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Abstract
2

Environmental changes can cause strong cascading effects in species commu-
4 nities due to altered biological interactions between species (Zarnetske et al.,
2012). Highly specialized interactions arising from the co-evolution of hosts and
6 parasites, such as bacteria and phages, and short generation times of these species
could rapidly lead to considerable evolutionary changes in their biotic interactions
8 (Kerr, 2012; Buck and Ripple, 2017), with potential large-scale ramifications to
other trophic levels. Here we report experimental evidence of cascading envi-
10 ronmental effects across trophic levels in an experimental system where phage-
bacteria coevolution in an abiotically altered environment cascaded on bacterial
12 virulence in an insect host. We found that the lytic cycle of the temperate phage
KPS20 induced at low temperatures led to selection in the bacterial host Serra-
14 tia marcescens that tempered the likelihood of triggering the phage’s lytic cycle.
These changes in S. marcescens concomitantly attenuated its virulence in an
16 insect host, Galleria mellonella. In addition, our data suggests that this effect
is mediated by mutations and epigenetic modifications of bacterial genes mod-
18 erating the onset of the temperate phage’s lytic cycle. Given the abundance of
temperate phages in bacterial genomes (Canchaya et al., 2003), the sensitivity of
20 the onset of their lytic cycle to environmental conditions (Howard-Varona et al.,
2017), and the predominance of environmental change due to climate change, our
22 results warrants attention as a cautionary example of the dangers of predicting
environmental effects on species without considering complex biotic interactions.

24 Keywords: prophage, virulence, experimental evolution, opportunistic pathogen.
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Understanding the consequences of environmental changes and fluctuations on biota
26 is of high priority at a time when environmental conditions are altered due to cli-
mate change (Chevin et al., 2010; Kristensen et al., 2018). Biological interactions be-
28 tween species have been suggested to be particularly sensitive to environmental changes
(Walther, 2010). In biological communities, such perturbed interactions can lead to
30 cascading effects affecting other species and even other trophic levels (Ripple et al.,
2016).
32 Bacterial communities represent an environmentally sensitive system prone to cas-
cading effects across thropic levels (Buck and Ripple, 2017). While bacteria are con-
34 trolled by phages which are often sensitive to environmental cues (Canchaya et al.,
2003; Howard-Varona et al., 2017), they themselves affect other trophic levels by con-
36 tributing to biochemical cycles (Madigan et al., 2015) and by being pathogens of other
species (Buck and Ripple, 2017). Their potential for having a strong leverage on
38 trophic cascades is aided by the tight co-evolutionary connections between hosts and
pathogens, and their rapid evolutionary responses which are due to massive population
40 sizes and very short generation times common in microbial systems (Buck and Ripple,
2017; Kerr, 2012). Although trophic cascades are frequently caused by top-down pre-
42 dation, the role of parasites and pathogens is far less thoroughly investigated (Buck and
Ripple, 2017). Especially little is known about the role of rapid evolutionary changes
44 triggering trophic cascades. Here we report a novel result where (1) the lytic cycle of
a naturally-occurring prophage was triggered by cold temperature, which (2) caused
46 evolutionary changes in bacteria evolving under cold conditions. These changes (3)
lowered the likelihood of prophage activation and (4) resulted in a decrease of bacte-
48 rial virulence in an insect host. (5) Virulence and phage activity were associated with
several genetic mutations and epigenetic modifications.
50 Serratia marcescens is an environmental pathogen that is virulent in many inverte-
brate species, but is also responsible for nosocomial infections in humans (Flyg et al.,

52 1980; Grimont and Grimont, 2006). In-silico tools predicted the presence of seven
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prophages inside the genome of the S. marcescens stock strain sequenced in our study,
54 of which four were predicted to be incomplete prophages lacking some genes essential
for phage production (Supplementary Figure S1, Supplementary Table S1). To explore
56 under which conditions those prophages could be activated, we designed and used a
qPCR-based method to estimate the rate of induction of prophages by quantifying the
58 extracellular phage sequences under various temperature assays. The only extracellular
phage sequences detected by qPCR in the conditions of our assays showed significant
60 sequence similarity to Serratia phage KPS20 (Matsushita et al., 2009), and its release
was more pronounced in the low- and medium- rather than high-temperature assays.
62 Such environmental sensitivity for prophage activation suggests that evolution at colder
environments could potentially trigger counter-adaptations in bacteria to diminish their
64 fitness losses due to phages (Canchaya et al., 2003).
To test if environmental selection could affect phage activation, we used strains from
66 a previous evolution experiment where populations of S. marcescens evolved under ei-
ther (i) constant hot temperature (38°C), (ii) constant moderate temperature (31°C)
68 or (iii) daily fluctuations between 24 and 38 °C (with mean temperature of 31°C) (Ke-
tola et al. (2013) and Supplementary Figure S2). We isolated several independently
70 evolved clones from those evolutionary treatments (n = 8, 10 and 10, respectively)
and investigated phage activation in these clones with two-day thermal assays. The
72 thermal assays were (daily temperatures given for first/second day) 24/24°C, 24/38 °C,
31/31°C, 38/24°C and 38/38°C, thus enabling to test both the effect of mean temper-
74 ature and of temperature fluctuations on phage activation.
As hypothesized, we found evolutionary tempering of the prophage activation in
76 cooler environments: the strains evolved at 38 °C released 23% more phages than strains
evolved at 31°C and 31% more phages than strains evolved at 24-38°C (Figure 1B).
78 Mean patterns of KPS20 production did not differ significantly between strains that
had evolved at lower mean temperature (31°C versus 24-38°C). The main driver

80 of phage induction in our assays was experiencing a medium (31°C) or cold (24°C)
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temperature over the last day of a given assay, rather than experiencing a temperature
82 change between the two days: ending an assay at 31 °C induced about three times more
phages than ending an assay at 24 °C, and ending an assay at 24 °C induced about ten
84 times more phages than ending an assay at 38°C. The consistency between higher
phage activation rates at lower assay temperature and the selection of lower phage
86 activation rates in clones evolved at those temperatures suggests that the presence of
KPS20 prophage is having an effect on bacterial fitness, via phage release and cell lysis,
88 especially at lower temperatures.
Bacterial virulence has been often linked both to bacterial density and to prophages
90 presence (Rutherford and Bassler, 2012; Nanda et al., 2015). To explore how environ-
mentally triggered evolutionary changes in phage-bacteria interaction might cascade
92 to lower trophic levels (i.e. on hosts of bacteria), we conducted a virulence experiment
using an insect host. Virulence of the experimentally evolved strains was estimated
94 by measuring the survival time of waxmoth Galleria mellonella larvae injected with a
small volume (51ul) of bacterial culture in two assay environments: 24°C and 31°C.
96  We did not use 38 °C as the high incubation temperature since waxmoth larvae cannot
survive at this temperature. A Cox proportional hazards mixed model, controlling for
98 the body mass of the larvae and the initial density of the bacterial sample (Figure 2A),
revealed that average virulence of clones evolved at hot temperature (38°C) tended
100 to be higher than for clones evolved at lower mean temperature when larvae were in-
cubated at 24°C (38°C versus 24-38°C, p = 0.057 (Bayesian p-value); 38°C versus
102 31°C, p = 0.066) (Figure 2B). When larvae were incubated at 31°C, this difference
disappeared (38°C versus 24-38°C, p = 0.11; 38 °C versus 31°C, p = 0.34).
104 To confirm those tentative virulence results we utilized a much larger pool of evolved
clones from the same original experiment Ketola et al. (2013), which confirmed that
106 clones evolved at 38°C had indeed a higher virulence than the others when assayed
at room temperature (p < 0.01 for comparisons of 38°C clones with both 24-38°C

