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Abstract

Adherent-invasive Escherichia coli (AIEC) strains are frequently recovered from stools of
patients with dysbiotic microbiota. They have remarkable properties of adherence to the
intestinal epithelium, and survive better than other E. coliin macrophages. The best studied
of these AIEC is probably strain LF82, which was isolated from a Crohn’s disease patient.
This strain contains five complete prophages, which have not been studied until now. We
undertook their analysis, both in vitro and inside macrophages, and show that all of them
form virions. The Gally prophage is by far the most active, generating spontaneously over
108 viral particles per mL of culture supernatants in vitro, more than 100-fold higher than the
other phages. Gally is also over-induced after a genotoxic stress generated by ciprofloxacin
and trimethoprim. However, upon macrophage infection, a genotoxic environment, this
over-induction is not observed. Analysis of the transcriptome and key steps of its lytic cycle
in macrophages suggests that the excision of the Gally prophage continues to be repressed
in macrophages. We conclude that strain LF82 has evolved an efficient way to block the Iytic
cycle of its most active prophage upon macrophage infection, which may participate to its
good survival in macrophages.

Author summary

Prophages are bacterial viruses stably integrated into their host, to which they can provide
new functions, thus increasing their fitness in the environment. Thereby, they can partici-
pate to the virulence of bacterial pathogens. However, prophages are double-edged swords
that can be awakened in response to genotoxic stresses, resulting in the death of their bac-
terial host. This raises the question of the effect of this type of stress in the natural environ-
ments where their bacterial hosts exert their virulence. In this study, we characterized the
five active prophages present in Escherichia coli LF82, a strain belonging to the intestinal
microbiota and suspected to be involved in Crohn’s disease via its ability to invade
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macrophages, a highly genotoxic environment. We show that LF82 inhibits the awakening
of its prophages in macrophages, allowing it to survive there. Moreover, deletion of its
most active prophage does not affect the viability of LF82 in this environment. These
results suggest that LF82 has tamed its prophages in macrophages and also suggest that if
they convey fitness advantages, they probably do so in environments differing from mac-
rophages, and which remain to be discovered.

Introduction

Lysogens, the bacteria hosting functional prophages (either integrated into their genome or as
freely replicating episomes), are abundant in natural ecosystems, representing approximately
half of all completely sequenced strains [1], and up to 70% of intestinal bacteria [2-5]. Lysog-
eny is often considered as beneficial for the bacterium, thanks to the expression of prophage
genes named “morons”. Morons are genes that are autonomously expressed (i.e. not under the
control of the lysogeny master regulator), and are not involved in the lytic cycle of the phage
but provide the bacterial host with some gain of function (for a review see [6]). Moron func-
tions are diverse, ranging from protection against infection by other phages [7-9], metabolic
genes [2,10] or adaptation to a given environment [11,12], and many remain to be character-
ized. However, this potential benefit of lysogeny is counterbalanced by the permanent danger
of lysis, due to prophage induction, i.e. its entry into a lytic cycle upon derepression of the
lysogeny master regulator. Bacterial growth may be hindered for lysogens compared to non-
lysogens if the prophage is constantly induced in a significant proportion of the population.
This burden is important in the case of an Escherichia coli lysogen propagated in the gastro-
intestinal tract (GIT) of monoxenic mice [13], and has also been observed for Lactobacillus
reuterii lysogens, during transit in conventional mice [3]. In both cases, prophage induction
was RecA-dependent, suggesting that the inducing signal was due to genotoxic stress. In the
mammalian gut, molecules activating the SOS response, might not only be produced by the
host itself, but also by the microbiota [14]: for L. reuterii, fructose consumption and acetic acid
release was suggested as the origin of the genotoxic stress inducing its prophages in the GIT
[3]. Few RecA-independent pathways have also been described for prophage induction [15-
19] and other sensors and pathways certainly await discovery.

Characterizing lysogeny, and the signals regulating prophage induction in natural settings,
is therefore critical for the understanding of bacterial behaviors in their natural environments,
and more particularly those of bacterial pathogens. Indeed, bacterial pathogens are often lyso-
gens, and even poly-lysogens [1]. The first prophage morons to be described were virulence
factors, such as the shiga-toxin, to mention just one of many important phage-encoded toxins
[6]. All happens as if prophages were adjustment variables, allowing pathogens to rapidly
adapt to new niches and compete with the local inhabitants [20]. The adherent-invasive
Escherichia coli (AIEC) genomes are also richly decorated with prophages, and strain LF82, its
best characterized member, encodes five prophages predicted to be complete and functional,
based on genomic analyses [21,22]. One of these, named “prophage 17, was even reported as
significantly associated to the E. coli strains isolated from Crohn’s disease patients [23]. Yet,
whether these prophages are functional (able to complete lytic cycles, form virions and multi-
ply), and what kind of signal or stress induces them, had not been investigated.

