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Abstract

Bacteria and lytic viruses (phages) engage in highly dynamic coevolutionary interactions over time, yet we have little
idea of how transient selection by phages might shape the future evolutionary trajectories of their host populations.
To explore this question, we generated genetically diverse phage-resistant mutants of the bacterium Pseudomonas
syringae. We subjected the panel of mutants to prolonged experimental evolution in the absence of phages. Some
populations re-evolved phage sensitivity, whereas others acquired compensatory mutations that reduced the costs
of resistance without altering resistance levels. To ask whether these outcomes were driven by the initial genetic me-
chanisms of resistance, we next evolved independent replicates of each individual mutant in the absence of phages.
We found a strong signature of historical contingency: some mutations were highly reversible across replicate popu-
lations, whereas others were highly entrenched. Through whole-genome sequencing of bacteria over time, we also
found that populations with the same resistance gene acquired more parallel sets of mutations than populations
with different resistance genes, suggesting that compensatory adaptation is also contingent on how resistance ini-
tially evolved. Our study identifies an evolutionary ratchet in bacteria—phage coevolution and may explain previous
observations that resistance persists over time in some bacterial populations but is lost in others. We add to a grow-
ing body of work describing the key role of phages in the ecological and evolutionary dynamics of their host com-
munities. Beyond this specific trait, our study provides a new insight into the genetic architecture of historical
contingency, a crucial component of interpreting and predicting evolution.

Key words: historical contingency, epistasis, experimental evolution, parallel evolution, bacteriophages, microbial
evolution.

reduce the fitness costs without reversing the trait itself, as
is often observed in drug-resistant bacteria (Faria et al.
2015; Duréo et al. 2018). In other cases, even when rever-
sion to sensitivity would be favorable, it may not be pos-
sible if the host population has since acquired other
mutations that would be deleterious on the wild-type gen-
etic background (Shah et al. 2015).

In a more general sense, any mutation that affects an or-

Introduction

Pathogens are ubiquitous and exert strong selection on
their hosts to evade infection (Stenseth and Maynard
Smith 1984; Gomez et al. 2010). These selection pressures
are constantly in flux, and defense-related traits are often
detrimental when pathogens are not present at high levels
(Clay and Kover 1996; Sheldon and Verhulst 1996). The

loss of costly resistance under relaxed selection has been
the focus of a plethora of theoretical and empirical studies,
in large part because it helps to explain the observed coex-
istence of resistant and sensitive host types in many nat-
ural populations (Waterbury and Valois 1993; Stahl et al.
1999; Rodriguez-Brito et al. 2010; Lourenco et al. 2020).
Whether host populations readily regress to susceptibility
after escape from pathogen pressure or retain a signature
of their coevolutionary history will depend on several fac-
tors, including the environmental conditions and the
strength of selection. For example, resistance may persist
if it is not costly to maintain; or if compensatory mutations

ganism'’s phenotype and is selected for (even temporarily)
can alter the selection acting on subsequent mutations
and can therefore shape the evolutionary trajectory of
the population. For example, garter snakes that prey on
tetrodotoxin-bearing newts have evolved high levels of
toxin resistance, but only within lineages that already car-
ried a prior substitution—an ancient modification to a so-
dium channel that took place long before the newts arose
(McGlothlin et al. 2016). In a laboratory evolution experi-
ment with Escherichia coli, different substitutions in a DNA
topoisomerase enzyme were shown to have different con-
sequences for the subsequent accumulation of other
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beneficial mutations. In fact, this second-order selection
for evolvability was more important than the initial effects
of the substitutions themselves in determining which lin-
eage prevailed in the long term (Woods et al. 2011).
Historical contingencies such as these can make it
particularly challenging to interpret patterns of genetic di-
vergence across populations or predict the lasting conse-
quences of short-term coevolutionary interactions.

To explore how previous selection by phages can alter
future bacterial evolution, we tracked phage resistance
over time in experimental evolution populations of the
bacterium Pseudomonas syringae. Bacteria and phages are
a tractable model system frequently used for studying
coevolution in the laboratory (Brockhurst et al. 2007;
Dennehy 2012). Phages initiate infection by recognizing
and binding to proteins on the surfaces of bacterial cells.
Bacteria can evade phages by altering or deleting phage
receptors, but in doing so, often compromise other fitness-
related traits such as nutrient uptake, adhesion, and viru-
lence (Dy et al. 2014; Mangalea and Duerkop 2020). In these
cases, as resistance spreads in a population and phage dens-
ities decrease, resistance is predicted to be lost over time as
a result of relaxed selection (Koskella 2018). Laboratory
fluctuation assays show that the rates of spontaneous gen-
etic reversion from resistance to susceptibility can be high
(Chaudhry et al. 2018), suggesting that phage sensitivity
can (re)emerge within resistant populations.

Despite these predicted dynamics, studies of natural
bacterial communities sometimes find that bacteria re-
main resistant to phages that they coexisted with many
months or even years in the past (Koskella and Parr
2015; LeGault et al. 2021; Dewald-Wang et al. 2022). In
cases where laboratory studies propagated resistant bac-
teria for many generations in the absence of phages,
whether phage sensitivity re-emerged has remained incon-
sistent and difficult to explain (Meyer et al. 2010; Avrani
and Lindell 2015). For example, over 45,000 generations
of relaxed selection did not reduce the observed resistance
of E. coli to T6 phage (Meyer et al. 2010). In contrast, some
experimental populations of Prochlorococcus became less
resistant in the absence of phage, but these changes
were difficult to explain in terms of compensatory adapta-
tion, as they often occurred independently of fitness gains
(Avrani and Lindell 2015).