108 and 31°C clones, Supplementary Figure S4). This experiment also confirmed that the


https://doi.org/10.1101/850248
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/850248; this version posted November 21, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Evolution in phage-bacteria-insect system

A Incubation at 24°C Incubation at 31°C

100
ii }

=

(==

o
|

e g {
10 g 10 f
3 3 i
I
® LA R R R s S
s | Wil iy 3
0.1 _ls Q Q Q 0.1 &) &) @) Evolutionary
é 2 § B 5 = § & treatments:

® Stock strain
B 00 Incub. 24°C Incub. 31°C 4 Incub. 24°C  Incub. 31°C e 31°C

100 ~ 7 e 24-38°C
e 38°C
3_
’“910— *
3 * °
= 5 2
5 { °
O oY T |
t 1
O L VU O L O O L L O O O
— o0 [e'e] — [e'e] [e'e) — o0 [e'e) i [ee] o0
<t <t <A <
(o] (o] [o\] (o]

Figure 2: Effect of evolutionary treatment on strains virulence in waxmoth larvae at
two incubation temperatures. A) relative hazards for individual strains. The relative
hazards were estimated from a Bayesian implementation of a Cox proportional-hazards
model and are corrected for the effects of injection batch, larval body mass and optical
density of injected cultures. All relative hazards are relative to the hazard rate from
the stock strain in incubation at 24 °C (denoted by a broken horizontal line). B) Mean
relative hazards per evolutionary treatment and per incubation temperature (exp(ftevo))
and standard deviation of the log—relative hazards per evolutionary treatment and
per incubation temperature (0.,,), as estimated by the model. For each variable, 95 %
credible interval and median of the posterior are shown.
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clones randomly chosen for sequencing were broadly representative of the larger pool
110 of clones isolated from the evolved populations.
When put in relation with the phage activation results, decreased virulence in the
112 insect host accompanied with decreased amount of virions when cultivated outside of
the host suggests that phage production by the bacteria closely relates to its virulence
114 in the insect host. This was strongly supported by the correlation between average
strain virulence in waxmoth larvae and average KSP20 activation rates (Spearman’s
116 p=0.52, p = 0.004).
Phage-encoded virulence factors are well-known mechanisms in bacterial virulence,
118 and are often considered one of the benefits explaining the maintenance of prophages
in bacterial genome (Koskella and Brockhurst, 2014). However, none of the proteins
120 encoded by KSP20 did resemble any known virulence factors. Although this does
not preclude that the proximal causal factor for virulence could be sequences of the
122 phage (Fortier and Sekulovic, 2013), it is also possible that endotoxins that are released
normally from S. marcescens upon lysis can be causative agent in affecting virulence,
124 as Serratia marcescens lysates are known to be cytotoxic on their own (Petersen and
Tisa, 2012), and phage lytic cycle releases them upon bacteria burst. Since none of the
126 sequenced 28 evolved clones actually harbored genetic variation in the KSP20 prophage
sequence, it can be reasonably expected that epigenetic modifications or mutations
128 occurring elsewhere in the genome must be responsible for differences in the likelihood
of entering the lytic cycle.
130 Using whole-genome sequencing, we identified 54 variable loci across all evolved
clones used in this study (n=28) compared to the stock strain (Figure 3 and Supple-
132 mentary Tables S2 and S3). We investigated the association between genetic variants
present in at least two strains and phenotypic traits using t-tests and adjustment of
134 p-values for false-discovery rate. Phenotypic traits included virulence and phage re-
lease but also previously measured traits such as growth rate and biomass yield in

136 several thermal conditions (referred to as temperature-related traits) and growth rate


https://doi.org/10.1101/850248
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/850248; this version posted November 21, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Evolution in phage-bacteria-insect system

oriC
Lo , Variant type
[ SNP
B Indel

Evolutionary
treatment
[]38°C
[ ] 24-38°C

[]31°C
[] Reference TR

Figure 3: Alignment of the genomes from the 29 sequenced strains showing the genet-
ically variable loci. Each circular track represents a sequenced genome, for which the
evolutionary treatment is color-coded. Minor alleles for genetic variants are shown in
light grey (SNP) and dark grey (indels). Marks on the outer part of the map indicates
non-synonymous variants (non-synonymous SNPs and indels resulting in a frame shift).
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and biomass yield in the presence of predator, virus, or chemical DTT (referred to as
138 coselected traits) (Ketola et al., 2013).
The variable loci most associated with phage release were a, 29, 31 and 39 (fdr-
140 corrected p-values between 0.01 and 0.1) and those most associated with virulence in
the insect host were a, 11, 28 and 29 (fdr-corrected p-values between 0.01 and 0.1)
142 (Figure 4). These genetic variants were located in or close to (< 500bp) genes anno-
tated as transcriptional regulators (molybdenum-dependent transcriptional regulator
144 and transcriptional regulator RcsB involved in motility and capsule and biofilm forma-
tion in FE. coli) and enzymes involved in the cell wall and outer membrane structure
146 and biofilm formation (peptidoglycan synthase, two glycosyltransferases and a cellulose
biosynthesis protein BesG) (Figure 4, Supplementary Table S3). Those genes point to-
148  wards a potential role for modifications of biofilm structure and of the outer structure
of the cellular envelope in modulating phage particle production and virulence in the
150 insect host. Some of those loci, in particular a and 31, were also associated with the
coselected traits (Figure 4), which emphasizes the pleiotropic effect of the genes in-
152 volved. Additionally, another striking pattern in the genetic variants pointing to the
important role of the outer cellular envelope in the evolution experiment was the pres-
154 ence of three independent mutations located in a single glycosyltransferase gene and
close to the putative active site of the protein (mutations 30, 31 and 32, Supplementary
156 Table S3). These mutations were observed independently in three strains evolved at
24-38°C and in one strain evolved at 38 °C. We also noted that haplotype a, compris-
158 ing eleven associated genetic loci, was shared by 5 out of the 8 strains evolved at 38 °C
and by the stock strain, but by none of the other sequenced strains. This points to the
160 existence of some standing genetic variation at the onset of the experiment, which was
then subjected to selection during the experimental evolution (Bruneaux et al., 2019)
162 and subsequently taken into account in downstream analyses by using haplotype a as
a covariate.

164 In addition to nucleotide sequences, the data we obtained from the PacBio SMRT
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Figure 5: Association between epigenetic changes and phenotypic traits. The heatmap
depicts the largest correlations between m6A methylation fractions associated with a
given gene (rows) and phenotypes (columns). Only m6A from GATC motifs which were
not fully methylated across sequenced strains and which were significantly associated
with at least one trait are shown. A white dot indicates a significant association
(uncorrected p-value < 0.005 for Spearman’s p). Probable gene functions are based
on manual curation. A more detailed view of the genes associated with each trait is
presented in Supplementary Tables S5-S11.
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method also provided information about base methylation. In S. marcescens, adenosines
166 present in GATC motifs are methylated into m6A by the Dam enzyme at a very high
rate (>98% of GATC motifs were methylated on both strands in our dataset). The
168 remaining GATC motifs can be either hemi-methylated or unmethylated. Adeno-
sine methylation can influence gene expression by affecting the binding of regulatory
170 proteins to promoter regions of genes (Gomez-Gonzalez et al., 2019) or by affecting
transcription speed via increased DNA stability of gene bodies (Riva et al., 2004a,b).
172 Such epigenetic regulation can be maintained across rounds of DNA replication by
competitive binding to target DNA between the Dam responsible for methylation and
174 regulatory proteins specific to the same region (Casadests and Low, 2006, 2013), and
can thus be subject to selection.
176 Among GATC motifs which were not fully methylated in our dataset, and after
taking into account the effect of haplotype a on phenotypic traits in order to detect
178 epigenetic effects independently from this major genetic component, we did not find
association between evolutionary treatments and methylated fractions. However we
180 did identify adenosines for which changes in methylation level were associated with
phenotypic changes (Figure 5). For a given phenotypic trait, GATC loci exhibiting
182 both positive and negative correlations between methylated fractions and the trait
values could be observed (Figure 5, heatmap panel). Manual curation of the genes
184 associated with GATC motifs related to phenotypic changes showed that many of them
were involved in (1) transcription regulation, (2) cell metabolism, (3) nutrient capture
186 and transport into the cell, (4) excretion into the outer medium, (5) cell envelope
structure (including peptidoglycan and lipopolysaccharide biosynthesis) and (6) biofilm
188 formation, adherence or motility (Figure 5, gene functions panel and Supplementary
Tables S5-S11). Many of those functional categories have been shown to be critical for
190 pathogen virulence in other bacterial species, in particular for nutrient capture in the
challenging host medium (Ren et al., 2018; Liu et al., 2017), for recognition of the host

