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Abstract 

Lytic bacteriopha ges (‘pha ges’) can limit bacterial densities and shape community structure, either directly through lysis or indirectly 
through costs to resistance . How e ver, phages ha ve also been reported to have no, and in some cases even positive, effects on host 
densities. Here , w e investigate the mechanisms behind an increase in host density in Variovorax sp. populations following a fixation of 
r esistance that w as maintained after pha ge extinction. Our results demonstrate that the density incr ease w as a genetic trait coinciding 
with r esistance emergence. Gr owth curv es showed that phage resistance shifted population growth curves such that density was 
higher in the death phase. This density-increasing effect of resistance had important implications for community structure with 

pha ge-r esistant Variovorax decreasing the density of a conspecific. That resistance to lytic phage can increase host densities has 
implications for wider ecology and phage therapy, where lytic phages are presumed to have negative effects on their hosts. 

Ke yw ords: community ecology; bacteriophage; phage resistance; evolutionary ecology 
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Introduction 

Bacteriopha ges ar e hypothesized to hav e major impacts on the 
structure of microbial communities, and in regulation of wider 
nutrient cycles (Winter et al. 2010 , Breitbart 2012 , Breitbart et al.
2018 ). Part of this assumption comes from the ubiquity of bacte- 
riophages (Clokie et al. 2011 ). By lysing their hosts, phages can sup- 
pr ess fast-gr owing bacteria densities and giv e a r elativ e adv anta ge 
to slo w-gro wing or r ar er micr obial taxa (Winter et al. 2010 ). Phages 
are shown to lyse algal blooms, resulting in crashes in algae abun- 
dances and nutrient r elease, whic h benefits the surrounding com- 
m unity (Br eitbart et al. 2018 , Fl ynn et al. 2022 , Liao et al. 2023 ). Fur-
thermore, a common assumption of many models is that phage 
resistance is costly (Winter et al. 2010 ), which leads to suppres- 
sion of dominant or pr e viousl y fast growing bacteria populations 
(Gandon et al. 2008 , Winter et al. 2010 ). 

Ho w e v er, the effects of phage resistance on host phenotypes,
and the associated cost, is highly system specific. If evolving phage 
r esistance typicall y involv es modification of a r eceptor essential 
to host gr owth, r esistance is likely to be associated with a growth 

r ate cost (v an Houte et al. 2016 ). For example, to become resis- 
tant to OMKO1, Pseudomonas aeruginosa mutates an efflux pump 

r equir ed for drug resistance (Chan et al. 2016 ). As a result, while 
antibiotics ar e pr esent, r esistance to OMKO1 imposes a cost to P.
aeruginosa (Chan et al. 2016 ). Similarl y, pha ge r esistance involv- 
ing mutations to flagella or pili are further shown to slow bac- 
teria gr owth r ates (Buc kling et al. 2006 , Li et al. 2022 ). Ho w e v er,
ther e ar e numer ous examples of pha ge r esistance being noncostl y 
to growth including in Pseudomonas syringae (Koskella et al. 2012 ),
Synechococcus (Lennon et al. 2007 ), and P. aeruginosa (Castledine et 
al. 2022 ). 
Recei v ed 23 J an uar y 2025; revised 24 February 2025; accepted 17 Mar c h 2025 
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Pha ge r esistance may also indir ectl y incr ease host fitness (be-
ond the direct effect of r esisting pha ge). For instance, incr eased
iofilm production is a phage resistance mechanism, which physi- 
all y bloc ks pha ge access to bacteria cells (Salathé and So y er 2008 ,
arper et al. 2014 , Abedon 2023 ). Biofilm production has conse-
uential fitness benefits in resisting wider environmental stress 
uch as antibiotics (Crabbé et al. 2019 ), and can be adv anta geous
n competition (Oliv eir a et al. 2015 ). Phages can also accelerate
he molecular evolution of their hosts and select for hypermutator
tr ains, ther efor e giving increased adaptive potential to secondary
tr essors (P al et al. 2007 , J ay araman 2011 ). Pseudomonas fluorescens
hage has been shown to increase host densities in soil, although
nl y when gr own in monocultur e (in the absence of a soil commu-
ity) (Gómez and Buckling 2011 ). Here, phages are hypothesized to
av e incr eased bacterial densities by reducing intraspecific com-
etition through slowing of growth rates or facilitating diversifica- 
ion into separate ecotypes (Gómez and Buckling 2011 ), although
he exact mechanism is unknown. 