On the basis of these observations, we hypothesized that
bacteria can access many different genetic pathways to
phage resistance, each with different implications for the
subsequent evolutionary potential of the bacteria, includ-
ing whether they compensate for fitness costs by re-
evolving phage sensitivity. To test this idea, we isolated
and sequenced P. syringae colonies that had evolved resist-
ance across a panel of lytic phages and measured the fitness
costs of each resistance mutation. We then used each re-
sistant strain to seed a different population that was experi-
mentally evolved in the absence of phages. Through a series
of laboratory evolution experiments, we demonstrate that
phage resistance can either be reversible or entrenched de-
pending on the initial genetic path to resistance.

2

Results

Single-Step Selection for Phage Resistance

To explore whether the long-term outcomes of phage
resistance were contingent on the genetic underpinnings
of their initial resistance (and/or the fitness costs asso-
ciated with resistance), we first generated a panel of
phage-resistant bacterial strains. With the aim of generat-
ing substantial variation both in resistance mechanisms
and in fitness, we used five different Pseudomonas phages
to select phage-resistant colonies of P. syringae pv. tomato
DC3000 through soft agar overlays. We isolated and se-
quenced 22 colonies to reveal 17 unique resistance muta-
tions (positions 1184510 and 5662024 each appeared three
times in the panel, and one colony had no detectable fixed
genetic differences from the ancestor despite apparent
phenotypic resistance).

In contrast to the diversity of exact mutations, there was
relatively high convergence in the genes in which they were
found. The mutations in this study were all located in one
of four genes, all involved in biosynthesis of outer mem-
brane lipopolysaccharide molecules: PSPTO_4988 (RfaB
family glycosyltransferase), PSPTO_4991 (Glc" glycosyl-
transferase), and PSPTO_1330 (Glycosyltransferase
a-L-Rha), involved in assembling the LPS core structure,
and rfbA (glucose-1-phosphate thymidylyltransferase)
responsible for the O-antigen (Kutschera et al. 2021)
(fig. TA). Resistance mutations included single-nucleotide
missense mutations, single-nucleotide nonsense muta-
tions, and insertions and deletions of varying sizes. When
resistant mutants were tested in the absence of phages,
these strains grew more slowly than their phage-sensitive
ancestor, indicating trade-offs between resistance and
other aspects of fitness (one-sample t-test, t = —8.405, P
< 0.001, fig. 1B). Variation in growth rates could not be ex-
plained by the genes in which those mutations occurred
(ANOVA, F=0.673, df =3, P=0.580), indicating that dif-
ferent resistance mutations in the same gene could have
different impacts on fitness. This lack of systematic differ-
ences in fitness costs across genes underlying resistance
meant that we could tease apart the effects of underlying
genetic mechanisms and fitness costs on the maintenance
of phage resistance, as these two predictors were not con-
founded with each other.

Of note, there was no effect of the identity of the select-
ing phage on either resistance mechanism or fitness of the
bacteria; in fact, different phages often selected for resist-
ance mutations in the same gene or even the exact same
resistance mutation (table 1). Further, resistance to one
phage typically conferred cross-resistance to all other
phages in the study, suggesting that the phages in this
study used the same receptor. We therefore aggregated
data across selecting phages for the analyses in this study.

Multiple Evolutionary Paths to Recover Fitness Costs
To test whether phage sensitivity tends to re-evolve in the
absence of phages, we inoculated 22 experimental micro-
cosms of King's Broth media each with one of the resistant
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Fic. 1. Genetic mechanisms and fitness costs of phage resistance. (A) Schematic illustration of the lipopolysaccharide structure, with the genes
implicated in phage resistance in this study matched to their corresponding substructures. (B) Population growth rates of resistant strains in the
absence of phage, based on a logistic model fitted to a 40 h growth curve (n =22 strains). The error bars represent standard error across technical
replicates. Bacterial colonies with resistance mutations in the same gene are denoted by a color scheme. The location and the nature of the
mutation is indicated along the x-axis; for example, R12W indicates a change from arginine to tryptophan at the 12th position, and W108* in-

dicates a change from tryptophan to a stop codon.

colonies. We also inoculated six microcosms with the
phage-sensitive ancestor to assess changes due to overall
adaptation to the environment, for a total of 28 experi-
mentally evolving populations. Populations were trans-
ferred to fresh media every 3 days for a total of 36 days.
Over the course of the experiment, the difference in
growth rates between the populations initiated with
phage-resistant bacteria and those initiated with phage-
sensitive (ancestral) bacteria gradually narrowed, and by
the end of the experiment there was no observed fitness
difference between the two groups (fig. 2A). Changes in fit-
ness followed a diminishing returns pattern of adaptation:
populations with the lowest initial fitness made the great-
est fitness gains over time (ANOVA, F=33.226, P < 0.001;
supplementary fig. S1, Supplementary Material online).

Bacterial populations evolved lower levels of resistance
to their original selecting phages under relaxed selection,
but only rarely. A total of five populations (of 22 initially
resistant populations) contained colonies with sensitive,
partially resistant, or ambiguous phenotypes on agar
plates. We tracked the growth of these clones over time
in liquid culture in the presence or absence of the selecting
phage, revealing that three of these five populations con-
tained phage-sensitive bacteria (fig. 2B). Interestingly, the
overall increase in bacterial fitness over time could not
be attributed to the re-evolution of phage sensitivity alone.
Although there was a main effect of the day of experimen-
tal evolution on bacterial fitness, the rate of change did not
differ among populations that re-evolved sensitivity and
those that remained resistant (ANOVA, F=2.146 for the
interaction term, P=0.145). This observation suggested
that the resistant populations may be able to access com-
pensatory mutations that lessen the costs of phage resist-
ance without reversing it.