192 habitat via its nutrient signature (Lépez-Garrido et al., 2015; Krypotou et al., 2019)
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and for biofilm formation, adherence and motility which have a key role in colonization
194 and successful invasion of the host tissues (Turner et al., 2009; Luo et al., 2017). The
numerous candidate genes involved in lipopolysaccharide biosynthesis also suggest that
196 the O antigen, which can classically be involved both in cell recognition by phages and
in bacterial virulence in its host (Chart et al., 1989; Li and Wang, 2012), could act as
198 a major player of evolutionary trade-offs between bacterial virulence and resistance to
phage infection.
200 The importance of the phage in shaping the genome, phenotype and selection is
very evident in our study from the fact that none of the candidate genes is particu-
202 larly well connected with thermal selection pressures, which was the primary selective
pressure imposed by the experiment used to generate those bacterial strains. For ex-
204 ample we did not find indication of involvement of HSP/DNAK genes in mutations
or epigenetic modifications, that are known to be the target of selection in hot and
206 fluctuating environments (Sgrensen et al., 2003; Ketola et al., 2004; Sgrensen et al.,
2016). In principle, stressful environments could select genes affecting acquisition of
208 resources, resource sparing and plasticity (Kristensen et al., 2018) in which changes in
(1) transcription regulation, (2) cell metabolism and (3) nutrient capture and transport
210 into the cell could play a role, as seen in the clones sequenced in this study (Figure 5
and Supplementary Table S3).
212 The strong trophic cascade caused by evolutionary adaptation of bacteria to its
phage, with consequences on virulence in insect host is a novel finding. As bacteria
214 have a strong impact on the biosphere and biochemical cycles, and furthermore act as
important pathogens, the phages residing in most of the sequenced bacterial species
216 could indirectly play a major role in earth communities and in health (Abedon and
LeJeune, 2005), for example through implications on microbiota in the gut or setting
218 the divide between life and death of their hosts via changes in virulence. Our results
clearly show how biological interactions can predominate evolutionary changes, even

220 when imposed selection regimes are completely abiotic. Such a result warrants at-
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tention, as a cautionary example of the dangers of considering only single species in
222 isolation and ignoring complex biotic interactions when trying to predict range expan-

sions and climate change influences on biota.
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»s Methods

Experimental evolution of bacterial populations

230 To initiate the experiment a freshly isolated Serratia marcescens ancestor derived from
the ATCC 13880 stock strain was grown overnight at 31 °C in the low-nutrient medium
232 SPL 1% (hay extract) (Ketola et al., 2013) to high density and spread to 30 popula-
tions (10 populations per thermal treatment). 400 pL populations were placed under
234 constant 31°C, constant 38°C, or daily fluctuating (24-38°C, mean 31°C) thermal
treatments. Resources (hay extract medium) were renewed daily for 30 days and after
236 the experiment clones were isolated from each of the populations by dilution plating
samples to LB agar plates. Clones were grown overnight in hay extract to high den-
238 sity after which samples were frozen to 100-well Bioscreen plate and mixed 1:1 with
80 % glycerol, in randomized order. One clone per population was randomly chosen for
240 sequencing. Two populations from the constant 38 °C treatment were lost during the
experimental evolution, resulting in 10 clones from constant 31°C, 8 clones from con-
242 stant 38°C and 10 clones from fluctuating 24-38 °C being sequenced (Supplementary
Figure S2).

224 DINA extraction and sequencing

Selected clones (n = 10, 8 and 10 from 31°C, 38°C and fluctuating 24-38 °C evolution-
246 ary treatments, respectively) were grown from a frozen stock (40% glycerol) using a
cryoreplicator into 400 pL of SPL 1% overnight. A preculture of the stock strain was
248 also initiated from a frozen aliquot in a similar volume. 150 ml of SPL 1% were inocu-
lated with these precultures the next day and grown for 24 hours. Cells were pelleted
250 and bacterial DNA was extracted using the Wizard Genomic DNA Purification Kit
from Promega (WI, USA), following the instructions provided by the manufacturer.
252 Extracted DNA was resuspended in water and one DNA sample (20to 60ug) per

clone was sequenced by the DNA Sequencing and Genomics Laboratory of the Univer-
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254 sity of Helsinki on a PacBio RS II sequencing platform using P6-C4 chemistry, with
two single-molecule real-time sequencing (SMRT) cells run per DNA sample. For each
256 sample, reads were assembled with the PacBio RS_HGAP_Assembly.3 protocol. This
assembly was processed with Gap4 to generate a first reference sequence. The PacBio
258 RS_Resequencing. 1 protocol was subsequently run 2 to 3 times to map the reads to the
reference sequence and generate a consensus sequence. Methylated bases and methy-
260 lation motifs were detected using the PacBio RS Modification and Motif Analysis
protocol which uses inter-pulse duration (IPD) ratios to identify modified bases. This
262 protocol labelled detected modified bases as m6A, m4C or ”modified base” if the mod-
ification type could not be identified and estimated the fraction of modified copies for
264 m6A and m4C bases. Estimated fractions are robust for modifications generating a
high TPD ratio like m6A, but are more sensitive to coverage depth for modifications
266 with a lower IPD ratio like m4C (Clark et al., 2013). We used only estimated methy-

lation fraction for m6A in our study.

268 (Genome annotation

An annotated genome sequence is available for the reference strain corresponding to
270 the stock strain used in our study (ATCC 13880, RefSeq assembly accession number

GCF000735445.1). We used Blast (Camacho et al., 2009) to align the contigs from this
272 reference assembly to the genome of our stock strain which differed only slightly from

the sequence available in the database. After alignment, we propagated the predicted
274 CDS locations from the reference assembly to the genome of the stock strain.

We searched and downloaded from the UniProtKB database (https://www.uniprot.

276 org/ accessed on 2019-01-31) all the protein entries related to the species Serratia

marcescens. We ran a tblastn search to match the predicted CDS from the stock strain
278 with those uniProt KB entries, keeping the hits with the highest bit scores. This resulted

in 4356 out of 4543 CDS (95.9%) of the stock sequence being assigned a UniProtKB

280 entry. Gene ontology annotations from the UniProtKB entries were propagated to the
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corresponding CDS of the stock strain genome. Additionally, we annotated CDS using

282 the KEGG database by running blastKOALA (https://www.kegg. jp/blastkoala/).

Detection of putative prophage sequences

284 We used the PHAST (http://phast.wishartlab.com/) and the PHASTER (https:
//phaster.ca/) in-silico tools to predict the presence of putative prophages in the
286 sequenced stock strain genome (Zhou et al., 2011; Arndt et al., 2016). The submission
to the tools servers was done on 2019-04-21. Seven putative prophages were detected
288 by PHAST, of which five were also detected by PHASTER (Supplementary Figure S1,

Supplementary Table S1).