Understanding how phages can increase bacteria densities is 
mportant for phage therapy, where increasing bacteria densi- 
ies would be undesirable (Abedon 2023 ). Furthermore , in vesti-
ating this effect has important implications for our understand- 
ng of how phages shape microbial communities where, in nature,
ha ges ar e pr esumed to hav e pr edominantl y negativ e effects on
heir host densities (1, 3). In a pr e vious study, we noted that densi-
ies of Variovorax sp. increased following phage exposure and fixa-
ion of phage resistance (Castledine et al. 2024a ) e v en when pha ge
ad been driv en extinct. Her e , we in v estigate the mec hanism un-
er pinning pha ge-mediated incr eases in Variovorax densities, and
he consequence this has for the composition of a three species
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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ynthetic bacteria community. This microbial community is com-
osed of soil bacteria, which stably coexist, an important aspect of
atur al comm unities (Castledine et al. 2024b ). Ther efor e, this al-

ows us to test how phage affect comm unity structur e of species,
hic h ar e likel y to inter act in natur e. We show that pha ge r esis-

ance is associated with density increases resulting from a shift
n growth curves that led to higher densities in the death-phase.
ha ge r esistance had r amifications for comm unity structur e with
ecreases in the proportion of another community member which

s parasitized by Variovorax . 

aterials and methods 

xperimental evolution 

ariovorax sp. is a common soil bacterium with antiphage defences
ncluding Zorya Type III, ietAS, dXTPase, DRT (defence-associated
 e v erse tr anscriptase), r etr on type XIII, DNA-modification sys-
ems and restriction-modification type II ( Supplementary Data ,
dentified using PADLOC; Payne et al. 2022 ). In a previous study,
pecies Ochrobactrum sp., Pseudomonas sp., and Variovorax sp. were
r own as monocultur es and as a thr ee-species pol ycultur e with
nd without their r espectiv e pha ge ( Oc hrobactrum pha ge ORM_20,
seudomonas phage CH7FMC, Variovorax phage VAC_51) (Castle-
ine et al. 2024a ). Experimental treatments included: monocul-
ur e, monocultur e with phage (each bacterial species individually
ith only its species-specific bacteriophage), polyculture (all three
acteria present), and polyculture with phage (all three bacteria
ith all three phages present) (Fig. 1 ). Each treatment was repli-

ated six times. Experimental set-up is described in Castledine et
l. ( 2024a ). Briefly, cultur es wer e established using isogenic str ains
f each bacteria and phage, with phage added at an multiplicity
f infection (MOI) of 0.01 (to phage present treatments). Cultures
er e gr own in 1/64 tryptic soy broth (TSB; diluted in demineral-

zed H 2 O), at 28 ◦C and tr ansferr ed weekl y to fr esh medium. Bac-
eria and phage densities were estimated e v ery 2 weeks. For Var-
ovorax cultures, we estimated phage resistance at weeks 2 and 8
n monoculture evolution lines (phage present and absent). Phage
esistance was analysed using spot assays with ancestral phage. 

lonal density measures 

e first wanted to assess whether higher densities conferred to
hage-exposed populations was a heritable tr ait observ able in sin-
le clones picked and regrown in the absence of pha ge. Fr om week
 and 4 cultures (the weeks preceding and following higher den-
ities), 12 colonies were isolated from each replicate from mono-
ultur e tr eatments. Colonies wer e individuall y gr own in 1/64 TSB
nd density normalized as described pr e viousl y (Castledine et al.
024b ). To fresh 6 ml 1/64 TSB, ∼10 6 colony forming units (CFUs)
f each clone were added to individual vials. Cultures were grown
or 1 week, frozen, and plated from frozen onto KB agar as pre-
ious (Castledine et al. 2024a ). Colonies were counted from agar
lates to estimate bacteria density after 2 days at 28 ◦C. 

lonal and population sequencing and 

ioinformatics 

o gain insight into the mechanism of resistance and whether
his could be linked to changes in bacterial density and growth
 ate, isolates wer e sent for whole genome sequencing (WGS).
hr ee pha ge-r esistant and thr ee pha ge-susceptible clones fr om
hree independent week 2 polyculture lines were selected for

GS. Pol ycultur e lines wer e selected as these wer e the onl y tr eat-
ent, which had phage-susceptible and -resistant clones coex-
sting (100% resistance was found in monoculture lines). This al-
o w ed for direct comparison between different clones that have
 volv ed fr om the same starting population but only differed in
heir r esistance pr ofile. DNA extr actions wer e done on each isolate
y MicrobesNG using in-house protocols (MicrobesNG Sequencing
ervice Methods, 2021). WGS was performed by MicrobesNG using
n Illumina Novaseq 6000 to create 250 base pair (bp) paired-end
 eads. In-house pr ocessing by Micr obesNG trimmed the ada pters
nd r emov ed r eads with a quality < 15. 

To further understand genetic changes that resulted in in-
r eased gr owth r ates of pha ge-r esistant Variovorax , cultur es fr om
eek 7 monoculture lines of evolution were sent for population

equencing. Ov ernight cultur es (120 μl fr ozen stoc k in 1/64 TSB)
 as gro wn shaking at 28 ◦C. 1.8 ml w as spun at 16 000 × g for 5 min

Progen GenFuge 24D centrifuge). The supernatant was removed
nd another 1.8 ml of fresh sample was added to each tube and
entrifuged for a further 5 min and supernatant r emov ed. The Qi-
gen DNeasy Ultra Clean DNA Extraction Kit reagents and proto-
ol were used to extract the gDNA from the cultures . T he concen-
ration of gDNA in each sample was determined using the QuBit
sDNA HS Assay kit regents and protocol. Sequencing was done by
he University of Liv er pool’s Centr e for Genomic Research (CGR)
sing an Illumina Novaseq to create 150 bp paired end reads . T he
GR trimmed for the presence of Illumina adapter sequences us-

ng Cutadapt (v1.2.1) and removed reads with a minimum quality
core of 20 and which were shorter 15 bp in length. 

