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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

phage was restricted at  42°C. This outcome was attributed to disruption of different phage life-

history  traits  including  host  attachment  and  replication  inside  hosts.  Further,  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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Importance

Mammalian hosts often elevate their body temperatures through fevers to restrict the growth of

bacterial infections. However, the extent to which fever temperatures affects the communities of

phages with the ability to parasitise those bacteria remains unclear. In this study, we investigate the

impact of warming across a fever temperature range (37°C, 40°C, 42°C) on phage life-history traits
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and  competition  using  a  bacterium  (host)  and  bacteriophage  (parasite)  system.  We  show  that

phages vary in their responses to temperature due to disruption of different phage life-history traits.

Further,  we  show  that  temperature  can  alter  phage  competitiveness  and  shape  phage-phage

competition outcomes. These results suggest that fever temperatures have the potential to restrict

phage infectivity  and drive  phage community  dynamics.  We discuss  implications  for  the role  of

temperature in shaping host-parasite interactions more widely.

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 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.
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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.

Methods and Materials

Strains, storage, and culture conditions

Pseudomonas aeruginosa PAO1 was used with a collection of three lytic bacteriophages: φPEV2,

φLUZ19, and φ14-1. 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. φPEV2 (N4-like phage)  (64) and φ14-1 (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). φLUZ19, a T7-like phage,

adsorbs to type IV pili  (55,69). The three phages also vary in core phage replicative traits. While

φPEV2 and φLUZ19 have latent periods (time from infection to burst) of ~18 minutes (67) and ~24

minutes  (69) respectively, PB1-like phages (such as φ14-1) have latent periods up to ~50 minutes

(66). φPEV2 and φLUZ19 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.
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Cultures were then centrifuged at 3,095 x g for 5 mins to pellet cell debris and the supernatants

(phage lysates) were sterilised using 0.22µM 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 MgSO4 and CaCl2 (10 mM). Briefly,

bacterial  lawns  were  prepared  by  mixing  10ml  of  melted  top  agar  (~40°C)  with  300μL  of  a  P.

aeruginosa PAO1  overnight  culture  (approximately  3  x  108 CFU/ml).  Phage  stocks  were  serially

diluted and 10μL 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.

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 φPEV2, φLUZ19, and φ14-1 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 (10μL), pairwise (20μL), and 3-phage (30μL) stocks were added to

loose-lid 5ml falcon tubes and LB was added up to a final volume of 30μL. Diluted bacterial cultures

(970μL) were then added to a final volume of 1ml. A no-phage control was included containing 30μL

LB and 970μL 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. 

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 20μL 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, 100μL 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 (72,73). 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 (100μL) 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 4 10mM, 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 φPEV2, φLUZ19, and φ14-1 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  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. qPCR 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 were generated from purified

DNA dilutions with Luna Universal qPCR Master Mix (New England BioLabs) using a StepOnePlus

Real-Time PCR System (Applied Biosystems).

Aliquots of phage lysates (100µL) were taken hourly for qPCR 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 qPCR Master Mix. Forward and reverse
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primers (10  μM) were added to final concentration of 0.25  μM. 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 0. 

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 15μL were added to the Eppendorf tubes to a final phage concentration of ~10 5

PFU/ml (MOI = ~0.001) and then mixed by inversion. At five-minute intervals, 100μL 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.

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)  (77).  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
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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

“varIdent” function  (79).  Similar  mixed effect  models  were used to compare phage PFU/ml and

log2(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. 

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 φ14-1, 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 / T0 or T2 / T0 values. Standard

errors of log ratios were calculated using the formula: SE[ log2( T nT 0 )]=√ SE [T 0 ]
2

T 02
+
SE [T n ]

2

Tn2
 where

SE = standard error of mean, Tn = values at time point n (T2 or T5), T0 = values at initial time point

(T0) (80). Statistical significance between ratios at each temperature was determined by calculating

95% confidence intervals of the difference between ratio means using the formula:

CI 95=x1−x2±1.96 √SEx1+SE x2.  Comparisons  were  considered  significant  when  confidence

intervals did not overlap with 0.

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
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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  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

Results

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: F2,17 = 115.4, p < 0.001 ;

40°C:  F2,17  =  41.7,  p  <  0.001).  All  phage  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 - F2,17  = 578.7, p < 0.001),  this trend was significantly driven by φLUZ19 (post-hoc -  p <

0.001). Neither φ14-1 nor φPEV2 had a significant impact on bacterial growth at 42°C (post-hoc -

φ14-1: p = 0.33; φPEV2: 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 φLUZ19, but not φPEV2 or φ14-1. Notably, the relationship between OD and CFU was less clear

at  OD <  0.05 indicating bacterial  densities  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.  
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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 φPEV2 and φLUZ19 densities started to plateau after T2, φ14-1 densities

plateaued at T3 (Figure 1B-C). At 42°C, φLUZ19 densities increased significantly (F2,5 = 129.1, p < 0.05)

but φPEV2 densities decreased (F2,5  = 270.4, p < 0.05) possibly due to φPEV2 particles attaching to

the bacterial surface but not replicating. φ14-1 densities did not change significantly (F 2,5 = 1.41, p =

0.36). However, φ14-1 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 -

φPEV2: F2,5  = 1219; φLUZ19: F2,5  = 2257; φ14-1: F2,5 = 299.8; 40°C - PEV2: F2,5  = 1260; φLUZ19: F2,5  =

1355; φ14-1: F2,5 = 1936; p < 0.001 for all phage). At 42°C, significant increases in DNA concentrations

were observed with φLUZ19 (F2,5  = 391.4, p < 0.001) and φ14-1 (F2,5  = 44.2, p = 0.001), but not with

φPEV2 (F2,5 = 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  (F2,79 =  2.73,  p  =  0.0713),  or

interaction between temperature and time point (F5,79 = 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 2,17  = 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 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.