200 Amnalysis of genetic variation

The chromosome consensus sequences of the 29 strains were aligned using Mugsy
292 (Angiuoli and Salzberg, 2011). Variable loci were identified using a custom Python
script to identify variable positions in the alignment and to extract allelic information
294 for each sequenced strain. To investigate the association between genetic variation
and phenotypic traits, we ran one t-test per genetic variant and phenotypic trait com-
296 bination (using only genetic variants present in at least two strains). P-values were
corrected for multiple testing using the false-discovery rate method (Benjamini and

298 Hochberg, 1995).

Analysis of epigenetic variation

300 Epigenetic data consisted of the methylation fraction for adenosine bases in all GATC
motifs present in the stock strain genome (38 150 GATC palindromes were present in
302 the stock strain genome, corresponding to 76 300 adenosine bases for which methyla-
tion fraction values were analysed). Since the vast majority of the adenosines present

304 in GATC motifs were fully methylated in all sequenced strains, we first selected the
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subset of GATC motifs which exhibited low methylation level in at least one strain.
306 After applying our selection procedure (see Supplementary Methods for details), 483
palindromes corresponding to 966 adenosines (1.2% of all the adenosines in GATC mo-
308 tifs) were kept for association analysis with phenotypes. Before testing for association
between phenotypic traits and epigenetic data, we removed the effect of haplotype a
310 on phenotype by calculating for each trait the residuals from a linear model for the
effect of the presence of haplotype a on this trait. This conservative approach aimed
312 at detecting epigenetic loci associated with phenotypic traits independently from the
effect of haplotype a, which was detected as a major genetic component in our experi-
314 ment. The significance of the association between each of these 966 epiloci and a given
phenotypic trait was calculated as the p-value for Spearman’s p correlation cofficient
316 between the phenotype values and the m6A methylation fractions for the 29 sequenced
strains. We used Spearman’s p (i.e. rank correlation) to avoid excessive leverage from

318 extreme phenotypic values.
Epiloci were then associated with annotated genes: a gene was assigned to an epi-
320 locus if the adenosine base was located within the gene coding region, or less than
500 base pairs upstream of the initiation codon in order to cover potential regulatory
322 regions of the gene. Several gene set approaches were then tested to try to detect bio-
logical functions or pathways related to the epiloci associated with phenotypic traits.
324 We used gene-ontology enrichment tests as implemented in the TopGO R package and
KEGG pathway analysis with Wilcoxon rank-sum statistics to compare gene sets, but
326 mostly only very general biological functions were detected with those approaches,
such as amino acid or carbon metabolism, nutrient transport and translation (data not
328 shown). Since those approaches are targetting the detection of changes affecting a given
biological function or pathway on average, but are not efficient to detect single genes
330 which might affect phenotype, we decided to generate lists of top candidate genes as-
sociated with each phenotypic trait (using uncorrected p-value< 0.005 for Spearman’s

332 p correlation as the threshold) and to manually curate those genes. Manual curation
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entailed a literature search to provide a brief description of the function of the gene
334 product in bacterial species and to flag genes potentially involved in chosen categories
of interest: regulation of transcription, metabolism, nutrient transport, excretion, cell
336 wall structure, virulence and a larger last category embracing motility, biofilm forma-
tion, adherence and quorum sensing. Top candidate genes were then compared across

338 phenotypic traits.

Quantification of phage induction using qPCR

340 Induction rates of the seven candidate prophages (i.e. all prophage regions identified
by PHAST, irrespective of the prediction for prophage completeness) were tested under
342 five temperature assay conditions. The assays lasted two days, and were made in SPL
1% under one of the following treatments: 31-31°C, 24-24°C, 38-38°C, 24-38°C and
344 38-24°C, where the temperatures are the temperatures on the first and second day,
respectively, with a transfer to fresh medium between them (Supplementary Figure
346 S5). The details of the induction quantification method are given in Appendix, but a
brief description is given below.
348 We used seven specific primer pairs targetting each of the candidate prophage re-
gions and one additional primer pair targetting a chromosomal, non-prophage-related
350 bacterial gene (Supplementary Table S4) to quantify the amount of prophage DNA
copies relative to the amount of bacterial genome copies present in a culture using
352 qPCR. The principle of our method is that an excess of prophage DNA copies would
indicate prophage induction, as the transition to phage lytic life cycle results in repli-
354 cation of the phage genome, which is followed by assembly of phage progeny and
ultimately the lysis of the host cell and the release of phage particles into the medium.
356 Given the low expected induction rates and the fact that qPCR estimates uncertainty
is measured on a logarithmic scale, our approach to reliably quantify the excess of
358 prophage DNA, which might be attributable to prophage induction and released into

phage particles, was the following (Supplementary Figure S5): (i) split each culture
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360 sample to be analysed into one raw sample and one supernatant sample obtained af-
ter gentle centrifugation to pellet bacteria cells, (ii) process both samples by DNase
362 to digest DNA fragments which were not protected inside a bacterial cell nor inside a
phage particle, (iii) inactivate DNase and release DNA from cells and phage particles by
364 heating the samples at 95°C and (iv) quantify the amount of bacterial genome copies
and of prophage DNA copies in both samples with qPCR. The supernatant sample
366 is expected to be impoverished in bacterial cells, while phage particles can remain in
suspension, and thus the proportion of prophage DNA copies which were not contained
368 in bacteria cells in the culture (i.e. which were presumably in phage particles) can be
estimated from the differential decrease in qPCR. estimates for prophage DNA copies
370 and bacteria genome copies between the raw and supernatant samples (see the Ap-
pendix for details of the Bayesian model used to estimate phage-to-bacteria ratios and

372 the effects of assay and evolutionary treatments).

Virulence experiment using waxmoth larvae

374 We estimated the virulence of the experimental strains by measuring the longevity
of waxmoth larvae (Galleria mellonella) injected with a small volume (5pl) of bac-
376 terial culture. Bacterial cultures of evolved strains were grown overnight at 31°C in
Bioscreen wells in 400 ul of SPL 1% inoculated with the strains frozen stocks using
378 a cryoreplicator. The stock strain was similarly grown overnight at 31°C in 8 ml of
SPL 1% in a loose-capped 15ml tube inoculated from a frozen sample. On injection
380 day, culture optical densities were measured and each larva was injected with 5pl of
a single culture in the hemocoel with a Hamilton syringe. For each strain, 20 larvae
382 were injected simultaneously; ten of those were then incubated at 24 °C while the other
ten were incubated at 31°C. Larva survival was monitored at 1-3 hour intervals by
384 checking for larva movements, and time of death was recorded as the inspection time
when a larva was found dead. Additionally, for each incubation temperature, ten larvae

386 were injected with sterile medium and ten with sterile water as controls. This setup
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was replicated four times, resulting in a total of 80 infected larvae per strain (40 to
388 incubation at 24 °C and 40 to incubation at 31°C). Due to some injection issues with
a clogged syringe in the first replication block, data from only three replication blocks

390 were used for some strains.
We analysed the larva survival data using a Cox proportional hazards model, where
392 replication block, larval body mass, culture optical density, strain identity, incubation
temperature and the interaction between strain identity and incubation temperature
394 were included as fixed effects. The model included the effect of strain evolutionary
treatment on their virulence, using a hierarchical Bayesian approach in JAGS 4.1.0
396 (Plummer et al., 2003; Su and Yajima, 2015) with the R2jags package. The propor-
tional harzards were implemented as described by Clayton (1991) based on code from
3908 the OpenBUGS Examples (The OpenBUGS Project). The details of the model are

presented in the Supplementary Methods.
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555 Appendix

Supplementary Methods
560 Quantification of phage induction using qPCR
(See also Supplementary Figure S5.)