AIEC have two remarkable properties: they adhere to the intestinal epithelium [24], and
they invade and multiply in macrophages [25,26], being able to form biofilm within vacuoles
[27].
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Interestingly, it was recently established that the macrophage environment can provoke
Lambda prophage induction by 26-fold compared to its spontaneous induction in vitro from a
laboratory model E. coli strain [16]. This high induction level, which leads in vitro to the lysis
of ~90% of the bacteria, probably facilitates the clearing work of macrophages [16]. In the vac-
uolar compartment, Lambda induction was not dependent on RecA, as observed in vitro, but
rather on PhoP, a DNA-binding protein belonging to a two-component system with its sensor
PhoQ. This system is involved in the adaptation of bacteria to magnesium-poor environments
and in resistance to acid stress and antimicrobial peptides [28]. However, the exact mechanism
involving PhoP in Lambda induction remains unknown to date. An anti-microbial peptide,
mCrampl, was suggested to be at the origin of this induction, via a bacterial membrane stress
[16]. Whether prophages from natural E. coli isolates are also induced and provoke bacterial
lysis in macrophages remains unknown. This question is of importance for LF82 that survives
in macrophages and contains five putative active prophages.

To further understand the good survival of LF82 in macrophages, we undertook the charac-
terization of its prophages, both in vitro and inside macrophages. We show that the five pro-
phages form virions in vitro. One of them, the phage Gally (formerly prophage 1) dominates
the culture supernatants: its spontaneous induction level is high enough to generate above 10°®
particles per mL of culture during exponential growth in rich medium. Interestingly, and con-
trary to expectations, Gally was not induced upon growth in macrophages. We hypothesize
that the remarkable survival of LF82 in macrophage is partly due to its ability to control the
induction level of its most active prophage.

Results

The prophages of LF82 encode various morons

Previous analysis of the E. coli LF82 genome had identified four putative complete prophages
and one plasmid, pLF82, subsequently found to be homologous to the Salmonella SSU5 phage
[21]. Our analysis of the E. coli LF82 genome did not detect any other complete or degraded
prophage using PHASTER. Here we named the five prophages Gally (previously prophage 1),
Perceval (prophage 2), Tritos (prophage 3), Cartapus (prophage 4) and Cyrano (pLF82), and
upon updated re-annotation, these were introduced into the European Nucleotide Archive
database (see Material and Methods). The phage-plasmid Cyrano closely resembles the phage
SSU5 (81% identity, 65% coverage, see S1 Fig panel A), and is predicted to have a siphovirus
morphology. Among integrated prophages, Gally is partially homologous to the podophage
HK620 (97% identity on 44% coverage, Fig 1 top, [29]), and follows the general genetic organi-
zation of P22 (Lederbergvirus genus, [30]). Perceval is a close relative of Ev207, a phage iso-
lated from the infant gut and homologous to Lambda [2]. Tritos is also distantly related to
Lambda, and close to another infant gut phage, named Ev081 [2]. Finally, Cartapus is a
P2-related phage, closely similar to Fels2 (Felsduovirus genus, [30]).

To identify the morons of the five prophages, transcriptomes of LF82 grown in vitro in LB
(2 repeats) were analyzed (S1 Table) [27]. Morons were identified as genes different from the
master regulator or other typical phage genes and transcribed at least 5-fold above the local
transcriptional background of the prophage region (see Material and Methods, Fig 1). Cyrano
was the richest in moron content (13 genes), followed by Perceval and Tritos (7 genes), then
Cartapus (2 genes), while Gally was apparently devoid of any moron (Table 1).

