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Abstract 

Temporal thermal he ter ogeneity is expec ted to favour intermediate, generalist phenotypes that can maintain growth across 
a broad thermal range but have sub-optimal growth at any single temperatur e. Ye t, thermal variation typic ally occurs in the 
presence of additional selection pressures which may interact to constrain adaptation to temperatur e. We pr opagated compe t- 
ing lytic viral parasites (bacteriophages, thermal specialist ϕ14–1 and thermal generalist ϕLUZ19) of Pseudomonas aeruginosa 
under fluctua ting t empera tures (37 ◦C–42 ◦C) in monocultur e and in co-cultur e. Without compe tition, fluc tua ting t empera tures 
result ed in int ermedia t e thermal phenotypes in the phag e ϕ14–1 and, in both phag es, result ed in more variable evolutionary 
outc omes c ompared t o sta tic conditions. Selec tion fr om both fluc tua ting t empera tur es and compe tition ac c elera t ed thermal 
adaptation in the phage ϕ14–1. Ho w ev er, co-selection led to r estric ted thermal adaptation, lo w er genetic distance from an- 
cestor, and fewer putativ e adaptiv e mutations in the phage ϕLUZ19. Our study highlights the potential for variable adaptive 
capacity in interacting communities amidst global clima t e chang e. 
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cialists, but in slow-reproducing species may inst e ad select for 
generalists. 
Thermal he ter ogeneity typic ally oc curs in the c ontext of mul- 

tiple selective pressures. For example, fluctuating temperatures 
can impose selection on species that are simultaneously adapting 
to o ther abio tic fac tors (e.g., pH ( Krishna e t al., 2025 )) or t o int er- 
ac tions with pr eda t ors, competit ors, or antag onists ( Gunderson 
e t al., 2016 ; Hec tor e t al., 2022 ). The pr esence of multiple selec- 
tion pr essur es c an constr ain evolution r a t es through combined 
ne gative effec t s on species fitness which reduce population sizes 
and mutational supply ( Crain et al., 2008 ; Hiltunen et al., 2018 ). 
Co-selec tion c an also r estric t adaptation thr ough pleiotr opic fit- 
ness trade-offs; high fitness under one factor reduces fitness un- 
der another ( Burmeister et al., 2020 ; Schou et al., 2022 ). Temporal 
thermal he ter ogeneity is expected to promote genetic div er sifica- 
tion by increasing niche differ ences ( Yamamichi e t al., 2023 ) and 
so may offset the div er sity-suppr essing impac t s of co-selec tion. 
Ho w ev er, some studies have indica t ed tha t co-selection involving 
t emporal het erog eneity can exacerb a t e evolutionary constraint 
( Barbosa et al., 2014 ; Cairns et al., 2022 ; Uiterwaal et al., 2020 ). The 
ability of species to adapt to thermal he ter ogeneity amidst other 
selec tion pr essur es plays an important r ole in the maintenance of 
Intr oduc tion 

Thermal he ter ogeneity plays a key role in shaping species’ evolu-
tionary traject ories. Sp anning a bro ad rang e of timescales, t em-
peratur es fluc tuate acr oss multi-year periods (ENSO), be tween
seasons, and even on the order of hours through diurnal (24-
hour) cy cles. Very slo w or rapid thermal fluc tuation fr equencies,
with r espec t t o g enera tion times, typically le ad t o similar adapta-
tion to static envir onment s thr ough selec tiv e sw eeps b y specialist
v ariants ( Kassen, 2002 ; Sachdev a et al., 2020 ). Modera t e fluctua-
tion frequencies select for thermal generalists which have inter-
media t e phenotypes across t empera tures ( Kassen, 2002 ; Kassen
& Bell, 1998 ; Sachdeva et al., 2020 ). Generalist phenotypes of-
ten arise through the acquisition of multiple specialist mutations
( Lambr os e t al., 2021 ) or single pleiotr opic mutations ( Sandber g
et al., 2017 ). Thermal het erog eneity can also promote div er sify-
ing selection ( Abdul-Rahman et al., 2021 ; Chesson, 2000 ; Harrison
et al., 2013 ) leading to the maintenance of thermal specialist sub-
populations ( Harrison et al., 2013 ). The mechanisms of adaptation
to thermal he ter ogeneity depend on the fluctuation frequency
rela tive t o g enera tion time ( Gilchrist, 1995 ). Fluctua tions tha t ex -
ceed g enera tion times in f as t-r epr oducing species may favour spe-
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ties across an 8h window under sta tic incub a tion a t 37 C and 42 C. 
lobal biodiv er sity and species extinction risk ( Bellar d e t al., 2012 ;
rain et al., 2008 ; Halpern et al., 2008 ; Vinebrooke et al., 2004 ). 
Parasites provide an ideal group of organisms to study adapta-

