represents the number of viral particles produced from
a single infection cycle and is determined by the replicative period length (latent period) and
the reaction rates of phage replication proteins [163]. Given more rapid cell lysis shortens the

time available to replicate, a longer latent period allows for a larger burst size.

Theory suggests that, by altering lytic enzyme activity, thermal change will either increase or
reduce latent periods and burst sizes. High temperatures have indeed been found to shorten
latent periods and reduce burst sizes; these findings indicate higher lytic enzyme activity [147].
Warming temperatures can also reduce latent periods and burst sizes through host density
effects that increase bacterial growth rates and densities [152]. High host densities select for
phages with shorter latent periods [153], as the benefit of ongoing transmission outweighs the

cost of a smaller burst size.

Some studies have found that thermal change disrupts the coupling between latent period and

burst size, with higher temperatures generally shortening the latent period but increasing the
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burst size [35,148,164]. One explanation for this de-coupling is that lytic enzymes and
replicative/packaging proteins may have different responses to temperature. If replicative
proteins have steeper thermal performance curves than do lytic enzymes, rising temperatures
may cause phage particle production rates to rise more rapidly than do lysis rates. Given that
latent period and burst size determine phage virulence and transmission potential [153],
further investigation of the tripartite relationship between temperature, burst size, and latent

period is needed to better understand how phage fitness varies in natural environments.

1.3.3.7 Host range

Changes in phage host ranges across temperatures can alter phage population dynamics and
competition outcomes [165]. In microbial communities, phages are often surrounded by
diverse bacteria including many they are unable to infect. The presence of unavailable hosts
creates a strong selection pressure for host range expansion as phage host range generalists
have higher host encounter rates [166]. Accordingly, some phages have broad host ranges and
can infect multiple unrelated bacterial species [167]. Yet, broad host ranges come with fitness
trade-offs [168], and so most phages have species- or even strain-specific associations with
bacterial hosts [169]. By expanding or narrowing phage host ranges, temperature change could

either increase bacterial host availability or reduce phage competitive fitness.

Phage host range expansion typically occurs through mutations in tail fiber genes, which are
responsible for phage adsorption to the bacterial cell surface [166,170]. Interestingly, tail fiber
mutations are also frequent mutational targets when phages adapt to thermal stress [129]; this
observation raises the possibility that thermal adaptation may have pleiotropic effects on host
range. For example, Chen et al. [149] found that tail fiber mutations that widen phage thermal
tolerance ranges also expand phage host range. Yehl et al. [170] provided further details and
found that changes in phage host range and thermal tolerance range depend on thermally
adaptive mutations occurring in the “host-range-determining region” of the tail fiber gene.

However, thermal adaptation in other traits, such as phage particle stability, can restrict phage
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host range evolvability [171]. Different modes of thermal adaptation may exert opposing

pressures on phage host range.

High host diversity selects for phage host range expansion [166]. Given that bacterial diversity
often increases with temperature [172], co-selection for host range expansion and thermal
tolerance may be frequent under warming conditions. Selection for host range shifts is
exacerbated by temperature-mediated changes in bacterial community composition [173].
While overall species richness may increase with warming, some bacterial taxa may be

excluded, with this exclusion forcing phages to change their focal host to avoid extinction.

1.3.3.8 Life-history trade-offs

Life-history theory posits that life-history traits must have fitness trade-offs to explain the
absence of “Darwinian demons”, which are hypothetical organisms capable of achieving
maximal fitness for all traits [174]. Such trade-offs are frequently found in phage systems
[175—178], and some have been shown to be temperature-dependent [179]. For example, rising
temperatures can reduce phage stability but increase replication rates, thereby modulating
phage population dynamics [180]. Similarly, selection for increased phage thermal stability
can lead to a reduction in replication rates [181]. Thermal trade-offs and trade-ups have also
been found among phage stability and adsorption rate, latent period, and burst size [182,183].
The evolution of trade-offs is restricted by thermal variation; fluctuating temperatures that
alternately select for thermal stability and replication rate can remove the stability/replication

trade-off [184].

1.3.3.9 Bacterial resistance to phage

Virulent phage infections create a strong selection pressure for phage resistance evolution in
bacterial hosts, although the mechanisms and costs of phage resistance vary across
temperatures. In single species experiments, phage resistance typically arises through
mutations in surface receptors [185,186]. These mutations prevent phages from adsorbing to

the bacterial membrane but generally come with high fitness costs through pleiotropic effects
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on growth rates, virulence, and antibiotic susceptibility [187]. Padfield et al. [7] showed that
the costs of receptor mutation-based phage resistance on bacterial growth rates were highest
at the bacterial thermal optimum. These findings likely reflect the fact that mutated receptors
generally have functions in bacterial metabolism [122]; receptor mutations restrict growth at

the thermal optimum by reducing metabolic rates.

Resistance can alternatively arise through the evolution or horizontal acquisition of phage
defence systems [188,189], which also have temperature-dependent costs [190]. However,
Aframian et al. [190] found that the costs of certain phage defense systems, in contrast to those
of receptor-based mutations, decrease closer to the bacterial thermal optimum. These findings
suggest that phage defence systems may be preferred at the thermal optimum, while receptor
mutations are favoured away from the optimum. The best route for phage resistance may

depend on the level of warming experienced and phage defence system availability.

The relative benefits of receptor mutations and phage defence systems can be further affected
by the effects of temperature on bacterial growth rates. At low temperatures, longer bacterial
generation times increase the probability of multiple phage infections within a single bacterial
reproductive cycle. As a result, selection at low temperatures favours phage defence systems
which respond to ongoing infections, such as CRISPR-Cas, over receptor mutations [191]. In
addition, temperature can alter the expression of phage defence systems [192], although such

temperature-dependent expression is not universal across all bacterial taxa [193].

1.3.4 Mismatches in bacteria and phage thermal responses

1.3.4.1  Mismatches in ecological time

Phages are obligate parasites and so tend to have narrower thermal limits than do their
bacterial hosts (Figure 4a). In addition, studies generally find that phage thermal optima are
either the same [7], or lower than bacterial thermal optima [156]. The mismatch among
bacterial and phage thermal optima and upper thermal limits represents a thermal refuge in
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which bacteria can grow in the absence of phage infection [7]. Using a panel of 15 G4-like
Escherichia coli phages, Knies et al. [156] found that phages infecting the same bacterial strain
exhibit considerable thermal optimum and tolerance limit variation. As observed in bacteria
[194], rising temperatures are expected to lead to the extinction of thermally sensitive phages
and in turn a decrease in phage diversity. Reduced phage infection will increase the relative
abundance of dominant bacterial genotypes [29], although resource availability will decrease
because of reduced nutrient cycling [195]. Phage infection can be maintained at high

temperatures by the presence of thermally tolerant phage community members [9].

Phages generally follow a “hotter-is-better” thermal strategy whereby higher thermal optima
tend to coincide with higher maximum population growth rates [156] (Figure 4b). The “hotter-
is-better” strategy stems from the fact that rising temperatures increase reaction rates and
allow for faster growth. The relationship between maximum growth and thermal optima
exacerbates bacteria-phage thermal mismatches as phages adapted to low temperatures will
have lower fitness relative to their bacterial hosts. While a “hotter-is-better” strategy is also
observed in insects [196], a recent meta-analysis found only limited support for the strategy
across species [197]. One reason that evidence from phages may show stronger support for the
strategy could be because phage thermal responses depend on the reaction norms of individual
proteins involved in phage infection and replication [9]. More complex organisms may also be
able to maintain high fitness at low temperatures through thermal acclimation, behavioural
modifications, or internal thermoregulation. In addition to “hotter-is-better”, phages also
follow a “hotter-is-broader” strategy whereby phages with higher thermal optima tend to have
broader thermal tolerance limits [156]. A correlation between thermal optimum, thermal
tolerance range, and maximum fitness contradicts specialist-generalist theory, which states
that an increase in thermal tolerance range should lead to a trade-off with maximum
performance [198]. However, the strategy means that cold-adapted phages will rapidly lose
activity as temperatures increase, with this loss leading to phage community shifts and a

decrease in phage diversity.

35



a Bacteria and phages have thermal mismatches

b "Hotterisbetter and broader"

—— Bacterial host —— Bacterial host
— Phage A — PhageA
Phage B E Phage B

Temperature Temperature

C Phage infection reduces bacterial CTmax d Phage infection alters bacterial Topt

—— Uninfected bacteria —— Uninfected bacteria
— = Infected bacteria (new CTmax) Infected bacteria (new Topt)
----- Phage — ----- Phage

s
o

Figure 4. Examples of bacteria and phage thermal performance curves. a) Bacteria
and phages have thermal mismatches. Phages generally have lower thermal optima and
thermal maxima than do their bacterial hosts [7]. However, thermal responses vary among
phages [156]. b) Phages generally follow “hotter-is-better” and “hotter-is-broader” thermal
strategies whereby phages with higher thermal optima tend to have higher maximum
performance and higher upper thermal limits [156]. ¢) Phage infection may reduce bacterial
upper thermal limits (CTmax) through the metabolic costs associated with antiphage defence
[199,200]. The two-sided arrow shows the shift in the bacterial upper thermal limit. d) Phage
infection can lead to shifts in the bacterial thermal optimum (Topt) through higher growth at
phage non-permissive temperatures and temperature-dependent fitness costs of phage

resistance [7]. Figure adapted from images created in BioRender.
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Host-parasite thermal performance mismatches are not fixed. For example, Hector et al. [199]
found that parasite infection can reduce host upper thermal limits through exploitation of host
resources and costly activation of immune responses. Additionally, parasites, being smaller
than their hosts, are expected to rapidly acclimate to thermal change, with this rapid
acclimation potentially reducing mismatches [201,202]. In bacteria-phage systems, the
activation of phage defence systems has temperature-dependent fitness costs linked to
autoimmunity [190]. To what extent phages are capable of plastic responses to thermal change
is unclear. However, one mechanism for phage acclimation could include temperature-
dependent expression of decoration or structural proteins to stabilise phage particles
[119,203]. Through the activation of bacterial immune responses and phage thermal
acclimation, bacterial and phage upper thermal limits may become increasingly aligned
(Figure 4c). Alignment of bacterial and phage thermal responses will remove the high
temperature bacterial thermal refuge and could increase the probability of bacterial

population collapses during warming events.
1.3.4.2 Mismatches in evolutionary time

Bacteria-phage thermal mismatches can change over time as thermal performance evolves.
Phage infection has been shown to select for upshifts in bacterial host thermal optima [7,204].
In some bacteria-phage systems, the evolution of phage resistance results in temperature-
dependent fitness costs, and these costs are highest at the bacterial thermal optimum [7]. As
bacterial fitness at the thermal optimum decreases following resistance evolution, relative
bacterial fitness above the thermal optimum increases, creating a new, higher thermal
optimum [7]. An upshift in bacterial thermal optima is expected to exacerbate bacteria-phage

thermal mismatches as bacteria start to specialise at high temperatures (Figure 4d).

Phage thermal adaptation can reduce thermal mismatches by aligning both thermal optima
and thermal tolerance limits to their bacterial hosts. By re-analysing the evolved populations
from Holder and Bull [117], Knies et al. [9] showed that the “hotter-is-better” and “hotter-is-

broader” strategies are evolvable; selection for extended upper thermal limits resulted in an
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increase in phage thermal optima and maximum performance (Figure 4b). A correlation
between phage thermal optima and upper thermal limits may be expected when thermal stress
affects proteins directly involved in phage replication. For example, fitness-reducing phage
polymerase mutations have been shown to simultaneously reduce phage replication at both
the thermal optimum and upper thermal limit [205]. The evolvability of phage thermal optima
and upper thermal limits means that thermal adaptation may reduce the size of bacterial
thermal refuges. In addition, heat stress that reduces bacterial growth may still permit phage
infections leading to reduced phage infectious periods and low bacterial host availability. We

might predict that reduced phage virulence will evolve under extreme warming [153,206].

The evolution of thermal performance curves depends on thermal variability. Static
temperatures are expected to select for specialists with narrow thermal ranges, in which
performance is highest at the evolved temperature. In contrast, fluctuating temperatures
favour thermal generalists with wider thermal tolerance limits but lower maximum fitness
[207]. Studies in phages suggest that selection under fluctuating temperatures is primarily
driven by the most extreme temperature [208]. However, other studies have found that
fluctuations can reduce the strength of selection for phage high-temperature adaptation [209]
and restrict co-evolutionary dynamics with bacterial hosts [210]. The lack of consensus among
studies on the relationship between fluctuating temperatures and thermal adaptation likely
reflects the different fluctuation conditions and phages used. While slow fluctuations facilitate
the fixation of thermally adapted genotypes, rapid fluctuations increase the impact of genetic
drift relative to selection and thereby reduce fixation rates and slow adaptation [211]. In
addition, some phages can rapidly adapt to high temperatures, although evolution for other

phages is impeded because of inhibited growth [117].
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1.3.5 Phage communities and thermal sensitivity

1.3.5.1 Phageome composition and dynamics

Phages exist in diverse communities, termed phageomes (reviewed in [212]), whose
compositions are expected to change with temperature because of phage-specific thermal
responses [156]. Theoretically, a change in temperature should select for phages whose
thermal optima most closely match the new environmental temperature [173,213]. Thermal
selection should also favour phages that are able to rapidly adapt to thermal change through
altered thermal optima or extended thermal tolerance limits [117]. In agreement, rising
temperatures alter relative phage growth rates and allow weaker phage competitors to become
more dominant [9]. Thermal increases also cause some phage species to decay more rapidly

than others and potentially lead to the exclusion of these phages from the community

[114,214].

Phageome composition is also expected to change with temperature because of thermal
sensitivity in the bacterial host community. In bacterial communities, species vary in their
thermal tolerance ranges and thermal optima [173]. Accordingly, thermal change generally
leads to changes in bacterial community composition [213,215], including in animal
microbiomes [1]. Bacteria and phages have modular interaction networks where each phage
generally targets a small subset of bacterial community members [169]. Changes to bacterial
relative abundances - for example through dysbiosis of gut microbiota with warming - are
expected to lead to phageome composition shifts [216]. The effects of temperature on phage
community composition likely depends on the thermal regime. Static thermal shifts generally
reduce genotypic and species diversity by selecting for a few thermal specialists [173]. In both
bacterial and phage communities, thermal fluctuations may promote the maintenance of

species and genetic diversity through selection for a range of thermal optima [217].
1.3.5.2 Inter-phage competition

Phage competition outcomes depend on both relative phage growth rates and the rate of host
population depletion (virulence) [13,218,219]. When host densities are high, phages maximise
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their host share by rapidly depleting the host population. Rapid host depletion benefits fast-
growing phages by reducing the availability of hosts for slow growing competitors. In contrast,
when host densities are low, high-virulence phages rapidly run out of available hosts, and so
selection favours low-virulence phages which maximise within-host replication and

transmission potential [153].

The rate of bacterial clearance by phages is determined by temperature-dependent life-history
traits including adsorption rate, latent period, and burst size. Rapid adsorption and short
latent periods mean host cells are lysed quickly at the cost of a reduced burst size. High
temperatures have been shown to reduce latent periods in some phages [147], with this
reduction potentially making the phages more virulent [153]. In addition, phage virulence may
increase with temperature through pleiotropy with thermal adaptation. For example,
Kashiwagi et al. [183] found that mutations arising from thermal selection resulted in more
rapid adsorption, reduced latent periods, and extended burst sizes. Given that thermal
adaptation occurs more rapidly in some phages than others [117], pleiotropy may allow phages

to improve competition outcomes as host availability rises during warming events.

The interaction between thermal adaptation and competition is bi-directional. While thermal
adaptation can alter competitiveness, competition has the potential to restrict species’ thermal
adaptation [220]. Competition restricts thermal adaptation by reducing population growth
rates and restricting the generation of adaptive mutations [221]. Competition can also reduce
the time available for thermal adaptation by promoting the exclusion of thermally maladapted
taxa [222]. The presence of competitors is expected to restrict phage thermal adaptation.
However, some studies have suggested that competition can promote thermal adaptation
when both selection pressures are acting in the same direction [197,214]. For instance, in some
phage systems, both competition and high temperatures select for shorter latent periods
[153,183]. Synergistic selection between competition and thermal adaptation may help to

stabilise phageomes during thermal perturbations.
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1.4 Pseudomonas aeruginosa as a model host

The focal host used in this thesis is the bacterium Pseudomonas aeruginosa. P. aeruginosa is
an opportunistic, gram-negative bacterium commonly associated with infections of plants,
nematodes, insects, and mammals. In humans, P. aeruginosa can cause infections in patients
with cystic fibrosis where it establishes early in life and persists as part of the sputal
microbiome [223]. Yet, P. aeruginosa is also associated with infections of burn wounds and
urinary tract infections, and individual strains are capable of translocating between body sites
[224]. The ability of this bacterium to grow across diverse environments reflects a broad
metabolic capacity; P. aeruginosa is a facultative aerobe being able to respire both aerobically
and anaerobically in the presence of nitrate. P. aeruginosa is also highly resilient to
environmental stresses with a thermal tolerance range of ~4°C to ~42°C+ [225] and has high

resistance to common antibiotics [226].

P. aeruginosa strains have a set of distinctive, shared traits. Firstly, P. aeruginosa strains
produce a series of pigments, including pyoverdine and pyocyanin, which contribute to
nutrient acquisition and biofilm formation. The production of these pigments led to the first
descriptions of the species in 1882 in a report on causes of bandage colouration in patients
[225]. In addition to pigments, P. aeruginosa produces large quantities of biofilm, an extra-
cellular matrix comprised of bacterial cells and exopolysaccharides, assembled by adhesins
[227]. Biofilm production plays an important role in P. aeruginosa pathogenesis and
resistance to antibiotics and phages. Finally, P. aeruginosa cells are coated by an array of type

IV pili and flagella involved in surface adhesion, DNA uptake, and motility [228].

A focal P. aeruginosa strain used in experimental research is PAO1. Obtained from a patient
wound in Australia in 1954, P. aeruginosa PAO1 was the first strain to undergo full genome
sequencing [229]. It has a genome size of 6.3 Mbp (66.6% G + C content) and ~5,700 genes.
In contrast to most P. aeruginosa strains, PAO1 does not carry any prophages [225]. This lack
of prophages makes P. aeruginosa PAO1 a powerful system for phage research without the

risk of phage contaminants. However, as a result of its widespread use for general bacterial
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research, P. aeruginosa PAO1 has undergone its own evolution over the last 70 years leading

to wide genetic and phenotypic heterogeneity [230].

1.5 Pseudomonas phages as model parasites

The focal parasites used in this thesis are three lytic bacteriophages of P. aeruginosa PAO1
named @PEV2, pLUZ19, and ¢14-1. These phages were first characterised around 2010 and
have since been used in studies to determine phage infection mechanisms [231], assess phage
ecological and evolutionary dynamics [232,233], and characterise the evolution of bacterial

antiphage resistance [22,185].

@PEV2 is an “Ng4-like” phage belonging to the Podoviridae family, characterised by an
icosahedral capsid and a short, non-contractile tail [234]. The life-history traits of PEV2 are
presented in detail in Ceyssens et al. [234] and include a short latent period of ~18-25 minutes
at 37°C (also see [235]) and an intermediate burst size of ~100-150 particles/cell. pPEV2 can
infect under both aerobic and anaerobic conditions although infection length is extended
under the latter. The genome of PEV2 is 72,697 bp in length encoding 92 proteins and has a
GC content of 54.9% [234]. The phage encodes transcriptional machinery for all stages of
phage replication and carries a viral RNA polymerase in its capsid which is translocated into
the cell during infection. pPEV2 is thought to infect cells by adsorbing to LPS on the cell
surface but potentially uses the outer-membrane protein NrfA as a target receptor for DNA

transfer [235,236].

@LUZ19 is a “pKMV-like” phage belonging to the Autographiviridae family [237]. This family
is characterised by phages encoding a single sub-unit RNA polymerase and relying on host
transcriptional machinery for the expression of early and middle stage genes. pLUZ19 has a
latent period of ~20 minutes and a smaller burst size of ~100 particles/cell [238]. The phage

genome length is 43,548 bp and has a GC content of 62.3%, encoding for 54 proteins. ¢pLUZ19
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is thought to infect cells by adsorbing to type IV pili [239]. Infection by ¢pLUZ19 can suppress

superinfections through the downregulation of type IV pilus expression [237,238].

Finally, ¢p14-1 is a “PB1-like” phage belonging to the Myoviridae family [240], characterised
by an icosahedral capsid and a long, contractile tail. While the life-history traits of ¢p14-1 have
not been characterised, PB1-like phages generally have latent periods of ~50 minutes and large
burst sizes of ~180 particles/cell [241]. @14-1 has a genome size of 66,238 bp and GC content
of 55.6%, encoding for 9o proteins. In contrast to PEV2 and ¢LUZ19, p14-1 does not encode
its own transcriptional machinery and so depends on that of its host. ¢14-1 is thought to infect
cells through adsorption to LPS although a specific target receptor has not yet been identified

[241].

@oPEV2, @LUZ19, and @14-1 differ in their competitive abilities such that, in direct
competition, @PEV2 is the most competitive and excludes the other two [22]. This outcome is
consistent with theory that suggests that selection favours phages with short latent periods
and large burst sizes [153]. Competition outcomes between ¢LUZ19 and ¢14-1 are less clear

with phage dominance varying over time, possibly reflecting co-evolutionary dynamics [22].

Serial passaging of all three phages in P. aeruginosa populations has revealed that these
viruses can rapidly adapt to their hosts [22,232]. The phages have also been shown to select
for the evolution of bacterial anti-phage resistance [185,232]. The bacterial mutations that are
under selection confirm the phage bacterial surface targets; PEV2 and ¢14-1 resistance arises
from mutations in LPS production genes while ¢LUZ19 resistance arises from type IV pili
mutations [185]. While both phages and bacterial hosts display reciprocal co-evolution, co-
evolutionary dynamics vary between phages [233]. ¢14-1 and @PEV2 both exhibit arms-race
co-evolutionary dynamics whereby directional selection occurs for both phage infectivity and
host resistance [233]. In contrast, co-evolution with ¢LUZ19 occurs via fluctuating selection

dynamics where there is negative frequency dependent selection for bacterial and phage

genotypes [233].
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1.6 Thesis outline

In this thesis I will develop on the above themes. Specifically:

In Chapter 2, I investigate the impact of temperature on phage infection, life-history traits,
and competition dynamics in a three-phage community. I show that temperature has variable
effects on phage infection whereby some phages have high thermal sensitivity while others are
thermally tolerant. I further show that phage thermal sensitivity is driven by temperature
effects on different life-history traits including adsorption and replication. Finally, I
demonstrate that, by changing life-history traits, temperature can alter inter-phage

competition dynamics and drive shifts in community composition.

In Chapter 3, I investigate the interaction between thermal adaptation and phage community
ecology. I show that phages can avoid thermal extinctions via rapid evolutionary rescue.
However, rescue can alter competition dynamics leading to exclusion and constrained
evolution rates in a phage competitor. Phage co-existence can recover through stabilising
mechanisms. The results highlight that adaptation to thermal stress can de-stabilise

community interactions by altering the competitive hierarchy.

In Chapter 4, I extend the work of Chapter 3 to consider the impact of community
interactions on phage adaptation to thermal heterogeneity. I show that, in monoculture,
fluctuating temperatures select for intermediate thermal phenotypes in one phage and more
variable evolutionary trajectories compared to static temperatures. However, the presence of
competition constrains thermal adaptation and evolution rates. The results highlight that

community interactions may constrain adaptation in response to thermal heterogeneity.

Finally, in Chapter 5, I summarise the main findings from Chapters 2-4 and discuss the wider

implications of thermal stress and variability for parasite communities.
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Warming alters life-history traits and

competition in a phage community
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2.1 Abstract

Host-parasite interactions are highly susceptible to changes in temperature due to mismatches
in species thermal responses. In nature, parasites often exist in communities, and responses
to temperature are expected to vary between host-parasite pairs. Temperature change thus
has consequences for both host-parasite dynamics and parasite-parasite interactions. Here,
we investigate the impact of warming (37°C, 40°C, 42°C) on parasite life-history traits and
competition using the opportunistic bacterial pathogen Pseudomonas aeruginosa (host) and
a panel of three genetically diverse lytic bacteriophages (parasites). We show that phages vary
in their responses to temperature; while 37°C and 40°C did not have a major effect on phage
infectivity, infection by two phages was restricted at 42°C. This outcome was attributed to
disruption of different phage life-history traits including host attachment and replication
inside hosts. Furthermore, we show that temperature mediates competition between phages
by altering their competitiveness. These results highlight phage trait variation across thermal
regimes with the potential to drive community dynamics. Our results have important

implications for eukaryotic viromes and the design of phage cocktail therapies.
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2.2 Introduction

Organism performance typically increases with temperature up to an optimum after which
performance rapidly decreases (1). Host-parasite interactions are particularly susceptible to
changes in temperature due to mismatches in thermal performance between hosts and
parasites (2). While parasites and their hosts often share thermal optima, parasites are
thought to acclimate rapidly to changing environmental conditions resulting in higher
performance either side of the thermal optimum than their hosts during interactions (2—4).
Warming beyond the thermal optimum may increase parasite performance relative to host
performance and exacerbate parasite burden. Increased parasite burden with warming may
also feed back into host thermal responses by reducing host thermal maxima (5,6). However,
in some systems, primarily those containing obligate intracellular parasites, parasites have
lower thermal maxima than hosts (7,8) creating a thermal niche where hosts can grow in the

absence of parasites.