For both clonal and population sequencing, we further filtered
he trimmed reads to remove Illumina adapter sequences and for
eads with a quality score below 10 using TrimGalore (v0.6.4_dev).

e used the breseq pipeline (v0.36)—a computational tool for
nal ysing short-r ead DNA data—to ma p the trimmed r eads to a
igh quality r efer ence genome of Variovorax sp. (GenBank acces-
ion: GCA_037482385.1) and predict genetic variants (Deatherage
nd Barrick 2014 ). As our reference genome has tw o contigs, w e
dded the parameters ‘-c’ and ‘—contig-reference’ so that all the
equences are assumed to have the same av er a ge cov er a ge and
ov er a ge distribution. In the clonal sequencing, 97.6% of reads
apped to the reference genome (minimum of 95.4%), giving on

v er a ge ∼876 989 r eads per r eplicate (minim um 444 292) with an
v er a ge cov er a ge of 62.21 (minimum of 31.84). We only investi-
ated genetic variants that were at a frequency of 1 (we do not
xpect pol ymor phisms in an y of the predicted genetic variants).
or the population sequencing, we ran breseq in polymorphism
ode (-p). Variants with < 5% frequency in the population sam-

les were removed. 

hage resistance and competition assay 

e determined if phage resistance conferred a growth rate benefit
o Variovorax , thereby leading to higher bacterial densities. Twelve
lones per replicate from week 2 monoculture-lines were isolated
nd grown in 96-well plates with 150 μl TSB. Pha ge r esistance was
etermined by streaking isolated colonies against the ancestral
ha ge (str eak assay). Week 2 isolates wer e c hosen as this time-
oint pr eceded c hanges in bacterial density fr om pha ge exposur e
nd phage extinction. We elected for phage-resistant clones gen-
rated during experimental evolution (instead of selecting spon-
aneous mutants) so that resistance mutations/mechanisms (and
her efor e phenotypic effects) were consistent with those from the
volution experiments. One phage-resistant clone from the phage
esistance assays was chosen for each replicate ( n = 6), and one
lone from each no-phage treatment replicate was isolated as a
ha ge-susceptible contr ol ( n = 6). Eac h colon y was gr own individ-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf027#supplementary-data
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Figure 1. Ov ervie w of the experimental design in which Variovorax and its phage evolved in monoculture and polyculture, and assays performed to 
understand the mechanism of this density increase. Sequencing analyses and phenotypic assays aimed to determine the mechanism by which phages 
led to increased Variovorax densities across experimental evolution. Created in BioRender. (Castledine 2024 ) BioRender.com/c73o264. 
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marked (ancestor-cp; c hlor amphenicol r esistance; Sünderhauf et 
al. 2023 ) and unmarked ancestral Variovorax sp. were grown. Com- 
petition assays were used as a difference in growth rate between 

resistant to ancestral or susceptible strains will indicate a dif- 
erence in growth rates and resource acquisition. Cultures were 
iluted to normalize densities as described pr e viousl y. The un-
arked ancestral strain and each phage-resistant and susceptible 

olony was competed against the marked ancestral strain at equal
tarting densities [ ∼3 × 10 6 CFUs of each competitor inoculated
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30 μl diluted culture)]. Diluted cultures used in inoculation were
rozen and plated on KB agar as above for starting density estima-
ion. Cultur es wer e gr o wn for 1 w eek as pr e vious and plated fr om
rozen onto KB and KB–chloramphenicol (25 μg/ml) agar. Relative
tness was calculated from the ratio of the estimated Malthu-
ian parameters, m resistant , m susceptible , or m ancestor : m ancestor-cp , which
ere calculated as m = ln( N 1 / N 0 ), where N 1 is the final density and
 0 is the starting density (Lenski et al. 1991 ). 

rowth curves 

ext, w e w er e inter ested if pha ge r esistance had shifted the
r owth curv e of Variovorax populations ther eby leading to higher
ensities at transfer. 120 μl from each monoculture line from week
 were revived in 6 ml growth medium and grown shaking for
 days at 28 ◦C. Densities were normalized as previous and 10 μl
as inoculated into fr esh gr owth medium. Ev ery 24 h for 1 week,

ultur es wer e vortexed and optical density (OD 600 ; Multiskan Sky)
as measured from a 200 μl sample. 
To c har acterize the log/exponential gr owth phase of pha ge-

esistant and -susceptible cultures at a higher resolution, week
 cultures were revived as previous and 20 μl of diluted culture
 ∼10 6 CFUs) were inoculated into 180 μl growth medium. Optical
ensity reads were measured every 45 min for 24 h. 