Among the identified morons, Perceval was found to encode, the sitABCD operon, a virulence
factor allowing improved manganese and iron import. Tritos and Cyrano encoded several toxins,
sometimes next to a recognized or predicted anti-toxin (HokD for Tritos, KacT-CYRAN27, RelE
and HicA-HicB for Cyrano). We conclude that all prophages but Gally encode morons.
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Fig 1. Whole genome comparisons of the four integrated prophages. Each LF82 phage (in bold) is compared with
tBLASTX to its closest relative in databases (up), as well as to an ICTV classified prototype (down), and displayed using
the R Genoplot package. Gene color code: green, capsid; light blue, connector; dark blue, tail; red, integration and
excision; orange, DNA metabolism; yellow, transcriptional regulators; pink, lysis; grey, hypothetical. Morons identified
by our transcriptomic analysis are shown in black (predicted function) or in arrows with thick black border (unknown
or putative function).

https://doi.org/10.1371/journal.ppat.1011127.9001
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Table 1. Prophage genes expressed at least 5-fold above local background in strain LF82 grown in LB medium (overnight culture).

Prophage name Locus tag Annotation® Fold above BackG”
Gally LF82_107 Repressor 47
Perceval LF82_154 CI repressor 11
Perceval LF82_152 transmembrane protein 81
Perceval LF82_1505 Outer membrane porin NmpC 10
Perceval LF82_160 TonB fragment 8
Perceval LF82_184 SitD iron/manganese transport protein 5
Perceval LF82_185 SitC iron/manganese transport protein 4°
Perceval LF82_186 SitB iron/manganese transport protein 10
Perceval LF82_187 SitA iron/manganese transport protein 13
Tritos LF82_287 CI Repressor 24
Tritos LF82_2833 DNA binding transcriptional regulator 8
Tritos LF82_0907 Uncharacterized protein YnfN 27
Tritos LF82_0377 Cold shock-like protein Cspl 93
Tritos LF82_0371 Cold shock-like protein CspB 59
Tritos LF82_280 ImmA/IrrE metallo-endopeptidase 14
Tritos LF82_281 hypothetical protein 30
Tritos LF82_1023 HokD toxin 3792
Cartapus LF82_413 CI repressor protein 5
Cartapus LF82_783 putative exonuclease protein 15
Cartapus LF82_789 hypothetical protein 7
Cyrano CYRAN_45 putative repressor 10
Cyrano CYRAN_26 KacT Acetyltransferase-type toxin 35
Cyrano CYRAN_27 putative antitoxin 60
Cyrano CYRAN_29 RelE/ParE putative toxin 9
Cyrano CYRAN_30 Hypothetical protein 6
Cyrano CYRAN_40 Hypothetical protein 15
Cyrano CYRAN_43 Hypothetical protein 723
Cyrano CYRAN_50 putative antitoxin HicB 14
Cyrano CYRAN_51 HicA toxin protein 30
Cyrano CYRAN_81 Hypothetical protein 12
Cyrano CYRAN_99 Septum site-determining protein 9
Cyrano CYRAN_102 Hypothetical protein containing coiled-coil 6
Cyrano CYRAN_109 Hypothetical protein 6
Cyrano CYRAN_117 Hypothetical protein 12

* Master repressors of lysogeny are shown in italics, as a reference

® Local background is computed as the median of normalized gene expression of all genes of a prophage region (average of the two transcriptomes, S1 Table)

¢ The sitC transcription level is indicated (4-fold above background) because it belongs to the sit operon.

https://doi.org/10.1371/journal.ppat.1011127.t001

The five LF82 prophages are spontaneously induced in vitro

We next asked whether some or all of LF82 prophages were producing virions. To identify

prophages spontaneously producing viral particles, we filter-purified the virome from the

supernatant of an LF82 culture grown in rich medium until stationary phase, treated it with

DNase I before destroying capsids, and sequenced the encapsidated DNA. A small part of
reads mapped on the E. coli LF82 genome out of the prophage regions (4.3% of the reads,

mean coverage = 7.6 reads/bp), corresponding to the contaminating bacterial DNA. However,
the vast majority of reads (94.6%, mean coverage = 35,319 reads/bp), mapped on Gally (Fig 2),

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011127  February 2, 2023

5/33


https://doi.org/10.1371/journal.ppat.1011127.t001
https://doi.org/10.1371/journal.ppat.1011127