ion to thermal he ter ogeneity. Parasites ar e often exposed to di-
 er se envir onment s and str essors acr oss multi-stage lif e cycles.
hey can have both fr ee-living, vec t or-b ased, and host-associa t ed
ife stages ( Nguyen & Gokhale, 2025 ). By moving through nu-
erous external environments during and between replicative
ycles, p arasit es experience high temporal thermal he ter ogene-
ty ( Gr eenr od e t al., 2025b ; Silva e t al., 2025 ). During the in-
 ec tion stag e, p arasit es c an also induce f ev er s in hosts, driving
hermal changes ( Oakley et al., 2011 ). Finally, parasites are ex-
ect ed t o face incre asingly fr equent thermal extr emes as a r e-
ult of global climate change ( Carlson et al., 2017 ). While contend-
ng with variable thermal envir onment s, p arasit es must adapt to
ost immune responses ( Buckingham & Ashby, 2022 ) and com-
e tition with co-inf ec ting p arasit es in the same host population
r individual ( Pedersen & F ent on, 2007 ). Within and between-
ost compe tition ar e primary de terminant s of p arasit e virulence
 Hasik et al., 2023 ) signifying that interac tions be tween compe ti-
ion and environment-based selection can shape p arasit e evolu-
ion ( Limberger & Fussmann, 2021 ). 
We pr edic t ed tha t thermal het erog eneity would select for gen-
r alist par asite populations with intermediate phenotypes and
romot e g enetic div er sity ( Kassen, 2002 ). We also pr edic t ed tha t
o-selection with other environmental stressors would constrain
 arasit e adapta tion ( Cairns et al., 2022 ). We p assag ed two lytic
ir al par asites (thermal generalist ϕLUZ19 and specialist ϕ14–1)
nder a fluctuating thermal regime (37–42 ◦C) in the absence and
resence of a phage competit or. Phag es ev olv ed with a sta tic b ac-
 erial host, Pseudomonas aeruginosa . We comp ared popula tions
v olv ed under fluctuating temperatures concurrently with those
v olv ed under a static r e gime (37 ◦C and 42 ◦C), the la tt er present ed
n r ef. ( Gr eenr od e t al., 2025a ). We evalua t ed phag e phenotypic
daptation thr ough gr owth assays at 37 ◦C and 42 ◦C. We also con-
uct ed phag e popula tion sequencing t o identify adaptive muta-
ions and measure genetic dist anc e from the ancestor. 

ethods and ma t erials 

 tr ains, stor age, and culture conditions 

his study builds on a previously published experimental frame-
ork ( Gr eenr od e t al., 2025a ) using the same b act erial host and
 act eriophag e strains. Pseudomonas aeruginosa PAO1 was used
s the non-evolving b act erial host throughout. Two lytic phages,
 LUZ19 and ϕ 14–1, w ere used due to their kno wn thermal re-
ponse differ ences: ϕLUZ19 perf orms well at both 37 ◦C and 42 ◦C,
hile ϕ14–1 is gr owth-r estric t ed a t 42 ◦C ( Gr eenr od e t al., 2024 ,
025a ). Phag e lysa t es and b act erial st ocks were prepared as in refs
 Gr eenr od e t al., 2024 , 2025a ). 

xperimental evolution 

he experimental evolution design closely follo w ed that of ref.
 Gr eenr od e t al., 2025a ) with additional tre a tments incorpora t-
ng fluctua ting t empera tures. Phag es were serially p assag ed for
5 days under f our conditions: monocultur e and co-cultur e, each
t either static or fluc tuating temperatur es (daily shifts between
37 ◦C and 42 ◦C). Each tre a tment included six independent repli-
ca t e popula tions, and all popula tions were initia t ed from a single
ancestral lysa t e. 
Phages were prop aga t ed without shaking with a non-evolving

ancestral PAO1 b act erial host. F or the initial p assag e, ancestral
phag e lysa t es were dilut ed t o 10 8 PFU/ml and 300 μl were added to
2.7ml 10 8 CFU/ml b act erial culture in loose-lid 14ml falcon tubes.
Phage co-culture populations wer e pr epar ed by combining 150 μl
each of ϕLUZ19 and ϕ14–1 10 8 PFU/ml lysa t es prior t o mixing with
b act eria. The initial p assag e phag e densities were ∼10 7 PFU/ml
resulting in a phag e/b act eria ra tio (multiplicity of inf ec tion, MOI)
= ∼0.1. Following addition of b act erial cultures, tubes were incu-
b a t ed sta tically a t 37 ◦C or 42 ◦C in cir culating w a t er b a ths for 8h.
Fluctua ting p assag es start ed and ended a t 37 ◦C. 
After incub a tion, phag e popula tions w ere harv ested b y cen-

trifugation (3,095 × g, 5 min) to pelle t bac teria, f ollo w ed b y sterile
filtration of the supernatant through 0.2 μm filters. Filtrates were
then stored at 4 ◦C o v ernight. In subsequent passages, 300 μl of
lysa t e w as transf err ed into fr esh PA O1 cultur es. One 8h p assag e
w as perf ormed per day le ading t o 15 p assag es in t otal. 

Phag e quantifica tion 

Phage titr es wer e de termined via the double-layer overlay method
( Kr opinski e t al., 2009 ) f ollowing the same pr otocols as in r efs
( Gr eenr od e t al., 2024 , 2025a ). Briefly, b act erial lawns wer e pr e-
pared by mixing 10mL of melted LB-top agar with 300 µL of a P.
aeruginosa PAO1 o v ernight culture. Phag e lysa t es were serially di-
luted, and 10 µL was spotted onto the bacterial lawns. After incu-
b a ting pla t es for 6–8 h at 37 ◦C, spots with the highest number of
discernible plaques were counted and reported. ϕLUZ19- or ϕ14–
1-r esistant PA O1 strains wer e used f or selec tive plating enabling
sep ara t e counting of ϕLUZ19 and ϕ14–1 densities in co-cultures.
These resistant strains were derived by isolating colonies grow-
ing on high titre phage plaques and confirmed via sequencing
( Gr eenr od e t al., 2025a ). All monocultur e and co-cultur e samples
were quantified using the appropria t e resistant strains to ensure
consistency. 

Phag e separa tion and c onc entr ation 

To g enera t e high-titr e and pur e phag e lysa t es f or downstr eam as-
says and sequencing, w e emplo y ed selectiv e double-lay er o v er-
lays with resistant hosts. Briefly, phages and ϕLUZ19- or ϕ14–1-
r esistant PA O1 strains (fr om ( Gr eenr od e t al., 2025a )) wer e seeded
int o t op agar pla t es t o allow phag e prop aga tion. Phag es were ex -
trac ted fr om plates by scraping top-agar into 15ml falcon tubes
c ont aining 5ml of phage buffer (NaCl (100 mM), MgSO 4 (10 mM),
CaCl 2 (5 mM), Tris-HCl (pH 8) (50 mM), Gelatin (0.01%)). Tubes were
mixed o v ernight after which phages were sep ara t ed from t op agar
using st erile-filtra tion. This pr ocess w as perf ormed thr ee times
to ensure removal of phage competitors from co-culture popula-
tions. The purification and ex tr action protocols were identical to
those described in ref. ( Greenrod et al., 2025a ). 