We isolated and sequenced the genomes of phage-
sensitive colonies to determine how phage sensitivity
re-evolved. The population “SNK7”, which originally
acquired resistance through a single base-pair deletion in
the glycosyltransferase-encoding gene PSPTO_4991, later
acquired a single base-pair insertion five bases away that
restored the reading frame. In contrast, the other two popula-
tions acquired mutations that fell outside of their initial resist-
ance genes. VCM4, which had become phage-resistant
through a substitution in the rfbA gene, evolved additional
mutations in two other membrane transport proteins.
QACS, which had evolved resistance through a single base-
pair insertion in the glycosyltransferase-encoding gene
PSPTO_1330, acquired a mutation in a membrane transport
protein as well as several intergenic mutations whose function
(if any) is unknown.

We had predicted that populations with particularly
costly resistance would be most likely to re-evolve sensitiv-
ity due to strong selection. However, we did not observe a
relationship between initial costs of resistance and the evo-
lution of phage sensitivity (Welch’s unequal variances
t-test, t =1.818, P=0.138). We also asked whether phage
sensitivity would be more likely to re-emerge among popu-
lations with particular resistance genes. Although the un-
equal distribution of phage resistance outcomes makes it
difficult to entirely rule out this possibility, the three popu-
lations that re-evolved sensitivity in this study did so from
three different initial resistance genes, providing no evi-
dence that trait reversion is historically contingent at the
gene level (table 1). However, we noticed two important
observations that warranted further study.

First, our study included four populations that had ori-
ginally acquired resistance through large deletions in oligo-
saccharide synthesis genes, spanning from 6 to 252 bp in
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Table 1. Genetic Mechanisms and Evolutionary Outcomes of Phage-resistant Populations.

Population Resistance gene Position of resistance mutation
FMS6 rfbA 1183718
FMS4 rfbA 1184034
VCM4 rfbA 1184057
MS10 rfbA 1184510
MS2 rfbA 1184510
QAC4 rfbA 1184510
QAC5 PSPTO_1330 1461031
VCM19 PSPTO_4988 5661617
MS12 PSPTO_4988 5661621
FMS13 PSPTO_4988 5661925
SNK12 PSPTO_4988 5662003
QAC3 PSPTO_4988 5662024
SNK11 PSPTO_4988 5662024
VCM17 PSPTO_4988 5662024
SNK6 PSPTO_4988 5662188
MS1 PSPTO_4988 5662478
FMS12 PSPTO_4991 5664934
FMS9 PSPTO_4991 5665124
SNK7 PSPTO_4991 5665501
FMS11 PSPTO_4991 5665743
FMS16 PSPTO_4991 5665890

Resistance mutation Outcome in original evolution experiment

Remained resistant
Remained resistant
Re-evolved sensitivity

SNP (G284E)
SNP (Y179H)
SNP (S171L)

SNP (H20P) Remained resistant

SNP (H20P) Remained resistant

SNP (H20P) Remained resistant
1bp ins. Re-evolved sensitivity
2 bp del. Remained resistant
1 bp del. Remained resistant
6 bp del. Remained resistant

Remained resistant
Remained resistant
Remained resistant
Remained resistant
Remained resistant

SNP (L170P)
SNP (Y163C)
SNP (Y163C)
SNP (Y163C)
SNP (W108*)

SNP (R12W) Remained resistant
19 bp del. Remained resistant

252 bp del. Remained resistant
1 bp del. Re-evolved sensitivity
1 bp del. Remained resistant
12 bp del. Remained resistant

*indicates a stop codon.

length. None of these populations re-evolved sensitivity,
whether by re-insertion of the missing sequence or
through any other means. Second, by chance our study in-
cluded two sets of three populations each with identical
resistance mutations. In both cases, these genetic triplets
all followed the same evolutionary outcome (remaining re-
sistant). Given that re-evolving phage sensitivity was gen-
erally rare in this study, it was not apparent whether
these two observations were simply probabilistic, or
whether they pointed to historical contingency at the level
of the individual mutation rather than the resistance gene
as a whole. As this experiment was not originally set up to
test this possibility, we developed an experimental design
that would test the effects of exact resistance mutations
on phage resistance outcomes.

Replay of Experimental Evolution
The initial evolution experiment revealed that the identity
of the gene conferring phage resistance did not explain
whether bacteria remained resistant or re-evolved sensitiv-
ity. To ask whether phage resistance outcomes were con-
tingent on the exact resistance mutation instead, we
returned to the progenitor frozen stocks of the three re-
sistant colonies that had re-evolved sensitivity during ex-
perimental evolution. We also included three resistant
colonies that were never observed to re-evolve sensitivity,
selecting the closest possible genetic matches to the col-
onies that did. For example, colonies VCM4 and MS2
had both originally acquired resistance through point mu-
tations in the rfbA gene, yet VCM4 had re-evolved phage
sensitivity, whereas MS2 had not.

We used each of these six resistant mutants (“founders”)
to seed ten replicate populations, resulting in a total of 60 ex-
perimentally evolving populations. As described previously,

4

these populations were maintained in experimental micro-
cosms of King's Broth and transferred every 3 days for 36
days. At the end of the replay experiment, founder identity
accounted for the majority of variance among populations
in the prevalence of phage sensitivity, with evolutionary sto-
chasticity playing a smaller role. In fact, populations derived
from a founder that had re-evolved sensitivity in the original
experiment were far more likely to re-evolve sensitivity in the
replay experiment as well (Welch'’s unequal variances t-test,
t = 4.744, P < 0.001; fig. 3).