PLOS PATHOGENS Behavior of LF82 prophages during macrophage infection

Gally Perceval
100 000
10 000
o
£ 1000
&
35
S 100
<
10
1
N OSSR
ST AR TR R N R Oy
P »® GO R R A S N e N L3
QQQ \Q\Q o R % N )\\Q):Q’\Q\ LYY RNy \\\\%\W\W\W\W\W\W\W\W\W\W\{L\W\W\W
E. coli LF82 chromosome coordinates hromosome coordinates
Tritos Cartapus
100 000 |
10 000 -
o
£ 1000 4
=
8
- 100 A
g o .
1
PEELELELELEELLESELESOLLL OO P PPOLOTLILSELELOS LSOO
RO TSROSO TR R R R T RS R R R R RO R R R RO R RN
2B RRD DN PR SABOE Q2L RPN Do R A A N R R X RN A
BEEEREEEERE ST, EE6,6,6,8) 0, 6/ & e/ & o/ G BN AN A A ANV AR AR S
E. coli LF82 chromosome coordinates E. coli LF82 chromosome coordinates
Cyrano
100 000 -
10 000 -
a
£ 1000 -
.
35
S 100 -
<
10 -
11

Cyrano coordinates

Fig 2. Shotgun sequencing of the viral particles generated by the five LF82 prophages in an in vitro culture in rich medium.
Nucleotide coverage as a function of LF82 chromosome or Cyrano phage-plasmid coordinates obtained after the mapping of the
sequencing reads from the virome of an overnight LF82 culture. The coverages associated with the prophage regions and the bacterial
chromosome are shown in dark and light grey respectively. The average coverage linked to bacterial DNA contamination of the virome

sequencing is represented in light blue (7.6 reads/bp) for the integrated prophages.

https://doi.org/10.1371/journal.ppat.1011127.9002

indicating that this phage is highly produced from LF82 cultures (Gally coverage is clearly
above the background level, t-test, p-value = 4.3x10°®). The next most induced prophage was
Tritos (0.14% of the mapped reads, mean coverage 24.6, significantly above the background,
p-value = 1.6x10™"") and to a lesser extent Cartapus (0.03% of the mapped reads, mean cover-
age = 13.7, significantly above the background, p-value = 1.7x10°°). The activity of Perceval
could not be evaluated by this method, due to its proximity with Gally on the LF82 chromo-
some (~135 kb), combined with the”leakage” of the Gally signal over the Perceval region (see
the lateral transduction section below).

The mean coverage of the phage-plasmid Cyrano was 41.2 reads/bp (0.74% of total reads).
After determining the copy number of the Cyrano plasmid at 5.5 per LF82 bacteria (S1B Fig),
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Fig 3. PCR quantification of viral particles generated by the five LF82 prophages, in rich medium with or without antibiotic, from
in vitro LF82 culture. Phages produced from LF82 cells cultured in the presence or absence of an antibiotic, as indicated, were
quantified. Each dot corresponds to one biological replicate. Black or white dots correspond to replicates that are respectively more or
less abundant than their associated LF82 genomic DNA contamination. Only values corresponding to black dots are used to calculate
the mean (vertical line). The statistical difference (t-test) between antibiotic treated and untreated cultures is indicated by one (p-

value < 0.05), two (p-value < 0.01) or three (p-value < 0.005) asterisks.

https://doi.org/10.1371/journal.ppat.1011127.9003

we estimated the contamination associated to the plasmid at 41.8 reads/bp (5.5 x 7.6). The
mean coverage of the Cyrano phage was therefore equivalent to the estimated plasmid contam-
ination (p-value = 0.8), and did not allow to conclude whether Cyrano virions were in the
LF82 virome.

To confirm the prevalence of Gally in culture supernatants, virion genomes were quantified
by quantitative PCR (qQPCR), on twelve independent filtered culture supernatants, grown to
exponential phase in unstressed conditions. As a control, a qPCR on the ybtE gene of LF82,
coding for the yersiniabactin biosynthesis salycil-AMP ligase, allowed to estimate a mean value
of bacterial contamination for the virome preparations of 2.3x10* chromosomal copies/mL (S2
Table) and 1.3x10° Cyrano prophages/mL (5.5 x 2.3x10%). Again, a high concentration of
4.3x10® Gally genomes/mL was measured (Fig 3, no antibiotic). Knowing that the bacterial
concentration was 6.4x10® CEU/mL, the ratio of Gally virions per bacteria was around 1 in this
unstressed growth condition (S2 Table). qPCR were also performed for the other phages and
revealed concentrations two to three orders of magnitude below Gally for Tritos and Cartapus,
which produced 2.8x10° and 3.3x10° genomes/mL respectively. gPCR highlighted also a pro-
duction of Cyrano phages at 4.2x10° genomes/mL, two orders of magnitude below Gally, but
32-fold above the contamination associated with the Cyrano prophage (1.3x10%), meaning that
Cyrano virions are produced in this condition. qPCR using primers targeting Perceval DNA
detected 2.2x10° virions/mL. Due to the lateral transduction of Gally (see below), these
genomes correspond either to complete or partial Perceval DNA.