Temperature generally alters parasite infectivity by disrupting parasite life-history traits (9—
11). Studies in mosquito populations have shown that higher temperatures can lead to shorter
development times, smaller body sizes, and higher intrinsic mortality rates (12—14). Further
studies have revealed temperature-dependence of other parasite traits including attachment
to hosts (15), reproductive capacity (population growth rates) (7), and virulence (16). In line
with the thermal mismatch hypothesis, the impact of temperature on life-history traits often
varies between hosts and parasites. Plasmodium falciparum, a parasite of mosquitoes and
vertebrates, exhibits more rapid development and population growth with warming despite a
decrease in the survival of their mosquito hosts (14,17). Similar results are shown with bacteria
and their viral parasites, bacteriophages (hereafter referred to as “phages”), albeit in the
opposite direction. While warming generally increases bacterial growth rates (18), phages
often experience concurrent reductions in host attachment (15), reproductive capacity (7), and

stability (19).
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Hosts are often attacked by a diversity of parasite genotypes (20—23) and species (24—26).
Given parasite genotypes and species often vary in their upper thermal limits (27) and thermal
optima (28), the effects of temperature may vary between host-parasite pairs thus shaping the
host-parasite community. Temperature change may also alter the outcomes of inter-parasite
competition in communities (29) as different parasites become more or less competitive. This
phenomenon is not unique to parasites and has also been observed in free-living communities
(30—32). Outcomes of parasite competition are additionally affected by variation in specific
life-history traits, such as virulence, which can change with temperature (8). Parasite virulence
— here defined as the rate at which parasite epidemics reduce host population densities — can
play a key role in parasite competition (33,34). Highly virulent parasites, which rapidly reduce
host population densities, restrict the availability of host resources for parasite competitors
thereby reducing their reproductive capacities (35). By altering parasite virulence, warming

may further affect competition outcomes.

Bacteria and phages are the most abundant host-parasite system on Earth (36,37). Phages play
key roles in animal microbiomes and plant rhizospheres by maintaining microbiome diversity
and providing protection from invasive pathogens (38—41). They are also increasingly viewed
as potential therapeutic alternatives to antibiotics given growing levels of antimicrobial
resistance (42—45). Bacteria and phages experience broad temperature variation as part of the
microbiomes of eukaryotic hosts (39). Body temperatures vary between species (46—50) and
individuals (51). Temperatures also vary within individuals across space (48) and over time
(52) especially following the onset of fevers during pathogen infection (53). Additionally,
phages typically exist in communities either as complex, often host-associated phageomes (39)
or through therapeutic deployment in multi-phage cocktails (54). The effects of temperature
on bacteria-phage and phage-phage interactions therefore have acute relevance for animal and

plant health.

Here, we investigated parasite life-history traits and competition across three temperatures

(37°C, 40°C, and 42°C) using the opportunistic bacterial pathogen Pseudomonas aeruginosa
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and a panel of three genetically diverse lytic bacteriophages targeting different bacterial
surface receptors (lipopolysaccharides (LPS) and type IV pili). These temperatures were
intended to represent a gradient of warming during a human fever (53) or a diversity of animal
resting body temperatures (48—50). Phage thermal responses were determined by measuring
different life-history traits (stability, host attachment, reproductive capacity, and virulence)
across temperatures. Additionally, the impact of temperature on phage-phage interactions
was assessed by measuring population growth in the presence or absence of phage

competitors.

We hypothesised the impact of warming on phage population growth would vary across phage
types given differential effects on attachment to hosts (15,55), viral replication (56), and lytic
ability (57). We further hypothesised that warming would alter phage competition outcomes
by increasing the competitiveness of more thermo-tolerant phages (58). Our findings provide
insight into how temperature variation may affect parasite life-history traits and interactions
in communities. Further, they improve our understanding of how temperature affects parasite
community dynamics with important implications for the functioning of eukaryotic host

viromes and the design of phage therapies.

2.3 Methods and Materials

2.3.1 Strains, storage, and culture conditions

Pseudomonas aeruginosa PAO1 was used with a collection of three lytic bacteriophages:
@PEV2, pLUZ19, and @14-1. These phages, which have previously been used in ecological and
evolutionary biology studies of P. aeruginosa at 37°C (59—62), were selected based on their
genetic diversity (63) and the different bacterial receptors they target. pPEV2 (N4-like phage)
(64) and ¢@14-1 (PB1-like phage) (65) are both thought to target bacterial LPS surface receptors
(66,67) although N4 phage infection has also been linked to the outer-membrane protein NrfA

(68). 9LUZ19, a T7-like phage, adsorbs to type IV pili (55,69). The three phages also vary in
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core phage replicative traits. While ¢PEV2 and @LUZ19 have latent periods (time from
infection to burst) of ~18 minutes (67) and ~20 minutes (69) respectively, PB1-like phages
(such as @14-1) have latent periods up to ~50 minutes (66). PEV2 and @LUZ19 also have
similar burst sizes (number of progeny) (~100-130 virions) (67,70) whereas PB1-like phages

can have burst sizes up to ~180 virions (66).

Bacteria were streaked for single colonies from -80°C frozen glycerol stocks (25% glycerol)
onto LB (Lennox) agar. Single colonies were inoculated into 15ml LB broth in 50ml falcons
and incubated at 37°C, 40°C, or 42°C in static incubators for 16h. After incubation, cultures
were centrifuged at 4000 x g for 5 mins to pellet bacterial cells and the pellet was re-suspended

in 15ml fresh LB to remove potential secondary metabolites.

Phage lysates were prepared by inoculating a 15ml P. aeruginosa PAO1 culture (at a density of
~108 CFU/ml) with a sample of -80°C frozen phage glycerol stocks. Samples were taken from
frozen stocks with an inoculation loop. Phage-inoculated PAO1 cultures were incubated at
37°C for ~6 hours. Cultures were then centrifuged at 3,095 x g for 5 mins to pellet cell debris

and the supernatants (phage lysates) were sterilised using 0.22uM filters.

Phage stocks were quantified using the standard double-layer overlay plaque method (71).
Bottom-layer agar was prepared in sterile 12cm/12cm square-petri dishes with LB-agar and
top-layer agar was prepared with LB-agarose (0.4% agarose) supplemented with MgSO, and
CaCl. (10 mM). Briefly, bacterial lawns were prepared by mixing 10oml of melted top agar
(~40°C) with 3o0uL of a P. aeruginosa PAO1 overnight culture (approximately 3 x 108
CFU/ml). Phage stocks were serially diluted and 10uL were spotted onto the bacterial lawns.
After an incubation period of the plates of 6-8 h at 37°C, spots with the highest number of
discernible plaques were counted and reported as an average of three technical replicates.

Phage stocks were quantified one day before use in experiments and were stored at 4°C.
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2.3.2 Experimental design of bacterial and phage growth across

temperatures

Bacterial cultures grown at 37°C, 40°C, and 42°C were diluted with LB to a starting
concentration of ~3 x 107 CFU/ml. Isogenic pPEV2, ¢LUZ19, and ¢14-1 phage stocks were
diluted to a concentration of ~3 x 107 PFU/ml. Pairwise and 3-phage combinations were
prepared by mixing single-phage stocks in equal volumes. Single-phage (10uL), pairwise
(20uL), and 3-phage (30uL) stocks were added to loose-lid 5ml falcon tubes and LB was added
up to a final volume of 3ouL. Diluted bacterial cultures (970uL) were then added to a final
volume of 1ml. A no-phage control was included containing 3ouL. LB and 970ouL bacterial
culture. Starting concentrations of each phage in single and multi-phage combinations were
~3 x 105 PFU/ml resulting in a phage/host ratio (multiplicity of infection - MOI) = 0.01.
Cultures were incubated statically at 37°C, 40°C, or 42°C for five hours to allow bacterial and
phage growth. Each hour, tubes were destructively sampled for bacterial and phage
quantification. Six biological replicates were carried out for each treatment at each

temperature over three days with two replicates performed per day.

2.3.3 Measuring bacterial and phage population growth

Bacterial growth was measured using optical density and colony-forming units (CFU). Optical
density (595nm) of bacterial cultures was measured over five hours in 96-well plates using a
Synergy 2 plate reader (BioTek, Vermont, USA), normalised against LB blanks. Due to the high
number of samples, two plates were measured per hour and all phage treatments and
temperatures were represented on each plate. Bacterial CFUs in the no-phage control were
measured at hours 0 and 5 using serial dilutions in LB, of which 20uL was immediately spotted
onto LB-agar. Spots with the highest number of distinct colonies were counted and data

represents the average of three technical replicates.
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To measure bacterial CFUs in the presence of phage, 100uL aliquots were taken from single-
phage treatments at hours 0, 2, and 5, and no-phage treatments at hours 0 and 5. Aliquots
were ten-fold serially diluted in a solution of sodium citrate (50 mM) and phosphate-buffered
saline (PBS) to reduce phage binding and killing after sampling (772,73). Dilutions were spotted
(20uL) onto LB-agar supplemented with sodium citrate (5 mM). Plates were incubated at 37°C
for ~16 hours and spots with the highest number of distinct colonies were counted. Data shown

represents an average of three technical replicates.

Phage growth in single-phage samples was determined based on plaque-forming units (PFU)
using plaque assays as previously described. Aliquots of each sample (100uL) were transferred
to 1.5ml Eppendorf tubes and centrifuged at 10,000 x g for five minutes. Phage supernatants
were then extracted and ten-fold serially diluted in SM buffer (NaCl 100 mM, MgSO, 1omM,
Tris-HCl (pH 8) 50mM). Serial dilutions were spotted (10uL) onto P. aeruginosa PAO1-
inoculated bacterial lawns. Plates were incubated at 37°C until visible plaques formed (6-8
hours), and spots with the highest number of distinct plaques were counted. Data shown

represents an average of three technical replicates.

Phage growth in multi-phage samples was determined using quantitative PCR (qPCR). qPCR
primers were designed based on pPEV2, pLUZ19, and ¢@14-1 genomes downloaded from NCBI
(Table S1). Phage genomes were aligned using progressiveMauve (74) with Geneious (v.
2022.1.1) (https://www.geneious.com). Phage-specific regions with no observable sequence
overlap were extracted from each genome and used to create qPCR primers (Table S2) with
IDT PrimerQuest (https://eu.idtdna.com/pages/tools/primerquest). Primers were designed
to have an annealing temperature of ~60°C with products ~80 bp in length. PCR melt curves

showed single peaks for each primer pair indicating high specificity.

Phage densities were determined based on standard curves. Phage DNA for standard curves
was extracted from phage lysates (~109 PFU/ml) using the Norgen Biotek Phage DNA
Isolation Kit (Norgen Biotek) with added DNase I to remove lysed bacterial DNA. Purified

DNA was quantified using NanoDrop 2000c¢ (Thermo Scientific). Duplicate standard curves
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were generated from purified DNA dilutions with Luna Universal gPCR Master Mix (New

England BioLabs) using a StepOnePlus Real-Time PCR System (Applied Biosystems).

Aliquots of phage lysates (100uL) were taken hourly for gPCR quantification. Phage aliquots
were boiled at 100°C for 10 mins to denature bacterial cells and phage particles. Samples were
then stored at -20°C. qPCR was carried out on boiled samples diluted in Ambion Nuclease-
Free Water (Invitrogen) using phage-specific primers with Luna Universal gPCR Master Mix.
Forward and reverse primers (10 puM) were added to final concentration of 0.25 pM.
Amplification conditions included initial denaturation (95°C for 60 seconds) followed by 40
cycles of denaturation (95°C for 15 seconds) and annealing/extension (60°C for 30 seconds).
One qPCR plate was used per primer pair. Due to space constraints, no technical replicates
were performed, but all biological replicates were analysed. Phage DNA concentrations were
determined through comparison with standard curves and fold change in DNA copies was

calculated by dividing by the average phage DNA concentration at hour o.

2.3.4 Phage decay and adsorption rates

To measure decay rate, phage stocks were diluted in LB to ~105 PFU/ml. Diluted phage stocks
(1ml) were added to 1.5ml Eppendorf tubes and incubated statically at 37°C, 40°C, and 42°C
for 24h. Samples were taken at 2.5h, 5h, 7.5h, and 24h, serially diluted in SM buffer, and
spotted (10uL) onto PAO1-inoculated bacterial lawns. Three independent biological replicates
were conducted per temperature for each phage. Plaque numbers for each biological replicate

are averages of three technical replicates.

To measure phage adsorption rates, bacterial cultures were grown for ~16 hours at 37°C, 40°C,
and 42°C, diluted into 15ml fresh LB in loose-lid 50ml falcon tubes, and grown to mid-
exponential phase (~ 108 CFU/ml). Mid-exponential phase bacterial cultures (1.485ml) were
aliquoted into 1.5ml Eppendorf tubes and placed into heat blocks set at 37°C, 40°C, and 42°C.

Phage stocks were diluted to ~107 PFU/ml and 15uL were added to the Eppendorf tubes to a
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final phage concentration of ~105 PFU/ml (MOI = ~0.001) and then mixed by inversion. At
five-minute intervals, 100uL samples were taken and centrifuged at 17,000 x g for 1 min. To
measure unadsorbed phage, supernatant was sampled, serially diluted in SM buffer, and
spotted (10uL) onto PAO1-inoculated bacterial lawns. Three biological replicates were carried
out per temperature for each phage. PFUs for each biological replicate are averages of three

technical replicates.

2.3.5 Statistical analysis

Statistical analyses and data visualisation were carried out using Microsoft Excel (v.2102) (75),
R (v.4.0.3) (76) and RStudio (v1.4.1103) (777). Line graphs and boxplots were generated using

the “ggplot2” R package (78). Radar charts were generated using the “ggradar” R package.

The impact of phage on bacterial population densities was determined by comparing optical
densities between phage and no-phage treatments at the end of the experiment between
temperatures. This was conducted using separate linear mixed effects models for each
temperature with the “nlme” R package where optical density was the response variable and
phage was a fixed explanatory variable. Experimental batch (three batches as experiment
performed across three days) was included as a random effect. Unequal variances between
groups were accounted for using the “varldent” function (79). Similar mixed effect models
were used to compare phage PFU/ml and log.(DNA concentrations) at the start and end of the
experiment at each temperature. Additionally, a similar model was used to determine the
impact of temperature on bacterial densities where optical density was the response variable
and explanatory variables included temperature, time, and a temperature-time interaction
term. Post-hoc analyses were carried out using the R “emmeans” package. The relationship
between optical density and colony-forming units were determined using a linear model. A

square-root transformation was used on CFUs to meet model assumptions.
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The impact of temperature on phage decay and host attachment was tested using a Poisson
generalised linear model with PFU/ml as response variable and time, temperature, and the
interaction between time and temperature as explanatory variables. As more than ~90%
attachment occurred before the first measurement for ¢p14-1, an ANOVA between 0 and 5min
was performed rather than GLM. The time required for 50% phage attachment/decay was
determined by generating predicted PFU/ml over time with 95% confidence intervals from the
GLM. A time range where PFU/ml confidence intervals overlapped with 50% starting densities

was recorded.

The impact of temperature on bacterial doublings in the presence of phage (CFU) and phage

doublings (PFU) was tested by calculating mean log2 ratios of T5 / To or T2 / To values.

Standard errors of log ratios were -calculated using the formula: SE |log, &) =
TO

2 2
\/ SETLZ—S ] + SETLZ] where SE = standard error of mean, T, = values at time point n (T2 or T5),

To = values at initial time point (To) (80). Statistical significance between ratios at each
temperature was determined by calculating 95% confidence intervals of the difference

between ratio means using the formula:

Clys = Xy — X, £ 1.96,/SEz, + SEg,. Comparisons were considered significant when

confidence intervals did not overlap with o.

The impact of competitors on phage growth was tested using linear mixed-effect models as
previously described. We included phage DNA concentration of the focal phage as the
response variable, and phage competitor, temperature, and their interaction as fixed

explanatory variables.

Phage competitiveness across temperatures was determined by comparing phage resistance
to competitors and phage suppression of competitors. For resistance to competitors, the ratio
of phage densities (DNA concentrations) at hour 5 in the presence and absence of each
competitor was calculated. An average of ratios for all competitors was used to determine the
average impact of competitors on phage growth. For suppression of competitors, the ratio of
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competitor densities (DNA concentrations) at hour 5 in the presence and absence of each
phage was calculated. An average of ratios was determined to give the relative competitor
growth compared to a single-phage control. The average of ratios was taken away from 1 to

determine the average impact of focal phage on competitor growth.

R script and data files used to generate figures and carry out statistical tests are publicly

available at: https://github.com/SamuelGreenrod/Warming_parasite_paper

2.4 Results

2.4.1 Temperature shapes infectivity across phages

We initially investigated the impact of temperature on bacteria-phage interactions by
measuring bacterial population growth in the presence of three different phages at 37°C, 40°C,
and 42°C (Figure 1A). At the end of the experiment, the presence of phage had significantly
reduced bacterial densities relative to the no-phage control at 37°C and 40°C (ANOVA - 37°C:
Fo1; = 115.4, p < 0.001; 40°C: F21; = 41.7, p < 0.001). All phages had a significant effect on
bacterial growth (post-hoc contrasts, p < 0.05). While phage presence also significantly
reduced bacterial densities at 42°C (ANOVA - F.;; = 578.7, p < 0.001), this trend was
significantly driven by ¢LUZ19 (post-hoc - p < 0.001). Neither ¢14-1 nor @PEV2 had a

significant impact on bacterial growth at 42°C (post-hoc - ¢14-1: p = 0.33; PEV2: p = 0.15).

An important assumption of this assay is that optical density (OD) is correlated with bacterial
cell density. To test this assumption, we directly measured viable cell density by counting
bacterial colony-forming units (CFUs) in a sub-set of our treatments. There was a significant
relationship between OD and CFU (ANOVA: F = 121; d.f = 1, 96; p < 0.001) (Figure S1).
Accordingly, the results of CFU counts recapitulated the two key features of our OD data
(Figure S2). First, bacterial CFUs decreased over time at 37°C and 40°C for all phages. Second,
bacterial densities decreased at 42°C with @LUZ19, but not @PEV2 or ¢14-1. Notably, the
relationship between OD and CFU was less clear at OD < 0.05 indicating bacterial densities
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reached a lower detection OD threshold (Figure S1). Therefore, measurement of CFU counts

may provide greater resolution than OD as bacterial densities start to collapse.

To better understand the decrease in phage lytic activity with temperature, we also measured
phage densities using both plaque-forming units (PFUs) to quantify infectious phage particles
and qPCR to quantify phage DNA concentrations. All phage particle densities increased over
time at 37°C and 40°C (Figure 1B). While @PEV2 and ¢LUZ19 densities started to plateau
after T2, p14-1 densities plateaued at T3 (Figure 1B-C). At 42°C, 9 LUZ19 densities increased
significantly (F.,5 = 129.1, p < 0.05) but @PEV2 densities decreased (F.,5 = 270.4, p < 0.05)
possibly due to @PEV2 particles attaching to the bacterial surface but not replicating. ¢p14-1
densities did not change significantly (F. 5 = 1.41, p = 0.36). However, (14-1 densities were not
static, initially decreasing and then increasing indicative of attachment followed by
replication. These results were supported by measures of phage DNA concentrations (Figure
1C) which showed significant increases for all phage at 37°C and 40°C (37°C - @PEV2: F, ;=
1219; @LUZ19: F, 5= 2257; ¢p14-1: Fo 5 = 299.8; 40°C - PEV2: F, 5 = 1260; LUZ19: F, 5 = 1355;
@14-1: Fo5 = 1936; p < 0.001 for all phage). At 42°C, significant increases in DNA
concentrations were observed with LUZ19 (F.5= 391.4, p < 0.001) and @14-1 (Fo5= 44.2, p

= 0.001), but not with ¢PEV2 (F.;= 0.078, p = 0.79).

Phage replication rates are intrinsically linked to bacterial growth rates (81) which typically
vary with temperature (18). We assessed the potential impact of bacterial growth rates on
phage activity by measuring bacterial growth in the absence of phage using both optical
densities and CFUs. There was no significant impact of temperature on bacterial densities
(Fs,79 = 2.73, p = 0.0713), or interaction between temperature and time point (F5,o = 253.7, p
= 0.465), in the no-phage control measured with optical density (Figure S3A). Further, no
significant differences were observed between temperatures at the end of the experiment
based on CFU counts (F.:; = 0.43, p = 0.52) (Figure S3B), despite bacteria being in mid-log
phase. Temperature appears to have had a minimal impact on bacterial growth rates within

the 5-hour period. However, a lack of temperature effects may reflect restricted overall
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bacterial growth in our experimental system; bacteria spent the start of the 5-hour period in

lag-phase and only underwent a total of 3.26 (37°C), 3.07 (40°C), and 2.84 (42°C) doublings.
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Figure 1. High temperatures can restrict phage infectivity. A) Bacterial growth
curves over 5h in the presence of phage at 37°C, 40°C, and 42°C. Growth curves are split by
temperature and coloured by phage treatment. Results shown represent six biological

replicates. B & C) Phage growth curves over 5h at 37°C, 40°C, and 42°C measured using
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plaque-forming units (B) or phage DNA concentrations (C). For (C), Y-axis shows the fold
change in phage DNA determined based on the change in phage DNA concentration relative
to To. Plots are split by phage and coloured by temperature. For (A) and (C), populations were
destructively sampled at one-hour intervals. Results shown represent six biological replicates.
For (B), populations were destructively sampled at hours 0, 2, and 5. Results shown represent

three biological replicates. Error bars show standard error of the mean.

2.4.2 Temperature alters phage infectivity via life-history traits

Phage population growth is dependent on different parasite life-history traits including
stability (free-phage decay rates), host attachment (adsorption to bacterial cells), and
virulence (impact on bacterial densities). We investigated whether disruption of these traits

may explain reduced phage infectivity at high temperatures (Figure 2A).

Phage stability outside of cells can be temperature-sensitive (82). Using Poisson generalised
linear models, we observed a significant interaction between temperature and time on phage
stability for all phage (Poisson GLM. @PEV2: LR ¥2 = 30359, p < 0.001; ¢LUZ19: LR ¥2 =
17172, p < 0.001; @14-1: LR x2 = 5986.5, p < 0.001) (Figure S4). @14-1 stability was found to
decrease significantly from 37°C to 40°C but no change was observed from 40°C to 42°C (post-
hoc — 37-40°C: p < 0.0001; 40-42°C: p = 0.50). While @PEV2 stability also decreased
significantly with temperature (post-hoc - p < 0.0001), @LUZ19 stability significantly
increased (post-hoc — p < 0.0001). All phages were predicted to require a minimum of 18
hours before phage densities reduced by 50% at any temperature (Table S3). Stability thus

likely played a minimal role in temperature effects on phage infectivity.

Similarly, the interaction between temperature and time on host attachment varied across
phages. A temperature by time interaction was observed for ¢PEV2 and @LUZ19 attachment,
but not for @14-1 (Poisson GLM. PEV2: LR x2 = 19489, p < 0.001; @LUZ19: LR ¥2 = 116.5, p

< 0.001; ANOVA. @p14-1: Fo 5= 0.029, p = 0.97) (Figure S5). pLUZ19 attachment was found to
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increase significantly with temperature (post-hoc - p < 0.0001). However, ¢ PEV2 attachment
significantly decreased (post-hoc — p < 0.0001) with no attachment observed at 42°C.
Following attachment, phage reproduction is dependent on the ability to replicate and lyse
bacterial host cells. The impact of temperature on phage virulence and population growth was
determined by calculating the mean number of bacterial doublings in the presence of phage
(CFU/ml) or phage doublings (PFU/ml), respectively, between the beginning and end of the
experiment (Figure S2 & 1B; Table S3). Statistical significance between temperatures (p <
0.05) was determined by measuring the overlap in 95% confidence intervals of the difference

between bacterial or phage doublings for each temperature.

The virulence of all phage varied significantly with temperature (p < 0.05), decreasing with
warming for @PEV2 and @14-1 (p < 0.05) and increasing with warming for ¢LUZ19 (p < 0.05).
In line with this, population growth of @PEV2 and ¢14-1 also decreased significantly with
warming (p < 0.05) although differences were greater between 40°C and 42°C than between
37°C and 40°C. The relationship between virulence and population growth was less clear with
¢LUZ19; while ¢LUZ19 population growth significantly decreased with warming (p < 0.05),

virulence significantly increased.