upernatant assay 

e hypothesized that higher densities and shifts in growth curve
ay be caused by production of less-toxic metabolites . T his hy-

othesis was tested using a supernatant assay. Week 7 cultures
er e r e viv ed and normalized as pr e vious using fiv e r eplicates of

esistant and susceptible populations (one replicate each of sus-
eptible and resistant cultures became contaminated and were
ot used in the experiment). Two replicates of each week 7 culture

two tec hnical r eplicates for eac h biological r eplicate) wer e estab-
ished to ensure enough supernatant was available for the recip-
 ocal tr ansplant assay. Cultur es wer e gr own for 1 week. On day 5,
resh week 7 cultures were revived and grown for 2 da ys . Week-
ld cultur es wer e sterilized by passing medium through a 0.22- μm
lter syringe. Replicate supernatants from phage-resistant and -
usceptible populations were pooled into separate supernatant
toc ks. To separ ate vials, 3 ml of pha ge-r esistant and -susceptible
upernatant was added to 25 ml vials . Two-da y (fr esh) cultur e den-
ities were normalized and each culture was inoculated into both
upernatant types . T his established two contr ols in whic h cul-
ur es wer e gr own in the same supernatant (e.g. pha ge r esistant in
ha ge-r esistant supernatant) and treatments in which cultures
er e tr ansplanted into the opposite supernatant (e.g. pha ge r e-

istant in phage-susceptible supernatant and vice versa ). Cultures
er e gr own for 2 days and plated as pr e vious. 

hage resistance and community structure 

ext, w e assay ed whether r esistance to pha ge giv es Variovorax an
dv anta ge ov er Oc hrobactrum and Pseudomonas when pha ges ar e
bsent. Six independent pha ge-r esistant clones and six indepen-
ent phage-susceptible clones were isolated from phage and no
hage week 2 monoculture evolution lines respectively. ‘No phage’

ines were selected for isolation of phage-susceptible clones as
ha ge r esistance was too high in ‘pha ge’ lines for enough indi-
idual susceptible clones to be isolated. Comparison between ‘no
ha ge’ and ‘pha ge’ lines accounts for an y gener al lab ada ptation.
ach clone and ancestral Variovorax were individually grown for 2
ays at 28 ◦C, shaking (180 rpm) in 6 ml 1/64 TSB. Ancestral Pseu-
omonas and Ochrobactrum isolates were also grown in the same
onditions. Isolate densities were normalized to 10 5 CFUs/ml and
0 μl added to r ele v ant vials. Eac h Variovorax clone (ancestr al, r e-
istant, and susceptible) was grown as a pol ycultur e with Pseu-
omonas and Ochrobactrum , with six replicates per treatment. Cul-
ur es wer e gr o wn static for 1 w eek at 28 ◦C, then fr ozen as pr e vious
nd plated from frozen. 

ta tistical anal yses 

ll data were analysed using R (v.4.2.1) in RStudio (Team 2013 ) and
ll plots were made using the pac ka ge ‘ ggplot2 ’ (Wic kham 2016 ).
odel simplification was conducted using likelihood ratio tests

nd Tuk e y’s post hoc multiple comparison tests were done using
he R pac ka ge ‘ emmeans ’ (Lenth 2018 ). 

Variovorax densities were analysed in a linear mixed effects
odel with density (log10 CFU/ml) tested against interacting fixed

ffects of phage exposure, culture type (polyculture or monocul-
ure) and time (weeks 2, 4, 6, and 8) with a random effect of
r eatment r eplicate. Clonal densities (log10 CFU/ml) from clonal
ro wth experiments w ere analysed against interacting fixed ef-
ects of phage exposure and time (week 2 or 4) with random ef-
ects of treatment replicate and block (experiment conducted in
wo blocks for feasibility). In competition assa ys , relative fitness
as analysed in a linear model with a fixed effect of competitor

ancestor, pha ge r esistant, or susceptible). 
One week growth curves were analysed in a mixed ef-

ects model with optical density tested against a fixed term
f day and interacting fixed effects of treatment (phage resis-
ant/susceptible) and a quadratic term of day to account for the
onlinear r elationship. A r andom effect of tr eatment r eplicate
as included. 24-h assays of bacterial growth were used to esti-
ate exponential gr owth r ate. One r eplicate was r emov ed fr om

he no-pha ge tr eatment for failing to gr o w. P er replicate, expo-
ential growth was estimated using rolling regression, taking the
teepest slope of the linear r egr ession between OD 600 and time in
ours in a shifting window of e v ery nine time points ( ∼6.75 h). A

inear model tested growth rate against treatment. 
The supernatant assay was analysed in a linear mixed effects

odel with density (log10 CFU/ml) anal ysed a gainst inter acting
xed effects of supernatant type and original treatment with a
andom effect of treatment replicate. 