We next attempted to propagate and purify these phages as plaques on an indicator strain,
to allow their visualization by transmission electron microscopy (TEM, Fig 4). We succeeded
in the isolation and visualization of the two siphoviruses Perceval (capsid diameter (c.d.):

63.3 + 1.6 nm, tail length (t.1.): 156.8 £ 5.3 nm and tail thickness (t.t.): 11.3 £ 1.5 nm) and Tritos
(c.d:57.2£9.6 nm, tl.: 163.5 + 2.4 nm, t.t.: 11.3 + 0.4 nm). Gally did not produce any phage
plaques under all conditions tested (see Material and Methods). This phage was nevertheless
able to lysogenize a LF82 AGally host (see Material and Methods), at frequencies 1x10™* and
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Fig 4. Transmission electron microscopy photographs of the virions produced by LF82. Gally and Cyrano were
imaged directly from LF82 culture supernatants. Perceval and Tritos phages were visualized after their purification and
propagation on MAC1403 as an indicative strain. Asterisks indicate vesicles. Scale bars are 50 um long.

https://doi.org/10.1371/journal.ppat.1011127.9004

3x10™* per bacterium, for Multiplicity of Infection (MOI) 1 and 10, respectively. This suggests
the phage is infectious, but forms invisible plaques, or ‘chooses’ lysogeny at high frequency
upon infection. Moreover, two Gally-Perceval hybrids (named Galper1 and Galper2, S2 Fig)
were isolated in the course of repetitive attempts to isolate Gally plaques on MG1655 hsdR-
and LF82 AGally mutant strains (see Material and Methods). Our study of the LF82 virome

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011127  February 2, 2023 8/33


https://doi.org/10.1371/journal.ppat.1011127.g004
https://doi.org/10.1371/journal.ppat.1011127

PLOS PATHOGENS

Behavior of LF82 prophages during macrophage infection

Table 2. Prophage boundaries on E. coli LF82 chromosome.

Name Start End Size

Gally 998,954 1,037,635 38,682
Perceval 1,172,883 1,223,026 50,144

Tritos 1,583,925 1,630,284 46,360
Cartapus 2,735,987 2,769,354 33,368

https://doi.org/10.1371/journal.ppat.1011127.t002

did not highlight any reads corresponding to the first or the second recombination endpoints
of Galper1 and Galper2, meaning that these recombination events are rare (below 4x107), but
lead to the formation of active phages that can be selected and propagated on plate. Galperl
displayed capsid and tail dimensions similar to those of Perceval (c.d.: 62.1 = 2.3nm, t.1.:

159.1 £ 5.6 nm and t.t.: 12.7 + 2.1 nm, S2 Fig, panel B), and its genome contained all structural
and lysis genes from Perceval, interrupted by the replication module of Gally (S2 Fig, panel A).
The junctions consisted in short homology regions (S2 Fig, panels C and D), typical of the sub-
strates used by phage single-strand annealing proteins (SSAP) [31,32]. The rightward recombi-
nation junction was identical in Galper2, but the left one (region Rz) was slightly offset (S2 Fig,
panels C and D).

In order to visualize Gally virions, we took advantage of its abundance in LF82 culture
supernatants and its sequence homology with the HK620 and P22 podoviruses. TEM images
of an overnight LF82 culture supernatant showed a huge abundance of a podovirus (c.d.:

69.2 + 1.9 nm), that we surmised corresponded to Gally (Fig 4). To search for Cyrano virions,
we started from a LF82 culture treated with ciprofloxacin (see below) and screened for sipho-
viruses displaying a tail around 230 nm in length, by applying the 0.15 nm / amino acid ratio
between the length of the phage tail and that of its tape measure protein (Cyrano TMP is 1,525
amino acids long) [33,34]. Virions with a large head (c.d.: 76.4 + 4.0 nm) and a long flexible
tail (t.1: 259.1 + 11.9 nm, t.t.: 10.3 + 0.4 nm) were found. This virion being the only siphovirus
remaining to identify among phages produced by LF82, and having dimensions typical for
SSU5 phages, we hypothesized that it was Cyrano (Fig 4). Finally, no Cartapus-like myoviruses
were visualized by TEM, as no recipient strain for its propagation was found, and its abun-
dance was always low in the viromes.