Variation in phage virulence and population growth across temperatures may be masked as
phages reached maximum densities with all available hosts lysed. Virulence and population
growth were re-analysed within the first two hours (Figure 2B). The virulence and population
growth of all phages significantly varied between temperatures (p < 0.05). However, the
magnitude of virulence changes were greater for @PEV2 than for other phages, particularly

between 37°C and 40°C.
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Figure 2. Temperature drives variation in phage life-history traits. A) Radar charts
showing relative change in phage life-history traits and population growth at 37°C, 40°C, and
42°C. Stability and host attachment reflect average time for 50% of phage particles to decay or
adsorb to bacterial cells, respectively. Virulence and population growth reflect the number of
bacterial doublings (in presence of phage) or phage doublings, respectively during the five-
hour experiment. Data points show relative values across temperatures by dividing values at
each temperature by 1.2 x highest value. All life-history trait values including 95% confidence
interval ranges and standard errors are shown in Table S3. B) Scatter plot shows relationship
between phage virulence and population growth measured within the first two hours. Data
points are shaped by phage and coloured by temperature. Error bars (inside data points) show
standard errors of the log.(T2/To) ratios. Grey dotted line shows starting bacterial density
where > 0 reflects an increase in bacterial densities and < 0 reflects a decrease in bacterial

densities (due to phage lysis).

2.4.3 Competition is temperature-dependent in phage communities

Parasites often exist in communities where they compete to acquire host resources (29,83). To
determine whether temperature variation affects competition between phages, we measured
the impact of competitors on phage population growth in pairwise and 3-phage combinations

across temperatures.

At 37°C, the presence of competitors significantly reduced phage population growth by hour 5
for all phages (ANOVA. @PEV2: F.,; = 9.16, p < 0.001; 9LUZ19: F.,; = 18.1, p < 0.001; p14-1:
F..;,=23.8, p < 0.001) (Figure 3A). Competition was less clear at hour 2 compared to the hour
5 endpoint with no significant impact of competitors on population growth observed for
¢oPEV2 or LUZ19 (ANOVA. ¢PEV2: F,,, = 0.88, p = 0.47; oLUZ19: F,,, = 1.11, p = 0.37)
(Figure S6). Competitors were found to have a significant impact on ¢p14-1 population growth
after 2h (F..;= 8.16, p = 0.001), although post-hoc contrasts showed this was only with the 3-
phage combination (p < 0.05).

76



Phages varied in competitiveness at 37°C (Figure 3A). ¢PEV2 was the most resistant to
competitors with only @LUZ19 significantly reducing ¢PEV2 population growth (post-hoc
contrasts, p < 0.01). @PEV2 also had a significantly greater impact on competitor growth than
¢LUZ19 or ¢14-1 (post-hoc contrasts, PEV2 vs. pLUZ19: p < 0.001; PEV2vs ¢p14-1: p < 0.01).
Competition with @LUZ19 and ¢@14-1 was weaker and more varied. While 14-1 population
growth was unaffected by the presence of ¢@LUZ19 (post-hoc contrasts, p = 0.15), ¢p14-1
significantly reduced @LUZ19 population growth. ¢pLUZ19 was significantly more restrictive

than @14-1 against PEV2 growth (post-hoc contrasts, p < 0.05).

Phage competition was found to be temperature-dependent, with significant interactions
detected between competitor and temperature for all phages (ANOVA. oPEV2: F.,, = 4.28, p
= 0.001; LUZ19: F, 4 = 4.15, p = 0.001; @14-1: F» 4, = 16.5, p < 0.001) (Figure 3A). Between
37°C and 40°C, 14-1 restriction of PEV2 growth increased significantly (post-hoc contrasts,
p < 0.05) and PEV2 and 3-phage restriction of ¢14-1 both significantly decreased (post-hoc
contrasts, PEV2: p < 0.001; 3-phage: p < 0.001). In contrast, there was no change in ¢ LUZ19
restriction of @PEV2 (post-hoc contrasts, p = 1.0) or ¢14-1 (post-hoc contrasts, p = 0.93)
between 37°C and 40°C. No significant difference in phage growth, with or without
competitors, was detected at 42°C (Figure S7; post-hoc contrasts, p > 0.05) indicating

competition was removed.

The change in phage competitiveness across temperatures was analysed further by comparing
phage growth in the presence of competitors (Resistance to competitors) with the reduction
in competitor growth caused by each phage (Suppression of competitors) (see methods for
more detailed description) (Figure 3B). This showed that between 37°C and 40°C, ¢PEV2
became less competitive and (p14-1 became more competitive. As LUZ19 competitiveness was
unchanged, the competitiveness of all phages appeared to converge. Phage competition was
removed between 40°C and 42°C with all phages growing equally with and without

competitors.
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Figure 3. Phage competition is temperature-dependent. A) Fold change in phage
DNA concentration in the presence and absence of competitors between To and T5. Data is
divided into 37°C and 40°C treatments. Asterisks show significant differences between
competitor and no-competitor treatments based on a mixed effect model, with phage DNA
concentration as the response variable and competitor as the explanatory variable. Significant
differences within temperatures are shown with a black asterisk whereas differences between
temperatures are shown with a red asterisk. * = p < 0.05, ** = p < 0.005, *** = p < 0.0001).
Boxes and points are coloured by temperature. Results shown represent six biological
replicates. B) Change in phage competitiveness across temperatures (see materials and
methods for more information). Y-axis shows the resistance of focal phage to competitors
(average focal phage DNA in the presence of competitors relative to no-competitor control).
X-axis shows suppression of competitors by focal phage (average competitor DNA in the
presence of focal phage relative to no-competitor control). Black arrows show change in phage
competitiveness with warming. Phage are distinguished by point shape with temperatures by

point colour.

2.5 Discussion

The effects of temperature on host-parasite interactions depend on mismatches in host and
parasite thermal responses (7,84,85). Using a bacteria-phage system, we show that thermal
response mismatches are not only present between parasites and their hosts, but also between
different parasites. This finding supports previous studies which identified thermal
performance variation in malaria parasites and their mosquito vectors (27,86,87), midges
(88,89), and honeybee parasites (90). However, our study made several additional
contributions. Firstly, we found that the temperature range between phage thermal optima
and phage inactivation can be as small as 2°C. Secondly, we found that phage upper thermal
limits may sit within feasible human fever/animal resting temperatures. These findings

indicate that even small increases in body temperature may have significant effects on the
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functioning of animal gut viromes. Further, they suggest that body temperature variation may
limit the functional diversity, and ultimately efficacy, of phage therapy treatments. The notion
that thermal regulation is used by eukaryotes to restrict the growth of parasites is not a new
one (91). However, our results highlight that temperature change can affect hyperparasites, as

well as parasites, possibly to the detriment of their eukaryotic hosts.

The effects of temperature on parasite performance are typically attributed to changes in
parasite life-history traits (9,12,15). We found that temperature change affected different life-
history traits in different parasites (also found in (91)). For one phage, high temperatures
reduced attachment to the bacterial cell thereby restricting the phage’s ability to infect host
cells. In P. aeruginosa, variable phage attachment has been attributed to the production of
bacterial surface exopolysaccharides (EPS) which block phage adsorption (92,93). However,
while P. aeruginosa EPS production generally increases with temperature from 25°C to 37°C,
it decreases between 37°C and 42°C (94) and so cannot explain the decrease in adsorption
with warming. Disruption of host attachment by temperature has previously been reported in
other bacteria-phage pairs (15,91) and in more complex host-parasite systems (95,96). Host
attachment therefore appears to be particularly sensitive to temperature change, perhaps due
to its dependence on the parasite’s binding ability (97) and host’s attachment susceptibility
(8,96,98). In a different phage, high temperatures restricted phage population growth while
having no impact on phage attachment ability. Phage replication inside host cells, like other
viruses (99), depends on multiple reproductive stages possibly disrupted by high
temperatures. For example, temperature change may affect phage ability to replicate their
DNA (100,101), form phage particles, or lyse the bacterial cell (57). Further work is needed to
characterise the mechanisms underlying temperature disruption on life-history traits and
would improve our understanding of both parasite thermal ecology and the evolutionary

hurdles parasites must overcome to adapt to temperature variation.

Similar to other parasite systems (102—-104), phages typically exist in communities and

compete to infect hosts. Phages are also increasingly deployed in multi-phage cocktails for the
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therapeutic treatment of bacterial infections (43,105). We show that while phages compete in
combinations, they vary in their competitiveness; some phages were more restrictive of and
resistant to competitors than others. Parasite competitive success during epidemics has
previously been linked to virulence as highly virulent parasites can rapidly transmit and
deplete host resources thereby reducing the availability of hosts for other parasite competitors
(33—35). We found that the most competitive phage, pPEV2, was also the most virulent and
caused the earliest collapse in host population densities. The least competitive phage, ¢14-1,
was the least virulent. Phage virulence depends on two correlated life-history traits: latent
period (time between infection and burst) and burst size (number of viral progeny).
Specifically, at high bacterial densities, phage virulence and competitiveness both increase
when latent periods are shorter despite a reduced burst size (106). Supporting this, PEV2 is
known to have the shortest latent period (~18 mins) out of the phages tested (67) while PB1-
like phages, such as @14-1, have longer latent periods (~50 mins) (66). Notably, the
relationship between virulence and competitiveness depends on host availability; at low
bacterial densities selection favours longer latent periods with larger bursts (106). Our results
highlight that viromes and phage cocktails may be less functionally diverse than previously
thought as relative phage densities are skewed towards the most competitive phage

genotypes/species (62).

Phage virulence varied with temperature. Therefore, we hypothesised that a change in
temperature may also result in a change in phage competition outcomes. We found that
temperature-mediated reductions in phage virulence corresponded with reductions in phage
competitiveness. Temperature has previously been shown to affect competition outcomes in
parasites of mosquitoes (10) and fruit flies (11). However, in these studies competition was
tested in the absence of hosts and so changes were attributed to non-host related parasite traits
such as larval survivorship and development times (10). Our results highlight that temperature
can also affect competition for access to hosts and therefore may drive parasite community
dynamics during epidemics. Surprisingly, temperature primarily affected interactions

between two phages (pPEV2 and @14-1). This could be explained by the co-occurrence of

81



competition for host resources and phage-phage synergy in specific phage pairs (reviewed in
(107)). However, variation between phages could reflect parasite-specific temperature effects
given both @PEV2 and ¢14-1 are thought to target LPS-associated bacterial surface receptors
(59,67). Alternatively, a reduction in @PEV2 virulence may have a greater impact on
competition with low virulence competitors whose growth rate depends on the increase in host

availability.

In conclusion, our study demonstrates that variation in temperature, particularly within a
human fever range, can have a significant impact on phage population and community
dynamics. Specifically, rising temperatures may alter the composition and functioning of
phage communities and restrict the efficacy of phages to treat bacterial infections. Our
findings also highlight the complex effects of temperature within tri-partite host-parasite-
hyperparasite systems. Fevers often push both mammalian hosts and their parasites above
their thermal optima, with parasites incurring greater costs. However, high temperatures may
also restrict the growth of hyperparasites which target higher-level parasites thereby reducing

their benefit to the mammalian host.
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2.7 Supplementary figures
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Figure S1. Optical density is correlated with colony-forming units. Regression
analysis of optical density of bacterial samples and colony-forming units (CFU)/ml (square-
rooted to meet model assumptions). Model line is plotted in red with shaded area showing
model standard errors. Model parameters including F-statistic, degrees of freedom, adjusted

R-squared, and p-value are shown in the top left.
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Figure S2. Temperature has a phage-specific impact on phage lytic activity. Change in bacterial densities over 5h shown in the

presence of phage at 37°C, 40°C, and 42°C measured using colony-forming units. Plots are split by phage treatment and coloured by temperature.

Results shown represent three biological replicates. For all graphs, error bars show standard error.

91



0.2 A wﬂg_f_ B
B E |
w
: | & =Lt
0o £, Temperature (C)
2" )
% 2 1e+08 R
o i o 40
5 = C g P
8011 a8 - %
o Q
- = B e

- 1e+07

T 1 2 3 4 5 0 5
Time (hours) Time point

Figure S3. Bacterial growth in absence of phage is similar between temperatures.
A) Bacterial growth in the absence of phage across 5h at 37°C, 40°C, and 42°C measured using
optical densities. Results shown represent six biological replicates. Error bars show standard
error. B) Bacterial densities (CFU/ml) at start and end-point of the experiment in the absence

of phage at 37°C, 40°C, and 42°C. Results shown represent six biological replicates.
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Figure S4. Phage survivorship varies with temperature. Change in free-phage density (PFU/ml) over time in the absence of bacterial

hosts at 37°C, 40°C, and 42°C. Plots are split by phage and coloured and shaped by temperature. Lines show predicted values from generalised

linear models where PFU/ml is response variable and time, temperature, and an interaction term between time and temperature are explanatory

variables. 95% confidence intervals are shown as shaded region around model lines. Results shown represent three biological replicates.

93



80000 4 (pPEV2
E 60000
S
a
© Aco A a4
g A A +—
£ 40000 A A A
%
° A A
o
£
o o o
2 °0 % 5
£ 20000 4 ¢ 880 )
(oo
O -
0 5 10 15 20
Time (mins)

Figure S5. Phage adsorption rates are temperature-dependent. Plots showing the change in unadsorbed phage (PFU/ml) over time at
37°C, 40°C, and 42°C. Plots are split by phage and coloured and shaped by temperature. For PEV2 and ¢@LUZ19, lines show predicted values
from generalised linear models where PFU/ml is response variable and time, temperature, and an interaction term between time and temperature
are explanatory variables. For ¢14-1, linear model of PFU/ml between 0 and 5 minutes is shown due to rapid phage attachment. Linear model

has the same terms as the GLM. 95% confidence intervals are shown as shaded region around model lines. Results shown represent three

biological replicates.
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Figure S6. Phage competition is minimal at early stages of epidemic. Fold change in DNA copies after 2h for each phage at 37°C in the

presence and absence of competitors. Asterisks show significant differences between competitor and no-competitor treatments based on a mixed

effect model, with phage DNA concentration as the response variable and competitor as the explanatory variable (* = p < 0.05, ** = p < 0.005,

¥** = p < 0.0001). Results shown represent six biological replicates.
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2.8 Supplementary tables

Table S1. Phage genome accession numbers

Phage NCBI accession
@PEV2 NC_031063
¢oLUZ19 NC_010326
P14-1 NC_o11703
Table S2. Phage qPCR primer sequences
Phage Primer Sequence
@PEV2 Forward Primer CTAGTAACTACCGCCGACTCTA
@PEV2 Reverse Primer GCCAGTTCCGCTATCTTCTT
oLUZ19 Forward Primer TCGCAAGGCAACCATCAT
oLUZ19 Reverse Primer ACGCGAGGTTCGTGTAAAG
P14-1 Forward Primer AGCGTGATCTTGTCCTTCATC
P14-1 Reverse Primer GCCATCGTAACTCTCACCATAC
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Table S3. Phage life-history traits and population growth across temperature

. . . . Population growth |Population growth
Host attachment Survivorship Virulence (T5) Virulence (T2)
(T5) (T2)
Log. ratio of T5 Log. ratio of T2 Log. ratio of T5 .
. . . . Log- ratio of T2
Temp. Time to 50% Time to 50% decay| and To bacterial | and To bacterial and To phage
Phage . . . . . and To phage
(°C) |adsorption (mins) (hours) densities (CFU) (+-|densities (CFU) (+-|densities (PFU) (+- .
densities (+- SE)
SE) SE) SE)
@PEV2 37 8.7-8.8 30.2-30.4 -6.9 +- 1.0 -5.85 +- 0.39 14.3 +- 0.14 13.2 +- 0.32
40 12.5-12.7 23.2-23.3 -4.1 +- 1.1 -2.48 +- 0.37 13.7 +- 0.10 12.2 +- 0.45
42 Inf (no adsorption) 18.4 2.60 +- 0.36 0.56 +- 0.52 -4.98 +- 0.53 -2.86 +- 0.08
@LUZ19 37 28.9-30.1 19.0-19.1 -7.86 +- 0.51 -0.955 +- 0.42 15.06 +- 0.46 12.3 +- 0.43
40 26.6-27.8 36.5-37.3 -8.06 +- 0.61 -0.30 +- 0.52 15.2 +- 0.47 12.4 +- 0.46
42 29.5-31.4 38.1-39.0 -12.1 +- 0.53 -0.42 +- 0.22 12.8 +- 0.44 11.6 +- 0.52
P14-1 37 2.7 Inf (no decay) -2.45 +- 0.35 0.28 +- 0.24 14.7 +- 0.33 4.86 +- 0.37
40 2.7 217.2-241.8 -3.37 +- 0.51 0.87 +- 0.42 14.2 +- 0.43 5.9 +- 0.48
42 2.7 95.1-99 2.48 +-0.28 0.41 +- 0.18 2.71 +- 0.74 -2.21 +- 0.47
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Evolutionary rescue accelerates competitive

exclusion in a parasite community
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3.1 Abstract

Environmental stress drives biodiversity loss by altering competitive hierarchies and pushing
taxa towards extinction. Parasites and their communities are particularly vulnerable to stress
due to environmental sensitivity of infection steps, variation in species tolerance during co-
infections, and dependence on host fitness. Parasite populations might avoid extinction
through evolutionary rescue — whereby rapid adaptation to stress enables persistence — but
whether this process can preserve community diversity remains unclear. Here, we study the
impact of evolutionary rescue in a simple parasite community by propagating populations of
two viral parasites (bacteriophages ¢14-1 and @LUZ19) of Pseudomonas aeruginosa in
monoculture and co-culture under two thermal conditions, a control temperature (37°C) and
a high temperature that restricts ¢14-1 growth (42°C). We show that evolutionary rescue of
(14-1 prevented extinction in monoculture. Rescue of this phage in co-culture made it a
superior competitor, and it replaced (@LUZ19 as the dominant phage at high temperature. We
determine that evolutionary rescue occurred through mutations in genes linked to attachment
to bacterial hosts and within-host replication. We also show that competitive suppression by
(14-1 constrained (LUZ19 molecular evolution. Our findings suggest that evolutionary rescue
can prevent the extinction of some parasites but may inadvertently destabilise the community
and facilitate further biodiversity loss. This work underscores the need to take an eco-

evolutionary approach to predict the responses of communities to global climate change.
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3.2 Introduction

Environmental stress is a primary driver of biodiversity loss (1,2). On an ecological timescale,
only those species with environmental optima and tolerance ranges best aligned with
prevailing conditions can persist (3—5). As community composition shifts towards fewer
species, the probability of extinction events (6) and ecological tipping points (7) is heightened.
On an evolutionary timescale, however, biodiversity could be maintained via evolutionary
rescue, whereby adaptation to environmental stress facilitates population recovery (7,8).
Evolutionary rescue has been shown to prevent diversity loss in communities and increase the
prevalence of rare taxa whose relative fitness increases following adaptation (9-11).
Alternatively, evolutionary rescue can alter the competitive hierarchy in communities and
drive competitor decline and exclusion (12,13). Whether evolutionary rescue can counteract
the diversity-eroding impacts of environmental stress is unclear. Understanding how
environmental stress affects biodiversity requires consideration of both ecological and

evolutionary dynamics in communities (14).

Parasite communities are expected to be among those most disrupted by climate change, with
consequences for global disease dynamics and ecosystem stability (15). Parasite diversity has
been shown to decrease with thermal stress through widening inter-parasite fitness
differences (16) and increasing host resistance (17). Diversity can also be lost through thermal
alterations to parasite life-history strategies (18) or a reduction in niche differences (19,20).
Microbial parasites offer a powerful model system to study evolutionary rescue in
communities due to their rapid evolution rates and frequent competitive interactions with
other parasites (21,22). Parasites can be highly sensitive to thermal extremes ((23—25), see
Introduction, 1.3) and, in isolation, have been shown to avoid thermal extinction through
evolutionary rescue (16,26). However, the evolutionary responses to thermal stress in
communities are more complex. Inter-parasite competition can constrain evolutionary rescue
by reducing population growth rates and mutational supply (5,18,27,28). Alternatively, rescue

may be promoted with competition and thermal stress selecting on the same parasite life-
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history traits ((29), see Introduction, 1.3). Evolutionary rescue may thus alter parasite
competitiveness and increase the risk of competitor exclusion (13,30,31) in response to

stressful temperatures.

Evolutionary rescue is predicted to increase the absolute fitness of a parasite species during
warming and prevent extinction. While competition in parasite communities could constrain
evolution through limiting mutational supply (28), adaptation could skew the competitive
hierarchy towards the rescued, thereby accelerating competitive exclusion. To test these
predictions, we passaged two lytic viral parasites (thermal generalist LUZ19 and specialist
14-1) through evolutionarily static populations of a bacterial host, Pseudomonas aeruginosa
(Figure 1). These phages are obligate killers; following phage attachment and infection of host
cells, they immediately initiate replication and host cell lysis (death). Phages were evolved
under a control temperature (37°C) or high temperature that restricts the growth of the ¢p14-1
phage (42°C) (see Chapter 2) in monoculture or co-culture. We tested for effects on phage
growth rates and competitiveness by conducting phenotypic assays of phage infectivity in the
absence and presence of a phage competitor. We also used sequencing to measure changes in

the genomic composition of phage populations through time.
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Figure 1. Overview of phage experimental evolution framework. Phages evolved in monoculture or co-culture at 37°C or 42°C for 15
passages. At the end of each passage, phages were isolated from lysates and used to infect fresh, evolutionarily static bacterial hosts (Passages 1-
15). At the end of the selection experiment, phages were concentrated and co-cultures separated through three rounds of confluent lysis plating
on phage-resistant bacteria (Passages 16-18) under the same thermal regime as earlier passages. Phage icons illustrate the two different phages
used in the experiments (p14-1, myovirus in blue; ¢LUZ19, autographivirus in green) (32) and are used hereafter to refer to phages in figures.

Figure was created using BioRender.

103



3.3 Methods and Materials

3.3.1 Strains, storage, and culture conditions

Pseudomonas aeruginosa PAO1 (hereafter referred to as PAO1) was used with two lytic
bacteriophages: @LUZ19 (33,34), and ¢@14-1 (35). These phages have been used to test several
ecological and evolutionary hypotheses at 37°C ((36—39), also see Chapter 2). The phages were
also selected based on their distinct responses to temperature: @LUZ19 has high growth rates
at 37°C and 42°C, while ¢14-1 has restricted growth at 42°C (see Chapter 2). Bacterial stocks

and phage lysates were prepared as in Chapter 2.

3.3.2 Experimental evolution

A schematic of the experimental evolution framework is shown in Figure 1. Each of 15
evolutionary passages were made across three phage treatments (@pLUZ19 and @14-1
monocultures and co-culture) and two temperatures (37°C and 42°C). Each treatment

consisted of six, independent replicate populations started from a single ancestral lysate.

Phage were propagated without shaking with a non-evolving ancestral PAO1 bacterial host.
For the initial passage, ancestral phage lysates were diluted to 108 PFU/ml and 300l were
added to 2.7ml 108 CFU/ml bacterial culture in loose-lid 14ml falcon tubes. Phage co-culture
populations were prepared by combining 150ul each of pLUZ19 and ¢14-1 108 PFU/ml stocks
prior to mixing with bacteria. Phages were added at a 1:1 ratio to mimic a phage community
that is already stable and at the maximum level of biodiversity possible with a two species
system. The initial passage phage densities were ~107 PFU/ml resulting in a phage/bacteria
ratio (multiplicity of infection, MOI) = ~0.1. Bacterial culture densities were standardised
using optical density (OD595) based on a CFU:0OD standard curve (Figure S1). Following
addition of bacterial cultures, tubes were incubated statically at 37°C or 42°C in circulating

water baths for 8h.
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After each passage, phage lysates were centrifuged at 3,095xg for 5 mins to pellet remaining
bacterial cells. Phage lysates were then sterile-filtered using 0.2um syringe filters into 2ml
cryotubes and stored at 4°C. At the beginning of each passage, 2.7ml of fresh ancestral PAO1

was seeded with 3oopl of the preceding passage’s filtered phage lysate.

3.3.3 Phage quantification

Phage titres were determined via the double-layer overlay method (40) following the same
protocol as in Chapter 2. Briefly, bacterial lawns were prepared by mixing 10mL of melted top
agar with 3o0uL of a P. aeruginosa PAO1 overnight culture. Phage stocks were serially
diluted, and 10uL was spotted onto bacterial lawns. After incubating plates for 6—8 h at 37°C,
spots with the highest number of discernible plaques were counted. Top-agar bacterial lawns
were seeded with @LUZ19-resistant and ¢p14-1-resistant PAO1 strains to quantify ¢14-1 and
¢LUZ19 populations, respectively. Phage resistant PAO1 strains were generated by spotting
high titre phage stocks (~ 10° PFU/ml) onto wild-type PAO1 top-agar lawns. Plates were then
incubated for ~48h or until colonies started to grow on top of phage clearance zones. Five
colonies were picked for each phage and were re-streaked twice before being used to seed 10ml
Luria-Bertani (LB) (Lennox) and grown statically at 37°C in 50ml falcon tubes. The absence
of phage in resistant cultures was determined through sterile-filtration of the bacterial

supernatant and spotting onto ancestral PAO1 bacterial lawns.