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
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all phage (Poisson GLM. φPEV2: LR χ2 = 30359, p < 0.001; φLUZ19: LR χ2 = 17172, p < 0.001; φ14-1: LR

χ2 = 5986.5, p < 0.001) (Figure S4). φ14-1 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 – 37-40C: p < 0.0001; 40-42C: p =

0.50). While φPEV2 stability also decreased significantly with temperature (post-hoc - p < 0.0001),

φLUZ19 stability significantly increased (post-hoc – p < 0.0001). All phage 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 phage. A

temperature by time interaction was observed for φPEV2 and φLUZ19 attachment, but not for φ14-1

(Poisson GLM. φPEV2: LR χ2 = 19489, p < 0.001; φLUZ19: LR χ2 = 116.5, p < 0.001; ANOVA. φ14-1: F2,5

=  0.029,  p  =  0.97)  (Figure  S5).  φLUZ19  attachment  was  found  to  increase  significantly  with

temperature (post-hoc - p < 0.0001). However, φPEV2 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 φPEV2 and φ14-1 (p < 0.05) and increasing with warming for φLUZ19 (p < 0.05).  In line with this,

population  growth  of  φPEV2  and  φ14-1  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 φLUZ19; while φLUZ19

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 phage

significantly varied between temperatures (p < 0.05). However, the magnitude of virulence changes

were greater for φPEV2 than for other phage, particularly between 37°C and 40°C. 

Competition is temperature-dependent in phage communities
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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. φPEV2: F2,17 = 9.16, p < 0.001; φLUZ19: F2,17 = 18.1, p < 0.001; φ14-1: F2,17 = 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 φPEV2 or φLUZ19 (ANOVA.

φPEV2: F2,17  = 0.88, p = 0.47; φLUZ19: F2,17  = 1.11, p = 0.37) (Figure S6). Competitors were found to

have a significant impact on φ14-1 population growth after 2h (F 2,17 = 8.16, p = 0.001), although post-

hoc contrasts showed this was only with the 3-phage combination (p < 0.05). 

Phages varied in competitiveness at 37°C (Figure 3A).  φPEV2 was the most resistant to competitors

with only φLUZ19 significantly reducing φPEV2 population growth (post-hoc contrasts, p < 0.01).

φPEV2 also had a significantly greater impact on competitor growth than φLUZ19 or φ14-1 (post-hoc

contrasts, PEV2 vs. φLUZ19: p < 0.001; φPEV2 vs φ14-1: p < 0.01). Competition with φLUZ19 and

φ14-1 was weaker and more varied. While 14-1 population growth was unaffected by the presence

of φLUZ19 (post-hoc contrasts, p = 0.15), φ14-1 significantly reduced φLUZ19 population growth.

φLUZ19 was significantly more restrictive than φ14-1 against φPEV2 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.  φPEV2:  F2,47  =  4.28,  p  =  0.001;

φLUZ19:  F2,47  = 4.15, p = 0.001; φ14-1: F2,47  = 16.5, p < 0.001) (Figure 3A). Between 37°C and 40°C,

φ14-1 restriction of φPEV2 growth increased significantly (post-hoc contrasts, p < 0.05) and φPEV2

and 3-phage restriction of φ14-1 both significantly decreased (post-hoc contrasts, PEV2: p < 0.001; 3-

phage:  p  <  0.001).  In  contrast,  there  was  no  change  in  φLUZ19  restriction  of  φPEV2 (post-hoc

contrasts, p = 1.0) or φ14-1 (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, φPEV2 became less

competitive and φ14-1 became more competitive. As φLUZ19 competitiveness was unchanged, the
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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. 

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 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 (8,95,98). 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
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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  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,  φPEV2,  was also  the most  virulent  and caused  the earliest  collapse  in  host

population densities. The least competitive phage,  φ14-1, 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,  φPEV2 is known to have the shortest latent period (~18 mins) out of the phage

tested  (67) while  PB1-like  phages,  such  as  φ14-1,  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 (φPEV2 and φ14-1). This could be explained by

the co-occurrence of 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 φPEV2 and φ14-1 are thought to target LPS-associated bacterial surface receptors
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(59,67). Alternatively, a reduction in  φPEV2 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 phage 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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Figure legends

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 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 T0. 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.

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 log2(T2/T0) 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).

Figure  3.  Phage  competition  is  temperature-dependent. (A)  Fold  change  in  phage  DNA

concentration in the presence and absence of competitors between T0 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
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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.
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