Phage growth rate assays 

The thermal phenotypes of purified ev olv ed phag e popula tions
rela tive t o the ancest or w ere assessed b y me asuring phag e densi-

◦ ◦
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Phag e lysa t es were dilut ed t o 10 5 PFU/ml and 300uL was mixed
with 2.7ml of 10 8 CFU/ml wild-type PAO1 to a final MOI = ∼0.0001.
ϕLUZ19 was sampled at 2h, 4h, and 8h; ϕ14–1 at 4h and 8h due to
delayed r eplic a tion. Phag e quantifica tion w as perf ormed thr ough
st erile-filtra tion through 0.22 μm filt er pla t es (Agilent) follo w ed b y
centrifuga tion a t 2,230xg f or 5 mins bef or e spotting onto r esistant
PAO1 double-lay er o v erlay pla t es. Phag e growth ra t e w as de ter-
mined based on phage densities after 2h of growth ( ϕLUZ19) and
4h of growth ( ϕ14–1). Given phage populations started at equal
densities, populations with higher densities after gr owth ar e r e-
garded as having f as ter growth ra t es. Each growth ra t e assay in-
cluded a single r eplic a t e of each ev olv ed phag e popula tion and
thr ee r eplic a t es of the phag e ancest or. Growth ra t e assays were
repe a t ed three times across a tw o-w eek period to produce three
technic al r eplic ates. 

Phag e popula tion g enomics 

DNA ex tr action and sequencing 

Phage DNA was ex tr acted from purified lysa t es as described in
( Gr eenr od e t al., 2025a ). Briefly, ancestral and ev olv ed phage
lysa t es were tre a t ed with DNase and RNase to remo v e bacte-
rial DNA and RNA. Phage particles were lysed using lysis (AL)
buffer and pr oteinase K. Cell debris w as pr ecipita t ed using pre-
cipitation (N4) buffer and remo v ed. Finally, DNA was precipita t ed
and washed using isopropanol and ethanol. DNA quality was as-
sessed with NanoDrop 2000c (Thermo Scientific) and quantified
with Qubit 4 (Thermofisher). Paired-end 2 × 250bp read Illu-
mina sequencing was performed by AZENTA/GENEWIZ using their
Micr obe-EZ pipeline f or ev olv ed and ancestral populations. One
ex tr ac tion w as perf ormed f or each ev olv ed population and three
ex tr ac tions wer e perf ormed f or e ach phag e ancest or. Bact erial
genomes (wild-type and phage-resistant strains) were sequenced
by MicrobesNG using hybrid (long- and short-read) approaches. 

Sequence analysis 

Phag e re ads wer e pr e-pr ocessed with Trim Galor e (v.0.5.0) ( ht
tps://github.com/FelixKr ueger/Tr imGalore ) using default settings.
As read depth was uneven across the phage genome, reads
w ere do wnsampled to a tar ge t r ead depth of 1500x and a min-
imum depth of 1000x using bbnorm from the bbmap pack-
age (v.39.18) ( https://sourcef or ge.net/project s/bbmap/ ). Ances-
tral phag e g enomes w ere assembled using sho vill (v1.1.0) ( https:
//github.com/tseemann/shovill ) with default p aramet ers. Ances-
tral assemblies were annota t ed with pr okk a (v.1.14.5) ( Seemann,
2014 ), guided by the NCBI GenBank file for each phage ( ϕ14–1:
NC_011703; ϕLUZ19: NC_010326). Phag e re ads were mapped to
de no v o ancestral assemblies using Bo wtie2 (v.2.3.4.2) ( Langmead
& Salzber g, 2012 ). Variant s wer e identified using br eseq (v.0.36.1)
( De a therag e & Barrick, 2014 ) in polymorphism mode, using the
annota t ed ancestral genomes as a r ef er ence. A standar d poly-
morphism E-value was used as a threshold for variant calling
(E ≤ 10 −2 ). Only variants with > 10% allele frequency ( ∼100–
150 read support) were analysed. Potential sequencing biases
were ac c ounted f or by r emoving variant s fr om ev olv ed popula-
tions that c o-oc curred in the ancestral population. Genetic dis-
t anc e between evolved populations and from the ancestor were
de termined by c alculating Euclidean dist anc es between popula-
tions based on the frequency of variants at > 10% allele frequency.
Wild-type and resistant PAO1 genomes were assembled using
Autocycler (v. 0.4.0) ( Wick et al., 2025 ) and polished via Polypol-
ish (v. 0.6.0) ( Wick & Holt, 2022 ). Final assemblies were re-oriented
with Dnaapler (v. 1.2.0) ( Bouras et al., 2024 ) and annota t ed using
pr okk a (v.1.14.5) ( Seemann, 2014 ). The w orkflo w was deplo y ed
using a Dockerised Nextflow pipeline (v. 1.0.2) available at https:
//doi.org/10.5281/z enodo.15706447 . Mutations in r esistant PA O1
strains were identified by mapping long reads to the wild-type
assembly with minimap2 (v.2.24) ( Li, 2018 ) and variant calling
with medaka (v.2.1) ( https://github.com/nanoporetech/medaka ). 
All bioinformatic analyses were conducted with default parame-
ters. 