Phage resistance was confirmed through the absence of plaques when spotting high titre phage
stocks onto lawns seeded with each resistant line. One resistant line was selected for each
phage by spotting phage stocks of known concentration (based on wild-type PAO1 estimates)
and selecting the line that had the closest plaque count, turbidity, and size. Phage-resistant
PAO1 mutants underwent whole-genome hybrid (long- and short-read) sequencing and
variant calling (see Phage population genomics, 3.3.6). While both PAO1 mutants had multiple
mutations compared to wild-type (Table S1), we identified mutations that were previously

linked to phage resistance. pLUZ19-resistant PAO1 had a mutation in a GspL type-II secretion
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system protein (BlastP: 99.5% similarity and 100% query cover); Gsp gene mutations have
previously shown to provide resistance to type-IV pilus dependent phages (41). ¢p14-1-resistant
PAO1 had a mutation in a glycosyltransferase (BlastP: 100% similarity and query cover);
glycosyltransferase mutations have been shown to provide resistance to LPS-dependent
phages (42). To maintain comparability, both monoculture and co-culture populations were

quantified using resistant PAO1 strains.

Changes in phage counts during the evolution experiment could reflect evolutionary changes
in efficiency of plaque formation rather than changes in phage densities. The efficiencies of
plaque formation of the passage 15 evolved and ancestral phage populations were found to be
similar when tested on the ancestral and resistant PAO1 strains separately (Figure S2). This

outcome confirmed that phage counts reflected changing phage densities.

3.3.4 Phage separation and concentration

Evolved phage populations needed to be concentrated and purified to separate co-cultures and
create high titre stocks for phage population sequencing (Figure 1). High titre, pure phage
stocks were made using a selective confluent lysis double-layer overlay method. Briefly,
bacteria-phage lawns were prepared by mixing 18opul of either @LUZ19-resistant or ¢14-1-
resistant PAO1 overnight cultures (approximately 3 x 108 CFU/ml) with 3opl of phage lysate
diluted to 108 PFU/ml. Initial bacterial culture densities were ~108 CFU/ml and phage
densities were ~10° PFU/ml phage, MOI = ~0.01. Bacteria-phage mixtures were left at room
temperature for ~10 mins to allow phage adsorption after which 5ml of molten top agar
(~40°C) was added and agar was poured onto pre-filled LB-agar plates. Plates were incubated
for ~20h at temperatures appropriate for each evolved population: 37°C for 37°C evolved
phage populations, 42°C for 42°C evolved populations. After incubation, top-agar was scraped
off plates into 15ml falcon tubes containing 5ml phage buffer (NaCl (100 mM), MgSO, (10
mM), CaCl. (5 mM), Tris-HCI (pH 8) (50 mM), Gelatin (0.01%)). Tubes were incubated at 4°C

on a rotating carousel shaker at 10orpm for 24h to extract phage from top agar. Phages were
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separated from bacteria and agar by centrifuging tubes at 6,000xg for 10 mins followed by
sterile-filtering. The purification/concentration process was repeated three times to remove
non-focal phages and purity was assessed based on the absence of competitor plaques
following high-titre spotting. To ensure comparability, monoculture populations underwent

the same purification and concentration process as co-culture populations.

3.3.5 Phage phenotypic assays
3.3.5.1 Growth rates

The thermal phenotypes of purified evolved phage populations relative to the ancestor were
assessed by measuring phage and bacterial growth across an 8h window under static
incubation at 37°C and 42°C. Phage stocks were diluted to 105 PFU/ml and 300uL was used
to inoculate 2.7ml of 108 CFU/ml wild-type PAO1, with a resulting MOI = ~0.0001. This low
MOI was chosen to extend phage growth curves to capture differences in phage growth rates
as, at higher phage densities, both phages tend to reach carrying capacity within 2-3h (see
Chapter 2). For ¢LUZ19, samples were taken for phage quantification at 2h, 4h, and 8h. For
(p14-1, samples were taken at 4h and 8h as preliminary assays indicated that phage growth was
minimal at the 2h timepoint. Phage quantification was performed by adding 200ul samples to
96-well filter plates (Agilent) followed by centrifugation at 2,230xg for 5 mins before spotting
onto ¢14-1 or LUZ19 resistant PAO1 double-layer overlay plates. Each fitness assay included
a single replicate of each evolved phage line and three replicates of the phage ancestor. Growth
rate assays were repeated three times across a two-week period to produce three technical

replicates.
3.3.5.2 Competitive ability

We assessed the competitiveness of evolved @14-1 37°C and 42°C co-culture populations
across time. Competitive ability was determined by growing phages under the same conditions

as the fitness assay (37°C and 42°C) either alone or in the presence of an ancestral pLUZ19
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competitor. For the monoculture treatment, 3oopul of phage lysate was added to 2.7ml 108
CFU/ml wild-type PAO1 stock. For the co-culture treatment, 150l of evolved phage stock and
150ul of ancestral phage competitor was added. A 1:1 phage ratio was used to replicate the
experimental evolution selective environment. The competition assay was conducted with two

phage starting densities, 105 PFU/ml (MOI = ~0.0001) and 5 x 108 PFU/ml (MOI = ~5).

Phages were grown for 8h after which samples were taken for phage quantification as
previously described. Evolved ¢14-1 competitiveness was determined by calculating ancestral
¢LUZ19 competitor growth in co-culture with evolved and ancestral ¢p14-1 populations against
phage growth in monoculture (43). Competition assays were repeated three times across a

four-week period to produce three technical replicates.

3.3.6 Phage population genomics
3.3.6.1 DNA extraction and sequencing

Phage DNA was extracted using a customised protocol. We used 500ul aliquots of post-
purification evolved and ancestral phage lysates (~10° PFU/ml). Firstly, we added DNase (5ul
of 1000U/ml, 5U) to remove bacterial DNA and RNase (2ul of 100mg/ml, 0.2mg) to remove
RNA. Lysates were then incubated at 37°C in a heat block for 1h and inverted every 15 mins.
After incubation, 67.5ul lysis (AL) buffer and 4pul proteinase K was added to each tube before
incubating at 56°C for 15 mins. After 15 mins, tubes were then incubated at 95°C for 10 minutes
to denature the proteinase K. After denaturing, the tubes were placed on ice and 150ul of
precipitation (N4) buffer was added. Tubes were immediately centrifuged at 13,000xg for 10
mins to pellet cell debris and the supernatant was transferred to a clean 2ml Eppendorf. Cold
100% isopropanol (1.5x tube volume, ~1.1ml) was then added and the tubes were placed in an
orbital rotator set to 10rpm for 5 mins to precipitate DNA. The tubes were centrifuged at
13,000xg for 20 mins to pellet DNA after which the supernatant was discarded. The DNA
pellet was then washed with 1ml 70% ethanol and mixed for a further 5 mins on the orbital

rotator before being centrifuged again at 13,000xg for 20 mins. This wash step was repeated
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twice and after the second centrifugation step the supernatant was discarded and the pellet
dried in a heat block set to 37°C to evaporate any remaining ethanol. Finally, 3oul of nuclease-

free water was added to re-suspend the pellet.

DNA purity and contamination were measured using NanoDrop 2000c¢ (Thermo Scientific).
The presence of phage DNA was confirmed using gel electrophoresis using a 100kb ladder and
a phage lambda DNA control with bands observed at the expected phage genome size. DNA
was quantified using Qubit 4 (Thermofisher). Samples were diluted to DNA concentration of
song/ul and sent for Illumina short-read sequencing with AZENTA/GENEWIZ using their
Microbe-EZ pipeline. One extraction from each evolved population was sent for sequencing in
addition to three extractions of each phage ancestor. For ancestral and phage-resistant PAO1
bacterial genome sequencing, bacterial samples were sent to MicrobesNG for DNA extraction

and hybrid (long- and short-read) sequencing.
3.3.6.2 Sequence analysis

Phage sequence reads were pre-processed through read trimming using Trim Galore (v.0.5.0)
(https://github.com/FelixKrueger/TrimGalore) with a fastqc step and 33 phred-score read
cut off. Due to high and uneven read depth, reads were downsampled using bbnorm from the
bbmap package (v.39.18) (https://sourceforge.net/projects/bbmap/) to a target read depth of
1500x and a minimum depth of 1000x. Ancestral phage genomes were assembled using shovill
(v1.1.0) (https://github.com/tseemann/shovill) with default parameters and downsampled
phage reads were mapped to the assemblies using Bowtie2 (v.2.3.4.2) (44) with default
parameters. Read depth was checked for evenness using SAMtools (v.0.1.2) (45) view, sort,
and depth functions. Ancestral phage assemblies were annotated using prokka (v.1.14.5) (46),
guided by the NCBI GenBank file for each phage (¢p14-1: NC_011703; LUZ19: NC_010326).
Genetic variants in phage populations were detected using breseq (v.0.36.1) (47) under default

parameters, using the annotated ancestral genomes as a reference.

Wild-type PAO1 reads were processed using an in-house pipeline. We first quality-controlled

the long-reads using Filtlong (v. 0.2.1) (https://github.com/rrwick/Filtlong) with parameters

109



--min_length 1000 --keep_percent 95. We then used Autocycler (v. 0.4.0) (48) to recover a
consensus genome assembly, calling the assemblers Canu (v. 2.3) (49), Flye (v. 2.95), Miniasm
(v. 0.3) (50), plassembler (v. 1.7.0) (51) and Raven (v. 1.8.3) (52). Next, we quality-controlled
the short-reads using fastp (v. 0.24.2) (53), indexed the assembly with BWA (v. 0.7.19) (54),
and polished with Polypolish (v. 0.6.0) (55). Lastly, we re-oriented the assembly with Dnaapler
(v. 1.2.0) (56). The workflow was deployed using a Dockerised Nextflow pipeline (v. 1.0.2)
available at https://doi.org/10.5281/zenodo.15706447. The wild-type PAO1 assembly was
annotated using prokka (v.1.14.5) (46). @LUZ19 and @14-1-resistant PAO1 mutations were
detected by mapping long reads to the wild-type assembly with minimap2 (v.2.24) (57) and
variant calling with medaka (v.2.1) (https://github.com/nanoporetech/medaka). SNPs were

filtered so only those with quality scores >= 10 were kept.

3.3.7 Statistics and data visualisation

All statistical analyses and data visualisation were conducted using packages in R (v.4.3.2) and
RStudio (58,59). Data wrangling was performed using “Tidyverse” (v.2.0.0) R packages (60).
Phage growth and evolution rates were compared between evolution treatments using linear
mixed effect models with the “Ime4” (v.1.1-36) R package (61) where the response variable was
phage density (pfu/ml) or genetic distance from ancestor, the explanatory variable was an
interaction term between evolution treatment and temperature, and batch was a random
effect. Genetic divergence between evolved populations was calculated using Principle
Coordinate Analysis (PCoA) ANOSIM with 10,000 permutations using the “ape” (v.5.8) R
package (62). Congruence between Euclidean genetic and phenotypic distance neighbour-
joining trees was calculated using Procrustes Approach to Cophylogenetic Analysis (PACo)
(v.0.4.2) R package with 10,000 permutations (63). Data and code used in analyses can be
found at https://github.com/SamuelGreenrod/Phage_thermal_adaptation. Phage sequence

reads are accessible on NCBI (https://www.ncbi.nlm.nih.gov/) under BioProject ID:
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PRJNA1332698. Bacterial sequence reads are available on NCBI under BioProject ID:

PRJNA1332799.

3.4 Results

3.4.1 Evolutionary rescue prevents phage extinctions in monoculture

While the ancestral pLUZ19 grows equally at 37°C and 42°C, ancestral ¢p14-1 populations show
no signs of growth at 42°C at a starting density of 104 PFU/ml (Figure 2A). Passaging at this
density would have thus resulted in dilution to extinction. We hypothesised that the thermally
sensitive phage ¢14-1 would avoid extinction by rapidly adapting to tolerate thermal stress.
While @14-1 growth was initially restricted at 42°C, it rapidly reached and maintained high
densities (>109 PFU/ml) across temperatures (Figure 2B). High densities were also reached

by the thermal generalist pLLUZ19. Across both phages, no replicate populations went extinct.

We measured bacterial growth using optical densities at 37°C and 42°C (Figure S3) to account
for any host-mediated variation in phage densities. Without phage, P. aeruginosa had
significantly higher growth rates at 42°C compared to 37°C (Fs6. = 78.9, p < 0.001). Based on
a standard curve of optical density to colony forming units (Figure S1), average bacterial
densities at 42°C were found to be approximately double those at 37°C across an 8h passage.
Yet, phage densities at each passage were the same or lower at 42°C than 37°C indicating that

variation in phage densities could not be explained by differences in bacterial growth rates.

To determine whether (p14-1 densities were maintained at 42°C through evolutionary rescue,
we conducted population growth assays for the end-point evolved phage populations at 37°C
and 42°C (Figure 2E). Phage population growth rates depended on an interaction between
evolution treatment (37°C or 42°C) and assay temperature (p14-1: F,, 191 = 199, p < 0.0001;
@LUZ19: Fs .= 100.0, p < 0.0001). ¢14-1 populations evolved at 42°C showed a significant
increase in growth at 42°C compared to ancestor (t(20.9) = -18.1, p < 0.0001). However, 37°C

evolved populations showed no change in growth at 37°C (t(20.9) = 0.64, p = 0.987), likely
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due to phages reaching close to carrying capacity at the point of measurement (Figure S4).
¢@LUZ19 populations also had significantly higher growth rates at their evolved temperatures
compared to the ancestor (37°C: t(20.9) = -7.68, p < 0.0001; 42°C: t(20.9) = -7.04, p <

0.0001).

Higher growth rates under evolved conditions may reflect merely adaptation to the host rather
than temperature-specific fitness changes. We assessed phage growth at allopatric (e.g.,
mismatched) temperatures (Figure 2E). ¢p14-1 evolved populations showed no improvement
in growth at allopatric temperatures (37°C evolved populations: t(20.9) = 2.37, p = 0.212, 42°C
evolved populations: t(20.9) = 1.00, p = 0.912). In addition, LUZ19 populations evolved at
37°C exhibited a significant growth rate decrease at 42°C (t(20.9) = 5.13, p < 0.001). However,
¢LUZ19 populations evolved at 42°C were found to also have significantly higher growth rates
at 37°C than ancestor (t(20.9) = -4.79, p < 0.01) indicative of adaptation to the host as opposed

to the thermal regime in this instance.
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Figure 2. Evolutionary rescue alters the competitive hierarchy. A) Growth curves of
ancestral phages across temperatures at a starting density of 104 PFU/ml. Lines show ancestral
phage growth curves at 37°C (deep blue) and 42°C (deep red). Black dashed line marks the
limit of detection. B) Phage population densities under each evolution treatment across
passages. Lines show phage population densities during the first 15 evolutionary passages of
phages in monoculture (37°C in deep blue, 42°C in deep red) and in co-culture (37°C in light
blue, 42°Cin light red). Solid lines show average values of six biological replicates (each shown
as dashed line). Values show densities at the end of each passage prior to dilution. C) Ratio of
(14-1to @LUZ19 densities in co-culture treatments across passages. Values show phage ratios
at the end of each passage where each dot shows a replicate population. Phage ratio of 1:1 is
shown with black dashed line. D) @14-1 to LUZ19 ratios in co-culture treatments at passage
1 and passage 15. Asterisks show significant differences to a phage ratio of 1:1 (black dashed
line) where *** = p < 0.001. E) Growth rates of end-point evolved phage populations relative
to the ancestral population tested in monoculture at 37°C (light blue strip) and 42°C (light red
strip). ¢14-1 populations were compared after 4h growth and @LUZ19 populations were
compared after 2h growth. Evolved phage growth (box) is shown relative to ancestor (black
dotted line). Shaded grey region shows ancestor standard errors from three biological
replicates, each being an average of three technical replicates. Asterisks above line connectors
show significant differences between evolved populations. Asterisks above boxes show
significant differences from the ancestor. *** = p < 0.001. Co-culture populations were not

compared to the ancestor. Otherwise, no asterisk reflects non-significance.
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3.4.2 Evolutionary rescue alters the competitive hierarchy

While thermal adaptation occurred in monoculture, we hypothesised that adaptation would
be restricted in co-cultures due to evolutionary constraint from inter-phage competition
(5,27). Both @14-1 and @LUZ19 were initially found to have lower population densities in co-
culture than in monoculture (Figure 2B). At 37°C, ¢@14-1 and ¢@LUZ19 had ~10-fold lower
densities in co-culture up to passage 6, after which @LUZ19 densities remained suppressed
and @14-1 densities converged with those of the monoculture populations. While ¢p14-1 was
heavily restricted by @LUZ19 in early passages at 42°C, it reached similar densities to
monoculture populations by passage 4. In contrast, ¢ LUZ19 co-culture densities were initially

high at 42°C but rapidly decreased before stabilising.

We hypothesised that the population decline in @LUZ19 42°C co-culture populations occurred
due to a shift in the competitive equilibrium with ¢14-1 following evolutionary rescue. We
assessed the competition dynamics by tracking the ratio of @p14-1 and ¢LUZ19 densities across
co-culture passages where a ratio > 1 reflects a (p14-1 competitive advantage and vice versa. At
42°C, the ratio of ¢14-1 densities relative to LUZ19 fell in the initial passage but then rapidly
increased before stabilising at passage 5 (Figure 2C). The phage ratio conversely remained
relatively stable across all passages in the control. By analysing phage ratios at passages 1 and
15, we found that, at 42°C, @14-1 had a significant competitive disadvantage at passage 1
(t(19.9) =-27.5, p < 0.001) but a significant advantage by passage 15 (t(19.9) = 11.7, p < 0.001).
(p14-1 competitive advantage showed a small decrease between passage 1 and 15 in the control

(Passage 1: 1(19.9) = 3.9, p < 0.001; Passage 15: £(19.9) = -4.7, p < 0.001).

We further investigated the competitive profile of the rescued phage in time-shifted, direct
competition assays at low and high MOI between evolved ¢14-1 co-culture populations against
a LUZ19 ancestral population (Figure S5). At low MOI, the restriction of pLUZ19 ancestral
growth by @p14-1 was significantly lower in the ¢14-1 37°C co-culture population than the @14-
1 ancestor at 42°C (1(21.6) = -4.4, p < 0.01). At high MOI, @LUZ19 ancestor restriction at 42°C

was significantly greater in the @p14-1 42°C co-culture populations than the @14-1 ancestor
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(t(21.6) = 3.9, p < 0.01), but the magnitude of change was relatively small. The ¢@14-1
competitive advantage in 42°C co-culture populations did not reflect an escalating increase in

competitive fitness across evolutionary time.

By restricting phage growth, we hypothesised that the presence of a competitor would
constrain phage thermal adaptation. We assessed thermal adaptation by comparing phage
thermal phenotypes in monoculture and co-culture evolved populations (Figure 2E). For both
phages, we found that growth rates depended on an interaction between evolution treatment
(monoculture and co-culture) and assay temperature (¢p14-1: F4 3= 132, p < 0.0001; LUZ19:
F430 = 108, p < 0.0001). There was no significant difference in growth rates between
monoculture and co-culture evolved populations at their evolved temperatures (37°C - ¢p14-1:
t(39) = -0.87, p = 0.99; LUZ19: t1(39) = 0.38, p = 1.0; 42°C - @14-1: t(39) = -1.1, p = 0.98;
¢LUZ19: t1(39) = -0.19, p = 1.0). Surprisingly, phages evolved at 37°C in co-culture showed
significantly higher fitness at 42°C than those evolved in monoculture (p14-1: t(39) = -9.19, p

< 0.0001; LUZ19: t(39) = -6.04, p < 0.0001).

3.4.3 Temperature and competition select for mutations in tail proteins

and replication machinery

To further understand the genomic causes of adaptation to temperature and competition, we
conducted phage population sequencing and determined the identity and frequency of genetic
variants (Figure 3). Putative adaptive variants were defined as those with a frequency > 20%
and which occurred in genes which acquired mutations in at least two biological replicates

across all treatments (Table S2 for summary, Appendix for all mutations).

As @LUZ19 growth is restricted by slow host attachment rates (see Chapter 2), we
hypothesised that ¢ LUZ19 mutations would occur in tail proteins responsible for attachment.
The most prominent genetic changes in the LUZ19 evolved populations were a series of high

frequency SNPs in two genes encoding a tail protein and tail fiber protein. While the tail
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protein mutations were only found in monoculture populations, tail fiber protein mutations
were found across all temperature and phage combination treatments suggesting that these
reflect adaptation to the host rather than to inter-specific competition or thermal stress.
¢LUZ19 42°C evolved populations also all contained insertions in an intergenic region
between two hypothetical proteins, suggesting that altered regulation of gene expression may
also contribute to thermal adaptation in (¢LUZ19. Other mutations were exclusively found in
37°C evolved populations and included putative bacterial immune system-associated
nucleotidyltransferase (64), RNA polymerase, and DNA polymerase mutations. These
mutations may contribute to ¢@LUZ19 low temperature adaptation by increasing phage

replication within cells.

We also sequenced the ¢14-1 evolved populations to confirm that the changes to thermal
phenotypes reflect evolutionary rescue rather than a plastic response. ¢14-1 rescue at 42°C
was linked to a series of high frequency SNPs in a gene encoding the phage tail sheath, a phage
component involved in DNA transfer into bacterial cells (65). We also observed parallel
deletions and SNPs in the 42°C monoculture and 37°C co-culture populations in a putative
DNA ligase (BlastP: 97.47% identity, 95% sequence overlap with Pseudomonas phage
PhL_UNISO_PA-DSM_phoo31 DNA ligase protein), a protein that is essential for phage DNA
replication and fitness (66,67). These results imply that competition and high temperature co-

select for altered DNA replication in ¢p14-1.

117



1 $14-1 @ $LUZ19 Frequency

RNA polymerase
. . . ——— - 0000
[Putative DNA Ilgase! |Nuc|eot|dyltrlansferase| 0204 0.6 0.8 1.0
= = P P
,q-; vV v A 4 &L
g P o ©
] N N A4 .
03 -, PN )4
3 &
~ o o O
“ e ’ — 4 Y
. o n L )
2 v—i= v # :\ 4 S &
~= w vV —o—C = @
= t ®- OC——
3 v < f< - CH
&3 i " : o o—@ov-
S - 3 o ©<ov—
: — ——C
= ¥ $ ©r C
= o s - 4
2 = O ,
OE . ©
= e &
S ° 8 @
e » . &
o o o
O A4 u/
'l O O
) A4 &
’0\ 3 L0 VN
= b & \ 4
o2 P P P
o= - > oy
Yo & @
A \ 4 &
2 o O a
S 4 <
& £ o)
v # o ©
, , : . : i ' , l !
Tail sheath protein [DNA polymerase | [Tail fiber proteins |
[DNA pol./Hyp (intergenic)]  [Hyp/Hyp (intergenic)|

I PRIIDDIIDN OO SDIPHCDIRCOMBON DD ICHIICORCODCICOCODDHCMN I

0 20000 40000 60000 0 10000 20000 30000 40000
Genome Position Genome Position

Figure 3. Competition and temperature select for mutations in tail proteins and
replication machinery. Mutation plots show genetic variants associated with thermal
adaptation and competition in phage populations. Lines represent individual biological
replicates. Symbols within plots show variants across the phage genome at >20% prevalence
and which were not observed in the ancestral population. Symbols reflect mutation type where
circle = SNP, box = deletion, inverted triangle = insertion. Length of deletion bars represent
the size of deletion except for the ¢14-1 deletion at ~48kb which is a 1bp deletion but given a
fixed size for visibility. Labels show annotations for genes which contain mutations in at least

three replicate populations in the same evolution treatment, reflecting parallel evolution. All
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putative adaptive variants are presented in Table S2. Putative DNA ligase in ¢p14-1 was
originally annotated a hypothetical protein but has high homology to Pseudomonas phage

PhL_UNISO_PA-DSM_phoo31 DNA ligase protein.

3.4.4 Thermal stress and competition shape phage molecular evolution

Phage populations evolved at high temperatures differed from control populations both in
terms of thermal phenotypes and the mutations they acquired. We hypothesised that 37°C and
42°C evolved populations would also diverge at the whole-genome level due to differing
evolutionary trajectories. PCoA analysis based on phage Euclidean genetic distances showed
that both @14-1 and @LUZ19 had significant genetic divergence between 37°C and 42°C
evolved populations (p14-1: ANOSIM: R = 1.0, p < 0.01; LUZ19: ANOSIM: R = 0.91, p <
0.01) (Figure 4A). We then hypothesised that evolution rates would be highest in the
populations that experienced the greatest change in growth rates. ¢14-1 had significantly
higher evolution rates at 42°C than at 37°C (Fy,.0 = 30.3, p < 0.001) (Figure 4B). No significant
difference in evolution rates was observed between temperatures for ¢LUZ19 populations

(Fii0=1.2,p < 0.30).

As phages showed both phenotypic and genomic divergence based on thermal regime, we
hypothesised that genetically similar phage populations may have similar thermal fitness. We
assessed the relationship between thermal fitness and genomic change by measuring
congruence between neighbour-joining trees constructed based on Euclidean phenotypic and
genetic distances (Figure 4C). Highly significant congruence was observed for both phages
based on growth rates at 42°C (¢p14-1: M2y, = 5.8, p < 0.01; LUZ19: M2, = 15.9, p < 0.001).
For 37°C growth, significant congruence was observed for ¢LUZ19 (M2, = 20.4, p < 0.05) but

not for @14-1 (M2, = 8.1, p = 0.18).