Overall, by combining virome sequencing, qPCR quantification, phage isolation and elec-
tronic microscopy observations, we can conclude that under unstressed in vitro growth condi-
tions, the five LF82 prophages are induced and form virions (53 Table). Among them, Gally is
by far the most abundant. Of note, for three phages only (Gally, Perceval and Tritos) out of the
five, we identified sensitive hosts proving that these phages are also infectious.

Sequencing of the virome as well as the phage attachment sites (attP) allowed to character-
ize the boundaries of the four chromosome-integrated prophages (Table 2, see the Materials
and Methods section). In silico reconstruction of the bacterial attachment sites and their
inspection did not reveal ORFs restoration (>300 bp) after prophage excision, or modification
of pre-existing ORFs in the genome of the lysogenized strain, indicating that the integrated
prophages do not alter the bacterial gene content after excision. Notably however, Gally was
placed between the divergent torS (the sensor of the torS/R system, pointing leftward) and torT
(a periplasmic protein pointing rightward). This site is the target of prophage insertion in
approximately 5% of E. coli strains [35]. The presence of the HK022 prophage at this site
increases the expression of torS and consequently inhibits the expression of the torCAD operon
when cells are grown aerobically [35]. The torCAD operon codes for a trimethylamine N-
oxide (TMAO) reductase that allows the respiration of TMAO by E. coli [36].
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Important lateral transduction mediated by the pac-type phage Gally

Further analysis of sequencing reads mapping on the LF82 chromosome revealed a particular
property of phage Gally (Fig 5A). A mean coverage of the Gally prophage of ~35,000 was
observed (dark grey region, Fig 5A), corresponding to the bulk of packaged DNA. This cover-
age was not homogenous all along the prophage however, as a sharp peak was standing out,
localized within the termS gene coding for the small terminase subunit (position 1,019,224 on
LF82) and showing a gradual rightward decrease until the prophage attR attachment site (Fig
5A). Such a pattern is a signature of a headful packaging mechanism, initiated at the pac site,
localized at the left end side of the peak (Fig 5A).

Furthermore, adjacent to the rightward Gally attR, we observed, as mentioned above, a
“leakage” where read coverage was well above background, and organized in successive steps
of decreasing coverage values. The read coverage immediately downstream the attR site was
65-fold higher than the background (coverage ~500 reads/bp compared to 7.6) and was stable
over ~20 kb. Following this first reduction, the read coverage decreased about two to three-
fold every 40 kb on this side (Fig 5A). Considering that P22 packages ~103.8% of its genome
per capsid [37], Gally virions could contain ~40.1 kb of DNA, which corresponds to the
approximate length of each decreasing step in the read coverage. This profile of read coverage
was described as a consequence of a specific transduction event processed by pac-type pro-
phages, called lateral transduction that was initially described for Staphylococcus phage 800
[38], and then also reported for P22 [39].

In line with the lateral transduction process, upstream of the attL site, the read coverage
was approximately 7-fold higher than average DNA contamination (~50 reads/bp vs 7.6) and
decreased, not by step as observed downstream of the attR site, but progressively (Fig 2). This
is likely the result of the in situ bi-directional replication of prophage Gally upon induction
and before its delayed excision.

As mentioned above, Perceval is covered by the lateral transduction area of Gally (Fig 5A),
preventing the correct quantification of Perceval virions by DNA-based approaches. Cultures
of the LF82 AGally mutant in unstressed growth condition led to the production of 1.7x10°
particles containing Perceval DNA mL (Fig 5B, S2 Table), confirming that Perceval was an
active prophage. Comparison of this amount to that produced by the wild-type strain (3.7x10°
particles containing Perceval DNA mL in this experiment, Fig 5B, S2 Table) indicated that
approximately half of the particles containing Perceval DNA were the result of lateral trans-
duction initiated by Gally in the wild-type LF82 strain (t-test, p-value = 6.5x10°*), assuming a
similar induction rate of Perceval in wild-type and AGally strains. Perceval is therefore the
least produced virion by LF82 in this unstressed condition.