Historical Contingency in Genome Evolution

We pool-sequenced each of the populations of the original
evolution experiment after 6 days of evolution in the ab-
sence of phages. To characterize the molecular basis of
compensatory evolution in phage-resistant bacteria, we
first considered that compensatory mutations in other sys-
tems are often related to biochemical protein stability or
specialized protein-protein interactions (Bridgham et al.
2009; Gong et al. 2013). We therefore predicted that differ-
ent mechanisms of resistance would likely require different
compensatory mutations to ameliorate their costs. We
would then expect populations with the same resistance
gene to exhibit greater evolutionary parallelism than popu-
lations with different resistance genes. We calculated the
Serenson-Dice similarity coefficient, which describes the
proportion of mutated genes that two populations have
in common, controlling for their initial genetic back-
grounds. We found that populations with the same resist-
ance mechanisms had acquired more similar sets of
mutations than populations with different resistance me-
chanisms (randomization test, P < 0.001, fig. 4A). For ex-
ample, populations that had originally acquired phage
resistance through a mutation in the glycosyltransferase
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Fic. 2. Phenotypic changes in bacterial populations during experimental evolution in the absence of phages. (A) Population growth rates of
populations inoculated with phage-resistant colonies over experimental evolution in the absence of phages, calculated based on optical density
measurements in a microplate reader over 40 h of growth (n = 22). Lines represent the trajectories of individual populations over time, whereas
points indicate the mean fitness among populations sampled at the same day and error bars indicate SD. Values are normalized to the growth
rates of the phage-sensitive control populations sampled at the same point in experimental evolution. (B) Proportion of colonies in each popu-
lation that were scored as phage-sensitive over time, as indicated by disruption in bacterial growth upon encountering phage on an agar plate
(n =22 populations with 96 colonies sampled per population). Orange lines indicate populations from which sensitive colonies were isolated

and verified in a microplate assay.

-encoding gene PSPTO_4991 evolved particularly similarly
to one another, with many genes acquiring mutations in
either all or none of the populations (see fig. 4B for a dia-
gram of genetic differences between evolved and ancestral
populations organized by initial resistance gene).

Effect of History on Genome Evolution Diminishes
Over Time
To examine adaptation and historical contingency in the
longer term, we pool-sequenced each of the populations
at the end of the evolution experiment (day 36). By the
end of the experiment, the evolving populations had fixed
relatively few mutations in protein-coding genes [mean =
0.71+0.66 standard deviation (SD)] but acquired and
maintained polymorphisms at many loci (mean =22.61
+7.20 SD). Across all populations, the most frequent mu-
tations occurred in genes coding for effector proteins,
membrane-bound enzymes, and transcription factors
(supplementary table S1, Supplementary Material
online). Additionally, several populations had acquired
substitutions in the DNA mismatch repair proteins mutS
or mutl during experimental evolution. Although none
of these mutations fixed within their respective popula-
tions, populations with a mutation in mutS or mutlL ac-
quired more fixed mutations or polymorphisms overall
than the other populations by the end of the experiment
(Student’s t-test, t = 2.746, P = 0.005), suggesting that they
may contain “hypermutator” lineages with elevated muta-
tion rates (Shaver et al. 2002; Harris et al. 2021).

After populations had evolved for a total of 36 days in
identical environments, there was no remaining signature

of the initial resistance gene on pairwise similarity coeffi-
cients (randomization test, P=0.710, fig. 5).

Discussion

Phages are ubiquitous in microbial communities and are
expected to play a central role in bacterial evolution,
with critical implications for bacteria—bacteria and bac-
teria—host interactions (Thurber 2009; Koskella and
Brockhurst 2014). Predation by phages can maintain popu-
lation and community diversity in their bacterial hosts
(Weinbauer and Rassoulzadegan 2004), regulate the dis-
semination of antibiotic resistance genes (Burmeister,
Fortier, et al. 2020; LeGault et al. 2021), select for hypermu-
tator strains (Pal et al. 2007), and alter competitive out-
comes among bacterial species (Bohannan and Lenski
2000). Here, we show that even transient exposure to
phages can have lasting consequences for the evolutionary
trajectories of bacterial populations. Through a series of la-
boratory evolution experiments, we demonstrate that
phage resistance in the bacterium P. syringae can be revers-
ible or entrenched depending on the original genetic path
to resistance.

Phage resistance in our study primarily occurred
through mutations in lipopolysaccharide biosynthesis
genes, which have been previously implicated in phage re-
sistance in this bacterial species and others (Picken and
Beacham 1977; Evans et al. 2010; Meaden et al. 2015;
Kulikov et al. 2019; Holtappels et al. 2020). One population
did not appear to have any fixed genetic differences from
the ancestor despite its resistant phenotype. Resistance in

5


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac182#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac182#supplementary-data
https://doi.org/10.1093/molbev/msac182

Debray et al. - https://doi.org/10.1093/molbev/msac182 MBE

A Cc
Original evolution experiment )
9> 1004 *
. 0—0—0—0 @ 4
/ Day0 Day 36 2 of
i ©
x10 ' . = [ ]
replicates '\ Replay experiment 8'
E a 751
o—0—0—0 >
Day 0 Day 36 E_ °
£
-*’;" 50 1
B Founder populations g
3
{ SNK7: 1 bp del. in PSPTO_4991 o) @
5]
FMS11: 1 bp del. in PSPTO_4991 S 251
k)
c
{ VCM4: SNP in ribA =
MS2: SNP in rfbA 2 $
g
n- T T
QACS: 1 bp ins. in PSPTO_1330 Remained i
{ phage-resistant phage sensitivity