Given the evolutionary constraint of competition, we also hypothesised that co-culture evolved

populations would diverge from monoculture evolved populations and have slower evolution
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rates. Significant genomic divergence was observed between monoculture and co-culture
populations for ¢14-1 at 37°C and for ¢LUZ19 at 42°C (¢14-1: ANOSIM: R = 0.18, p < 0.005;
@LUZ19: ANOSIM: R = 0.81, p < 0.005). Divergence was not significant for ¢p14-1 at 42°C or
for LUZ19 at 37°C (¢p14-1: ANOSIM: R = 0.27, p = 0.057; @LUZ19: ANOSIM: R = 0.15, p =
0.07) (Figure S6). @14-1 populations had similar evolution rates in monoculture and co-
culture (37°C: t(20) =-0.972, p = 0.77; 42°C: t(20) = 1.77, p = 0.31). However, ¢LUZ19 evolved
populations had significantly slower evolution rates in co-culture compared to monoculture at

both 37°C and 42°C (37°C: t(20) = 3.1, p < 0.05; 42°C: t(20) = 5.3, p < 0.001) (Figure 4D).
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Figure 4. Thermal stress accelerates and competition constrains phage
molecular evolution. A) Genomic divergence between evolved monoculture phage
populations. PCoA plots show Euclidean genetic distance clustering between 37°C and 42°C
evolved phage populations based on mutation position and frequency. B) Evolution rates of
evolved monoculture phage populations based on the Euclidean genetic distance from
ancestor. *** = p < 0.001. No asterisk reflects non-significance. C) Congruence analysis of
neighbour-joining trees constructed based on Euclidean genetic distances (left-hand plots,
labelled “Genetic”) and Euclidean distances based on phage growth rates at 37°C and 42°C
(right-hand plots, labelled “37°C growth” and “42°C growth”, respectively). Congruence is
shown by the alignment of tips corresponding to individual replicate populations between
trees. High congruence is shown by few cross-overs. 37°C monoculture population
connections are shown in deep blue, 42°C monoculture populations in deep red, and the
ancestral phage in black. Trees are rooted using the ancestral phage. D) Evolution rates of
evolved monoculture phage populations compared to evolved co-culture populations.
Evolution rates are determined based on Euclidean genetic distance from ancestor. *** = p <

0.001. No asterisk reflects non-significance.

3.5 Discussion

Environmental stress reduces biodiversity by restricting the growth of sensitive community
members and destabilising competitive hierarchies (28). We show that the ¢14-1 phage can
avoid heat-driven extinction through evolutionary rescue, even in the presence of a thermally
tolerant @LUZ19 phage competitor. We further found that competition at permissive
temperatures, where both phages grow efficiently, can drive the evolution of elevated @14-1
thermal tolerance. These findings support previous studies by demonstrating that phages are
highly evolvable in response to environmental stress (16,68,69). The results nevertheless
contradict findings that competitive interactions constrain environmental adaptation by

reducing growth rates and mutational supply (5,27). One potential explanation is that, while
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strong competition may constrain evolution, weak or moderate competition may have
increased the strength of selection for ¢14-1 thermal adaptation (4,28,70). Alternatively,
adaptation may have been driven through co-selection by competition and temperature for
the same traits. We identified mutations in the same genes in ¢14-1 populations evolving
under both high temperature selection and at permissive temperatures in the presence of
competition. The evolution of stress tolerance in free-living organisms has historically been
associated with trade-offs in competitive fitness (71—73). Increased selection or mutualistic
pleiotropy could mean that competition in parasite systems leads to trade-ups rather than

trade-offs with adaptation to environmental stress.

Evolutionary rescue has largely been thought to maintain biodiversity by preventing taxa from
becoming extinct (8). Within communities, however, we found that evolutionary rescue can
cause one species to become a superior competitor, thereby promoting the competitive
exclusion of others. Evolutionary rescue may thus be insufficient to prevent, and may even
facilitate, biodiversity loss under environmental stress. Evolutionary rescue can come at an
ecological cost where increased environmental tolerance leads a trade-off with growth rates
(74,75). However, ecological de-stabilisation can occur via trade-ups if growth rates increase
in the recently adapted population (12,13). Competitive shifts may essentially depend on how
rescue affects species absolute fitness. We showed that while the rescued phage at 42°C gained
a competitive advantage over its sympatric competitor, rescued phage competitiveness did not
escalate across evolutionary time and was not elevated against the ancestral competitor. These
findings could be explained by the competitor experiencing a decrease in relative fitness
following 42°C adaptation (74,75). Competitive dominance may alternatively be specific to co-
evolving competitors. By reducing competitor population densities, evolutionary rescue had
the additional impact of constraining competitor evolution rates and restricting the
acquisition of putative adaptive mutations. Rescue may therefore cause community instability
by both depressing competitor population densities and limiting community adaptability in

response to future environmental stress (5).
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Despite being suppressed by the newly dominant @i14-1, @LUZ19 competitor phage
populations ultimately stabilised at reduced densities. Modern co-existence theory states that
co-existence can occur through stabilising mechanisms such as niche differences or through
competitors having similar relative fitness (19). Phage co-existence has previously been
attributed to variation in host cell susceptibility to infection (20). In our system, ¢14-1 and
¢LUZ19 use different bacterial surface receptors to infect cells (33,76). We propose that
heterogeneity in the expression of phage receptors in the bacterial population (77) may have
created a niche that enabled @LUZ19 persistence, but which was inaccessible to the rescued
@14-1 population. Alternatively, phage fitness differences may have been resolved through
¢@LUZ19 co-evolution. For example, LUZ19 acquired tail fiber and tail protein mutations
which likely contribute to host attachment rates and within-host competitiveness (78). While
the exact cause of co-existence remains unclear, the results highlight that stabilising
mechanisms could buffer against total competitive exclusions that arise through evolutionary

rescue.

Global biodiversity is decreasing due to environmental stress caused by land use change,
pollution, and climate change (15,79,80). This study highlights a process by which
evolutionary rescue, a force typically associated with preserving biodiversity, can make the
community less resilient over ecological and evolutionary time. That parasites, and specifically
viruses, can undergo evolutionary rescue has implications for our understanding of how
parasites might evolve in the context of novel and hostile environments, such as following
spillover events (81) or in hosts treated for infection (82). A loss of parasite diversity could
increase the survival rates of some host species (83); there could be a reduced burden of
infection, fewer co-infections, and weaker selection favouring virulence due to less inter-
specific competition (84). Given parasites are beneficial for keeping pest or pathogenic hosts
(as in this study) at bay (82,85), lower diversity would have negative consequences for animal,
plant, and ecosystem health. Ultimately, consideration of the eco-evolutionary dynamics will
help us better understand how communities will respond to increasingly frequent

environmental stressors in a changing world.
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3.7 Supplementary figures
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Figure S1. Optical density v colony-forming units standard curve. A regression of
optical density and colony-forming units was used to determine the optical density of P.

aeruginosa PAO1 overnights required to have ~10%8 CFU/ml.
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Figure S2. Efficiency of plaque formation is the same for evolved and ancestral
phage populations. Plot shows the density of evolved and ancestral phage lysates as
measured with plaque assays on the wild-type and resistant PAO1 strains. Lines between

points show phage counts on the same stocks on separate hosts.
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Figure S3. Bacterial growth in absence of phage is similar across temperature.
Growth curves of no phage bacterial control. Dots reflect an average of three technical

replicates. Bacterial growth was measured three separate times.
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Figure S4. Evolved and ancestral phage growth curves at 37°C and 42°C. Grey box shows time points selected for fitness comparison.

Black dashed line shows lower detection limit. Phage growth was assessed at 37°C (light blue strip) and 42°C (light red strip).
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Figure S5. 14-1 co-culture evolved populations have similar competitiveness to ancestor. Boxplots show the growth of ancestral
¢LUZ19 at 37°C and 42°C in co-culture with the ancestral and co-culture evolved ¢14-1 populations relative to growth in monoculture. @14-1
ancestral and evolved population competitiveness was determined at both low MOI (MOI = 0.0001) and high MOI (MOI = 5). Values below 1

(dashed black line) indicate @LUZ19 growth is inhibited by the presence of (p14-1 populations. Asterisks show significant differences in growth

restriction between @14-1 evolution treatments. ** = p < 0.01.
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3.8 Supplementary tables

Table S1. Phage-resistant PAO1 mutant mutations compared to ancestral assembly

Blast
Mutation Gene identity,
Strain type Position start |Genestop| Strand |Gene annotation assembly NCBI Blastp query cover
HEAT repeat domain-
@LUZ19-resistant SNP 2091269 2001042 | 2992007 + hypothetical protein containing protein 99.69, 100
MarR family
transcriptional
@LUZ19-resistant SNP 3714180 3713964 | 3714440 + hypothetical protein regulator 99.37, 100
MarR family
transcriptional
@LUZ19-resistant SNP 3714184 3713964 | 3714440 + hypothetical protein regulator 99.37, 100
@LUZ19-resistant SNP 4256540 4256531 | 4256740 - Major cold shock protein CspA
type II secretion
@LUZ19-resistant SNP 4774319 4773168 | 4774382 - hypothetical protein system protein GspL 99.5, 100
type II secretion
@LUZ19-resistant SNP 4774320 4773168 | 4774382 - hypothetical protein system protein GspL 99.5, 100
type II secretion
@LUZ19-resistant SNP 4774321 4773168 | 4774382 - hypothetical protein system protein GspL 99.5, 100
Arginine biosynthesis
@LUZ19-resistant SNP 4932144 4931195 | 4932412 - bifunctional protein ArgJ
two-partner secretion
@LUZ19-resistant SNP 5186882 5185101 5191565 - hypothetical protein system adhesin CdrA 100,100
two-partner secretion
@LUZ19-resistant SNP 5186900 5185101 5191565 - hypothetical protein system adhesin CdrA 100,100
Thiol:disulfide interchange
(p14-1-resistant SNP 2718271 2717669 | 2719432 + protein DsbD
Thiol:disulfide interchange
(p14-1-resistant SNP 2718278 2717669 | 2719432 + protein DsbD
Thiol:disulfide interchange
(p14-1-resistant SNP 2718286 2717669 | 2719432 + protein DsbD
Thiol:disulfide interchange
(p14-1-resistant SNP 2718287 2717669 | 2719432 + protein DsbD
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Thiol:disulfide interchange

(p14-1-resistant SNP 2718293 2717669 | 2719432 + protein DsbD
Thiol:disulfide interchange
(p14-1-resistant SNP 2718305 2717669 | 2719432 + protein DsbD
Thiol:disulfide interchange
(p14-1-resistant SNP 2718314 2717669 | 2719432 + protein DsbD
Thiol:disulfide interchange
(p14-1-resistant SNP 2718326 2717669 | 2719432 + protein DsbD
Thiol:disulfide interchange
(p14-1-resistant SNP 2718327 2717669 | 2719432 + protein DsbD
Thiol:disulfide interchange
(p14-1-resistant SNP 2718335 2717669 | 2719432 + protein DsbD
Thiol:disulfide interchange
(p14-1-resistant SNP 2718337 2717669 | 2719432 + protein DsbD
two-partner secretion
system transporter
(p14-1-resistant SNP 2735670 2734627 | 2736324 + hypothetical protein TpsB1 99.82, 100
two-partner secretion
system transporter
(p14-1-resistant SNP 2735735 2734627 | 2736324 + hypothetical protein TpsB1 99.82, 100
two-partner secretion
system transporter
(p14-1-resistant SNP 2735772 2734627 | 2736324 + hypothetical protein TpsB1 99.82, 100
two-partner secretion
system transporter
(p14-1-resistant SNP 2735828 2734627 | 2736324 + hypothetical protein TpsB1 99.82, 100
two-partner secretion
system transporter
(p14-1-resistant SNP 2736490 2736437 | 2753320 + hypothetical protein TpsB1 99.82, 100
two-partner secretion
system transporter
(p14-1-resistant SNP 2736614 2736437 | 2753320 + hypothetical protein TpsB1 99.82, 100
two-partner secretion
system transporter
(p14-1-resistant SNP 2736684 2736437 | 2753320 + hypothetical protein TpsB1 99.82, 100
(p14-1-resistant SNP 2892580 | 2891980 | 2894529 - Protein ClpV1
(p14-1-resistant SNP 4256540 4256531 | 4256740 - Major cold shock protein CspA
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SNP

type II secretion

(p14-1-resistant 4774319 4773168 | 4774382 - hypothetical protein system protein GspL 99.5, 100
type II secretion
(p14-1-resistant SNP 4774320 4773168 | 4774382 - hypothetical protein system protein GspL 99.5, 100
type II secretion
(p14-1-resistant SNP 4774321 4773168 | 4774382 - hypothetical protein system protein GspL 99.5, 100
two-partner secretion
(p14-1-resistant SNP 5186882 5185101 5191565 - hypothetical protein system adhesin CdrA 100,100
two-partner secretion
(p14-1-resistant SNP 5186900 5185101 5191565 - hypothetical protein system adhesin CdrA 100,100
(p14-1-resistant SNP 5628878 | 5628334 | 5629290 - hypothetical protein glycosyltransferase 99.69, 100
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Table S2. Putative adaptive phage mutations present at > 20% frequency in more than one replicate

37°C 42°C
Mutation monocult| 37°C co- | monocult| 42°C co-
Phage type Position | Mutation | Annotation Gene Gene description ure culture ure culture
IGINKLAI_o0002
0—/— hypothetical
+ACCGACCA IGINKLAI_0002| intergenic protein/hypothetical
D14-1 INS 13109 TG 1 (+79/-8) protein 2 0 1 0
IGINKLAI_0005 coding
D14-1 INS 32640 +AGGCCA 2 — (121/885 nt) | hypothetical protein 1 0 1 0
+CCGATAGC [GINKLAI_0006 coding polynucleotide kinase/
D14-1 INS 37330 GACC 1— (493/1017 nt) phosphorylase 0 0 2 0
IGINKLAI_0007 coding hypothetical protein
D14-1 DEL 47943 A1bp 1— (235/252 nt) (DNA ligase) 0 1 6 3
IGINKLAI_ooo07 E83* hypothetical protein
D14-1 SNP 47955 G—T 1— (GAA—TAA)+ (DNA ligase) 0 6 2 0
IGINKLAI_oo007 E83D hypothetical protein
D14-1 SNP 47957 A-T 1— (GAA—GAT)* (DNA ligase) 0 6 2 0
IGINKLAI_ooo07 *84S hypothetical protein
D14-1 SNP 47959 A—C 1— (TAA—TCA) (DNA ligase) 0 6 2 0
IGINKLAI_0008 F496V
D14-1 SNP 63226 A—C 9— (TTC—GTC) tail sheath 0 0 2 0
IGINKLAI_0008 C461F
D14-1 SNP 63330 C—A 9— (TGC—TTC) tail sheath 0 0 0 1
IGINKLAI_0008 C461Y
D14-1 SNP 63330 C—T 9— (TGC—TAC) tail sheath 0 0 4 4
IGINKLAI_0008 T412A
D14-1 SNP 63478 T—C 9— (ACC—GCC) tail sheath 0 0 4 3
gp12 — / —
JPEJBOGK_000| intergenic DNA polymerase/
®LUZ19 DEL 3563 A1bp 10 (+33/-237) hypothetical protein 2 1 0 0
L32W
®LUZ19 SNP 6673 T—-G gp16 — (TTG—TGG) | nucleotidyltransferase 4 2 0 0
S114R
®LUZ19 SNP 8801 T—G gp19 — (AGT—AGG) DNA polymerase 2 0 0 0]
F684L
®LUZ19 SNP 10509 T—C gp19 — (TTC—CTC) DNA polymerase 3 3 0 0
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Di171A

®LUZ19 SNP 15953 A—C gp26 — (GAT—GCT) RNA polymerase
D429N

®LUZ19 SNP 24541 G—A gp34 — (GAC—AAQ)* tail protein
D429A

®LUZ19 SNP 24542 A—C gp34 — (GAC—GCC)+ tail protein
D429G

®LUZ19 SNP 24542 A—-G gp34 — (GAC—-GGC)* tail protein
M28T

®LUZ19 SNP 33834 T—-C gp39 — (ATG—ACG)+* tail fiber protein
T44A

®LUZ19 SNP 34332 A—G gp40 — (ACC—GCC) tail fiber protein
Q102K

®LUZ19 SNP 34506 C—oA gp40 — (CAG—AAG)* tail fiber protein
Q102R

®LUZ19 SNP 34507 A—G gp40 — (CAG—CGG)+ tail fiber protein
Q108K

®LUZ19 SNP 34524 C—oA gp40 — (CAA—AAA) tail fiber protein
Di120oN

®LUZ19 SNP 34560 G—A gp40 — (GAT—AAT) tail fiber protein
D120G

®LUZ19 SNP 34561 A—-G gp40 — (GAT-GGT) tail fiber protein
Ti127K

®LUZ19 SNP 34582 C—A gp40 — (ACG—AAG) tail fiber protein
Q250P

®LUZ19 SNP 34951 A—C gp40 — (CAG—CCG) tail fiber protein
Q250R

®LUZ19 SNP 34951 A—G gp40 — (CAG—CGG) tail fiber protein
V251A

®LUZ19 SNP 34954 T—C gp40 — (GTC—GCQC) tail fiber protein
Co8Y

®LUZ19 SNP 35404 G—A gp41 — (TGT—TAT) tail fiber protein

JPEJBOGK_o000
49— [/ — hypothetical
JPEJBOGK_000| intergenic (- | protein/hypothetical
®LUZ19 INS 40324 +CTAGC 50 55/-1288) protein
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JPEJBOGK_000
49— [ — hypothetical
JPEJBOGK_000| intergenic (- | protein/hypothetical
®LUZ19 INS 40327 +GCCTT 50 58/-1285) protein
JPEJBOGK_o000 T104A
®LUZ19 SNP 42443 A—G 52 — (ACC—GCC) | hypothetical protein

+ = Regarded by Breseq as a significant effect mutation
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Competition constrains parasite adaptation to

thermal heterogeneity

This Chapter is in prep and has been released on BioRvx
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4.1 Abstract

Temporal thermal heterogeneity is expected to favour intermediate, generalist phenotypes
that can maintain growth across a broad thermal range but have sub-optimal growth at any
single temperature. Yet, thermal variation typically occurs in the presence of additional
selection pressures which may interact to constrain thermal adaptation. We propagated
competing lytic viral parasites (bacteriophages @14-1 and ¢@LUZ19) of Pseudomonas
aeruginosa under fluctuating temperatures (37-42°C) in monoculture and in co-culture.
Without competition, fluctuating temperatures favoured intermediate thermal phenotypes in
the phage @14-1 and resulted in more variable evolutionary outcomes compared to static
conditions. However, co-selection from fluctuating temperatures and competition led to
restricted thermal adaptation, slower evolutionary rates, and fewer putative adaptive
mutations in the @LUZ19 competitor. Our study highlights the potential for reduced adaptive

capacity in interacting communities amidst global climate change.
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4.2 Introduction

Thermal heterogeneity plays a key role in shaping species’ evolutionary trajectories. Spanning
a broad range of timescales, temperatures fluctuate across multi-year periods (ENSO),
between seasons, and even on the order of hours through diurnal (24-hour) cycles. Very slow
or rapid thermal fluctuation frequencies, with respect to generation times, typically lead to
similar adaptation to static environments through selective sweeps by specialist variants [1,2].
Moderate fluctuation frequencies select for thermal generalists which have intermediate
phenotypes across temperatures [1—3]. Generalist phenotypes often arise through the
acquisition of multiple specialist mutations [4] or single pleiotropic mutations [5]. Thermal
heterogeneity can also promote diversifying selection [6—8] leading to the maintenance of
thermal specialist sub-populations [7]. The mechanisms of adaptation to thermal
heterogeneity depend on the fluctuation frequency relative to generation time [9]; fluctuations
that far exceed generation times in fast-replicating species may favour specialists, but in slow-

replicating species may instead select for generalists.

Thermal heterogeneity typically occurs in the context of multiple selective pressures. For
example, warming can impose selection on species that are simultaneously adapting to other
abiotic stressors or to interactions with predators, competitors, or antagonists [10,11]. The
presence of multiple selection pressures can constrain evolution rates through combined
negative effects on species fitness which reduce population sizes and mutational supply
[12,13]. Co-selection can also restrict adaptation through pleiotropic fitness trade-offs; high
fitness under one stressor reduces fitness under another [14,15]. Temporal thermal
heterogeneity is expected to promote genetic diversification by increasing niche differences
[16] and so may offset the diversity-suppressing impacts of co-selection. However, some
studies have indicated that co-selection involving temporal heterogeneity can exacerbate
evolutionary constraint [17—19]. The ability of species to adapt to thermal heterogeneity
amidst other selection pressures plays an important role in the maintenance of global

biodiversity and species extinction risk [12,20—22].
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Parasites provide an ideal group of organisms to study adaptation to thermal heterogeneity.
Parasites are often exposed to diverse environments and stressors across their multi-stage life
cycles. They can have both free-living, vector-based, and host-associated life stages [23]. By
moving through numerous external environments during and between replicative cycles,
parasites experience high temporal thermal heterogeneity ([24], see Introduction, 1.3). During
the infection stage, parasites can also induce fevers in hosts, driving thermal changes [25].
Finally, parasites are expected to face increasingly frequent thermal extremes as a result of
global climate change [26]. While contending with variable thermal environments, parasites
must adapt to host immune responses [27] and competition with co-infecting parasites in the
same host population or individual [28]. Within and between-host competition are primary
determinants of parasite virulence [29] signifying that interactions between competition and

environment-based selection can shape parasite evolution [30].

We predicted that thermal heterogeneity would select for generalist parasite populations,
which have intermediate phenotypes, and promote genetic diversity [1]. We also predicted that
co-selection with other environmental stressors would constrain parasite adaptation [17]. We
passaged two lytic viral parasites (thermal generalist @ LUZ19 and specialist ¢14-1) under a
fluctuating thermal regime (37-42°C) in the absence and presence of a phage competitor.
Phages evolved with a static bacterial host, Pseudomonas aeruginosa. We compared
populations evolved under fluctuating temperatures concurrently with those evolved under a
static regime (37°C and 42°C), the latter presented in Chapter 3. We evaluated phage
phenotypic adaptation through growth assays at 37°C and 42°C. We also conducted phage

population sequencing to identify adaptive mutations and measure evolutionary rates.
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4.3 Methods and Materials

4.3.1 Strains, storage, and culture conditions

This study builds on the experimental framework outlined in Chapter 3 using the same
bacterial host and bacteriophage strains. Pseudomonas aeruginosa PAO1 was used as the non-
evolving bacterial host throughout. Two lytic phages, LUZ19 and @14-1, were used due to
their known thermal response differences: ¢LUZ19 performs well at both 37°C and 42°C,
while @14-1 is growth-restricted at 42°C (see Chapters 2 and 3). Phage lysates and bacterial

stocks were prepared as in Chapters 2 and 3.

4.3.2 Experimental evolution

The experimental evolution design closely followed that of Chapter 3 with additional
treatments incorporating fluctuating temperatures. Phages were serially passaged for 15 days
under four conditions: monoculture and co-culture, each at either static or fluctuating
temperatures (daily shifts between 37°C and 42°C). Each treatment included six independent

replicate populations initiated from a single ancestral lysate.

Phages were propagated without shaking with a non-evolving ancestral PAO1 bacterial host.
For the initial passage, ancestral phage lysates were diluted to 108 PFU/ml and 300l were
added to 2.7ml 108 CFU/ml bacterial culture in loose-lid 14ml falcon tubes. Phage co-culture
populations were prepared by combining 150ul each of 9 LUZ19 and ¢14-1 108 PFU/ml lysates
prior to mixing with bacteria. The initial passage phage densities were ~107 PFU/ml resulting
in a phage/bacteria ratio (multiplicity of infection, MOI) = ~0.1. Following addition of
bacterial cultures, tubes were incubated statically at 37°C or 42°C in circulating water baths

for 8h. Fluctuating passages started and ended at 37°C.

After incubation, phage populations were harvested by centrifugation (3,095xg, 5 min) to
pellet bacteria, followed by sterile filtration through o.2um filters. Filtrates were stored at 4°C.

In subsequent passages, 300l of lysate was transferred into fresh PAO1 cultures.
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4.3.3 Phage quantification

Phage titres were determined via the double-layer overlay method [31] following the same
protocols as in Chapters 2 and 3. Briefly, bacterial lawns were prepared by mixing 1omL of
melted LB-top agar with 300uL of a P. aeruginosa PAO1 overnight culture. Phage lysates were
serially diluted, and 10uL was spotted onto the bacterial lawns. After incubating plates for 6—
8 h at 37°C, spots with the highest number of discernible plaques were counted and reported.
¢LUZ19- or ¢14-1-resistant PAO1 strains were used for selective plating enabling separate
counting of LUZ19 and ¢14-1 densities in co-cultures. These resistant strains were derived
by isolating colonies growing on high titre phage plaques and confirmed via sequencing (see
Chapter 3). All monoculture and co-culture samples were quantified using the appropriate

resistant strains to ensure consistency.

4.3.4 Phage separation and concentration

To generate high-titre and pure phage lysates for downstream assays and sequencing, we
employed selective double-layer overlays with resistant hosts. Briefly, phages and ¢LUZ19- or
(14-1-resistant PAO1 strains were seeded into top agar plates to allow phage propagation.
Phages were extracted from plates by scraping top-agar into 15ml falcon tubes containing 5ml
of phage buffer (NaCl (100 mM), MgSO, (10 mM), CaCl, (5 mM), Tris-HCI (pH 8) (50 mM),
Gelatin (0.01%)). Tubes were mixed overnight after which phages were separated from top
agar using sterile-filtration. This process was performed three times to ensure removal of
phage competitors from co-culture populations. The purification and extraction protocols

were identical to those described in Chapter 3.