St atis tical analyses and visualisation 

All s tatis tical analyses and da ta visualisa tion wer e conduc ted us-
ing p ackag es in R (v.4.3.2) and R Studio ( R Core Te am, 2025 ; Posit
Te am, 2025 ). Da ta wrangling was performed using “Tidyv er se”
(v.2.0.0) R p ackag es ( Wickham et al., 2019 ). Phag e per-popula tion
t otal prog eny, growth ra t es, and g enetic dist anc e from anc estor
wer e compar ed be tween evolution tr e a tments using line ar mixed
effec t models with the “lme4” (v.1.1–36) R p ackag e ( Ba t es et al.,
2015 ) where the response variable was total phage progeny, phage
density (pfu/ml) after 2h ( ϕLUZ19) or 4h ( ϕ14–1) of growth, or ge-
netic dist anc e from anc es tor, respectively. Es tima t es are provided
in log 10 units as phage densities were logged prior to analysis to
meet s tatis tical assumptions. Explana t ory variables were an inter-
ac tion term be tw een ev olution tre a tment and t empera ture, with
b a t ch (t echnic al r eplic a t e) as a random effec t. Gene tic dist anc e
fr om ancestor w as de termined by using the “dist” function in the
“stat s” (v.4.5.2) R package. Pairwise comparisons between popula-
tions wer e de termined f or e ach t empera ture sep ara t ely using the
“emmeans” (v.2.0.0) ( Lenth & Piaskowski, 2025 ) R p ackag e. Sep a-
ra t e models were run for each phage. Within-group variation in ge-
netic dist anc e from anc estor w as analysed using Levene ’s test. The
prevalence of unique comp ared t o shared mutations across evolu-
tion tre a tments was analysed using Fisher’s exact t est. Phag e g e-
netic dist anc e between groups was also compared by constructing
neighbour-joining trees based on Euclidean genetic dist anc e using
the “ggtree” (v.3.10.1) R p ackag e ( Yu et al., 2017 ). 

R esult s 

Fluctua ting t empera tures select for 

generalist phenotypes in monoculture 

Fluc tuating envir onment s c an f avour generalis ts with intermedi-
a t e phenotypes across conditions ( Kassen, 2002 ). Given the an-
cestral ϕ14–1 has previously been shown to grow very poorly at
42 ◦C ( Gr eenr od e t al., 2025a ), we hypothesised that ϕ14–1 popula-
tions p assag ed under fluctua ting conditions would rapidly adapt
to 42 ◦C but have lower fitness at 37 ◦C and 42 ◦C comp ared t o sta tic
ev olv ed populations. In monoculture, ϕ14–1 densities increased
during 37 ◦C p assag es but decre ased in 42 ◦C p assag es ( Figure 1A ).
As phag e lysa t es were dilut ed 10-f old in be tween p assag es, phag e
density decreases reflect lo w er than 10-fold ϕ14–1 population
growth during 42 ◦C p assag es. ϕLUZ19 monoculture populations
reached and then maintained high densities in all passages. This
phage sho w ed lo w varia tion in int er-p assag e densities. We as-

https://github.com/FelixKrueger/TrimGalore
https://sourceforge.net/projects/bbmap/
https://github.com/tseemann/shovill
https://doi.org/10.5281/zenodo.15706447
https://github.com/nanoporetech/medaka


4 Evolution Letters , 2026, Volume 0, Issue 0 

Figur e 1 Co-selec tion in c ommunities c onstrains adapt a tion t o thermal fluctua tions. ( A ) Popula tion dynamics of phag es p assag ed 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 p assag es, density decre ases r eflec t less than 10-f old population gr owth during p assag es. Plot b ack gr ound colour shows alt erna ting 37-42 ◦C 
p assag e t empera tures, starting and ending a t 37 ◦C. Phag e icons illustra t e the two differ ent phages used in the experiment s ( ϕ14–1, my o virus as tall 
phage; ϕLUZ19, autographivirus as short phage) ( Tabare et al., 2021 ) and are used here after t o r ef er t o phag es in figur es. ( B ) Fluc tua ting and sta tic 

t empera ture-ev olv ed population growth ra t es rela tive (rel.) to the ancestor. Growth rates were measured after 2h for ϕLUZ19 and 4h for ϕ14–1. While 

plot shows growth relative to ancestor, s tatis tical analysis directly compared ev olv ed and ancestral population growth ra t es. Six biological replica t es 

w ere assay ed, and data points sho w the av erag e of three t echnic al r eplic a t es (b a t ches). Technic al r eplic a t es w ere not av erag ed in the sta tistical model 

but were included as a random effect. Growth assay t empera ture is shown in panel strips and represented by panel strip colour. Ancestral growth is 

sho wn b y dashed line with standar d err or s sho wn as a shaded box (n = 3). ∗∗∗ = p < 0.001. Asterisks abo v e bo x es show s tatis tical comparisons with the 

ances tor. As terisks abo v e contrast lines sho w s tatis tic al comparisons be tw een ev olv ed popula tions. Absence of ast erisk r eflec t s non-signific anc e. St atic 

monoculture t empera ture da ta was adapt ed fr om r ef. ( Gr eenr od e t al., 2025a ). ( C ) Gr owth ra t es of fluctua ting and sta tic t empera ture 

monoculture-ev olv ed populations compared to co-culture ev olv ed populations. Bo x es and points are coloured by evolution tre a tment with 

monoculture labels abbrevia t ed t o Mono . and co-cultur e labelos abbr evia t ed t o Co . Labels f or fluc tua ting t empera ture-ev olv ed populations are 

abbrevia t ed t o Fluc. Assay t empera tur e and signific ance values ar e pr esented as in Figur e 1B . Six biologic al r eplic a t es w ere assay ed and data points 

show the average of three technical replica t es (b a t ches). Technic al r eplic a t es w ere not av erag ed in the sta tistical model but were included as a random 

effec t. Ancestral growth ra t es and significance signs are presented as in Figure 1B . Static co-culture data was adapted from ref. ( Greenrod et al., 2025a ). 
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sessed evolutionary potential by measuring the total number of
pr ogeny pr oduced by e ach phag e popula tion across the experi-
ment ( Fig. S1 ). We did not observe a significant difference in per-
popula tion t otal prog eny betw een ev olution tre a tments in mono-
cultur e f or either phage. 
We assessed phage evolution by measuring the growth ra t es