VCMA19: 2 bp del. in PSPTO_4988
Qutcome of founder population

Fic. 3. Phage resistance outcomes in the replay experiment mirror the outcomes of their founding population. (A) Populations in the replay
experiment were founded by frozen stocks of resistant colonies prior to their evolution in the absence of phages. Each founder was used to
generate ten replicate populations from genetically identical starting points. (B) Resistance mutations of the six founders. Each colony that
had re-evolved sensitivity in the original experiment (orange) was paired with a genetically similar colony that had remained resistant (green).
Of note, QAC5 was the only colony in the study with a mutation in the gene PSPTO_1330, so it was matched with a population that also had a
small frameshift mutation but in a different glycosyltransferase-encoding gene. (C) Proportion of colonies in each population that were scored as
phage-sensitive after 36 days in the absence of phages, as indicated by disruption in bacterial growth upon encountering phage on an agar plate
(n=54 populations with 96 colonies sampled per population).

Day 6 of experimental evolution

A < 0.001*** g Populations with
p= rfbA mutants mutation (%)
- | 100
021 PSPTO_4988 5
mutants 50
PSPTO_4991 2
i i mutants 0

Overlap in acquired mutations
(Pairwise Sarensen-Dice similarity)
o
W

5 8 5 £ £ ® £ £ £ 5 £z 5 LU QSO
g o <] Z o
8 8§28 § 882 F S L8889 c A
£ E 8B B8B8E83Bgieedygisg
= a o a a o a = a c v 2
8 50t aooof g2 2 o8 3ci 3B
=58 4§ 582P:-8asgc g igaoyg
o § % & @& £ &£ o @ — 5 ® £ O ]
o £ B O = > £ 8 v o ® £ £E 5§55 £ 560
RN ELEEREE NN
B E 2 ' s ocw 8= EFE58 8¢5 28
B F 288, 5 2288288 2
} £ 5 : -
02 5 o s 8 ckw = - c P 8525
5 g 35T 8 a8 2§ 85> = &
s £ E P2 3 §5 ® @ 8 2o 8=
S B e B E £ g = Ea 8 =05
3 23255 & 5 =8
g8 g 248 8 ¢ T g< G, g9
il 2 v c @ 2 J E -
g 9 T 28 5§ 35 IR =
0.14 2 = c 8@ B E w g
g 5 F § 8 2 2 £
g £ 22 rg s 5
T — g £ © 8 < 5 5
Same Different s B L
. N h-]
resistance resistance 3 5
gene gene 2 é.
E
5

Fic. 4. Genetic contingency in identity of mutated genes during experimental evolution. (A) Pairwise similarity coefficients among pairs of
evolved populations at day 6 of experimental evolution (n = 22). Statistical significance was assessed by randomizing whether pairs were labeled
as having the same or different resistance genes and recalculating their similarity coefficients for 10,000 permutations. (B) Heatmap depicting the
relationship between initial resistance genes and mutations acquired during experimental evolution for rfbA mutants (n = 6), PSPTO_4988 mu-
tants (n =9), and PSPTO_4991 mutants (n = 5). Rows represent all populations with resistance mutations in the same gene (note that resistance
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the top 20 genes that were most frequently mutated across populations by day 6 of experimental evolution. Colors indicate the percentage of
populations of each resistance gene that had acquired one or more mutations by day 6 of experimental evolution.
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this case may be conferred by mutations that are not ad-
equately resolved by short-read sequencing, such as copy
number variation or sequence region inversions, or
through unstable genetic changes such as phase variations
(Kircher and Kelso 2010; Bull et al. 2014). Of note, this
population remained phenotypically resistant throughout
the evolution experiment, possibly because it did not ex-
perience detectable fitness costs relative to its phage-
sensitive ancestor.

Even though the resistance mutations in our study were
concentrated within a handful of genes, they occurred at
many unique positions and altered the amino acid se-
quences in a variety of ways, including missense and non-
sense substitutions and frameshift mutations of vastly
different sizes. Such convergence in resistance mechanisms
at the gene level, and diversity at the sequence level, is con-
sistent with the expectation that phage infection relies on
specific receptor structures and that recognition can easily
be disrupted by modifying or deleting these structures in
one of many ways (Dy et al. 2014). However, resistance
was generally costly in the absence of phages, as is often
observed in this system and others (Koskella et al. 2012;
Meaden et al. 2015; Scanlan et al. 2015 Burmeister,
Fortier, et al. 2020; Burmeister, Sullivan, et al. 2020).

Costs of resistance may stem from alterations to lipo-
polysaccharide molecules that destabilize the bacterial
membrane or reduce surface adhesion (Mangalea and
Duerkop 2020). The commonly observed costs of phage re-
sistance suggest that resistance might be selected against
in the absence of phage pressure, yet previous studies of
this question have produced inconsistent results (Meyer
et al. 2010; Avrani and Lindell 2015; Wielgoss et al. 2016).
When we propagated the bacterial populations for an ex-
tended period in the absence of phages, we observed that
phage sensitivity re-appeared and swept to high frequen-
cies in several populations but that the majority of popu-
lations remained resistant. In the case of one population,
this reversion to sensitivity was due to a mutation that re-
stored the reading frame of the original sequence, but in
other cases, populations re-evolved phage sensitivity with-
out reversing the original mutation.