4.3.5 Phage growth rate assays

The thermal phenotypes of purified evolved phage populations relative to the ancestor were

assessed by measuring phage and bacterial growth across an 8h window under static
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incubation at 37°C and 42°C. Phage lysates were diluted to 105 PFU/ml and 300uL. was mixed
with 2.7ml of 108 CFU/ml wild-type PAO1 to a final MOI = ~0.0001. pLUZ19 was sampled at
2h, 4h, and 8h; @14-1 at 4h and 8h due to delayed replication. Phage quantification was
performed through sterile-filtration through o.22um filter plates (Agilent) followed by
centrifugation at 2,230xg for 5 mins before spotting onto resistant PAO1 double-layer overlay
plates. Each growth rate assay included a single replicate of each evolved phage population
and three replicates of the phage ancestor. Growth rate assays were repeated three times

across a two-week period to produce three technical replicates.

4.3.6 Phage population genomics
4.3.6.1 DNA extraction and sequencing

Phage DNA was extracted from purified lysates as described in Chapter 3. Briefly, ancestral
and evolved phage lysates were treated with DNase and RNase to remove bacterial DNA and
RNA. Phage particles were lysed using lysis (AL) buffer and proteinase K. Cell debris was
precipitated using precipitation (N4) buffer and removed. Finally, DNA was precipitated and
washed using isopropanol and ethanol. DNA quality was assessed with NanoDrop 2000c
(Thermo Scientific) and quantified with Qubit 4 (Thermofisher). Short-read Illumina
sequencing was performed by AZENTA/GENEWIZ using their Microbe-EZ pipeline for
evolved and ancestral populations. Bacterial genomes (wild-type and phage-resistant strains)

were sequenced by MicrobesNG using hybrid (long- and short-read) approaches.
4.3.6.2 Sequence analysis

Phage reads were pre-processed with Trim Galore (v.0.5.0)
(https://github.com/FelixKrueger/TrimGalore) and downsampled using bbnorm from the
bbmap package (v.39.18) (https://sourceforge.net/projects/bbmap/). Reads were then
mapped to de novo ancestral assemblies generated with shovill (v1.1.0)

(https://github.com/tseemann/shovill) using Bowtie2 (v.2.3.4.2) [32]. Variants were
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identified using breseq (v.0.36.1) [33]. Ancestral assemblies were annotated with prokka
(v.1.14.5) [34], guided by the NCBI GenBank file for each phage (¢p14-1: NC_o011703; ¢LUZ19:

NC_010326).

Wild-type and resistant PAO1 genomes were assembled using Autocycler (v. 0.4.0) [35] and
polished via Polypolish (v. 0.6.0) [36]. Final assemblies were re-oriented with Dnaapler (v.
1.2.0) [37] and annotated using prokka (v.1.14.5) [34]. The workflow was deployed using a
Dockerised Nextflow pipeline (v. 1.0.2) available
at https://doi.org/10.5281/zenodo.15706447. Mutations in resistant PAO1 strains were
identified by mapping long reads to the wild-type assembly with minimap2 (v.2.24) [38] and
variant calling with medaka (v.2.1) (https://github.com/nanoporetech/medaka). All

bioinformatic analyses were conducted with default parameters.

4.3.7 Statistical analyses and visualisation

All statistical analyses and data visualisation were conducted using packages in R (v.4.3.2) and
RStudio [39,40]. Data wrangling was performed using “Tidyverse” (v.2.0.0) R packages [41].
Phage growth and evolution rates were compared between evolution treatments using linear
mixed effect models with the “Ime4” (v.1.1-36) R package [42] where the response variable was
phage density (pfu/ml) or genetic distance from ancestor, the explanatory variables were an
interaction term between evolution treatment and temperature, and batch was a random
effect. Within-group variation in genetic distance from ancestor was analysed using Levene’s
test. The prevalence of unique compared to shared mutations across evolution treatments was
analysed using Fisher’s exact test. Phage genetic distance between groups was also compared
by constructing neighbour-joining trees based on Euclidean genetic distance using the
“ggtree” (v.3.10.1) R package [43]. Data and code used in analyses can be found at
https://github.com/SamuelGreenrod/Evol_ fluctuating. Fluctuating evolved phage sequence
reads are accessible on NCBI (https://www.ncbi.nlm.nih.gov/) under BioProject ID:

PRJNA1334331. Static evolved phage sequence reads and bacterial sequence reads from

148



Chapter 3 are accessible under BioProject IDs: PRJNA1332698 and PRJNA1332799,

respectively.

4.4 Results

4.4.1 Fluctuating temperatures select for generalist phenotypes in

monoculture

Fluctuating environments can favour generalists with intermediate phenotypes across
conditions [1]. Given @14-1 has previously been shown to grow poorly at 42°C, we
hypothesised that @14-1 populations passaged under fluctuating conditions would rapidly
adapt to 42°C but have lower fitness at 37°C and 42°C compared to static evolved populations.
In monoculture, @14-1 densities increased during 37°C passages but decreased in 42°C
passages (Figure 1A). As phage lysates were diluted 10-fold in between passages, phage density
decreases reflect lower than 10-fold ¢p14-1 population growth during 42°C passages. ¢LUZ19
monoculture populations reached and then maintained high densities in all passages. This

phage showed low variation in inter-passage densities.

We assessed phage evolution by measuring the growth rates of static and fluctuating evolved
populations relative to the ancestral phage through growth assays at 37°C and 42°C (Figure
1B). We found that growth rates of both phages in monoculture depended on the interaction
between evolution treatment and assay temperature (p14-1: F5.9 = 125.8, p < 0.001; 9 LUZ19:
F329 = 96.0, p < 0.001). At 42°C, ¢14-1 fluctuating populations were found to have an
intermediate phenotype between those evolved under static conditions. ¢14-1 fluctuating
populations had significantly higher growth rates at 42°C than 37°C static populations (t(29)
= -12.4, p < 0.001) but lower growth rates than 42°C static populations (t(29) = 12.7, p <
0.001). At 37°C, @14-1 fluctuating populations had no significant difference to static
populations possibly due to phage growth being measured after phages had reached carrying

capacity (see Chapter 3). For ¢LUZ19, fluctuating evolved populations had significantly higher
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growth at 42°C than 37°C static populations (t(29) = -19.3, p < 0.001). However, growth was
not significantly different to 42°C evolved populations (t(29) =-1.65, p = 0.37). The opposite
findings were observed at 37°C; fluctuating evolved populations had significantly higher
growth rates than those evolved at 42°C but similar growth rates to 37°C evolved populations

(42°C static: t(29) = -5.2, p < 0.001; 37°C static: t(29) = -0.99, p = 0.75).

4.4.2 Co-selection from fluctuating temperatures and competition

constrains thermal adaptation

The presence of additional selection pressures is expected to constrain adaptation to
fluctuating temperatures by reducing mutational supply and compounding fitness trade-offs
[12,18,19]. We hypothesised that phages evolved under co-selection from fluctuating
temperatures and competition would have lower growth rates at 37°C and 42°C than those
evolved under static temperatures or fluctuating monoculture conditions. While ¢14-1
densities fluctuated between passages in monoculture, co-culture densities rapidly increased
and then stabilised between passages (Figure 1A). In contrast, ¢LUZ19 populations were
stable in monoculture, but during fluctuations in co-culture, experienced high growth at 37°C

and low growth at 42°C.

We then assessed evolved phage growth rates at 37°C and 42°C (Figure 1C). We found a
significant interaction between evolution treatment (monoculture and co-culture) and
temperature regarding growth rates for both phages (¢14-1: Fe 59 = 75.0, p < 0.0001; ¢LUZ19:
Fe,50 = 103.5, p < 0.0001). While competition had no impact on the growth rates of static @p14-
1 populations (37°C: t(59) = -0.78, p = 0.99; 42°C: t(59) = -0.98, p = 0.99), fluctuating co-
culture evolved populations had significantly higher growth rates at 42°C compared to
populations evolved in monoculture (t(59) = -6.7, p < 0.0001). No significant difference was
observed at 37°C (t(59) = -1.0, p = 0.99). Similar to ¢p14-1, there was no impact of competition

on static evolved ¢LUZ19 population growth rates (37°C: t(59) = -0.42, p = 1.0; 42°C: t(59) =
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-0.21, p = 1.0). However, ¢ LUZ19 populations evolved with fluctuations and competition had

significantly

=10.1,p< 0

>

lower growth rates at both 37°C and 42°C compared to monoculture (37°C: t(59)

. 0001; 42°C: t(59) = 4.9, p < 0.001).
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Figure 1. Co-selection in communities constrains adaptation to thermal
fluctuations. A) Population dynamics of phages passaged in monoculture and co-culture
under fluctuating temperatures. Values show densities at the end of each passage prior to
dilution. As phage lysates were diluted 10-fold in between passages, density decreases reflect
less than 10-fold population growth during passages. Plot background colour reflects the
temperature during that passage where light blue is 37°C and light red is 42°C. Phage icons
illustrate the two different phages used in the experiments (¢p14-1, myovirus in blue; pLUZ19,
autographivirus in green) [44] and are used hereafter to refer to phages in figures. B)
Fluctuating and static temperature evolved population growth rates relative to the ancestor.
Growth rates were measured after 2h for 9 LUZ19 and 4h for ¢14-1. Six biological replicates
were assayed, and data points show the average of three technical replicates. Panel strip colour
reflects the temperature that growth was tested at where light blue is 37°C and light red is
42°C. Fluctuating populations are presented in purple with 37°C static populations in blue and
42°C static populations in red. Ancestral growth is shown by dashed grey line with standard
errors shown as a grey box (n = 3). *** = p < 0.001. Absence of asterisk reflects non-
significance. Static monoculture temperature data was adapted from Chapter 3. C) Growth
rates of fluctuating and static temperature monoculture evolved populations compared to co-
culture evolved populations. Boxes are coloured by evolution treatment with monoculture in
dark (37°C static in blue, 42°C static in red, and fluctuating in purple) and co-culture in light
(37°C static in light blue, 42°C static in light red, and fluctuating in light purple). Assay
temperature and significance values are presented as in Figure 1B. Six biological replicates
were assayed and data points show the average of three technical replicates. Ancestral growth
rates and significance signs are presented as in Figure 1B. Static co-culture data was adapted

from Chapter 3.
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4.4.3 Fluctuating environments favour specialist mutations

Fluctuating temperatures generally select for multiple specialist mutations [4]. We
hypothesised that fluctuating evolved populations would show genetic similarities to both high
and low temperature static populations. Phage genomic evolution was assessed by
constructing neighbour-joining trees of end-point populations based on Euclidean genetic
distances (Figure 2A). Genetic distances were calculated based on the presence and frequency
of genetic variants (SNPs, indels) that had > 10% frequency. Fluctuating evolved populations
did not form a unique clade but instead were found to co-locate with either high or low
temperature static populations. ¢p14-1 fluctuating populations were distributed across the tree
and generally did not cluster with static populations. Conversely, ¢@LUZ19 fluctuating

populations were primarily found within the 42°C static clade.

We further analysed static and fluctuating population genetic similarities by measuring
evolution rates based on Euclidean genetic distance from ancestor (Figure 2B). For ¢14-1,
fluctuating evolved populations had significantly lower evolution rates than 42°C static
populations (t(15) = -4.1, p < 0.01). However, evolution rates were equal between fluctuating
and 37°C static populations (t(15) = -0.51, p = 0.87). There was no significant difference in
evolution rates between @LUZ19 fluctuating populations and either 37°C or 42°C static
populations (37°C: t(15) = -0.46, p = 0.89; 42°C: t(15) = -0.75, p = 0.74). Notably, ¢p14-1
fluctuating populations had significantly greater within-group variation in evolution rates
compared to 42°C static populations (t(15) = 2.9, p < 0.05) but not 37°C static populations
(t(15) = -0.70, p = 0.77). LUZ19 fluctuating populations had no significant difference in
within-group variation compared to static populations (37°C: t(15) = 2.0, p = 0.15; 42°C: t(15)
=-0.10, p = 0.99).

We then determined the prevalence of individual genetic variants (SNPs, indels) that were
unique to or shared between evolution treatments (Figure 2C). Only putative adaptive variants

with >20% frequency were included. For @14-1, 2/11 (18%) of 37°C static variants and 5/15

(33%) of 42°C static variants were shared with other evolution treatments compared to 4/9
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(44%) variants in fluctuating evolved populations. For ¢LUZ19, shared variants constituted
8/32 (35%) of 37°C static and 9/20 (45%) of 42°C static variants compared to 12/17 (71%) in
fluctuating evolved populations. To assess the overall impact of evolution treatment on the
ratio of unique and shared mutations, we pooled mutations from ¢14-1 and LUZ19 observing
a significant difference in the prevalence of shared mutations relative to unique mutations
between evolution treatments (Fisher’s exact test: p < 0.05). Significant differences were not
observed when analysing phages independently (¢p14-1, p = 0.47; @LUZ19, p = 0.08). ¢p14-1
fluctuating mutations were primarily shared with 42°C static populations (Figure S1). In
contrast, ¢LUZ19 fluctuating mutations were shared equally with 37°C and 42°C static

populations.

Finally, we investigated which mutations drove clustering between fluctuating and static
populations (Figure S2; Table S1). While ¢p14-1 fluctuating and 37°C static populations showed
little clustering, two fluctuating populations clustered with the 42°C static clade. These two
replicate populations contained parallel deletions in a hypothetical protein with high
similarity to a DNA ligase (BlastP: 97.47% identity, 95% sequence overlap with Pseudomonas
phage PhL._UNISO_PA-DSM_phoo31 DNA ligase protein), previously identified in all ¢p14-1
42°C static populations (see Chapter 3). The clustering of 5/6 @LUZ19 fluctuating populations
with the 42°C static populations was attributed to parallel insertions in an intergenic region
between two hypothetical proteins. This intergenic insertion was also previously identified in

all pLUZ19 42°C static populations (see Chapter 3).
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Figure 2. Fluctuating temperatures select for specialist mutations. A) Neighbour-
joining trees of evolved and ancestral phage populations constructed using Euclidean genetic
distances. Genetic distances were calculated based on the presence and frequency of
mutations present at > 10% frequency. Tree is rooted at the ancestor and populations are

coloured by evolved treatment. B) Phage evolution rates, measured based on Euclidean
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genetic distance from the ancestor, for evolved monoculture phage populations. *** = p <
0.001. C) Stacked bar charts show the number of high frequency (>20% frequency), putative
adaptive variants that are unique to or shared between evolution treatments. Bars are coloured
by evolution treatment. Unique genes are shown as clear bars and shared genes are shown as

striped bars. Static temperature data was adapted from Chapter 3.

4.4.4 Co-selection constrains molecular evolution

By reducing growth rates, co-selection from fluctuating temperatures and competition are
expected to reduce evolution rates and restrict the acquisition of adaptive mutations [12]. Due
to their elevated growth rates, we hypothesised that ¢p14-1 fluctuating co-culture populations
would have higher evolution rates than monoculture populations. No significant difference in
evolution rate was observed for @14-1 co-culture populations compared to monoculture
populations (Fi:0 = 4.1, p = 0.07) (Figure 3A). However, non-significance was driven by a
single low evolution rate replicate in the co-culture treatment; when the replicate was
removed, co-culture populations had significantly greater evolution rates than monoculture
(Fi,o = 8.6, p < 0.05). We also found no significant difference in within-group variation in
evolution rates between monoculture and co-culture populations (t(10) = 1.50, p = 0.17),
although the difference was also significant once the low evolution rate co-culture replicate

was removed (t(10) = 3.6, p < 0.01).

For @LUZ19, we hypothesised that fluctuating co-culture populations would have lower
evolution rates than monoculture populations due to the suppression of pLUZ19 by @14-1.
¢LUZ19 fluctuating co-culture populations had significantly lower evolution rates than
monoculture populations (Fi:0 = 470, p < 0.001). We further hypothesised that ¢LUZ19
fluctuating co-culture populations, but not ¢14-1 populations, would have lower evolution
rates than 37°C or 42°C static co-culture populations. Evolution rates were equal between co-
culture populations for ¢14-1 (F.,;5 = 1.2, p = 0.3) (Figure 3B). However, ¢LUZ19 fluctuating
co-culture populations were found to have significantly lower evolution rates than both 37°C
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static and 42°C static monoculture populations (37°C: t(15) = 4.5, p < 0.01; 42°C: t(30) = 3.0,

p < 0.05).

Finally, we assessed the impact of competition on the acquisition of high frequency mutations
(> 20% frequency) in fluctuating populations (Figure S3). For @14-1, while populations no
longer acquired singleton mutations, all populations acquired a deletion or SNP in a putative
DNA ligase gene. Mutations in this gene are thought to contribute to high temperature
adaptation (see Chapter 3) and were also found in the two monoculture populations which
clustered with 42°C static populations in Figure 2A. For ¢ LUZ19, while co-culture populations
maintained mutations in tail fiber genes, the populations no longer acquired singleton

mutations or the intergenic insertion associated with 42°C static populations.
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Figure 3. High environmental complexity constrains evolution rates. A) Evolution
rates, measured based on Euclidean genetic distance from the ancestor, of phage populations
evolved under fluctuating temperatures in monoculture (deep purple) and co-culture (light
purple). B) Evolution rates of 37°C static, fluctuating, and 42°C static co-culture populations.
Plot layout is the same as panel A. *** = p < 0.001. N.S is used to denote lack of statistical

significance. Static temperature data was adapted from Chapter 3.

4.5 Discussion

Under fluctuating selection, both phages were found to rapidly evolve increased growth rates
at high temperatures. For phage @14-1, fluctuating temperatures favoured intermediate
thermal phenotypes with lower growth rates at high temperatures compared to phages evolved
under static temperatures. The evolution of intermediate growth rates is likely due to weaker
selection for adaptation to high temperatures in the fluctuating treatment. Alternatively,
adaptation to high temperatures may be constrained during fluctuations due to fitness trade-
offs at lower temperatures [45]. For phage ¢LUZ19, fluctuating temperature populations had
the same growth rates as static-evolved populations when measured at their evolved
temperature. Given @LUZ19 was shown to exhibit growth rate trade-offs under static selection
(see Chapter 3), this finding is indicative of a no-cost generalist strategy [46]. The lack of
growth rate costs may reflect an epistatic pleiotropy, whereby the costs of adaptive mutations
depend on the genetic background [46]. Costs may also occur in unmeasured traits such as
virulence [47] or tolerance to other stresses [15]. These findings highlight that, while
fluctuating temperatures select for greater high temperature growth, the exact phenotypic

outcomes of fluctuating selection vary between phage taxa.

We found that fluctuating temperatures resulted in more variable evolutionary trajectories;
while static evolved populations generally formed clusters, fluctuating populations were

genetically similar to both 37°C and 42°C static evolved populations. Further, we found that
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parallel mutations acquired under fluctuating selection were the same as those previously
identified in static evolved populations (see Chapter 3). These findings could be explained by
historical contingency [48] whereby random mutations that are adaptive at low or high
temperatures become fixed in a subset of populations [7]. Depending on the timing of
mutation appearance, fluctuating populations may then resemble individual static
environments. Fluctuating environments have also been shown to select for mutations
conferring fitness in the most extreme environment [49]. The clustering of e LUZ19 fluctuating
populations with 42°C static populations likely reflects selective sweeps combined with

asymmetrical selection where 42°C adaptive variants are fixed more rapidly.

While fluctuating environments can promote genetic diversification, co-selection with other
environmental stressors can constrain adaptation [12]. Uiterwaal et al [18] showed that
combined fluctuating temperatures and predation restricted adaptation to both selection
pressures in Paramecium caudatum populations. Similar findings have also been observed in
Daphnia magna with co-selection from thermal fluctuations and predation/pollutants
[19,50]. We found that combined fluctuating temperature- and competition-based selection
constrained both thermal adaptation and slowed evolutionary rates in phage ¢@LUZ19.
Further, co-selection resulted in greater @LUZ19 evolutionary constraint with fluctuating
temperatures than static temperatures. The negative effects of combined environmental
stressors are often non-additive and instead exhibit synergies [12]. We have previously shown
that selection from high temperatures synergises with competition to constrain ¢@LUZ19
evolution rates (see Chapter 3). The present study extends these findings by showing that the
selective synergy between temperature and competition is greater under fluctuating
temperatures than static temperatures. One potential explanation for these findings is that
fluctuating environments reduce the strength of selection for adaptive mutations [51]. Weaker
directional selection combined with suppression by competitors may constrain both the

supply and fixation of beneficial mutations leading to particularly low evolution rates.
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Anthropogenic activities, including global climate change, mean that species are facing
increasingly variable and complex environments [52]. With ongoing global biodiversity loss,
species must adapt to tolerate environmental stressors to avoid extinctions. Our findings
highlight that while species can rapidly adapt in response to thermal variation, co-selection
with other stressors, such as competition, may restrict species adaptive capacity. These results
have particular relevance for parasites which must simultaneously adapt to both thermal
heterogeneity, community competition in coinfections, and host immune responses. With
global parasite biodiversity at risk due to climate change [26], evolutionary constraint caused
by co-selection may prevent parasite adaptation to thermal stress and further increase the
probability of parasite extinctions. Future studies should consider the evolution-constraining
effects of co-selection when assessing species extinction risk in thermally variable

environments.
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4.7 Supplementary figures
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Figure S2. Fluctuating temperatures select for specialist mutations. Mutation plots
show genetic variants associated with fluctuating temperatures in monoculture in phage
populations. Lines represent individual biological replicates. Symbols within plots show
variants across the phage genome at > 20% prevalence and which were not observed in the
ancestral population. Length of deletion bars represent the size of deletion except for the ¢p14-
1 deletion at ~48kb which is a 1bp deletion but given a fixed size for visibility. Labels show
gene annotations for mutations found in 37°C and 42°C evolved populations (see Chapter 3).
Putative DNA ligase in @14-1 was originally annotated a hypothetical protein but has high

homology to Pseudomonas phage PhL._ UNISO_PA-DSM_phoo31 DNA ligase protein.
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Figure S3. Competition restricts the acquisition of high frequency mutations.
Mutation plots show genetic variants associated with fluctuating temperatures in co-culture
in phage populations. Lines represent individual biological replicates. Symbols within plots
show variants across the phage genome at > 20% prevalence and which were not observed in
the ancestral population. Length of deletion bars represent the size of deletion except for the
@14-1 deletion at ~48kb which is a 1bp deletion but given a fixed size for visibility. Labels show
gene annotations for mutations found in 37°C and 42°C evolved populations (see Chapter 3).
Putative DNA ligase in @14-1 was originally annotated a hypothetical protein but has high

homology to Pseudomonas ¢PhL_UNISO_PA-DSM_phoo31 DNA ligase protein.
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4.8 Supplementary tables

Table S1. Mutations with frequency > 20% in fluctuating evolved phage genomes.