562 Culture conditions for the temperature assays Frozen stocks had been stored
at —80°C in 40 % glycerol, with evolved clones stored in 100-well plates (Bioscreen
564 measurement plates), in randomized order and stock clone stored in microcentrifuge
tubes. A preculture step in 400 pl of SPL 1% at 31°C was performed by using a
566 cryo-replicator to inoculate evolved clones into a new 100-well plate and by inoculating
the stock strain into wells of another plate. After 24 hours, five identical 100-well
568 assay plates containing both the 28 evolved clones of interest and the stock clone
were prepared by transferring 40 pl of each preculture into 360 pul of fresh SPL 1%
570 (1 well per clone, i.e. 29 wells occupied per plate). For the first day of assay, one
plate was incubated at 31°C, two plates at 24°C and two plates at 38°C. After
572 24 hours, clones within a given plate were transferred to 29 previously empty new
wells in the same plate (40l culture into 360l fresh medium). For the second day
574 of assay, the plate from 31°C was kept at 31°C, one plate from 24°C was kept at
24°C and the other was transferred to 38°C, and one plate from 38°C was kept at
576 38 °C while the other was transferred to 38°C. After 24 hours, plates were taken for
sample processing. Extra wells containing sterile SPL 1% medium were used on the
578 assay plates to monitor potential contamination during plate handling (which was not
observed). The whole experiment was performed twice, starting with the same frozen
580 stocks but with independent precultures.

Sample processing and qPCR runs At the end of the second day of assay, each
582 of the 29 cultures in each of the 5 assay plates was processed in the following way:
50 pl of native culture sample was transferred to a 96-well PCR plate, while the rest of
584 the culture was placed into a microcentrifuge tube, centrifuged at 13500 g for 5 min
and 50l of supernatant was transferred in the 96-well plate, resulting in two paired
586 samples per culture (native and supernatant). Samples from a given assay plate were
placed into the same 96-well plate. A DNase treatment was then performed to digest
588 DNA fragments which were not protected inside a bacteria cell or a phage particle.
5nl of DNase I at 0.1 mgml~! were added to each sample, followed by an incubation
590 at 37°C for 30min. DNA was then released from bacteria cells and potential phage
particles by incubating the samples at 95 °C for 30 min after having added 5 pl of EGTA
592 (20mM, pH 8) in order to hinder DNase I activity. The sample plates were then stored
at —20°C until DNA quantification by qPCR runs.
594 Quantification of DNA target sequences was performed using prophage-specific
primer pairs and one bacterial-gene-specific primer pair (Supplementary Table S4).
596 Preliminary experiments using the stock strain at 31 °C having showed no detectable
extra-cellular DNA at least for prophages 2 and 5, six qPCR were runs per 96-well
598 sample plate from this experiment using primers for prophages 1, 3, 4, 6, 7 and for
bacterial gene purA2. Runs were performed using CFX Real Time PCR detection
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600 system (Bio-Rad laboratories, USA). Amplifications were performed in a final volume
of 10 pl, containing 5 pl of 2x IQ) SYBR Green Supermix (Bio-Rad), 0.5 pl of forward
602 and reverse primers (6 uM each) and 1yl of undiluted sample. Amplifications for each
primer pair were performed on separate PCR plates, with in-plate calibration samples
604 for each run. Calibration samples were prepared by serial dilution of a stock solution
of purified Serratia marcescens DNA of known concentration, and ranged in concen-
606 tration from 10° to 1 genome copy per qPCR well, based on the predicted molecular
weight of S. marcescens chromosome. Experimental and calibration samples were run
608 in triplicates within each qPCR plate. The qPCR reaction used an initial denaturation
step lasting 3 min at 95 °C, followed by 41 cycles consisting of denaturation at 95 °C for
610 10s, annealing at 61 °C (for all prophage primers) or 56 °C (for bacterial gene primers)
for 10s, and elongation at 72°C for 30s. A melt curve analysis was performed at the
612 end of the run to check the quality of the amplified product (from 65°C to 95 °C, using
increments of 0.5°C and 5s steps). In-plate calibration samples were used to estimate
614 the efficiency F of the PCR reaction with the formula £ = —1+10(-1/51°P¢) where slope
is the slope of the linear relationship between Cq values and log,,(concentration) for
616 the calibration samples. To test for an effect of potentially undegraded RNA molecules
on phage activation estimates, some samples were incubated with RNase for 30min
618 just prior to qPCR runs. Estimates of phage activation for those samples were similar
whether the samples were treated or untreated with RNase prior to qPCR runs, hence
620 data from both RNase-treated and untreated qPCR runs was used for downstream
analysis.

622 Estimation of prophage induction rates and treatment effects using a Bayesian
model We incorporated into a single Bayesian model the simultaneous estimation of

624 phage induction rates and of the effects of assay temperature and evolutionary treat-
ment. To simplify its presentation here, we will first explain the modelling part related

626 to the estimation of induction rates for each culture well, based on the Cq values for the
native and supernatant samples obtained from qPCR runs with bacterial and prophage

628 primers, before explaining the incorporation of assay and evolutionary treatment ef-
fects.

Let Cpaetnat be the number of bacterial chromosome copies present in a native sam-
ple. The value of cperpnar 15 determined from the qPCR run using the bacterial-gene-
specific purA2 primers. Let cpronat be the number of prophage DNA copies present in
the native sample for e.g. prophage KSP20. The value of ¢y et is determined from
the qPCR run using the prophage-specific primers. Let’s assume that this prophage
is induced into phage particles at an activation rate a, such that the number of phage
particles present in the native sample c,pg 54t is related to the number of bacteria cells
(i.e. the number of bacteria chromosome copies) by ¢pngnat = @ X Cpactnat- Since the
prophage primers can target the prophage sequence both in the bacterial genome and
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in phage particles, we have:

Cpro,nat = Chact,nat + Cphg,nat
Cpro,nat = Chact,nat +a X Chact,nat

Cpronat = (1 + CL) X Chact,nat

After centrifugation, we assume most bacteria cells have been pelleted and most phage
particles (if any) have remained in suspension. Let k be the concentration factor during
centrifugation for this culture (k < 1), so that k = 22="* where Chact,sup 1S the number

Chact,nat

of bacterial chromosome copies present in the supernatant samples, as determined by
qPCR with purA2 primers. If ¢, sup is the number of prophage DNA copies in the
supernatant sample determined by qPCR with the prophage primers and cppg, sup is the
number of phage particles in the supernatant sample, and if we assume cpng sup = Cphg.nat
(i.e. we assume that the amount of phage particles pelleted during centrifugation is
negligible), we have:

Cpro,sup = Cbact,sup + Cphg,sup
Cpro,sup = k x Chact,nat + Cphg,nat
Cpro,sup — k x Cbact,nat +a X Chact,nat

Cpro,sup = (k + Cl) X Chact,nat

Thus, to summarize, the two fundamental equations that relate the four qPCR mea-
surements for a given culture (Cpactnat / Coact.sup / Cpromat | Cprosup) and the prophage
activation rate a in this culture and that are used in the Bayesian model are:

Cpronat = (1 + a) X Chact,nat

Chact,sup
Cpro,sup = ( +a| X Cbact,nat
Cbact,nat

The priors and the deterministic relations of the statistical model are:
Vie{l.. . Npunst a; ~ normal(y = 40,0 = 10)

Bi ~ normal(u = 3.5,0 = 2)
o¢q ~ half-Cauchy(scale = 2.5)

for the parameters of the qPCR calibration curve for each run (note that o¢, is shared
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across all qPCR runs) and:

Vi€ {1... Neultures s log1o (Cbact,nat,i) ~ uniform(0, 20)
log,, (k;) ~ half-Cauchy(scale = 2)
logyg (a;) + 4 ~ gamma(u = 2,0 = 2)
10810 (Chact sup.i) = 10810 (ki) + 10810 (Chact.nat.i)
10810 (Cpronat,i) = logig (1 4 ai) + 1081 (Coactnat,i)
log1o (Cpro.sup.i) = 1ogqo (ki + a;) + 10810 (Coact nat.i)

for the characteristics of a given culture well. Note that here, we assume that the
minimum value of activation rate a is 10~*, which is approximatively the lower sensi-
tivity threshold predicted for our method when we assume that C'q values are measured
with a standard deviation o¢, ~ 0.48 (Supplementary Figure S6). We model this as
(logy, (a;) + 4) following a Gamma distribution. In this explanation, we use fixed values
for the parameters of the Gamma distribution, but when we will introduce the effect of
assay and evolutionary treatment the 1 and o parameters of this Gamma distribution
will depend on the treatments.