The diversity of phage-resistant mutants in this study al-
lowed us to ask whether the re-evolution of phage sensitiv-
ity was contingent on the mechanisms and/or costs of
phage resistance. Costs of trait maintenance are often ex-
pected to predict trait loss under relaxed selection (Lahti
et al. 2009; Meyer et al. 2010), yet we did not observe a re-
lationship between the magnitude of fitness costs and the
re-evolution of phage sensitivity in our study. This observa-
tion, along with the fact that populations that did not re-
evolve sensitivity nevertheless improved their fitness to
match their phage-sensitive counterparts, suggests the ex-
istence of compensatory mutations that reduce the costs
of resistance. Compensatory mutations could eventually
restore fitness levels to a point where phage sensitivity is
no longer advantageous (Teoténio and Rose 2007;
McCandlish et al. 2016; Pennings et al. 2022), or may
even be disadvantageous or lethal on the ancestral

background, further discouraging reversion of the original
trait (Rojas Echenique et al. 2019). Therefore, it appears
that trade-offs between phage resistance and other
aspects of fitness can be strong, yet bacteria are able to ac-
cess two evolutionary pathways (reversion and compensa-
tion) in response.

We hypothesized that the probabilities of these two
pathways could be contingent on the genetic mechanism
underlying phage resistance. Some traits might have a
greater supply of reversion mutations than others; for ex-
ample, there may be more mutations that restore the an-
cestral expression levels of a gene than those that
reconstitute the exact 3D structure of a receptor
(Wielgoss et al. 2016), or more mutations that reverse du-
plications than point mutations (Chaudhry et al. 2018).
Similarly, resistance mechanisms may impact bacterial fit-
ness in different ways, thus requiring different sets of com-
pensatory mutations to restore their costs (Rojas
Echenique et al. 2019). We did not find an overall correl-
ation between the initial resistance gene and whether
phage sensitivity re-evolved but with two important ca-
veats. First, when resistance was acquired through a large
deletion in a receptor biosynthesis gene, it was never re-
versed, whether through a complementary insertion or
other mutations. This suggests that the mutations that
would reverse such a large change are so vanishingly rare
that other compensatory mutations are much more likely
to appear first.

Our second observation was that the genetic replicates
in the mutant panel (i.e, the populations that independ-
ently acquired resistance via the same mutation) all fol-
lowed the same phenotypic trajectories. Specifically, they
all remained resistant throughout experimental evolution
in the absence of phage. This suggested that historical con-
tingencies—if they existed here—might be generated not
from the identity of the resistance gene but from the exact
genetic sequence. Even within the same resistance gene,
some mutations might be more reversible than others.
As the original experiment was not explicitly focused on
this possibility, we designed a follow-up experiment that
“replayed” experimental evolution ten times per founding
genotype (inspired by Stephen Jay Gould’s famous thought
experiment about replaying the tape of life, [Gould 1990]).
Strikingly, we found that the evolutionary outcomes of the
populations in our replay experiment closely mirrored
those of their founders. Populations whose founders had
re-evolved phage sensitivity also tended to re-evolve phage
sensitivity at high rates, whereas populations whose foun-
ders had remained resistant tended to remain resistant as
well.

Variation in the reversibility of different resistance muta-
tions may occur if different sets of compensatory mutations
are required to restore their costs. To explore this possibil-
ity, we compared the similarity of acquired mutations
among pairs of the experimentally evolving populations.
We found that populations with the same initial resistance
gene evolved more in parallel with one another than popu-
lations with different resistance genes, suggesting that
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Fic. 5. Genetic contingency is no longer detectable after extended evolution in the absence of phages. (A) Pairwise similarity coefficients among
pairs of evolved populations at day 36 of experimental evolution. Statistical significance was assessed by randomizing whether pairs were labeled
as having the same or different resistance genes and recalculating their similarity coefficients for 10,000 permutations. (B) Heatmap depicting the
relationship between initial resistance genes and mutations acquired during experimental evolution for rfbA mutants (n = 6), PSPTO_4988 mu-
tants (n =9), and PSPTO_4991 mutants (n = 5). Rows represent all populations with resistance mutations in the same gene (note that resistance
genes represented by fewer than two populations are not pictured, as there was no way to assess parallelism in these cases). Columns represent
the top 20 genes that were most frequently mutated across populations by day 36 of experimental evolution. Note that these are not necessarily
identical to the top 20 genes identified in figure 4. Colors indicate the percentage of populations of each resistance gene that had acquired one or

more mutations by day 36 of experimental evolution.

compensatory adaptation in phage-resistant bacteria also
depends on evolutionary history. Several other studies
have observed greater genomic parallelism among experi-
mental evolution populations with similar starting geno-
types for other traits, including in antibiotic resistance
evolution (Card et al. 2021) and in compensatory adapta-
tion after gene deletion (Rojas Echenique et al. 2019).
And outside of the laboratory, convergence in sequence
evolution appears to be more common among populations
with a recent common ancestor than a distant one (Conte
et al. 2012; Goldstein et al. 2015). Notably, the effect we ob-
served was strong when the phage selection event was re-
cent but was no longer detectable after populations had
spent an extended period of time in the same environment.
Thus, recent historical differences appear to be more im-
portant than distant historical differences in shaping subse-
quent evolution (Travisano et al. 1995; Yen and Papin 2017;
Santos-Lopez et al. 2021).