Phage Competition | Replicate | Mutation | Mutation type Mutation Frequency Gene description
status position
Dd14-1 Monoculture 2 22889 INS +ACCAAAGAG 0.34 hypothetical protein
D®14-1 Monoculture 3 6005 INS +TGG 0.23 minor head protein
Dd14-1 Monoculture 3 10177 INS +CATCGCCAAGAC 0.21 hypothetical protein
D14-1 Monoculture 3 17227 INS +CATGGGCATCAC 0.33 hypothetical protein
D14-1 Monoculture 3 24893 INS +GCCCGGACT 0.32 hypothetical protein
d14-1 Monoculture 3 29090 INS +TACAGCAC 0.32 hypothetical protein
d14-1 Monoculture 5 13109 INS +ACCGACCATG 0.23 hypothetical protein
D14-1 Monoculture 5 47943 DEL A1bp 1 hypothetical protein
D14-1 Monoculture 5 55879 INS +CTTCCGGATGGT 0.21 hypothetical protein
Dd14-1 Monoculture 6 37330 INS +CCGATAGCGACC 0.21 polynucleotide kinase/phosphorylase
®14-1 Monoculture 6 47943 DEL A1bp 1 hypothetical protein
d14-1 Monoculture 6 47959 SNP A—C 0.2 hypothetical protein
®14-1 Co-culture 1 47943 DEL A1bp 1 hypothetical protein
d14-1 Co-culture 1 47955 SNP G—T 0.24 hypothetical protein
d14-1 Co-culture 1 47957 SNP A-T 0.24 hypothetical protein
d14-1 Co-culture 1 47959 SNP A—C 0.25 hypothetical protein
d14-1 Co-culture 2 47955 SNP G-T 0.23 hypothetical protein
d14-1 Co-culture 2 47957 SNP A>T 0.22 hypothetical protein
d14-1 Co-culture 2 47959 SNP A—C 0.23 hypothetical protein
D14-1 Co-culture 3 23234 INS +CCTAGAACAGC 0.21 hypothetical protein
D14-1 Co-culture 3 47943 DEL A1bp 1 hypothetical protein
d14-1 Co-culture 3 47955 SNP G-—T 0.27 hypothetical protein
®14-1 Co-culture 3 47957 SNP A-T 0.27 hypothetical protein
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d14-1 Co-culture 3 47959 SNP A—C 0.28 hypothetical protein
D14-1 Co-culture 4 47943 DEL A1bp 1 hypothetical protein
d14-1 Co-culture 4 47955 SNP G-—T 0.21 hypothetical protein
d14-1 Co-culture 4 47957 SNP A-T 0.2 hypothetical protein
D14-1 Co-culture 4 47959 SNP A—C 0.21 hypothetical protein
D14-1 Co-culture 4 63330 SNP C—T 0.21 tail sheath
d14-1 Co-culture 5 47943 DEL A1bp 1 hypothetical protein
D14-1 Co-culture 5 47955 SNP G—T 0.23 hypothetical protein
D14-1 Co-culture 5 47957 SNP A-T 0.23 hypothetical protein
D14-1 Co-culture 5 47959 SNP A—C 0.24 hypothetical protein
®14-1 Co-culture 6 47943 DEL A1bp 1 hypothetical protein
®LUZ19 Monoculture 1 34506 SNP C—A 1 tail fiber protein
®LUZ19 Monoculture 1 34582 SNP C—A 1 tail fiber protein
®LUZ19 Monoculture 1 34954 SNP T—C 1 tail fiber protein
®LUZ19 Monoculture 1 35404 SNP G—A 1 tail fiber protein
®LUZ19 Monoculture 1 40324 INS +CTAGC 0.39 hypothetical protein
®LUZ19 Monoculture 2 6673 SNP T-G 0.27 nucleotidyltransferase
®LUZ19 Monoculture 2 24541 SNP G—A 0.79 tail protein
®LUZ19 Monoculture 2 34506 SNP C—A 1 tail fiber protein
®LUZ19 Monoculture 2 34582 SNP C—A 1 tail fiber protein
®LUZ19 Monoculture 2 34954 SNP T—C 1 tail fiber protein
®LUZ19 Monoculture 2 35404 SNP G—-A 1 tail fiber protein
®LUZ19 Monoculture 2 40324 INS +CTAGC 0.42 hypothetical protein
®LUZ19 Monoculture 3 5227 SNP C—A 0.33 DNA primase
®LUZ19 Monoculture 3 34507 SNP A-G 1 tail fiber protein
®LUZ19 Monoculture 3 34582 SNP C—A 1 tail fiber protein
®LUZ19 Monoculture 3 34866 SNP G—C 1 tail fiber protein
®LUZ19 Monoculture 3 35404 SNP G—A 1 tail fiber protein
®LUZ19 Monoculture 3 35446 SNP T—A 0.63 tail fiber protein
®LUZ19 Monoculture 4 6673 SNP T-G 0.63 nucleotidyltransferase
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Monoculture

SNP

®LUZ19 4 24553 A—C 0.28 tail protein
®LUZ19 Monoculture 4 34506 SNP C—A 1 tail fiber protein
®LUZ19 Monoculture 4 34582 SNP C—A 1 tail fiber protein
®LUZ19 Monoculture 4 34954 SNP T—C 1 tail fiber protein
®LUZ19 Monoculture 4 35404 SNP G—A tail fiber protein
®LUZ19 Monoculture 4 40322 INS +GGCTA 0.35 hypothetical protein
®LUZ19 Monoculture 5 6673 SNP T-G 0.33 nucleotidyltransferase
®LUZ19 Monoculture 5 34506 SNP C—A 1 tail fiber protein
®LUZ19 Monoculture 5 34582 SNP C—A 1 tail fiber protein
®LUZ19 Monoculture 5 34954 SNP T—C 1 tail fiber protein
®LUZ19 Monoculture 5 35404 SNP G—A 1 tail fiber protein
®LUZ19 Monoculture 5 40324 INS +CTAGC 0.36 hypothetical protein
®LUZ19 Monoculture 6 22788 SNP C-T 0.61 tail tubular protein A
®LUZ19 Monoculture 6 24541 SNP G—A 0.2 tail protein
®LUZ19 Monoculture 6 34332 SNP A—-G 0.67 tail fiber protein
®LUZ19 Monoculture 6 34506 SNP C—A 1 tail fiber protein
®LUZ19 Monoculture 6 34582 SNP C—A 1 tail fiber protein
®LUZ19 Monoculture 6 34603 SNP A-G 0.91 tail fiber protein
®LUZ19 Monoculture 6 34954 SNP T—C 1 tail fiber protein
®LUZ19 Monoculture 6 35404 SNP G—A 1 tail fiber protein
®LUZ19 Monoculture 6 40327 INS +GCCTT 0.34 hypothetical protein
®LUZ19 Co-culture 1 34506 SNP C—A 0.83 tail fiber protein
®LUZ19 Co-culture 1 34582 SNP C—A 0.45 tail fiber protein
®LUZ19 Co-culture 2 34332 SNP A-G 0.23 tail fiber protein
®LUZ19 Co-culture 2 34506 SNP C—A 0.43 tail fiber protein
®LUZ19 Co-culture 2 34582 SNP C—A 0.57 tail fiber protein
®LUZ19 Co-culture 2 35404 SNP G—A 0.23 tail fiber protein
®LUZ19 Co-culture 3 34506 SNP C—A 0.5 tail fiber protein
®LUZ19 Co-culture 3 34507 SNP A—G 0.21 tail fiber protein
®LUZ19 Co-culture 3 34582 SNP C—A 0.45 tail fiber protein
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O®LUZ19

Co-culture

35404

SNP

G—oA

tail fiber protein

3 0.31
®LUZ19 Co-culture 4 34506 SNP C—A 0_22 tail fiber protein
®LUZ19 Co-culture 4 34560 SNP G—A 0.23 tail fiber protein
®LUZ19 Co-culture 4 34582 SNP C—A 0.37 tail fiber protein
®LUZ19 Co-culture 4 35404 SNP G—A 0.24 tail fiber protein
®LUZ19 Co-culture 5 34506 SNP C—A 0.57 tail fiber protein
®LUZ19 Co-culture 5 34582 SNP C—A 0.48 tail fiber protein
®LUZ19 Co-culture 6 34506 SNP C—A 0.55 tail fiber protein
®LUZ19 Co-culture 6 34560 SNP G—A 0.29 tail fiber protein
®LUZ19 Co-culture 6 34582 SNP C—A 0.4 tail fiber protein
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Discussion, conclusions, and future work

This thesis investigates the impact of thermal stress and variability on ecology and evolution
in phage communities. In this section, I highlight the main findings of each chapter, followed

by a discussion of the wider implications of this body of work.

5.1 Key findings

5.1.1 Chapter 2

e Phages co-infecting the same bacterial hosts vary in their responses to temperature.

e Phage replication under thermal stress depends on the thermal sensitivity of phage
life-history traits including attachment to hosts and within-host replication.

e Thermal change can alter phage competition outcomes directly leading to shifts in

phage community composition.
5.1.2 Chapter 3

e Phages can avoid thermal extinction through evolutionary rescue.
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e Co-selection by thermal stress and competition can facilitate thermal tolerance
evolution by targeting the same phage traits.

¢ Evolutionary rescue can shift the competitive hierarchy and alter community dynamics
by promoting the exclusion of phage competitors.

e Population decline in competitors leads to constrained evolution rates.

e Competitive exclusion can be prevented by stabilising mechanisms.
5.1.3 Chapter 4

¢ Thermal heterogeneity can select for intermediate thermal phenotypes relative to static
temperatures but can also lead to no-cost generalist strategies.

e Phages evolved under thermal heterogeneity have less predictable evolutionary
outcomes than static temperatures by selecting for both high and low temperature-
associated mutations.

e The evolutionary constraint arising from co-selection by temperature and competition

is exacerbated under thermal heterogeneity compared to static temperatures.

5.2 General themes and future work

5.2.1 Bacteria-phage interactions
5.2.1.1 Phageomes

Phages often form associations with animals or plants as members of their microbiomes [1,2].
Phage lytic activity is crucial for maintaining microbiome diversity through negative,
frequency-dependent selection and nutrient cycling [3,4]. Microbial diversification in turn
increases the resilience of microbiomes to environmental perturbations and reduces the
impacts of thermal stress [5]. Chapter 2 highlighted that phages vary in their thermal
responses such that warming can inactivate some phages and increase the relative fitness of

others. Thermal shifts in phageome community dynamics have important implications for
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animal and plant health. Thermal upregulation of phages targeting keystone microbiome
members is expected to reduce microbiome stability and remove the microbiome’s protective
effects against pathogens [6,7]. Additionally, thermal inactivation of phages may disrupt the
protective effects that phageomes confer against infecting pathogens. For example, Yang et al.
[8] showed that plant rhizospheres contain pathogen-targeting phages that can protect plants
from infections. However, the same researchers then showed that plant pathogen-targeting

phages can be temperature-sensitive [9].

Chapter 3 highlighted that phage thermal inactivation can be avoided via evolutionary rescue.
However, both Chapters 3 and 4 showed that evolutionary rescue may disrupt phage
community dynamics by promoting the population decline and evolutionary constraint of
phage competitors. These findings mean that, while phages may be able to persist in the
phageome through rapid adaptation, thermal change may ultimately lead to phageome
diversity loss. Phageome diversity loss is expected to weaken phage-induced frequency-
dependent selection and reduce genetic diversification in bacterial microbiomes [3]. Diversity
loss may also reduce microbiome resilience and adaptability to other environmental stresses
by constraining the transfer of fitness-associated genes between bacteria via temperate phage

lysogeny [10,11].
5.2.1.2 Phage therapy

Because of their lysis of bacterial cells, lytic phages are increasingly being viewed as a potential
supplement or alternative to antibiotics in the treatment of animal and plant bacterial
infections [12,13]. In the selection of candidates for phage therapies, efforts are made to ensure
phages can operate at host body temperatures. For example, phages used in human therapies
are tested for in vitro lytic potential at 37°C (resting human body temperature) [14]. In
contrast, phages targeting plant pathogens are tested at lower, more physiologically relevant
temperatures [13,15]. The findings from Chapter 2 indicate that phage candidates that perform
well at in situ temperatures may be disrupted by thermal upshifts caused by fevers (e.g., in

endothermic animals) or heatwaves (e.g., in plants). For example, Chapter 2 directly showed
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that thermal increases above 37°C can inactivate phages previously used in human phage

therapy treatments (e.g., p14-1; see [14]).

Thermal inactivation of phage therapies could be overcome using two approaches: phage
cocktails, and phage training. Phage cocktails, where multiple phages are applied
simultaneously, are a standard practice in phage therapy where they are deployed to target
polymicrobial infections or restrict the evolution of phage resistance [16]. Phage cocktails
could be designed to be more effective across temperatures by containing phages that have
broad thermal tolerance ranges. Alternatively, phages can instead be pre-evolved, or “trained”,
with their bacterial targets to increase therapy efficacy [17,18]. The findings from Chapter 3
suggest that phage training at or above in situ temperatures could expand phage upper thermal
limits, improve the position of phage thermal optima, and increase maximum performance

[19].

5.2.2 Thermal change modulates eco-evolutionary dynamics in parasite

communities

Parasite thermal biology literature to date has largely focused on interactions between
parasites and their hosts [20—23]. Yet, parasite infections rarely occur in isolation but instead
occur in the presence of other parasite species through co-infections [24]. Studies which have
looked at how thermal change affects parasite communities have assessed parasite ecological
and evolutionary responses, separately. On an ecological level, thermal change alters parasite
relative fitness with temperatures exceeding upper thermal limits in some species but
approaching thermal optima for others [25]. This outcome was highlighted in Chapter 2 and
shows that thermal change can lead to shifts in the relative abundance and composition of
parasite communities [25]. On an evolutionary level, parasites can rapidly adapt to thermal
change by altering the positioning of their thermal optima or extending their upper thermal

limits [26,27], the latter occurring through evolutionary rescue [28]. Ecological and
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evolutionary responses to temperature are intertwined through eco-evolutionary feedbacks,
where ecological change can affect evolution and vice versa [29]. Chapters 3 and 4 aimed to

assess the impact of thermal change on parasite eco-evolutionary dynamics.

The first main finding in Chapters 3 and 4 was that inter-specific competition can co-select
with thermal stress for elevated thermal tolerance. While many studies have demonstrated co-
selection for stress tolerance, these mainly occur between abiotic environmental stressors. For
example, the evolution of heavy metal resistance often confers resistance to other heavy metals
[30] and environmental contaminants often co-select for antibiotic resistance [31]. Recently,
Westley et al. [32] suggested that thermal adaptation can be accelerated by competition in a
bacterial community due to stronger selection. Given Chapter 3 linked high temperature and
competition-based selection to mutations in a single gene, co-selection in this case instead
appears to be driven by selection pressures acting on the same traits. Studies using Drosophila
sp. showed similar results whereby competition independently selected for thermal tolerance
by promoting expression changes in a heat shock protein [33,34]. However, further studies
showing abiotic stress and competition-based co-selection were difficult to find. It is possible
that co-selection between these factors is restricted to specific systems, such as phages, where
traits that are typically restricted by temperature are also essential for competitive fitness (see
Introduction — 1.3; Chapter 2). Alternatively, it could reflect a research gap as very few studies
have independently assessed the impact of thermal tolerance evolution on competitiveness
and vice versa. Further experimental studies using different systems are required to determine

whether this phenomenon is more widespread.

The second main finding in Chapters 3 and 4 was that phage evolutionary rescue in response
to thermal stress can promote the exclusion and evolutionary constraint of competitors.
Previous modelling studies have suggested that evolutionary rescue may accelerate
competitive exclusion of rare species, assuming constant competition [35,36]. Chapters 3 and
4 extend these findings experimentally by showing that, once evolutionary rescue has

occurred, exclusion can additionally happen to equally abundant community members
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through changes in species competitive fitness. This finding adds an important nuance to the
diversity loss typically associated with rising temperatures [37—39]. Firstly, evolutionary
rescue may accelerate diversity loss if more species are competitively excluded than are
rescued. Secondly, even if species avoid exclusion through stabilising mechanisms, their
reduced population densities and evolution rates may still accelerate diversity loss by making
them less adaptable to future environmental stresses [40] and restricting their ability to co-
evolve with competitors [41]. As mentioned previously, it is possible that the shift in
competition outcomes following evolutionary rescue is restricted to systems where thermal
stress and competition-based selection act on the same traits. Yet, these findings, along with
other recent studies [36,42,43], highlight the need to include eco-evolutionary responses when

assessing community responses to climate change.

5.2.3 Parasite extinctions and co-existence under climate change

Parasite diversity is projected to decrease with climate change [44]. Collectively, Chapters 2,
3, and 4 all support this projection and highlight that diversity loss can be driven by thermal
disruption of both parasite ecology and eco-evolutionary dynamics. Parasite diversity loss has
wide-ranging implications for ecosystem stability, food security, and the spread of infectious
disease. From a conservation perspective, wildlife disease severity is expected to increase
under future climate change due to mismatches in host and parasite thermal performances
[21]. The findings in this thesis highlight that while parasite infections may become more
severe, the frequency of parasite co-infections may decrease. As a result, parasite infections,
when they do occur, may on balance have a smaller impact on host fitness and thus lower rates
of host mortality [45]. Host mortality rates may further decrease due to reduced selection for
parasite virulence during single infections [46] and increased host upper thermal limits [47].
Reduced parasite diversity with warming may ultimately help host populations withstand the

diversity-eroding impacts of climate change [38].
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Reduced parasite diversity is expected to be beneficial for human health during infections for
the reasons mentioned above. However, human health and wellbeing are further affected by
the impact of reduced parasite diversity on crops and livestock. Crops are highly sensitive to
parasite infections as they are typically grown in close proximity and, being monocultures, lack
the genetic variation required to develop parasite resistance [48]. Plant parasitic nematodes
alone are thought to cause losses of ~12.3% in crop yields globally [49], with higher
percentages reported in certain areas [50]. Similarly, livestock are frequently infected by
parasites with billions of USD in losses reported annually in beef cattle [51] and farmed fish
[52]. Low parasite diversity due to rising temperatures may reduce the burden of parasites on
crop and livestock yields, leading to a small improvement in food security as crop growing

conditions become more difficult and global demand for food increases.

Finally, parasites do not always remain in one location but instead experience novel, stressful
environments by moving geographically or moving between species through spillover events
[53]. As parasites evolve in response to their new environment, they may either drive resident
parasite diversity loss or increase the strength of inter-parasite competition. If a geographical
shift or spillover reduces resident parasite community diversity, parasite movement may
improve host health outcomes [45]. Alternatively, if parasite competition becomes stronger,
selection may increase for virulence leading to worse host outcomes [46]. Understanding how
parasite movement alters the resident parasite community requires further theoretical

development and within-host experimentation.

5.3 Concluding remarks

With global biodiversity under threat from climate change, understanding how rising
temperatures affect the burden of infectious disease is becoming increasingly important.
Determining the ecological and evolutionary impacts of thermal change on parasite

communities is crucial to predict whether parasite burden will become greater or weaker in
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the future, with important implications for host extinction risk. Future focus should be on
assessing inter-parasite eco-evolutionary responses to thermal change to better determine the
role of community context in the thermal sensitivity of host-parasite systems. The experiments
presented in this thesis could help with the development of theoretical frameworks and
highlight future experiments to further explore parasite community responses to global

climate change.
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Phage mutations present at > 20% frequency in static evolved phage populations

Phage Temp. Competition | Rep. | Mut. | Pos. | Mutation | Freq Annotation Gene Gene description
treatment type
(&9)
D14-1 37 Monoculture 1 INS 13109 0.24 intergenic (+79/-8) |IGINKLAI_oo| hypothetical protein/
+ACCGACCA 020 — / — IGI| hypothetical protein
TG NKLAI_00021
D14-1 37 Monoculture 1 INS | 13838 0.21 coding (722/780 nt) |IGINKLAI_oo| hypothetical protein
+CAATGCCG 021 —
GGAC
®14-1 37 Monoculture 1 INS | 37459 0.21 coding (622/1017 nt) |IGINKLAI_oo | polynucleotide kinase/
+CCGAAGAC 061 — phosphorylase
CCGA
D14-1 37 Monoculture 1 INS | 40959 0.26 | coding (2476/3108 nt) |IGINKLAI_o0o0 DNA polymerase
+TGAAGGCC 063 —
GATC
D14-1 37 Monoculture 2 INS 13109 0.23 intergenic (+79/-8) |IGINKLAI_oo| hypothetical protein/
+ACCGACCA 020 — / — IGI| hypothetical protein
TG NKLAI_00021
D14-1 37 Monoculture 2 DEL | 17115 A3664 bp 1 [IGINKLAI_o00|[IGINKLAI_00028], IG
028]— INKLAI_00029, IGINK
IGINKLAI_oo |LAI_00030, IGINKLAI
037 _ 00031, IGINKLAI_o0
032, IGINKLAI_00033,
IGINKLAI_00034, IGI
NKLAI_00035, IGINKL
Al 00036, IGINKLAI
00037
D14-1 37 Monoculture 2 INS | 61258 0.26 coding (319/504 nt) |IGINKLAI_oo tail fiber protein
+AAGAGTTG 084 «—
CAAC
®14-1 37 Monoculture 3 INS | 32991 0.23 coding (472/885nt) |IGINKLAI_oo| hypothetical protein
+AGGAAGAG 052 —
C
®14-1 37 Monoculture 5 INS | 32640 | +AGGCCA 0.2 coding (121/885nt) |IGINKLAI_oo| hypothetical protein
052 —
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®14-1 37 Monoculture INS | 22710 0.24 coding (163/612 nt) |IGINKLAI_oo| hypothetical protein
+AGGAAGAG 042 —
GCCTTCC
D14-1 37 Monoculture INS | 25236 0.31 | coding (1373/1749 nt) |IGINKLAI_oo DNA primase
+TGATCAGA 044 «—
ACAT
d14-1 37 Monoculture INS | 48135 0.25 coding (513/663 nt) |IGINKLAI_o0o0 endolysin
+CAGAAGAA 072 «—
CCAGG
®14-1 37 Co-culture SNP | 47955 G-—T 0.26 E83* (GAA—TAA)* |IGINKLAI_oo| hypothetical protein
071 —
D14-1 37 Co-culture SNP | 47957 A>T 0.25 E83D (GAA—GAT)* |IGINKLAI_oo| hypothetical protein
071 —
®14-1 37 Co-culture SNP | 47959 A—C 0.26 *84S (TAA—TCA) IGINKLAI_oo| hypothetical protein
071 —
d14-1 37 Co-culture SNP | 47955 G-T 0.27 E83* (GAA—TAA)¥ |IGINKLAI_oo| hypothetical protein
071 —
®14-1 37 Co-culture SNP | 47957 A-T 0.26 E83D (GAA—GAT)* |IGINKLAI_oo| hypothetical protein
071 —
d14-1 37 Co-culture SNP | 47959 A—C 0.26 *84S (TAA—TCA) IGINKLAI_oo| hypothetical protein
071 —
D14-1 37 Co-culture SNP | 47955 G-T 0.26 E83* (GAA—TAA)¥ |IGINKLAI_oo| hypothetical protein
071 —
®14-1 37 Co-culture SNP | 47957 A-T 0.25 E83D (GAA—GAT)* |IGINKLAI_oo| hypothetical protein
071 —
d14-1 37 Co-culture SNP | 47959 A—-C 0.26 *84S (TAA—TCA) IGINKLAI_oo| hypothetical protein
071 —
D14-1 37 Co-culture SNP | 47955 G-—T 0.25 E83* (GAA—TAA)* |IGINKLAI_oo| hypothetical protein
071 —
d14-1 37 Co-culture SNP | 47957 AT 0.24 E83D (GAA—GAT)* |IGINKLAI_oo| hypothetical protein
071 —
®14-1 37 Co-culture SNP | 47959 A—C 0.25 *84S (TAA—TCA) IGINKLAI_oo| hypothetical protein
071 —
D14-1 37 Co-culture DEL | 16883 A3635 bp 1 IGINKLAI_oo0 | IGINKLAI_00027, IGI
027— INKLAI_00028, IGINKL|
IGINKLAI_oo0 |Al_00029, IGINKLAI__
036 00030, IGINKLAI_000

31, IGINKLAI_ 00032, 1
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GINKLAI_00033, IGIN
KLAI_00034, IGINKLA
1_00035, IGINKLAI_o