The likelihood of the model due to calibration samples, for which the concentration
values cal; are known and the Cq values Cq® are observed, is (with 7. the number

of qPCR wells with a calibration sample):

Vie{l...ne}, v ~ Poisson(cal;)

y}ell

Cered = Qpyn; + ﬁruni X 1OglO (Cz )

Cq® ~ normal(p = Cq™**, 0 = 0cq)

1

where run; is the index of the qPCR run. For qPCR wells containing samples of
unknown concentration prepared from the culture wells in the assay plates, we set
(with nypg, the number of qPCR wells with unknown samples and cult; the index of
the original culture for each unknown sample):

Chact,nat,cult; or

) Chact It; or
Vi € {1 c. nunkn}; unkjnZ — act,sup,cuit;

Cpro,nat,cult; or

Cpro,sup,cult;

depending on whether the unknown sample is run with purA2 (cpee,.) or prophage
(Cpro,..) primers and whether it is native (¢ _pq,) or from supernatant (¢ s, ). The
likelihood due to unknown samples is then of the same form as for the calibration
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samples:
Vie{l... Nunkn}, vl ~ Poisson(unkn;)
qured = Qun; T Brun; X 10gy (C;Udl)

Cq® ~ normal(p = Cq”™*, 0 = 0cq)

)

This model formulation is sufficient to obtain posterior distributions for log,,(a;)
for each culture well 7 in the assay plates. To model the effect of assay and evolutionary
treatment, we extend the model by modifying the parameters of the previous prior for
Q;:

logyo (a;) +4 ~ gamma(y = 2,0 = 2)

by:

Vi€ {1... Newtures}, logyo (a;) + 4 ~ gamma(p = p;, 0 = 0y)

i ~ €xXp (Bassaylassay;] + Bser[stri])
0; = Oassay [assayi]

where assay; is the index of the assay treatment for culture i (1 < assay; < 5) and
str; is the index of the strain ID for culture i (1 < str; < 29). The priors for the effect
of assay treatments are:

Intercept: Bassay|1l] =1

Vi € {2 ce 5}, ﬁassay
Vie {1...5}, Tassay

i] ~normal (u = 0,0 = 4)
i] ~ uniform(0, 10)

—_— —

The strain effects include a hierarchical effect of the evolutionary treatment (four levels:
three evolution environments plus the stock strain). The priors for the strain and
evolutionary treatment effects are:

Vie{l...29}, Bstr[i] ~ normal (it = flevo|€V0;], 0 = Oepo[ev0;])
Vie{l...4}, Hevol?] ~ normal (u = 0,0 = 4)

Tevolt] ~ uniform (0, 10)

638 where evo; is the index of the evolutionary treatment for strain i.

Bayesian implementation of the Cox proportional hazards mixed model

640 The virulence experiment dataset contained observations for N = 2182 individual
larvae. For each larvae i, survival time s; was calculated as the difference between
642 recorded death time and injection time. The survival timeline for all larvae was divided
into T' = 20 intervals, so that the s;;cq1. vy values were homogeneously distributed
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644 across intervals (i.e. all intervals contained approximatively the same number of death
events). Intervals were defined by their boundaries tjjef1..7+1}, such that interval j is
646 [tj,t;+1) and is of duration dt; = t;41 — t;.
The survival data was transformed into a risk variable Y;(j) and an event count
variable dN;(j) defined for all i € {1... N} and j € {1...T} by:

N 1 if S; > tj N 1 if S; € [tj,tj+1)
Yi(y) = { 0 otherwise and dNi(j) = { 0 otherwise

The model assumes:
dN;(j) ~ Poisson(Y;(7) x dXo(j) x exp(Bz;) x dt;)

where d)\¢(j) is the increment in the integrated baseline hazard from ¢; to ¢;41 and 5z
is the product of the model parameters and of the covariate values for larva i. The
term [3z; corresponds to:

Bzi - Bblk[blkﬂ + ﬁBMBM + ﬁODODi + 5str\incub24[3tri] X (1 - 'lnCsz)
+6str\incub31[3trz’] X ZnCsz

where blk;, BM;, OD;, str;, and incub; are respectively the replication block, body mass,
preculture OD, injected strain ID (str; € {1...29}) and incubation temperature (0 for
24°C, 1 for 31°C) for larva i. Square brackets indicate indexing of a vector parameter;
B is a vector containing the replication block effects and Bgrjincus2a and Byirjincups1 are
vectors containing the strain effects in the 24 °C and 31°C incubations, respectively.
To model the effect of the evolutionary treatment, we set, for k € {1...29}:

Bstrlincub2a[k] ~ normal (fincub2a[€V0[E]], Tincubza[evolk]])

/Bstr\incubBl [k] ~ normal (Mincub?)l [6?}0[1{7]], Oincub3l [6’00[1{5]])

where the vector evo allows to map the strain ID and one of the four evolutionary
648 treatments (three different temperature regimes plus stock strain).
The priors we used were:

Buik].] ~ normal(me ,sd = 10)

By ~ normal

9

Y

(

(

Bop ~ normal(

,uincub24['] ~ normal( ,
(

10
10
2)
~ normal(0, 2)

(
(

0

0

0

Mincubsi|-] 0

Oincub24]-] ~ uniform(min = 0, max = 10)
]

Oincub3l|-] ~~ uniform 0,1 )

and for all j € {1...T}:

dXo(7) ~ gamma(mean = dA;(j), rate = c¢)
dNA(f) = 7 % dt,
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with ¢ = 0.001 and » = 0.1. We used the first replication block and the effect of the
stock strain in the 24 °C incubation as the references:

Bor[1] =1

Hincub24 [CZTLC] =1

We ran four chains in parallel with the JAGS MCMC sampler for 10 000 iterations
650 per chain, of which the first 5000 were discarded as burn-in. Model convergence and
chain mixing was assessed by visual examination of trace plots and calculation of R

652 values.

Selection of m6A in non-fully methylated GATC motifs

654 The method to identify GATC loci which were not fully methylated in our dataset
was reported in another study (Bruneaux et al. (2019) and Supplementary Figure S7).

656 Briefly, we calculated for each GATC locus the distance between the point defined by
its methylated fractions on the plus and minus strand and the point corresponding to

658 full methylation on both strands (1,1). We then defined the set of partially methylated
GATC loci of interest as the loci which deviated from the point of full methylation

660 more than four times the average quadratic distance to (1, 1) in at least one sequenced
strain (Supplementary Figure S7).
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662 Supplementary tables

Prophage ID Position in stock strain genome Size (kb) Completeness
PHAST PHASTER (PHAST) (PHAST)

1 521 990-535 146 521 990-535 146 13.2 incomplete
2 622 586-654 808 - 32.2 incomplete
3 949 738-979 420 - 29.7 incomplete

4 (KSP20) 1970982-2003867 1970982-2003867 32.9 intact
) 3451 823-3468 581 3451 823-3468 581 16.8 intact
6 3914469-3946913 3914469-3946 913 32.4 incomplete
7 4427 283-4461768 4423 686-4461 768 34.5 intact

Supplementary Table S1: In-silico detection of prophage sequences in S. marcescens
stock strain genome. For prophages predicted both by PHAST and PHASTER, com-
pleteness was consistent between the two tools. Predictions were run the PHAST and
PHASTER servers on 2019-04-21.