Our study provides evidence for an evolutionary ratchet
in bacteria—phage coevolution, where compensatory
adaptation enables the persistence of certain resistance
mutations even after the original selection pressure has
ceased to operate. Why did history constrain evolution
in this study but not in some others (Weinreich et al.
2006; Feldman et al. 2012; Toledo et al. 2016)? One import-
ant clue may lie in the underlying genetic structure of
phage resistance. The phage-sensitive ancestor in this
study could mutate to phage resistance through any one
of at least 17 individual mutations, including nonsense mu-
tations and large deletions. Phage adsorption relies on
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highly specific molecular interactions (Sharma et al.
2008), suggesting that there are many ways to change lipo-
polysaccharide structure to avoid phage recognition, and
that at least some of these mutations are not lethal to
the cell. In other cases, traits can evolve in parallel across
lineages despite their historical differences. For example,
several distantly related groups of animals have identical
substitutions conferring tetrodotoxin resistance (Toledo
et al. 2016). In this case, mutagenic screens have identified
additional possible mutations that confer toxin resistance,
but these additional mutations are so detrimental to so-
dium channel performance—an essential function—that
they are not observed in nature (Feldman et al. 2012).
The role of history in evolution is therefore likely related
to the target size of mutations that confer novel functions
yet are not overly disruptive to the original trait.

Our findings add to a growing body of work that selec-
tion by phages plays a key role in the ecological and evolu-
tionary dynamics of bacterial communities. Further, many
of the bacterial populations in our study acquired muta-
tions in genes known to interact with eukaryotic immune
systems. Phage resistance was directly mediated in many
cases by changes to lipopolysaccharide molecules, which
are recognized by both animal and plant immune systems
(Triantafilou and Triantafilou 2005; Newman et al. 2007),
and many populations also acquired mutations in Type IlI
effector proteins that underlie bacterial virulence. It will
thus be important to characterize whether and how phages
are indirectly responsible for shaping coevolution in be-
tween bacteria and eukaryotes as well (Wahida et al. 2021).
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Materials and Methods

Selection and Validation of Phage Resistance
Pseudomonas syringae pv. tomato DC3000 was obtained
from Gail Preston at Oxford. The phage strains FMS, VCM,
M5.1, QAC, and SNK were obtained from Omnilytics, Inc.
and are considered potential biocontrol agents for plant-
pathogenic Pseudomonas bacteria. Information on which
mutant was selected from which phage is available in table 1.
The population name indicates the selecting phage (e.g.,
“FMS”) and the position of the resistant colony in the ori-
ginal assay for selection of resistance (e.g, “6”).

Phage-resistant colonies were selected through soft agar
overlays. Briefly, we amplified P. syringae in King's B
Medium overnight and then mixed bacterial cells with
soft agar (King's Broth supplemented with 0.6% agar).
The mixture was spread evenly on petri dishes and allowed
to dry. Droplets of high titer phage were pipetted on top.
Plates were incubated for 48 h at 28°C. Large clearing zones
(plaques) appeared and expanded from the phage droplet
sites, and resistant colonies were picked from plaques.

To verify resistance, each bacterial colony was streaked
on hard agar plates (King's B Medium supplemented with
1.2% agar), across a high titer line of the phage strain it was
isolated on (Burlage et al. 1998). Ancestral DC3000 was
also streaked against all phages as a phage-sensitive nega-
tive control. Colonies were verified as phage-resistant if
bacterial growth was uninterrupted at the phage line
(supplementary fig. S2, Supplementary Material online).

To ensure that colonies were entirely free of phage par-
ticles prior to experimental evolution, each colony was
streaked on hard agar, and cells were sampled at the end
of the streak to seed an overnight culture. The next day,
the overnight culture was passed through a 0.22 pum filter.
The filtrate was spotted on a mixture of ancestral DC3000
and soft agar, as described above. Plates were incubated for
48 h at 28°C and checked for plaques. This entire process
was repeated twice, at which point none of the filtrates
produced phage plaques.

Experimental Evolution in the Absence of Phage
Phage-resistant colonies were passaged in King's Broth
media in cell culture plates. Six phage-sensitive popula-
tions founded from ancestral DC3000 were passaged
alongside phage-resistant colonies to serve as controls
for adaptation to the lab environment, and each transfer
also included a media-only negative control. Every 3
days, 75 pl of each population (~10° cells) were transferred
to a new well with 4 ml of media. At every other transfer
(every 6 days), a subset of each population was combined
with a 50:50 mixture of King’s Broth and glycerol for stor-
age at —80°C. The experiment lasted for 36 days (12 trans-
fers), at which point there were no longer any detectable
fitness differences between populations founded from
phage-resistant colonies and populations founded from
ancestral DC3000. According to previous work, the average
doubling time of P. syringae at this temperature is approxi-
mately 1.27 h (Young et al. 1977).

Resistance and Fitness Measurements

On days 12, 24, and 36 of experimental evolution, 100 pl
from each culture was sampled, serially diluted, and plated
on hard agar. From the dilution level at which individual
colonies were visible, 96 colonies were picked from each
population. Each colony was streaked against the phage
strain that the population was originally isolated on.
After 2 days of incubation at 28°C, colony phenotypes
were scored as resistant (uninterrupted bacterial growth
across the plate), moderate (partly interrupted bacterial
growth), or sensitive (fully interrupted bacterial growth
at the intersection with the phage line).