0036
D14-1 37 Co-culture DEL | 47943 A1bp 1 coding (235/252nt) |IGINKLAI_oo| hypothetical protein
071 —
®14-1 37 Co-culture SNP | 47955 G—-T 0.27 E83* (GAA—TAA)* |IGINKLAI_oo| hypothetical protein
071 —
d14-1 37 Co-culture SNP | 47957 AT 0.27 E83D (GAA—GAT)* |IGINKLAI_oo| hypothetical protein
071 —
®14-1 37 Co-culture SNP | 47959 A—C 0.27 *84S (TAA—TCA) IGINKLAI_oo| hypothetical protein
071 —
D14-1 37 Co-culture DEL | 17082 | A4803bp 1 [IGINKLAI_o0o0|[IGINKLAI_00028], IG
028]— INKLAI_00029, IGINK
[IGINKLAI_o00|LAI_00030, IGINKLAI
041] _ 00031, IGINKLAI_ o0
032, IGINKLAI_ 00033,
IGINKLAI_00034, IGI
NKLAI_00035, IGINKL
AlI_00036, IGINKLAI_
00037, IGINKLAI_oo0
38, IGINKLAI_00039, I
GINKLAI_00040, [IGI
NKLAI_00041]
d14-1 37 Co-culture SNP | 47955 G-T 0.23 E83* (GAA—TAA)¥ |IGINKLAI_oo| hypothetical protein
071 —
®14-1 37 Co-culture SNP | 47957 A-T 0.22 E83D (GAA—GAT)* |IGINKLAI_oo| hypothetical protein
071 —
d14-1 37 Co-culture SNP | 47959 A—C 0.23 *84S (TAA—TCA) IGINKLAI_oo| hypothetical protein
071 —
®14-1 37 Co-culture INS | 63520 0.25 | coding (1192/1515 nt) |IGINKLAI o0 tail sheath
+CAGGAACA 089 «
GGTC
D14-1 42 Monoculture INS 11190 0.29 coding (237/933 nt) |IGINKLAI_oo| hypothetical protein
+TACAAAGA 017 —
G
®14-1 42 Monoculture DEL | 47943 A1bp 1 coding (235/252 nt) |IGINKLAI_oo| hypothetical protein
071 —
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®14-1 42 Monoculture SNP | 63330 C-T 0.44 C461Y (TGC—TAC) |IGINKLAI_oo tail sheath
089 «—
D14-1 42 Monoculture SNP | 63478 T—C 0.31 T412A (ACC—GCC) |IGINKLAI_oo tail sheath
089 «—
®14-1 42 Monoculture INS | 64892 0.21 coding (417/582nt) |IGINKLAI_o0o0 [tail completion or Neck1
+TGATCTGG 090 «— protein
AG
D14-1 42 Monoculture DEL | 47943 A1bp 1 coding (235/252nt) |IGINKLAI_oo| hypothetical protein
071 —
®14-1 42 Monoculture SNP | 63226 A—C 0.54 F496V (TTC—GTC) |IGINKLAI_oo tail sheath
089 «—
D14-1 42 Monoculture SNP | 63330 C-T 0.35 C461Y (TGC—TAC) |IGINKLAI_oo tail sheath
089 «—
®14-1 42 Monoculture INS | 37330 0.21 coding (493/1017 nt) |IGINKLAI_oo | polynucleotide kinase/
+CCGATAGC 061 — phosphorylase
GACC
D14-1 42 Monoculture DEL | 47943 A1bp 1 coding (235/252nt) |IGINKLAI_oo| hypothetical protein
071 —
D14-1 42 Monoculture SNP | 63258 G—-T 0.58 T485K (ACG—AAG) |IGINKLAI_oo tail sheath
089 «—
D14-1 42 Monoculture SNP | 63478 T—C 0.24 T412A (ACC—GCC) |IGINKLAI_oo tail sheath
089 «—
®14-1 42 Monoculture INS | 13109 0.23 intergenic (+79/-8) |IGINKLAI_oo| hypothetical protein/
+ACCGACCA 020 — / — IGI| hypothetical protein
TG NKLAI_00021
®14-1 42 Monoculture INS | 32640 | +AGGCCA 0.2 coding (121/885nt) |IGINKLAI_oo| hypothetical protein
052 —
®14-1 42 Monoculture DEL | 47943 A1bp 1 coding (235/252 nt) |IGINKLAI_oo| hypothetical protein
071 —
014-1 42 Monoculture SNP | 47955 G-T 0.23 E83* (GAA—TAA)¥ |IGINKLAI_oo| hypothetical protein
071 —
®14-1 42 Monoculture SNP | 47957 A-T 0.23 E83D (GAA—GAT)* |IGINKLAI_oo| hypothetical protein
071 —
D14-1 42 Monoculture SNP | 47959 A—C 0.23 *84S (TAA—TCA) IGINKLAI_oo| hypothetical protein
071 —
®14-1 42 Monoculture SNP | 63226 A—C 0.5 F496V (TTC—GTC) |IGINKLAI_oo tail sheath
089 «—
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®14-1 42 Monoculture SNP | 63478 T—C 0.23 T412A (ACC—GCC) |IGINKLAI_oo tail sheath
089 «—
D14-1 42 Monoculture INS | 23791 0.24 coding (106/570 nt) |IGINKLAI_oo| hypothetical protein
+CAGGTCGA 043 «—
TGTA
®14-1 42 Monoculture INS | 37330 0.23 coding (493/1017 nt) |IGINKLAI_oo | polynucleotide kinase/
+CCGATAGC 061 — phosphorylase
GACC
D14-1 42 Monoculture DEL | 47943 A1bp 1 coding (235/252 nt) |IGINKLAI_oo| hypothetical protein
071 —
®14-1 42 Monoculture INS | 49333 0.22 | coding (2633/2889 nt) |IGINKLAI 00 tail protein
+TGTAGTTG 074 «—
T
D14-1 42 Monoculture SNP | 63330 C-T 0.65 C461Y (TGC—TAC) |IGINKLAI_oo tail sheath
089 «—
d14-1 42 Monoculture DEL | 47943 A1bp 1 coding (235/252 nt) |IGINKLAI_oo| hypothetical protein
071 —
®14-1 42 Monoculture SNP | 47955 G—-T 0.2 E83* (GAA—TAA)* |IGINKLAI_oo| hypothetical protein
071 —
D14-1 42 Monoculture SNP | 47957 A>T 0.2 E83D (GAA—GAT)* |IGINKLAI_oo| hypothetical protein
071 —
D14-1 42 Monoculture SNP | 47959 A—C 0.2 *84S (TAA—TCA) IGINKLAI_oo| hypothetical protein
071 —
D14-1 42 Monoculture SNP | 63330 C—T 0.59 C461Y (TGC—TAC) |IGINKLAI_oo tail sheath
089 «—
®14-1 42 Monoculture SNP | 63478 T—C 0.23 T412A (ACC—GCC) |IGINKLAI_oo tail sheath
089 «—
®14-1 42 Co-culture INS | 19039 0.24 coding (5/216 nt) IGINKLAI_oo| hypothetical protein
+CAAGCAAG 033 —
ACCTGTA
®14-1 42 Co-culture DEL | 47943 A1bp 1 coding (235/252 nt) |IGINKLAI_oo| hypothetical protein
071 —
D14-1 42 Co-culture SNP | 63330 C-T 0.75 C461Y (TGC—TAC) |IGINKLAI_oo tail sheath
089 «—
d14-1 42 Co-culture SNP | 63330 C-T 0.56 C461Y (TGC—TAC) |IGINKLAI_oo tail sheath
089 «—
D14-1 42 Co-culture SNP | 63330 C—T 0.67 C461Y (TGC—TAC) |IGINKLAI_oo tail sheath
089
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®14-1 42 Co-culture 3 SNP | 63478 T—C 0.2 T412A (ACC—GCC) |IGINKLAI_oo tail sheath
089 «—
D14-1 42 Co-culture 4 SNP | 63330 C-T 0.89 C461Y (TGC—TAC) |IGINKLAI_oo tail sheath
089 «—
®14-1 42 Co-culture 5 DEL | 47943 A1bp 1 coding (235/252 nt) |IGINKLAI_oo| hypothetical protein
071 —
D14-1 42 Co-culture 5 SNP | 63478 T—C 0.57 T412A (ACC—GCC) |IGINKLAI_oo tail sheath
089 «—
®14-1 42 Co-culture 6 DEL | 47943 A1bp 1 coding (235/252 nt) |IGINKLAI_oo| hypothetical protein
071 —
®14-1 42 Co-culture 6 SNP | 63330 C—A 0.54 C461F (TGC—TTC) |IGINKLAI_oo tail sheath
089 «—
014-1 42 Co-culture 6 SNP | 63478 T—C 0.3 T412A (ACC—GCC) |IGINKLAI_oo tail sheath
089 «—
®14-1 42 Co-culture 6 SNP | 63531 T—C 0.4 D394G (GAC—GGC) |IGINKLAI_oo tail sheath
089 «—
®LUZ19 37 Monoculture 1 DEL 3563 A1bp 1 intergenic (+33/-237) |gp12 — / — JP| DNA polymerase/
EJBOGK_0001| hypothetical protein
0
O®LUZ19 37 Monoculture 1 SNP 6673 T-G 0.72 L32W (TTG—TGG) gp16 — nucleotidyltransferase
PLUZ19 37 Monoculture 1 SNP | 10509 T—-C 0.64 F684L (TTC—CTC) gp19 — DNA polymerase
O®LUZ19 37 Monoculture 1 SNP | 15953 A—C 0.25 D171A (GAT—GCT) gp26 — RNA polymerase
®LUZ19 37 Monoculture 1 SNP | 24542 A-G 0.78 | D429G (GAC—GGC)+ gp34 — tail protein
®LUZ19 37 Monoculture 1 SNP | 33975 T—A 0.24 L75Q (CTG—CAG) gp39 — tail fiber protein
®LUZ19 37 Monoculture 1 SNP | 34506 C—A 0.34 | Q102K (CAG—-AAG)* gp40 — tail fiber protein
®LUZ19 37 Monoculture 1 SNP | 34507 A—G 0.59 | Q102R (CAG—CGG)* gp40 — tail fiber protein
®LUZ19 37 Monoculture 1 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 37 Monoculture 1 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 37 Monoculture 2 SNP 892 G—oA 0.53 R57H (CGC—CAC) |JPEJBOGK_o00| hypothetical protein
003 —
®LUZ19 37 Monoculture 2 DEL 3549 A1bp 1 intergenic (+19/-251) |gp12 — / — JP| DNA polymerase/
EJBOGK_0001| hypothetical protein
0
O®LUZ19 37 Monoculture SNP 6673 T-G 0.35 L32W (TTG—TGG) gp16 — nucleotidyltransferase
PLUZ19 37 Monoculture SNP | 10509 T—-C 0.27 F684L (TTC—CTC) gp19 — DNA polymerase
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®LUZ19 37 Monoculture 2 SNP | 15953 A—C 0.95 D171A (GAT—GCT) gp26 — RNA polymerase
®LUZ19 37 Monoculture 2 SNP | 24542 A—G 1 D429G (GAC—GGC) gp34 — tail protein
®LUZ19 37 Monoculture 2 SNP | 34507 A—G 0.38 Q102R (CAG—CGG) gp40 — tail fiber protein
®LUZ19 37 Monoculture 2 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 37 Monoculture 2 SNP | 34951 A—G 0.44 Q250R (CAG—CGG) gp40 — tail fiber protein
®LUZ19 37 Monoculture 2 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 37 Monoculture 3 SNP 8801 T-G 0.36 S114R (AGT—AGG) gp19 — DNA polymerase
®LUZ19 37 Monoculture 3 SNP | 15734 A—-G 0.49 Y98C (TAC—TGC) gp26 — RNA polymerase
®LUZ19 37 Monoculture 3 SNP | 24542 A—C 0.32 | D429A (GAC—GCC)* gp34 — tail protein
®LUZ19 37 Monoculture 3 SNP | 34507 A—-G 0.87 Q102R (CAG—CGG) gp40 — tail fiber protein
®LUZ19 37 Monoculture 3 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 37 Monoculture 3 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 37 Monoculture 4 DEL | 3563 A1bp 1 intergenic (+33/-237) |gp12 — / — JP| DNA polymerase/
EJBOGK_0001| hypothetical protein
0
®LUZ19 37 Monoculture 4 DEL | 4444 A13 bp 0.65 | coding (113-125/129 nt) JPEJBOGK_o00| hypothetical protein
011 —
®LUZ19 37 Monoculture 4 SNP 8801 T-G 0.25 S114R (AGT—AGG) gp19 — DNA polymerase
O®LUZ19 37 Monoculture 4 SNP | 10509 T—C 0.29 F684L (TTC—CTC) gp19 — DNA polymerase
O®LUZ19 37 Monoculture 4 SNP | 15953 A—C 0.23 D171A (GAT—GCT) gp26 — RNA polymerase
®LUZ19 37 Monoculture 4 SNP | 24541 G—A 0.24 | D429N (GAC—AAC)+ gp34 — tail protein
®LUZ19 37 Monoculture 4 SNP | 24542 A—-G 0.58 | D429G (GAC—GGC)* gp34 — tail protein
®LUZ19 37 Monoculture 4 SNP | 33834 T—C 0.31 M28T (ATG—ACG) gp39 — tail fiber protein
®LUZ19 37 Monoculture 4 SNP | 34507 A—-G 1 Q102R (CAG—CGG) £p40 — tail fiber protein
®LUZ19 37 Monoculture 4 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 37 Monoculture 4 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 37 Monoculture 4 SNP | 35446 T—A 0.53 F112Y (TTC—TAC) gp41 — tail fiber protein
®LUZ19 37 Monoculture 5 SNP 6673 T-G 1 L32W (TTG—-TGG) gp16 — nucleotidyltransferase
®LUZ19 37 Monoculture 5 SNP | 16769 C—A 0.59 S443Y (TCC—TAC) gp26 — RNA polymerase
®LUZ19 37 Monoculture 5 SNP | 24542 A—G 0.24 D429G (GAC—GGC) gp34 — tail protein
O®LUZ19 37 Monoculture 5 SNP | 33834 T—C 0.21 M28T (ATG—ACG) gp39 — tail fiber protein
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®LUZ19 37 Monoculture 5 SNP | 34507 A—G 0.4 Q102R (CAG—CGG) gp40 — tail fiber protein
®LUZ19 37 Monoculture 5 SNP | 34524 C—A 0.56 Q108K (CAA—AAA) gp40 — tail fiber protein
®LUZ19 37 Monoculture 5 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 37 Monoculture 5 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 37 Monoculture 6 SNP 6673 T-G 0.72 L32W (TTG—TGG) gp16 — nucleotidyltransferase
®LUZ19 37 Monoculture 6 DEL | 8360 A1bp 0.4 coding (218/321nt) WJPEJBOGK 00| hypothetical protein
016 —
®LUZ19 37 Monoculture 6 SNP | 24541 G—A 0.25 | D429N (GAC—AAC)+ gp34 — tail protein
®LUZ19 37 Monoculture 6 SNP | 24542 A—C 0.38 | D429A (GAC—GCC)# gp34 — tail protein
®LUZ19 37 Monoculture 6 SNP | 34524 C—A 1 Q108K (CAA—AAA) gp40 — tail fiber protein
®LUZ19 37 Monoculture 6 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 37 Monoculture 6 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 37 Co-culture 1 SNP 5227 C—A 0.23 L2341 (CTC—ATC) gp14 — DNA primase
O®LUZ19 37 Co-culture 1 SNP | 10509 T—C 0.44 F684L (TTC—CTC) gp19 — DNA polymerase
O®LUZ19 37 Co-culture 1 SNP | 34507 A-G 0.84 Q102R (CAG—CGG) gp40 — tail fiber protein
O®LUZ19 37 Co-culture 1 SNP | 34582 C—A 0.95 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 37 Co-culture 1 SNP | 35404 G—A 0.93 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 37 Co-culture 2 DEL 3563 A1bp 1 intergenic (+33/-237) |gp12 — / — JP| DNA polymerase/
EJBOGK_0001| hypothetical protein
0
®LUZ19 37 Co-culture 2 SNP 6673 T-G 0.25 L32W (TTG—TGG) gp16 — nucleotidyltransferase
O®LUZ19 37 Co-culture 2 SNP | 34507 A-G 0.94 Q102R (CAG—CGG) gp40 — tail fiber protein
®LUZ19 37 Co-culture 2 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 37 Co-culture 2 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 37 Co-culture 3 SNP 6673 T-G 0.38 L32W (TTG—-TGG) gp16 — nucleotidyltransferase
®LUZ19 37 Co-culture 3 SNP | 34507 A—G 1 Q102R (CAG—CGG) £p40 — tail fiber protein
®LUZ19 37 Co-culture 3 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 37 Co-culture 3 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 37 Co-culture 4 SNP | 34561 A—G 0.31 D120G (GAT—GGT) gp40 — tail fiber protein
®LUZ19 37 Co-culture 4 SNP | 34582 C—A 0.65 T127K (ACG—AAG) gp40 — tail fiber protein
O®LUZ19 37 Co-culture 4 SNP | 34951 A-G 0.66 Q250R (CAG—CGG) gp40 — tail fiber protein
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®LUZ19 37 Co-culture 4 SNP | 35404 G—A 0.86 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 37 Co-culture 5 SNP | 5206 A—G 0.24 | S227G (AGT-GGT)* gp14 — DNA primase
®LUZ19 37 Co-culture 5 SNP 5208 T—A 0.24 | S227R (AGT—AGA)#* gp14 — DNA primase
®LUZ19 37 Co-culture 5 SNP | 10509 T—C 0.27 F684L (TTC—CTC) gp19 — DNA polymerase
®LUZ19 37 Co-culture 5 SNP | 12162 T—C 0.25 V306A (GTG—GCG) WPJPEJBOGK_oo| hypothetical protein
019 —
®LUZ19 37 Co-culture 5 SNP | 34507 A-G 0.69 Q102R (CAG—CGG) gp490 — tail fiber protein
®LUZ19 37 Co-culture 5 SNP | 34561 A—G 0.28 D120G (GAT—GGT) £p40 — tail fiber protein
®LUZ19 37 Co-culture 5 SNP | 34582 C—A 0.64 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 37 Co-culture 5 SNP | 35404 G—A 0.88 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 37 Co-culture 6 SNP | 10509 T—C 0.37 F684L (TTC—CTC) gp19 — DNA polymerase
®LUZ19 37 Co-culture 6 SNP | 34582 C—A 0.88 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 37 Co-culture 6 SNP | 34951 A—G 0.72 Q250R (CAG—CGG) gp40 — tail fiber protein
O®LUZ19 37 Co-culture 6 SNP | 35404 G—A 0.91 C9o8Y (TGT—TAT) gp41 — tail fiber protein
O®LUZ19 42 Monoculture 1 SNP | 34506 C—A 1 Q102K (CAG—AAG) gp40 — tail fiber protein
®LUZ19 42 Monoculture 1 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 42 Monoculture 1 SNP | 34954 T—C 1 V251A (GTC—GCC) 2p40 — tail fiber protein
®LUZ19 42 Monoculture 1 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 42 Monoculture 1 INS | 40324 +CTAGC 0.87 | intergenic (-55/-1288) JPEJBOGK_o0o0| hypothetical protein/
049 <« / — JPE| hypothetical protein
JBOGK_00050
O®LUZ19 42 Monoculture 2 SNP | 23558 A—G 0.43 Q101R (CAG—CGG) gp34 — tail protein
®LUZ19 42 Monoculture 2 SNP | 34506 C—A 1 Q102K (CAG—AAG) £p40 — tail fiber protein
®LUZ19 42 Monoculture 2 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 42 Monoculture 2 SNP | 34954 T—C 1 V251A (GTC—GCC) gp40 — tail fiber protein
®LUZ19 42 Monoculture 2 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 42 Monoculture 2 INS | 40327 +GCCTT 0.89 | intergenic (-58/-1285) |[JPEJBOGK_o0o0| hypothetical protein/
049 <« / — JPE| hypothetical protein
JBOGK 00050
®LUZ19 42 Monoculture 3 SNP | 34506 C—A 1 Q102K (CAG—AAG) £p40 — tail fiber protein
®LUZ19 42 Monoculture 3 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 42 Monoculture 3 SNP | 34954 T—C 1 V251A (GTC—GCC) gp40 — tail fiber protein
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®LUZ19 42 Monoculture 3 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 42 Monoculture 3 SNP | 37724 G—A 0.32 A565T (GCT—ACT) gp43 — terminase large subunit
®LUZ19 42 Monoculture 3 INS | 40330 +T 0.23 | intergenic (-61/-1282) |[JPEJBOGK_o0o0| hypothetical protein/
049 <« / — JPE| hypothetical protein
JBOGK _ 00050
®LUZ19 42 Monoculture 3 INS | 40332 |(GCCTT)1—2| 0.33 | intergenic (-63/-1280) |[JPEJBOGK_o0o0| hypothetical protein/
049 «— / — JPE| hypothetical protein
JBOGK_ 00050
®LUZ19 42 Monoculture 4 SNP | 24974 A>T 0.59 Q573L (CAG—CTG) gp34 — tail protein
®LUZ19 42 Monoculture 4 SNP | 34506 C—A 1 Q102K (CAG—AAG) £p40 — tail fiber protein
®LUZ19 42 Monoculture 4 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 42 Monoculture 4 SNP | 34954 T—C 1 V251A (GTC—GCC) gp40 — tail fiber protein
®LUZ19 42 Monoculture 4 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 42 Monoculture 4 SNP | 37828 A—G 0.75 R599R (CGA—CGG) gp43 — terminase large subunit
®LUZ19 42 Monoculture 4 INS | 40324 +CTAGC 0.25 | intergenic (-55/-1288) JPEJBOGK_o00| hypothetical protein/
049 <« / — JPE| hypothetical protein
JBOGK _ 00050
®LUZ19 42 Monoculture 4 INS | 40327 +GCCTT 0.41 | intergenic (-58/-1285) WJPEJBOGK_ 00| hypothetical protein/
049 <« / — JPE| hypothetical protein
JBOGK_ 00050
®LUZ19 42 Monoculture 5 SNP | 24934 A—G 0.2 S560G (AGC—GGC) gp34 — tail protein
®LUZ19 42 Monoculture 5 SNP | 34332 A—G 0.38 T44A (ACC—GCC) gp40 — tail fiber protein
®LUZ19 42 Monoculture 5 SNP | 34506 C—A 1 Q102K (CAG—AAG) £p40 — tail fiber protein
®LUZ19 42 Monoculture 5 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 42 Monoculture 5 SNP | 34603 A—G 0.9 D134G (GAT—GGT) g£p40 — tail fiber protein
®LUZ19 42 Monoculture 5 SNP | 34954 T—C 1 V251A (GTC—GCC) 2p40 — tail fiber protein
O®LUZ19 42 Monoculture 5 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 42 Monoculture 5 DEL | 40316 A8 bp 0.4 intergenic (-47/-1289) WPEJBOGK_oo| hypothetical protein/
049 <« / — JPE| hypothetical protein
JBOGK_00050
®LUZ19 42 Monoculture 5 INS | 40321 +TGGCT 0.49 | intergenic (-52/-1291) |[JPEJBOGK_o0o0| hypothetical protein/
049 <« / — JPE| hypothetical protein

JBOGK 00050
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®LUZ19 42 Monoculture 5 INS | 40327 +GCCTT 0.92 | intergenic (-58/-1285) |[JPEJBOGK_o0o0| hypothetical protein/
049 — / — JPE| hypothetical protein
JBOGK_ 00050
®LUZ19 42 Monoculture 6 SNP | 25105 C-T 0.21 H617Y (CAC—TAC) gp34 — tail protein
®LUZ19 42 Monoculture 6 SNP | 33765 T—C 0.36 I5T (ATC—ACC) gp39 — tail fiber protein
®LUZ19 42 Monoculture 6 SNP | 33834 T—C 0.36 | M28T (ATG—ACG)* gp39 — tail fiber protein
®LUZ19 42 Monoculture 6 SNP | 34506 C—A 1 Q102K (CAG—AAG) £p40 — tail fiber protein
®LUZ19 42 Monoculture 6 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 42 Monoculture 6 SNP | 34954 T—C 1 V251A (GTC—GCC) 2p40 — tail fiber protein
®LUZ19 42 Monoculture 6 SNP | 35404 G—A 1 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 42 Monoculture 6 INS | 40324 +CTAGC 0.71 | intergenic (-55/-1288) |[JPEJBOGK_o00| hypothetical protein/
049 <« / — JPE| hypothetical protein
JBOGK_ 00050
®LUZ19 42 Co-culture 1 SNP | 34506 C—A 0.8 Q102K (CAG—AAG) gp40 — tail fiber protein
®LUZ19 42 Co-culture 1 SNP | 34582 C—A 0.2 T127K (ACG—AAG) gp40 — tail fiber protein
O®LUZ19 42 Co-culture 2 SNP | 34506 C—A 1 Q102K (CAG—AAG) gp40 — tail fiber protein
®LUZ19 42 Co-culture 2 SNP | 34560 G—A 0.79 D120N (GAT—AAT) gp40 — tail fiber protein
®LUZ19 42 Co-culture 2 DEL | 41781 A6 bp 0.37 |coding (170-175/285 nt) JPEJBOGK_o0o0| hypothetical protein
050 —
®LUZ19 42 Co-culture 2 SNP | 42443 A—-G 0.45 T104A (ACC—GCC) JPEJ BSOGK_OO hypothetical protein
052 —
O®LUZ19 42 Co-culture 3 SNP | 34506 C—A 0.22 Q102K (CAG—AAG) gpao — tail fiber protein
O®LUZ19 42 Co-culture 3 SNP | 34582 C—A 0.85 T127K (ACG—AAG) gp40 — tail fiber protein
O®LUZ19 42 Co-culture 3 SNP | 34951 A—C 0.68 Q250P (CAG—CCG) gp40 — tail fiber protein
®LUZ19 42 Co-culture 3 SNP | 35404 G—oA 0.75 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 42 Co-culture 4 SNP | 27861 A—G 0.71 K527R (AAG—AGG) gp36 — internal virion lysozyme
motif protein
®LUZ19 42 Co-culture 4 SNP | 34332 A—G 0.95 T44A (ACC—GCC) gp40 — tail fiber protein
O®LUZ19 42 Co-culture 4 SNP | 34507 A-G 0.91 | Q102R (CAG—CGG)+ gp40 — tail fiber protein
®LUZ19 42 Co-culture 4 SNP | 34582 C—A 1 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 42 Co-culture 4 SNP | 35404 G—A 0.92 C9o8Y (TGT—TAT) gp41 — tail fiber protein
®LUZ19 42 Co-culture 4 SNP | 37294 G-—T 0.79 A421A (GCG—GCT) gp43 — terminase large subunit
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®LUZ19 42 Co-culture 5 SNP | 34332 A—G 0.56 T44A (ACC—GCC) gp40 — tail fiber protein
®LUZ19 42 Co-culture 5 SNP | 34506 C—A 0.45 Q102K (CAG—AAG) £p40 — tail fiber protein
®LUZ19 42 Co-culture 5 SNP | 34560 G—A 0.34 D120N (GAT—AAT) gp40 — tail fiber protein
®LUZ19 42 Co-culture 5 SNP | 34582 C—A 0.59 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 42 Co-culture 5 SNP | 42443 A-G 0.25 T104A (ACC—GCC) WJPEJBOGK_oo| hypothetical protein
052 —
®LUZ19 42 Co-culture 6 SNP | 34332 A—G 0.58 T44A (ACC—GCC) gp540 — tail fiber protein
®LUZ19 42 Co-culture 6 SNP | 34506 C—A 0.51 Q102K (CAG—AAG) £p40 — tail fiber protein
®LUZ19 42 Co-culture 6 SNP | 34582 C—A 0.72 T127K (ACG—AAG) gp40 — tail fiber protein
®LUZ19 42 Co-culture 6 DEL | 41768 A28 bp 0.4 |coding (157-184/285 nt) JPEJBOGK_o00| hypothetical protein
050 —
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