of static and fluctuating ev olv ed populations at 37 ◦C and 42 ◦C.
Growth ra t es wer e de t ermined by me asuring popula tion densities
after 2h ( ϕLUZ19) and 4h ( ϕ14–1) of growth (see methods for de-
tails). R esult s ar e pr esented in Figur e 1B & C as r ela tive t o the an-
cestral phage although ev olv ed and ancestral population densi-
ties were directly compared in s tatis tical analyses. We found that
growth ra t es of both phages in monoculture depended on the
interac tion be tw een ev olution tre a tment and assay t empera ture
( ϕ14–1: F 3,116 = 238.6, p < 0.001; ϕLUZ19: F 3,116 = 137.4, p < 0.001)
( Figure 1B ). At 42 ◦C, ϕ14–1 fluctuating populations were found
to have an intermediate phenotype between those ev olv ed un-
der static conditions. ϕ14–1 fluctuating populations had signifi-
c antly higher gr owth ra t es a t 42 ◦C than 37 ◦C sta tic popula tions
(37 ◦C sta tic vs fluctua ting: estima t e = -2.6 (log 10 ), t(116) = –17.6,
p < 0.001) but lo w er gro wth ra t es than 42 ◦C sta tic popula tions
(fluctua ting vs 42 ◦C sta tic: estima t e = 2.5 (log 10 ), t(116) = 16.8,
p < 0.001). At 37 ◦C, ϕ14–1 fluctuating populations had no signifi-
c ant differ enc e to st atic populations possibly due to phage growth
being measured after phages had reached c arrying c apacity (see
r ef. ( Gr eenr od e t al., 2025a )). For ϕLUZ19, fluc tuating ev olv ed pop-
ulations had significantly higher growth at 42 ◦C than 37 ◦C static
popula tions (37 ◦C sta tic vs fluctua ting: estima t e = -1.9 (log 10 ),
t(116) = -22.8, p < 0.001). Ho w ev er, gro wth was not significantly
differ ent to 42 ◦C ev olv ed popula tions (fluctua ting vs 42 ◦C sta tic:
estima t e = -0.15 (log 10 ), t(116) = -1.79, p = 0.28). The opposite
findings w ere observ ed a t 37 ◦C; fluctua ting ev olv ed populations
had significantly higher growth ra t es than those evolved at 42 ◦C
but similar growth ra t es t o 37 ◦C evolved popula tions (42 ◦C sta tic
vs fluctua ting:: estima t e = -0.52 (log 10 ), t(116) = -6.1, p < 0.001;
37 ◦C sta tic vs fluctua ting: estima t e = -0.07 (log 10 ), t(29) = -0.84,
p = 0.83). 

Co-selec tion fr om fluc tuating 

t empera tures and competition constrains 

thermal adaptation 

The presence of additional selection pressures is expected to con-
strain adaptation to fluc tuating temperatur es by reducing mu-
tational supply and compounding fitness trade-offs ( Barbosa et
al., 2014 ; Crain et al., 2008 ; Uiterwaal et al., 2020 ). Indeed, phage
populations ev olv ed in co-cultur e had signific antly lo w er per-
popula tion t otal prog eny than those ev olv ed in monocultur e f or
both ϕ14–1 and ϕLUZ19 ( ϕ14–1: 37 ◦C static co. vs mono: estima t e
= -0.93 (log 10 ), t(30) = -9.9, p < 0.001; 42 ◦C static co. vs mono: esti-
ma t e = -0.33 (log 10 ), t(30) = -3.6, p < 0.05; fluc tuating co . vs mono:
estima t e = -0.65, t(30) = -7.0, p < 0.0001; ϕLUZ19: 37 ◦C st atic c o. vs
mono: estima t e = -2.0 (log 10 ), t(30) = -25.6, p < 0.001; 42 ◦C static
co. vs mono: estima t e = -2.6 (log 10 ), t(30) = -32.2, p < 0.001; fluc-
tua ting co. vs mono: estima t e = -2.7, t(30) = -33.8, p < 0.0001)
( Fig. S1 ). We hypothesised that phages ev olv ed under co-selection
fr om fluc tua ting t empera tur es and compe tition w ould hav e lo w er
growth ra t es a t 37 ◦C and 42 ◦C than those ev olv ed under static
t empera tur es or fluc tuating monocultur e conditions. While ϕ14–1
densities fluctua t ed between p assag es in monocultur e, co-cultur e
densities rapidly increased and then stabilised between p assag es
( Figure 1A ). In contrast, ϕLUZ19 populations were stable in mono-
culture, but during fluctuations in c o-culture, experienc ed high
growth at 37 ◦C and low growth at 42 ◦C. 
We then assessed co-culture and monoculture ev olv ed phage

growth ra t es a t 37 ◦C and 42 ◦C ( Figur e 1C ). We f ound a sig-
nific ant interac tion be tw een ev olution tre a tment (monoculture
and co-culture) and t empera ture regarding growth ra t es for both
phages ( ϕ14–1: F 6,218 = 178.9, p < 0.0001; ϕLUZ19: F 6,218 = 123.2,
p < 0.0001). While competition had no impact on the growth ra t es
of static ϕ14–1 populations at their r espec tiv e ev olv ed tempera-
tures (37 ◦C static mono vs comp: estima t e = -0.41 (log 10 ), t(218) =
-1.2, p = 0.89; 42 ◦C static mono vs comp: estima t e = -0.44 (log 10 ),
t(218) = -1.3, p = 0.85), fluctuating co-culture ev olv ed populations
had significantly higher growth ra t es a t 42 ◦C comp ared t o popula-
tions ev olv ed in monocultur e (fluc tua ting mono vs comp: estima t e
= -3.4 (log 10 ), t(218) = -10.1, p < 0.0001). No significant difference
was observed at 37 ◦C (fluctuating mono vs comp: estimate = -0.54
(log 10 ), t(218) = -1.6, p = 0.69). Similar to ϕ14–1, there was no im-
pact of competition on static ev olv ed ϕLUZ19 population growth
ra t es a t their r espec tiv e ev olv ed t empera tures (37 ◦C sta tic mono
vs comp: estima t e = 0.07 (log 10 ), t(218) = 0.87, p = 0.97; 42 ◦C static
mono vs comp: estima t e = -0.02 (log 10 ), t(218) = -0.20, p = 1.0).
Ho w ev er, ϕLUZ19 populations ev olv ed with fluctuations and com-
petition had significantly lo w er gro wth ra t es a t both 37 ◦C and 42 ◦C
comp ared t o monocultur e (fluc tuating mono vs comp 37 ◦C: esti-
ma t e = 0.82 (log 10 ), t(218) = 10.2, p < 0. 0001; fluctuating mono
vs comp 42 ◦C: estima t e = 0.48 (log 10 ), t(218) = 6.1, p < 0.001). 