To test whether consistent genetic differences occur within
reatments, we performed nonmetric multidimensional scaling
n the Euclidean distance matrix of SNPs/indels and their pro-
ortions in each population using ‘ metaMDS ’ in the R package ‘ ve-
an ’ (Oksanen et al. 2019 ). Nonmetric multidimensional scaling
ims to collapse information from multiple dimensions (i.e. from
ifferent populations and multiple SNPs/indels per population)

nto just a fe w, allowing differ ences between samples to be visu-
lized and inter pr eted. Perm utational ANOVA tests wer e run us-
ng ‘ vegan:: adonis ’, with Euclidean distance as the response term
nd treatment as the predictor variable. Additionally, we anal-
sed whether evolution with phage affected the genetic difference
f each population (phage, no phage) from the ancestral popu-
ation. The genetic distance from the ancestral population was
alculated as the sum of the difference of the proportion of each
NP/indel in each population from the ancestral proportion. Ge-
etic distance was then analysed in a linear model analysing dis-
ance against phage presence/absence. 

To assess whether Variovorax phage resistance influences com-
 unity structur e in the absence of pha ge, we anal ysed the r ela-

iv e pr oportion of eac h species in a generalized linear mixed ef-
ects model. Her e, eac h species pr oportion was anal ysed a gainst
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Figur e 2. T he density of individual clones (points), which have been 
grown after being isolated from evolution lines where phage have been 
absent or present. Tops and bottoms of the bars represent the 75th and 
25th percentiles of the data, the middle lines are the medians, and the 
whiskers extend from their respective hinge to the smallest or largest 
value no further than 1.5 × interquartile range . P oints represent 
individual clones. 
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interacting fixed effects of Variovorax phage resistance and species 
identity, with a random effect of treatment replicate and a bino- 
mial error structure. 

Results 

Phage-resistant clones have higher densities 

than phage-susceptible clones 

In a pr e vious study (Castledine et al. 2024a ), we e volv ed Variovo- 
rax and its l ytic pha ge in the presence and absence of two other 
bacteria–phage pairs (Fig. 1 ). We observed an interesting interac- 
tion with Variovorax densities increasing after 2 weeks of phage ex- 
posur e (pha ge pr esent: x̄ = 10 7.79 CFU/ml, 95% CI = 10 7.74 –10 7.85 ; 
phage absent: x̄ = 10 7.69 CFU/ml, 95% CI = 10 7.63 –10 7.74 ; ANOVA 

comparing models with and without phage: χ2 
1 = 7.21, P = .007; 

Tuk e y HSD: P = .013). This coincided with a fixation of phage re- 
sistance in pol ycultur e (90.3%; SE ±6.6) and monocultur e (100%),
and extinction of phage after 2 weeks. As such, we investigated the 
hypothesis that pha ge r esistance has led to increased Variovorax 
densities. 

To assess whether higher densities in phage-exposed popula- 
tions was likely a result of a genetic change (as opposed to epi- 
genetic or physiological), we measured the densities of individ- 
ual clones. Clones were isolated from monoculture treatment on 

weeks 2 (pr epha ge loss) and 4 (postphage loss) and grown in iso- 
lation. No phage or other clones present so any density effects are 
pur el y heritable. All clones isolated from phage treatments were 
pha ge r esistant as pha ge r esistance r eac hed fixation in monocul- 
ture, while all clones from the no-phage treatment were suscepti- 
ble. Consistent with the population dynamics during experimen- 
tal evolution, clones isolated from phage-exposed replicates had 

66% higher densities ( ̄x = 10 7.51 CFU/ml, 95% CI = 10 5.60 –10 9.41 ) 
than phage-unexposed clones ( ̄x = 10 7.29 CFU/ml, 95% CI = 10 5.38 –
10 9.19 ; ANOVA comparing models with and without phage: χ2 

1 = 

6.60, P = .0102; Tuk e y HSD: P = .018; Fig. 2 ). Ad ditionall y, ther e was
a significant independent effect of time with clones from week 4 
( ̄x = 10 7.49 CFU/ml, 95% CI = 10 5.30 –10 9.68 ) r eac hing higher densities 
than clones from week 2 ( ̄x = 10 7.31 CFU/ml, 95% CI = 10 5.12 –10 9.49 ; 
Tuk e y HSD: P < .001; Fig. 2 ). Ov er all, these r esults suggest effects 
imposed by phage wer e her editary as pha ge did not need to be 
activ el y pr esent for effects to be observ ed. 

Phage-resistant populations have distinct 
mutations 

Given the consistent higher growth rate that phage exposed pop- 
ulations and pha ge-r esistant clones had ov er pha ge absent popu- 
lations and phage-susceptible clones, we looked at whether there 
wer e underl ying genetic c hanges that could explain this. We se- 
quenced thr ee r esistant and thr ee sensitiv e clones coexisting 
within thr ee pol ycultur e tr eatment r eplicates, allowing for a di- 
rect comparison between different clones that evolved from the 
same starting population but differed in their resistance profile.
Of the pha ge-r esistant clones, tw o-thir ds clones had a missense 
mutation at the same locus (gene ID: 01575) and one had a substi- 
tute mutation at a nearby locus (gene ID: 01584; 10.4k bp down- 
stream; this was also the only mutation in this clone) that were 
not found in phage-susceptible isolates. No other mutations were 
found at the same loci across clones. Single point mutations are 
consistent with surface modification forms of resistance (Beckett 
and Williams 2013 , van Houte et al. 2016 ). Generally, few muta- 
tions were found, with one resistant clone having four mutations 
while the other two had only one mutation each. Similarly, one 
hage-susceptible clone had two mutations while the other two 
ad one mutation. 01584 sequence (mutation found in one-third 