Type Location Effect on protein sequence

frame shift (11, 10%)
no frame shift (2, 2*)

coding regions (13, 12*)
Indels (31, 30%)

non-coding regions (18, 18*)

non-synonymous (14, 8%)

coding regions (17, 9*) synonymous (3, 1°)

SNPs (23, 13*)

non-coding regions (6, 4*)

Supplementary Table S2: Summary of genetic variants across the reference and the 28
evolved strains. Counts are given in parentheses. Numbers with asterisk are counts
when the variants comprising haplotype a are not taken into account.
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Target Name Sequence
Pronhace 1 phl-F  5-CGGACGTTCTTTCCTCTGCT-3
Ophage phl-R  5-AGCTCTGCAGCGTTATCCAG-3
Pronhace 2 ph2-F  5-GGCGGGGTTATCACACAGTT-3
phag ph2-R  5-CGCTCTGGTTAGACACCTCG-3
ph3-F  5-GAGGGGAGGCAGGAATGAAA-3

Prophage 3

ph3-R 5-CGCCACCCGCTGATAAAGAG-3

ph4-F  5-CTTTGGTTCAGGCGTCATGG-3
ph4-R  5-GTAAACCAGTCCCACACGCT-3

ph5-F 5-GCCACATATCCCAGCGTTGA-3

Prophage 4 (KSP20)

Prophage 5 ph5-R  5-ATGGCAAGCCACAGATAGGT-3
Prothase 6 ph6-F  5-GTGCCGAAGGAATGGCCTTA-3'
TOphage ph6-R  5-CTGAAATTGCTTCGCGCCAT-3
ph7-F  5-GTCAAAGGGGTTAAGCTCGC-3

Prophage 7

ph7-R  5-GAACAGAACGGCGCACTACA-3

purA2-F  5-ATGTGGATTACGTGCTGGGC-3
purA2-R  5-CACAGGTATTCGCCGGTTTC-3

Bacterial gene

Supplementary Table S4: Sequences of the primers used in the qPCR quantification of
prophages and chromosomal DNA. The purA2-F /R primers are targeting the chromo-
somal, non-prophage-related bacterial gene for adenylosuccinate synthetase.
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. Has a role in
Gene ID p p-value Description
Tr Met Nut CWS MBA Vir
381 —0.61 0.00043 fimbrial biogenesis outer membrane usher protein . .
636 —0.53 0.0029 sugar phosphate isomerase/epimerase . .
2737 —0.53 0.0029 TetR/AcrR family transcriptional regulator .
3318 —0.53 0.003 glycerol-3-phosphate transporter ° .
4357 —0.53 0.003 anaerc?blc glycerol-3-phosphate dehydrogenase .
subunit A
4695 —0.53 0.0033 MF'S transporter . . .

Supplementary Table S5: Epigenetic association between genes and phage activation
in 24/24°C. A negative p means that phage activation increases as methylated fraction
decreases. p and p-values are given for Spearman’s correlation coefficient between m6A
methylation fraction and phenotypic trait value. Tr, regulation of transcription; Met,
metabolism; Nut, nutrient transport; CWS, cell wall structure; MBA, motility /biofilm
formation/adherence/quorum sensing; Vir, virulence.

Has a role in

Gene ID p p-value Description
Tr Met Nut CWS MBA Vir
4647 —0.63 0.00023 hypothetical protein
3829 —0.63 0.00023 Fe-S cluster assembly scaffold SufA
636 —0.59 0.00067 sugar phosphate isomerase/epimerase . .
2737 —0.59 0.00067 TetR/AcrR family transcriptional regulator .
164 —0.57 0.0012 transcriptional regulator LeuO . . .
2366 —0.54 0.0022 thiamine biosynthesis protein ThiF
1244 —0.54 0.0022 hypothetical protein
1066 0.54 0.0024 MFS transporter
611 0.54 0.0024 class II histone deacetylase

Supplementary Table S6: Epigenetic association between genes and phage activation
in 24/38°C. A negative p means that phage activation increases as methylated fraction
decreases. p and p-values are given for Spearman’s correlation coefficient between m6A
methylation fraction and phenotypic trait value. Tr, regulation of transcription; Met,
metabolism; Nut, nutrient transport; CWS, cell wall structure; MBA, motility /biofilm
formation/adherence/quorum sensing; Vir, virulence.
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Gene ID p p-value Description Has a role in
Tr Met Nut CWS MBA Vir
4638 0.59 0.00079 acyl carrier protein . . . .
4431 0.59 0.00079 hypothetical protein
2635 0.58 0.00093 cytoplasmic protein .
698 0.58 0.00093 hypothetical protein .
4636 0.58 0.0012 hypothetical protein °
3247 0.58 0.0012 catalase . .
1898 0.53 0.0032 hypothetical protein
2341 0.53 0.0032 lipid A biosynthesis lauroyl acyltransferase . . .
2897 0.52 0.0038 AraC family transcriptional regulator .

Supplementary Table S7: Epigenetic association between genes and phage activation
in 31/31°C. A negative p means that phage activation increases as methylated fraction
decreases. p and p-values are given for Spearman’s correlation coefficient between m6A
methylation fraction and phenotypic trait value. Tr, regulation of transcription; Met,
metabolism; Nut, nutrient transport; CWS, cell wall structure; MBA | motility /biofilm
formation/adherence/quorum sensing; Vir, virulence.

Has a role in

Gene ID p p-value Description
Tr Met Nut CWS MBA Vir
4269 —0.6 0.00056 leucine efflux protein LeuE .
bifunctional DNA-binding transcriptional
2690 —0.6 0.00056 regulator/O6-methylguanine-DNA
methyltransferase Ada
4695 —0.6 0.00064 MFS transporter ° . °
605 —0.58 0.00091 serine transporter °
482 —0.57 0.0013 anaerobic ribonucleoside-triphosphate reductase . .
2481 —0.57 0.0013 restriction endonuclease
4267 —0.56 0.002 cell division inhibitor SulA . . .
4038 —0.56 0.002 porin OmpA . . .
1281 —0.55 0.0019 Fe-S assembly protein IscX . .
628 —0.55 0.0019 aminopeptidase PepB .
4388 —0.53 0.003 DUF1471 domain-containing protein . .
2289 —0.52 0.0038 D-alanyl-D-alanine endopeptidase .
2590 —0.52 0.0039 hypothetical protein
1765 —0.51 0.0046 gamma-glutamyltransferase . .
1382 —0.51 0.0047 hypothetical protein
999 —0.51 0.0047 ASCH domain-containing protein
104 —0.51 0.005 hypothetical protein
643 —0.51 0.005 type 1 fimbrial protein . .

Supplementary Table S8: Epigenetic association between genes and phage activation
in 38/24°C. A negative p means that phage activation increases as methylated fraction
decreases. p and p-values are given for Spearman’s correlation coefficient between m6A
methylation fraction and phenotypic trait value. Tr, regulation of transcription; Met,
metabolism; Nut, nutrient transport; CWS, cell wall structure; MBA, motility /biofilm
formation/adherence/quorum sensing; Vir, virulence.
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Gene ID p p-value Description Has a role in
Tr Met Nut CWS MBA Vir
1874 —0.62 0.00034 histidinol-phosphate transaminase . °
bifunctional histidinol-
32 —0.62 0.00034 phosphatase/imidazoleglycerol-phosphate . .
dehydratase HisB
3372 0.59 0.00071 Lrp/AsnC family transcriptional regulator .
4180 0.59 0.00071 EamA /RhaT family transporter .
892 —0.57 0.0011 hypothetical protein
3235 —0.57 0.0011 type 1 fimbrial protein
1066 0.57 0.0011 MFS transporter
611 0.57 0.0011 class II histone deacetylase
3426 0.57 0.0012 TonB system transport protein ExbD ° . .
1639 0.53 0.0034 GTPase
4269 0.52 0.004 leucine efflux protein LeuE .
bifunctional DNA-binding transcriptional
2690 0.52 0.004 regulator/O6-methylguanine-DNA
methyltransferase Ada
3992 0.51 0.0044 energy transducer TonB . .