Fluc tuating envir onment s favour 

specialis t mut ations 

Fluctua ting t empera tures g enerally select for multiple specialist
mutations ( Lambr os e t al., 2021 ). We hypothesised that fluc tuating
ev olv ed populations w ould sho w genetic similarities to both high
and low t empera ture sta tic popula tions. Phag e g enomic evolu-
tion was assessed by constructing neighbour-joining trees of end-
point populations based on Euclidean genetic dist anc es ( Figure
2A ). Genetic dist anc es were calcula t ed b ased on the presence and
fr equency of gene tic variant s (SNP s, indels) that had > 10% fre-
quency. Fluctuating ev olv ed populations did not form a unique
clade but inst e ad wer e f ound to co-loc a t e with either high or
low t empera ture sta tic popula tions. ϕ14–1 fluctua ting popula-
tions were distributed across the tree and generally did not clus-
t er with sta tic popula tions. Conv er sely, ϕLUZ19 fluctuating popu-
lations were primarily found within the 42 ◦C static clade. 
We further analysed static and fluctua ting popula tion g enetic

similarities by measuring Euclidean genetic dist anc e from an-
cestor ( Figure 2B ). For ϕ14–1, fluctuating ev olv ed populations
had significantly lo w er genetic dist anc es from anc estor than 42 ◦C
sta tic popula tions (t(15) = -4.1, p < 0.01). Ho w ev er, there w ere no
signific ant differ ences in gene tic dist anc e from anc estor between
fluctua ting and 37 ◦C sta tic popula tions (t(15) = -0.51, p = 0.87).
Ther e wer e no signific ant differ ences in gene tic dist anc e from an-
cestor between ϕLUZ19 fluctuating populations and either 37 ◦C or
42 ◦C sta tic popula tions (37 ◦C: t(15) = -0.46, p = 0.89; 42 ◦C: t(15) =
-0.75, p = 0.74). ϕ14–1 fluctua ting popula tions had significantly
gre a t er within-group variation in genetic dist anc e from ancestor

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrag016#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrag016#supplementary-data
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Figur e 2 Fluc tua ting t empera tur es selec t f or specialist mutations. ( A ) Neighbour-joining tr ees of ev olv ed and ancestral phag e popula tions construct ed 

using Euclidean genetic dist anc es. Genetic dist anc es were calcula t ed b ased on the pr esence and fr equency of mutations pr esent at > 10% fr equency. 

Tree is rooted at the ancestor and populations are coloured by evolved tre a tment. ( B ) Phage Euclidean genetic dist anc e from the ancestor for ev olv ed 

monoculture phage populations. ∗∗∗ = p < 0.001. ( C ) Venn diagrams show the number of high frequency ( > 20% frequency), putative adaptive variants 

that are unique to or shared between evolution tre a tments. Venn diagram sections are coloured based on the number of variants. Static temperature 

data was adapted from ref. ( Greenrod et al., 2025a ). 
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comp ared t o 42 ◦C sta tic popula tions (t(15) = 2.9, p < 0.05) but not
37 ◦C sta tic popula tions (t(15) = -0.70, p = 0.77). ϕLUZ19 fluctuat-
ing populations had no significant difference in within-group vari-
a tion comp ared t o sta tic popula tions (37 ◦C: t(15) = 2.0, p = 0.15;
42 ◦C: t(15) = -0.10, p = 0.99). The number of variants in each phage
population can be found in Figure S2. 
We then determined the prevalence of individual genetic vari-

ant s (SNP s, indels) that wer e unique to or shar ed be tw een ev o-
lution tre a tments ( Figure 2C ). Only putative adaptive variants
with > 20% fr equency wer e included. For ϕ14–1, 2/11 (18%)
of 37 ◦C static variants and 5/15 (33%) of 42 ◦C static variants
wer e shar ed with other evolution tr e a tments comp ared t o 4/9
(44%) variants in fluctuating ev olv ed populations. For ϕLUZ19,
shar ed variant s cons tituted 8/32 (35%) of 37 ◦C s tatic and 9/20
(45%) of 42 ◦C static variant s compar ed to 12/17 (71%) in fluc-
tuating ev olv ed populations. To assess the o v erall impact of
evolution tre a tment on the ratio of unique and shared muta-
tions, we pooled mutations from ϕ14–1 and ϕLUZ19 observ-
ing a significant difference in the prevalence of shared muta-
tions relative to unique mutations between evolution tre a tments
(Fisher’s ex ac t test: p < 0.05). Signific ant differ ences wer e not ob-
served when analysing phages independently ( ϕ14–1, p = 0.47;
ϕLUZ19, p = 0.08). ϕ14–1 fluctua ting muta tions were primarily
shared with 42 ◦C static populations. In contrast, ϕLUZ19 fluctu-
a ting muta tions wer e shar ed equally with 37 ◦C and 42 ◦C static
populations. 
Finally, w e inv estiga t ed which muta tions dro v e clustering be-