esistant clones) had no comparable genes in BLAST, ho w ever its
roximity to 01575 could imply a similar function (Demerec and
artman 1959 , Ballouz et al. 2010 ). 
We conducted pool sequencing analysis of 7 weeks of evolution

n monoculture ( Pseudomonas and Ochrobactrum absent), with the 
im of identifying further genetic changes linked to phage resis-
ance and incr eased density. Fiv e-sixths pha ge-r esistant popula-
ions had at least one genetic variant at high frequency ( > 50%)
hat was not present in the phage-susceptible populations, com- 
ared to only two-sixths of the phage-susceptible populations,
uggesting specific m utations wer e selected by phage ( Fig. S1 ).
utations in gene 01584 (found in one-third clones taken from

ol ycultur e) wer e also found in four-sixths r eplicates of mono-
ulture populations suggesting similar mechanisms of resistance 
etween poly- and monoculture. Ho w ever, a lack of convergence
uggests pha ge r esistance may be maintained by se v er al differ ent
ec hanisms that hav e the same phenotypic effects (resistance

nd higher population density) (see Supplementary results for full 
nalysis). 

hage-resistant clones do not have a fitness 

d v antage 

e next determined whether phage resistance conferred a 
tness adv anta ge in the absence of pha ge. In competition
ssays with a marked ancestr al str ain, r elativ e fitness was
ot significantly affected by phage resistance (F 2,15 = 0.460,
 = .640; Fig. 3 ). The greater density associated with re-
istance did not ther efor e r esult in a competitiv e fitness
dv anta ge. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf027#supplementary-data
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Figure 3. Relative fitness of ancestral, phage-susceptible, and -resistant 
isolates against a marked ancestral strain of Variovorax . Points represent 
inde pendent re plicates. Tops and bottoms of the bars re present the 75th 
and 25th percentiles of the data, the middle lines are the medians, and 
the whiskers extend from their respective hinge to the smallest or 
lar gest v alue no further than 1.5 × interquartile r ange. 
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hage-resistant populations have greater 
ersistence during the death phase 

e next investigated if density benefits resulting from resistance
r ose fr om c hanges in gr owth dynamics . T his ma y ha ve arisen
f, for example, logistic gr owth r ates of r esistant isolates wer e
lo w ed, resulting in resources becoming less exhausted when cul-
ur es wer e tr ansferr ed to fr esh media on day 7. As suc h, we mea-
ur ed the gr owth curv es of Variovorax populations isolated from
eek 7 of experimental evolution over 1 week. Here, there was
 significant interaction between treatment and day of measure-
ent (ANOVA comparing models with and without the interac-

ion: χ2 
1 = 7.25, P = .007), suggesting phage resistance had altered

opulation growth dynamics (Fig. 4 ). Consistent with our pr e vi-
us observation based on CFU counts (Fig. 2 ), optical density after
 w eek w as higher in pha ge r esistant ( ̄x = 0.067, 95% CI = 0.062–
.072) than susceptible ( ̄x = 0.057, 95% CI = 0.053–0.062) popu-
ations (Fig. 4 ). Consistent with an absence of fitness differences
etween susceptible and resistant isolates (Fig. 3 ), there was no
ignificant difference in exponential growth rate measured in the
4 h gr owth r ate assay (F 1,9 = 0.622, P = .451) or carrying capacity
n the 1 w eek gro wth rate assay (phage resistant: x̄ = 0.08, 95% CI
 0.075–0.085; phage susceptible: x̄ = 0.076, 95% CI = 0.072–0.081;
ig. 5 ). Pha ge-r esistant isolates show similar growth dynamics to
usce ptible isolates, exce pt the y maintain higher densities during
he death phase at day 7. 

 he superna tant of phage-resistant popula tions 

s not less toxic 

f bacterial populations can maintain a higher density during the
tationary/death phase, this suggests that bacteria are potentially
r oducing fe wer toxic metabolites and/or ar e less susceptible to
hem. We investigated these possibilities by growing week 7 pop-
lations in spent supernatants from either their own treatment
r the opposite treatment. Ho w ever, population density w as non-
ignificantl y differ ent between populations irr espectiv e of prior
ha ge exposur e ( χ2 

1 = 1.48, P = .224) or supernatant type ( χ2 
1 =

.12, P = .145; interaction between effects: χ2 
1 = 0.148, P = .7004;

ig. 5 ). 
ndirect benefit of phage resistance impacts 

ommunity structure 

onsidering that phage resistance increased Variovorax densities,
e considered whether this had implications for the structure of a

imple microbial community. We had previously cultured Variovo-
ax with two other species, Ochrobactrum and Pseudomonas , from
hich it derives a fitness benefit to the other species’ detriment