Supplementary Table S9: Epigenetic association between genes and phage activation
in 38/38°C. A negative p means that phage activation increases as methylated fraction
decreases. p and p-values are given for Spearman’s correlation coefficient between m6A
methylation fraction and phenotypic trait value. Tr, regulation of transcription; Met,
metabolism; Nut, nutrient transport; CWS, cell wall structure; MBA | motility /biofilm
formation/adherence/quorum sensing; Vir, virulence.
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666
Gene ID p p-value Description Has a role in
Tr Met Nut CWS MBA Vir

30 0.63 0.00027 porin ° .
2870 —0.54 0.003 outer membrane usher protein . .
147 0.54 0.0027 type VI secretion system tip protein VerG .
4058 —0.53 0.0034 AraC family transcriptional regulator .

1250 —0.52 0.0042 hypothetical protein . . .

Supplementary Table S10: Epigenetic association between genes and virulence in wax-
moth larvae at 24 °C incubation. A negative p means that the strain virulence increases
as methylated fraction decreases. p and p-values are given for Spearman’s correlation
coefficient between m6A methylation fraction and phenotypic trait value. Tr, regulation
of transcription; Met, metabolism; Nut, nutrient transport; CWS, cell wall structure;
MBA, motility /biofilm formation/adherence/quorum sensing; Vir, virulence.

Has a role in

Gene ID p p-value Description
Tr Met Nut CWS MBA Vir
3838 0.62 0.00036 hypothetical protein
2089 0.57 0.0011 GGDEF domain-containing protein )
1837 0.57 0.0011 aminopeptidase N .
4695 0.57 0.0014 MFS transporter ° . .
2917 0.57 0.0014 DUF1304 domain-containing protein

Supplementary Table S11: Epigenetic association between genes and virulence in wax-
moth larvae at 31 °C incubation. A negative p means that the strain virulence increases
as methylated fraction decreases. p and p-values are given for Spearman’s correlation
coefficient between m6A methylation fraction and phenotypic trait value. Tr, regulation
of transcription; Met, metabolism; Nut, nutrient transport; CWS, cell wall structure;
MBA, motility /biofilm formation/adherence/quorum sensing; Vir, virulence.
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Supplementary figures

668

PHAST PHASTER

oriC oriC

(%41

4 (KSP20) 4 (KSP20)

B Incomplete prophage
M Intact prophage

Supplementary Figure S1: Predicted prophages locations in S. marcescens stock strain
genome. Labels correspond to the prophage identifiers as reported in Supplementary
Table S1. Note that matching prophages have the same genomic coordinates between
PHAST and PHASTER predictions, except for prophage 7 which has a slightly larger
size as predicted by PHASTER.
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Stock clone
(S. marcescens O
ATCC 13880)

ACCLIMATION FOR
3 WEEKS AT 25°C IN
CULTURE CONDITIONS

Freshly isolated
ancestor

RN

31°C constant 38°C constant 24-38°C daily

fluctuations
17 @ @ @ 17 @ 17 @
10x repl. 8x repl. 10x repl.

} | |

EXPERIMENTAL EVOLUTION FOR THREE WEEKS

| } }

FROZEN STOCKS OF INDIVIDUAL CLONES (-80°C)

N\ |/

DNA EXTRACTION AND SEQUENCING
(one clone/repl. + original stock clone)

Supplementary Figure S2: Setup of the evolution experiment from which clones were
isolated. One randomly selected clone per evolved population was used for sequencing.
Details of the evolution experiment are available in Ketola et al. (2013).
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Incubation at 24°C Incubation at 31°C
50 —
E 40
.ﬂj - Evolutionary
fvﬁ 30 ’ I treatment
"i: é i | : g;?’(ék strain
S 204 , ’ o
: Wéﬁ ittt Tl
“ o UL LS Q70T R AR

Supplementary Figure S3: Longevity of waxmoth larvae at two incubation tempera-
tures after injection with experimental Serratia marcescens strains. Longevity is cor-
rected for the effect of replication blocks, culture optical density and larva body mass.
Dots are individual larvae.
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Supplementary Figure S4: Comparison of virulence estimates between sequenced clones
and larger pool of evolved clones. A, estimates of mean and standard deviation of
virulence in waxmoth larvae per evolutionary treatment, using the clones sequenced
in this study. The data is the same as the data presented in Figure 2 of the main
text. B, estimates of mean and standard deviation of virulence in waxmoth larvae
per evolutionary treatment, using a larger pool of clones from the same evolution
experiment that provided the sequenced clones (Ketola et al., 2013). Left panels, means
and credible intervals (50, 80 and 95%) for the parameter estimates. Right panels,
means and credible intervals (50, 80 and 95%) for the differences between parameter
estimates from pairs of evolutionary treatments. Note that in (A), the intercept for
estimates was the stock strain, while in (B) it was the average virulence for strains
evolved at 31°C under incubation at 24 °C.
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Supplementary Figure S5: Overview of the experimental protocol used in the prophage

activation experiment.

The prophage primers used in the qPCR runs were for

prophages 1, 3, 4, 6 and 7, after preliminary experiments with the stock strain showed

no detectable amount of extra-cellular DNA for prophages 2 and 5.

47


https://doi.org/10.1101/850248
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/850248; this version posted November 21, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

APPENDIX Evolution in phage-bacteria-insect system
10°
F 107
2
& 107 -
Activation rate
1
10
107 - — 10?
- 10°
—_— 10
-_— 10"
| T T |
10° 10 10" 10°

k= (Cbact, sup/cbact, nat)

Supplementary Figure S6: Simulation of qPCR results for different prophage activation
rates a and different centrifugation concentration factors k. cuact,nat, Coact,sup a0 Cpro, sup
are the qPCR quantifications of DNA copie numbers for bacterial gene in native and
supernatant samples and for prophage gene in supernatant samples, respectively. The
colored lines show the predicted trajectories of Cprosup/Coact.nat VEISUS Chact sup/ Chact nat
from native samples (top-right corner) towards supernatant samples (to the left) as the
centrifugation concentration factor k decreases (i.e. as supernatant samples are more
and more impoverished in bacteria cells). The shape of the trajectories depends on
the activation rate of the prophage, i.e. on how many phage particles are present per
bacteria cells in the native sample. The colored dots matching the colored predicted
trajectories represent simulations of qPCR estimations which would be obtained as the
centrifugation removes more and more bacteria cells from the supernatant, assuming
a precision of the Cq values 0., = 0.48 and triplicates gPCR measurements for each
culture well, as was done in our experiment. As can be seen on the figure, the sensitivity
threshold to detect phage particles decreases as the depletion of bacteria cells becomes
more complete. However, even at k values of 1073, activation rates of 10~* and lower are
not distinguishable from the absence of induction. The red dots represent the results
for a hypothetical culture, with the top-right dot representing the native sample and
the bottom left dot representing the supernatant sample.
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Supplementary Figure S7: Detection of partially methylated GATC loci (figure taken
from Bruneaux et al. (2019)). Distribution of methylated fractions of adenosines on
boths DNA strands for GATC palindromes (showing data for all strains together). Left
panel, all GATC palindromes shown; right panel, only GATC palindromes qualified as
low methylation sites shown. The red arc in the left panel delimits the observations
which are less four times the average quadratic distance to full methylation (point at
(1,1)) away from full methylation. GATC palindromes are considered as low methyla-
tion sites if they lay outside this area (right panel).
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