tween fluctuating and static populations ( Fig. S3 ; Table S1 ). While
ϕ14–1 fluctuating and 37 ◦C static populations sho w ed little clus-
t ering, two fluctua ting popula tions clust ered with the 42 ◦C static
clade. These two r eplic a t e popula tions c ont ained parallel dele-
tions in a hypothe tic al pr otein with high similarity to a DNA lig-
ase (BlastP: 97.47% identity, 95% sequence o v erlap with Pseu-
domonas phage PhL_UNISO_PA-DSM_ph0031 DNA ligase pro-
tein), previously identified in all ϕ14–1 42 ◦C static populations
( Gr eenr od e t al., 2025a ). As found with static ev olv ed populations
( Gr eenr od e t al., 2025a ), all fluc tua ting ϕLUZ19 popula tions ac-
quired mutations in tail fiber genes indicating selection on these
genes is strong but independent of thermal r e gime. The clustering
of 5/6 ϕLUZ19 fluctua ting popula tions with the 42 ◦C static popu-
lations were attributed to parallel insertions in an intergenic re-
gion between two hypothe tic al pr ot eins. This int erg enic insertion
w as pr eviously identified in all ϕLUZ19 42 ◦C sta tic popula tions
( Gr eenr od e t al., 2025a ). 

Co-selection c onstr ains molecular 

evolution 

By reducing population growth rates, co-selection from fluctuat-
ing t empera tur es and compe tition ar e expec t ed t o reduce g enetic
dist anc e from anc estor and r estric t the acquisition of adaptive
mutations ( Crain et al., 2008 ). Due to their eleva t ed growth ra t es,
we hypothesised that ϕ14–1 fluc tuating co-cultur e populations
w ould hav e higher genetic dist anc es from anc estor than mono-
culture populations. No significant differences in genetic dist anc e
from ancestor were observed for ϕ14–1 co-culture populations
comp ared t o monoculture popula tions (F 1,10 = 4.1, p = 0.07)
( Figure 3A ). Ho w ev er, non-significance was driv en b y a single low
genetic dist anc e r eplic a t e in the co-cultur e tr e a tment; when the
r eplic a t e w as r emo v ed, co-cultur e populations had signific antly
gre a t er g enetic dist anc es from anc estor than monoculture popu-
lations (F 1,9 = 8.6, p < 0.05). We also found no significant differ-
ence in within-group variation in genetic dist anc e from anc estor
be tween monocultur e and co-cultur e populations (t(10) = 1.50,
p = 0.17), although the differ ence w as also signific ant once the
low genetic dist anc e c o-cultur e r eplic a t e w as r emo v ed (t(10) = 3.6,
p < 0.01). 
For ϕLUZ19, we hypothesised that fluc tuating co-cultur e pop-

ulations w ould hav e lo w er genetic dist anc es from anc estor than
monoculture populations due to the suppression of ϕLUZ19 by
ϕ14–1 ( Fig. S1 ). ϕLUZ19 fluctuating co-culture populations had
significantly lo w er genetic dist anc es from anc estor than mono-
culture populations (F 1,10 = 470, p < 0.001). We further hypoth-
esised that ϕLUZ19 fluctuating co-culture populations, but not
ϕ14–1 populations, w ould hav e lo w er genetic dist anc es from an-
cestor than 37 ◦C or 42 ◦C static co-cultur e populations. Gene tic dis-
t anc es from ancestor were equal between co-culture populations
for ϕ14–1 (F 2,15 = 1.2, p = 0.3) ( Figure 3B ). Ho w ev er, ϕLUZ19 fluc-
tuating co-culture populations were found to have significantly
lo w er genetic dist anc es from anc es tor than both 37 ◦C s tatic and
42 ◦C sta tic monoculture popula tions (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 acquisi-

tion of high frequency mutations ( > 20% frequency) in fluctuat-
ing populations ( Fig. S4 ). For ϕ14–1, while populations no longer
acquir ed single t on muta tions, all popula tions acquir ed a dele tion
or SNP in a putative DNA ligase gene. Mutations in this gene are
thought t o contribut e t o high t empera ture adapta tion ( Gr eenr od
et al., 2025a ) and were also found in the two monoculture popu-
la tions which clust ered with 42 ◦C sta tic popula tions in Figure 2A .
For ϕLUZ19, while co-culture populations maintained mutations
in tail fiber g enes, the popula tions no longer acquired singleton
mutations or the intergenic insertion associated with 42 ◦C static
populations. 

Discussion 

Under fluctuating selection, both phages were found to rapidly
ev olv e increased growth ra t es a t high t empera tures. F or phag e
ϕ14–1, fluctua ting t empera tures result ed in int ermedia t e thermal
phenotypes with lo w er gro wth ra t es a t high t empera tures com-
p ared t o phag es ev olv ed under sta tic t empera tures. The evolution
of int ermedia t e growth ra t es is likely due t o we aker selec tion f or
adapta tion t o high t empera tur es in the fluc tuating tr e a tment. Al-
t erna tively, adapta tion t o high t empera tures may be constrained
during fluctuations due to fitness trade-offs at lo w er temperatures
( Visher & Boots, 2020 ). For phage ϕLUZ19, fluctuating temperature
populations had the same growth rates as s tatic -ev olv ed popula-
tions when measured at their ev olv ed temperature. Giv en ϕLUZ19
was shown to exhibit growth ra t e trade-offs under sta tic selection
( Gr eenr od e t al., 2025a ), this finding is indicative of a no-cost gen-
eralis t s tra t e gy ( R emold, 2012 ). The lack of gr owth ra t e costs may
r eflec t an epistatic pleiotr opy, wher eby the costs of adaptive mu-
tations depend on the genetic back gr ound ( R emold, 2012 ). Cost s
may also occur in unmeasur ed trait s such as virulence ( Ashrafi et
al., 2018 ) or tolerance to other stresses ( Schou et al., 2022 ). These
findings highlight that, while fluctuating temperatur es selec t f or
gre a t er high t empera ture growth, the exact phenotypic outcomes
of fluc tuating selec tion vary be tween tax a ( Wolinsk a & King, 2009 ).