Castledine et al. 2024b ). As suc h, we pr edicted that pha ge r e-
istance increasing Variovorax ’s density may have negative im-
lications for the other two species. To this end, we reassem-
led communities with different Variovorax isolates with ances-
r al Oc hrobactrum and Pseudomonas . Consistent with this predic-
ion, the r elativ e pr oportion of Pseudomonas in the community was
ignificantly lo w er with pha ge-r esistant Variovorax ( ̄x = 0.092, 95%
I = 0.08–0.11) compared to ancestral ( ̄x = 0.143, 95% CI = 0.128–
.158; Tuk e y HSD comparing Pseudomonas proportion with ances-
r al v ersus r esistant Variovorax : estimate = 0.495, z-r atio = 5.02,
 < .001) or phage-susceptible Variovorax ( ̄x = 0.128, 95% CI =
.114–0.143; ANOVA comparing models with and without inter-
ction between Variovorax pha ge r esistance and species identity:
2 
4 = 34.1, P < .001; Tuk e y HSD comparing Pseudomonas propor-
ion with resistant vs susceptible Variovorax : estimate = −0.367,
-ratio = −3.64, P < .001; Fig. 6 ). Pseudomonas ’s r elativ e pr opor-
ion was nonsignificantly different when cultured with ancestral
r phage-susceptible Variovorax (Tukey HSD: estimate = 0.129, z-
atio = 1.403, P = .339). Neither Ochrobactrum ’s or Variovorax’ s rel-
tiv e pr oportion was significantl y affected by pha ge r esistance in
ariovorax (Tuk e y HSDs > 0.05, Table S1 ; Fig. 6 ). 

iscussion 

acteriopha ges hav e been pr e viousl y shown to positiv el y influ-
nce bacteria densities, but only when propagated in monoculture
nd the mechanism was not determined (Gómez and Buckling
011 ). Here, w e sho w ed that ev olved resistance to phage changed
he growth curves of Variovorax populations resulting in higher
ensities during the death phase. High le v els of resistance, and
he associated positive effect on density, was observed for sev-
ral weeks past phage extinction within monocultures (no other
acterial species present) and in a community context. That this
ffect was consistent in both the presence and absence of other
pecies is particularl y inter esting as the growth of this species is
nhanced by the presence of the other two species (Castledine et
l. 2020 ). As suc h, irr espectiv e of the metabolic state the bacteria
re in (feeding on the media or on supernatant), the phage had a
ositive effect on Variovorax density. This effect had consequences
or community structure with phage resistance in Variovorax sup-
ressing Pseudomonas in communities . T hese results demonstrate
hat pha ge r esistance can giv e some species a r elativ e adv anta ge
gainst others in community contexts, contrary to the prevailing
isdom of phage community ecology (Winter et al. 2010 ). 
Pha ge r esistance did not hav e a significant effect on expo-

ential growth rate but did affect the death phase, with phage-
esistant populations maintaining a higher density. Although we
id not find evidence that this was linked to a change in metabo-

ites produced after 1 week, it may reflect a broader ability of the
acteria being able to cope in stressful conditions. Variovorax is
 metabolically plastic species and is capable of being lithoau-
otr ophic or c hemoor ganotr ophic, including the metabolism of
oxic or complex compounds (Satola et al. 2013 ). Although a Var-
ovorax phage was characterized recently, the authors did not ex-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf027#supplementary-data
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Figur e 4. T he 7-da y gr owth curv es of (a) pha ge-susceptible and (b) pha ge-r esistant Variovorax populations that had e volv ed for 7 weeks . P oints 
r epr esent individual replicate populations measured repeatedly through time. Solid lines represent the mean predictions, and shaded bands represent 
the 95% confidence intervals of the best-fitted model. 

Figure 5. Density changes when populations, which are (a) phage 
susceptible and (b) phage resistant, are grown in supernatant isolated 
from either population. E.g. phage-susceptible growing in supernatant 
fr om pha ge-susceptible populations (same e volutionary history) or 
pha ge-susceptible gr owing in supernatant fr om pha ge-r esistant 
populations (differ ent e volutionary history). Points r epr esent densities of 
indi vidual re plicates while lines indicate the change when that same 
population is grown in a different supernatant. 

 

Figur e 6. T he r elativ e pr oportion of eac h species in r eplicate 
communities when cultured with ancestral, phage-resistant, or 
-susceptible Variovorax isolates . P oints r epr esent individual treatment 
replicates. Tops and bottoms of the bars represent the 75th and 25th 
percentiles of the data, white lines indicate the medians, and whiskers 
extend from their respective hinge to the smallest or largest value no 
further than 1.5 × the interquartile range. 

fi  

s  

s  

i  

p  

e  

i  

t  

m  
amine resistance emergence (Decewicz et al. 2022 ), therefore lit- 
tle is known regarding the e volutionary inter actions of this genus 
with phage. 