It is possible that populations could contain phage-
sensitive cells, yet appear partially resistant on agar due
to habitat structure and/or biofilm growth (Testa et al.
2019; Simmons et al. 2020). We took two measures to
combat this possibility. First, while phage-sensitive sub-
populations may be able to survive among a larger popu-
lation of resistant cells, separately streaking 96 colonies
from each population should ensure that colonies of en-
tirely sensitive cells are visibly impacted by phages, even
in a structured environment. Second, in any populations
with colonies scored as moderate or sensitive on agar, re-
sistance was assessed in greater quantitative resolution by
measuring bacterial population growth in liquid culture in
the presence and absence of phages (supplementary fig. S3,
Supplementary Material online).

To measure population growth rates over the course of ex-
perimental evolution, time series growth data was collected
using a Molecular Devices VersaMax Microplate Reader. An
overnight culture of each population was initially diluted to
0.001 ODggq in 200 ml King's Broth. Colonies were rando-
mized with respect to spatial layout, and media-only wells
were included as negative controls. The plate was incubated
at 28°C for 40 h with continuous shaking, with optical density
readings taken at 600 nm every 5 min. These readings were
used to fit a logistic growth model with the R package growth-
rates and estimate the intrinsic growth rate z,,, and the final
population size OD,,.,. To express these values as a propor-
tion of wild-type fitness while controlling for technical effects,
the fitted values were extracted from a model that included
the day of experimental evolution, the population type
(phage-resistant colony or phage-sensitive control), and the
location of the well within the plate. While p. and
OD,,..x Wwere modestly correlated across populations (r=
0.689, P<0.001, supplementary fig. S4, Supplementary
Material online), the final population sizes of resistant popu-
lations were close to that of the phage-sensitive ancestor, re-
sulting in only marginally detectable costs of resistance for
OD,,ax (one-sample t-test, t =—1.382, P=0.091). This sug-
gests that phage resistance is the most costly during periods
of exponential growth; thus, for subsequent analyses we fo-
cused on variation in piy,, over time.

Whole-Genome Sequencing
To identify mutations contributing to phage resistance,
bacterial DNA was extracted from each phage-resistant
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clone using the DNeasy Blood and Tissue Kit.
Concentrations were measured using a Qubit 3.0
Fluorometer, and samples were concentrated if necessary
using an ethanol precipitation to obtain a minimum of
10 ng/pul of DNA per sample. DNA was sequenced at a
depth of 300 Mb (estimated coverage of 45.9X) on the
lllumina NextSeq 2000 platform at the Microbial
Genome Sequencing Center (Pittsburgh, PA, USA). To
identify and track the frequencies of mutations that arose
during experimental evolution, bacterial DNA was ex-
tracted, quantified, and concentrated as described previ-
ously from populations at day 6 and day 36 of the
experiment. DNA was sequenced at a depth of 625 Mb (es-
timated coverage of 95.6X) as described previously.
Paired-end reads were filtered and trimmed using
Trimmomatic (Bolger et al. 2014). Reads shorter than
25 bp were discarded, and reads with an average quality
score below 20 within a 4 bp sliding window were dis-
carded. Pairs of reads that both passed filtering (>95% of
total reads per sample) were retained. Reads were mapped
to the P. syringae pv. tomato DC3000 genome (BioSample
accession SAMNO02604017 from the Pseudomonas
Genome Database) and variants were identified using bre-
seq (Deatherage and Barrick 2014), a pipeline for identify-
ing genetic variation within microbial populations. Any
sites at which the genome of the ancestral strain differed
from the reference genome were removed from subse-
quent analyses. To avoid false positive calls from repetitive
regions, mutations were filtered to exclude regions of high
polymorphism (five or more mutations in a 50 bp sliding
window within a population at a single time-point).

Analysis of Genomic Parallelism

To quantify the genome-wide parallelism of experimental-
ly evolved populations, a matrix was generated of all genes
with newly acquired mutations in each population (i.e,
those not already fixed at day 0 of the experiment). The
Serenson-Dice similarity coefficient was calculated for
each pair of populations as follows, where G, represents
genes with newly acquired mutations in Population 1,
and G, represents genes with newly acquired mutations
in Population 2.

_21Gin G,
1G] + 1G |

Mutations were included if they appeared at any popula-
tion frequency (they were not required to be fixed), but
synonymous and intergenic mutations were excluded.
The analysis, therefore, focused on nonsynonymous point
mutations or indels within coding regions.

Following previous work (Card et al. 2021), the distribu-
tion of pairwise Serenson—Dice values was analyzed using a
randomization test. The labels annotating pairs of popula-
tions as having the same or different resistance genes were
shuffled, and the mean difference was calculated between
pairs with the same resistance gene and pairs with different
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resistance genes. This process was repeated 10,000 times to
generate a null distribution. The true difference in means in
the observed data was compared with the null distribution,
and the observed difference was considered significant if it
was more extreme than the upper 5% of permuted values.

Replay of Experimental Evolution

To assess the repeatability of phage resistance outcomes in
the initial evolution experiment, six populations were
identified for further study. This list included three popu-
lations that re-evolved phage sensitivity in the initial ex-
periment, each paired with the closest possible genetic
match that maintained phage resistance. Ten replicates
of each population were seeded from samples taken at
day 0 of the initial evolution experiment (i.e., before they
eventually lost or maintained phage resistance). The re-
sulting 60 populations were maintained in King’s Broth
media and passaged as described previously for 36 days.
At this point, 96 colonies were picked from each popula-
tion, individually streaked against phage, and scored as
resistant or sensitive. Resistance was analyzed as a propor-
tion of colonies within each population. Since many popu-
lations were either completely resistant or completely
sensitive, Welch'’s t-test for unequal variances was used
to compare resistance outcomes in the replay experiment
according to their founder populations.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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