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrag016#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrag016#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrag016#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrag016#supplementary-data
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Figure 3 High environmental complexity constrains genetic dist anc e from ancestor in the ϕLUZ19 phage. ( A ) Euclidean genetic dist anc e from the 

ancestor for phage populations ev olv ed under fluctuating temperatures in monoculture (labelled Mono.) and co-culture (labelled Co.). ( B ) Genetic 

dist anc e from ancestor for 37 ◦C static, fluctuating, and 42 ◦C static co-culture populations. Plot layout is the same as panel A. ∗∗∗ = p < 0.001. Static 

t empera ture da ta was adapt ed fr om r ef. ( Gr eenr od e t al., 2025a ). 
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We found that fluctuating temperatur es r esulted in mor e vari-
ble evolutionary trajectories; while static ev olv ed populations
enerally formed clusters, fluctuating populations were genet-
cally similar to both 37 ◦C and 42 ◦C static ev olv ed populations.
urther, we found that parallel mut ations ac quired under fluctu-
ting selec tion wer e the same as those previously identified in
tatic ev olv ed populations ( Gr eenr od e t al., 2025a ). These findings
ould be explained by historical contingency ( Blount et al., 2018 )
hereby a small number of random mutations that are adaptive at
ow or high t empera tures become fixed in a subset of populations
 Harrison et al., 2013 ). As phage populations only acquired a small
umber of mutations during the experiment, the early acquisition
nd fixation of large fitness effect mutations may have caused
luctua ting popula tions t o resemble those tha t ev olv ed under
tatic envir onment s. Fluc tuating envir onment s have also been
hown to selec t f or mutations conferring fitness in the most ex-
r eme envir onment ( Arribas e t al., 2014 ). The clustering of ϕLUZ19
luctua ting popula tions with 42 ◦C sta tic popula tions likely r eflec t s
electiv e sw eeps combined with asymme tric al selec tion wher e
2 ◦C adaptive variants are fixed more rapidly. Div er sification
nd allele fixation is an expect ed out come of our experimental
e t-up wher e fluc tuations occurr ed a t a much long er frequency
than phage generation times. If fluctuations had occurred at the
same ra t e or f as t er than g enera tion times, w e w ould expect less
div er sific ation thr ough the evolution of plasticity or an incr eased
risk of extinction ( Botero et al., 2015 ; Kassen, 2002 ). 
While fluctuating environments can promote genetic div er sifi-

c ation, co-selec tion with other envir onmental str essors c an con-
str ain adaptation ( Cr ain e t al., 2008 ). Uiterw aal e t al. ( Uiterw aal
et al., 2020 ) sho w ed that combined fluctuating temperatures and
pr edation r estric ted adaptation to both selec tion pr essur es in
Par amecium caudat um populations. Similar findings have also
been observed in Daphnia magna with co-selec tion fr om ther-
mal fluctuations and predation/pollutants ( Barbosa et al., 2014 ,
2017 ). We found that combined fluctuating temperature- and
compe tition-based selec tion constrained bo th thermal adap ta-
tion and reduced genetic dist anc e from anc est or in phag e ϕLUZ19
but ac c elera t ed adapta tion in ϕ14–1. Further, co-selec tion r e-
sulted in greater ϕLUZ19 evolutionary constraint with fluctuating
t empera tures than sta tic t empera tur es. In a pr evious study, we
demonstra t ed tha t c ompetition ac c elera t es thermal adapta tion in
ϕ14–1 but constrains genetic dist anc e from anc estor in ϕLUZ19
( Gr eenr od e t al., 2025a ), indic ative of a selec tive syner gy ( Crain
et al., 2008 ). The present study extends these findings b y sho w-
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ing that the selective synergy between t empera ture and competi-
tion is gre a t er under fluctua ting t empera tures than sta tic t emper-
a tures. One pot ential explana tion for these findings is tha t fluctu-
ating envir onment s r educe the str ength of selec tion f or adaptive
muta tions ( C vijovi ́c et al., 2015 ). We aker dir ec tional selec tion com-
bined with suppression by competitors may constrain both the
supply and fixation of beneficial mutations leading to particularly
low genetic dist anc es. 
Anthr opogenic ac tivities, including glob al clima t e chang e,

me an tha t species ar e facing incr easingly variable and complex
envir onment s ( Jaur e guiberry e t al., 2022 ). With ong oing glob al
biodiv er sity loss, species must adapt to tolerate environmental
stressors to avoid extinctions. Our findings highlight that while
larg e-popula tion species, such as viruses and b act eria, can rapidly
adapt in response to thermal variation, co-selection with other
factors, such as competition, may restrict species adaptive capac-
ity. These r esult s have particular relevance for p arasit es which,
in addition to having large population sizes, must simultaneously
adapt to both thermal he ter ogeneity, c ommunity c ompetition in
coinf ec tions, and host immune responses ( Altman et al., 2016 ;
Mideo, 2009 ). With glob al p arasit e biodiv er sity at risk due to cli-
ma t e chang e ( Carlson et al., 2017 ), evolutionary constraint caused
by co-selection may prevent p arasit e adapta tion t o thermal stress
and further increase the probability of p arasit e extinctions. The
risk of extinction is likely higher for small population, slo w er gro w-
ing species due to their slo w er ev olution ra t es and the higher
prob ability tha t fluctua tions will occur within g enera tions. Future
studies should consider the evolution-constraining effec t s of co-
selection when assessing species extinction risk in thermally vari-
able envir onment s. 
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Supplementary ma t erial is available online a t Evolution L etters . 
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