A lack of convergent evolution meant we could not link geno- 
type to phenotype in this study. Clones had few genetic changes,
but fitness benefits from phage exposure were not linked to a sin- 
gle phage resistance mutation, although tw o-thir ds clones had a 
missense mutation in the same protein. If this mutation and pro- 
tein was the main mechanistic way pha ge-r esistance incr eased 
tness, w e w ould expect it to also be present in the population
equencing, but no genetic changes in that locus were found. In-
tead, population sequencing r e v ealed m ultiple m utations emer g-
ng and se v er al r eac hed high fr equencies ( > 50%) in fiv e-sixths
ha ge tr eatment populations, although with a lac k of conv er gent
 volution. All high fr equency genetic variants were in hypothet-
cal pr oteins, making mec hanistic infer ences impossible within
his pr oject. Inter estingl y, onl y two no-pha ge cultur e had a unique
 utation that r eac hed high fr equency ( > 50%) compar ed to fiv e-
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ixths phage cultures, suggesting phage presence increased the
ikelihood of variants reaching a high frequency. Different muta-
ions can confer the same phenotypic outcome, including phage
esistance (Wright et al. 2018 , 2019 , Debray et al. 2022 ), which is
ikely to be the case in this study. 

While resistance was clearly beneficial in the presence and ab-
ence of pha ge, r eac hing and being maintained at very high fre-
uencies, we did not find any phage resistance emerge in phage-
r ee contr ols acr oss 8 weeks . T his was pr esumabl y because ther e
as no selective benefit of phage-resistant mutants competing
 gainst pha ge-sensitiv e clones in the absence of pha ge, and hence
 esistant m utations would not hav e incr eased in fr equency. Ne v-
rtheless , we ma y expect this r esistance-linked gr owth pheno-
ype to be favoured in highly structured metapopulations, where
imited dispersal can result in differ ent patc hes seeded by sin-
le clones with the most pr oductiv e patc hes (i.e. those seeded
ith resistant clones) producing more individuals to colonize new
atches (Griffin et al. 2004 ). The resistance mutations may also al-

ow populations to subsequently explore alternative evolutionary
rajectories in the longer term (Salathé and So y er 2008 ). 

Importantl y, pha ge r esistance incr easing Variovorax densities
hifted community structure, resulting in lo w er proportions of
seudomonas . Variovorax has been shown in pr e vious work to ben-
fit from the presence of Pseudomonas to Pseudomonas ’ detriment
Castledine et al. 2024b ). Increasing densities of phage-resistant
ariovorax , ther efor e likel y r esulted in incr eased costs experienced
y Pseudomonas in cocultur e. Pha ge l ysis and pha ge r esistance
r e typicall y assumed to be most costl y to dominant comm unity
embers (Winter et al. 2010 ). Ho w e v er, man y examples exist of

oncostl y pha ge r esistance and species dominating comm unities
ith high le v els of pha ge r esistance (Zhao et al. 2013 , Castledine
nd Buc kling 2024 ). Consequentl y, our r esults in-part support the

king-of-the-mountain’ hypothesis in which dominant commu-
ity members are more able to evolve resistance owing to greater
opulation sizes (Zhao et al. 2013 , Giovannoni 2017 )—albeit in this
ase likely by mutation than horizontal-gene-transfer (starting
opulation isogenic). Synon ymousl y, the ‘king-of-the-mountain’
ypothesis also relies on a low trade-off in defence and compe-
ition (Thingstad et al. 2014 ), evident in Variovorax . 

Few examples exist of phages improving bacteria densities
Gómez and Buckling 2011 ), suggesting this observation may not
e ubiquitous. Ho w e v er, m uc h r esearc h has heavil y focused on
odel strains of bacteria and phage, which are unlikely to be

eneralizable to all bacteria and phages (Castledine and Buckling
024 , Castledine et al. 2024a ). Furthermor e, differ ent mec hanisms
f pha ge r esistance hav e the potential to impr ov e bacteria den-
ities in specific contexts. For example, phages can select for in-
r eased biofilm pr oduction (Scanlan and Buc kling 2012 , Castle-
ine et al. 2022 ) and persister populations (Fernández-García et
l. 2023 ), which can further confer resistance to stressors such as
ntibiotics and immune cells (Crabbé et al. 2019 , Niu et al. 2024 ). If
hages can improve the density of soil bacteria, such as by driving
ost diversification (Brockhurst et al. 2004 ), this may have pos-

tive impacts on carbon cycling and crop yield (Dy et al. 2018 ).
ariovorax species, for instance, are symbionts to plants and are
ound in the rhizospher e, wher e they can impr ov e plant gr owth
Satola et al. 2013 ). Alternativ el y, if pha ges ar e used ther a peuti-
all y (Oec hslin 2018 , Abedon 2019 ) then density enhancement of
arget bacterial pathogens is clearly detrimental. Work consider-
ng wider bacteria and phage pairs, beyond model systems, will
llow greater generalizations to be made and understanding of
ow phages can affect their hosts in the short and long-term. 
The influence of phages on bacterial populations ar e highl y di-
 erse, making pr edictions and gener alizations c hallenging fr om
odel systems to phages in nature. Our work highlights the sur-

rising outcomes that can arise fr om bacteria–pha ge inter actions,
nd that the simple assumption that lytic phages negatively affect
ost densities may not always be true. Wider r esearc h anal ysing
he effects of different phages on host bacteria, both during and
fter phage extinction would give important insight into how
ha ge ther a py may affect pathogens during infection and how
ha ges oper ate in natur e. 
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