At least two of the five prophages are induced by ciprofloxacin and
trimethoprim

We next investigated whether some antibiotics could induce LF82 prophages beyond their
spontaneous level. Genotoxic stresses are known to induce the lytic cycle of many phages via
the RecA activation and the cleavage of the lysogeny master regulator. We therefore tested
antibiotics which activate RecA (and the downstream SOS response) to various extents: (i) cip-
rofloxacin that inhibits DNA gyrase and topoisomerase IV activities leading to replication fork
stalling, (ii) trimethoprim which prevents synthesis of tetrahydrofolate leading subsequently to
DNA damages and (iii) cefotaxim, a beta-lactam antibiotics inhibiting primarily the peptido-
glycan synthesis but also inducing the SOS response via inhibition of the replication [40,41].
We also tested gentamycin, an aminoglycoside that does not induce the SOS response, which
we used to eliminate non-invading bacteria upon macrophage infection. The minimal
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https://doi.org/10.1371/journal.ppat.1011127.9005
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inhibitory concentrations (MICs) for these antibiotics were first determined in E. coli LF82
(see Material and Methods). Then, antibiotics were added at concentrations corresponding to
the MIC in exponentially growing cultures, and supernatants were harvested two hours later,
filtered and virions were quantified by gPCR. Gally and Cyrano were strongly induced by cip-
rofloxacin, 18 and 39-fold respectively (Fig 3). We cannot conclude whether ciprofloxacin also
induced Perceval, as the 8-fold increase in Perceval copy number was probably a consequence
of the lateral transfer activity of Gally. Trimethoprim had a mild induction effect on Gally and
Cyrano (3-fold), and decreased slightly (3.4-fold) the production of Tritos. Finally, cefotaxime
and gentamycin did not have any effect on the induction level of the five prophages. We con-
clude that a genotoxic stress similar to the one provoked by a 2 hours ciprofloxacin-exposure
at the MIC strongly induces part of the LF82 phageome.

LF82 survival in macrophages is not affected by the presence of the Gally
prophage

Gally is the most produced virion after ciprofloxacin treatment. This suggests that Gally is the
main cause of LF82 lethality after genotoxic stress. We tested this hypothesis by comparing the
survival of wild-type and AGally strains after exposure to ciprofloxacin at the MIC in rich
medium. A typical phage induction-dependent cell lysis was observed for wild-type bacteria
between 50 and 80 minutes after ciprofloxacin addition (Fig 6A). In contrast, during this
period, the ODg;, of the AGally culture remained stable. After 80 minutes, both cultures
behaved similarly with a slight and steady decrease in OD over time. Thus, the lysis of wild-
type bacteria after ciprofloxacin-mediated genotoxic stress is indeed primarily due to Gally
induction. This in vitro observation raised the question of a putative negative effect of Gally on
the survival of LF82 inside macrophages, an environment that provokes genotoxic stress to
LF82 highlighted by the SOS response level [25,27]. To test this hypothesis, we compared the
survival of the two strains upon macrophage infection (Fig 6B and 6C): survival was not signif-
icantly increased with the mutant compared to the wild-type strain, neither at 6 hours nor at
24 hours post-infection, showing that the macrophage survival of LF82 is not diminished by
the presence of the Gally prophage.

Gally transcription is partial in macrophages

The absence of any negative effect of Gally on the survival of LF82 in macrophages strongly
suggested that Gally particles were not produced in this genotoxic environment, in contrast to
the in vitro ciprofloxacin treatment. We therefore investigated more precisely the fate of Gally
upon macrophage infection.

Using our previously published transcriptomic analysis [27], the transcription profiles of
the Gally prophage in LF82 bacteria internalized in macrophages (6 hours post-infection) or
cultured in vitro in LB to stationary phase were compared (Fig 7, S4 Table). The LB profile
revealed high levels of the C2 repressor transcript (functional homolog of the Lambda CI).
Within macrophages, the Gally region exhibited a clearly different pattern: first, the five right-
most genes of the prophage, including the genes coding for the putative Mnt repressor and a
tail spike, were highly induced (6 to 40-fold, S4 Table). In addition, on 13 genes in the leftward
region of the prophage (from gene c2 down to the last gene before xis), 9 were statistically over-
expressed (2 to 11-fold above their in vitro level), in particular the recombination module
(recT gene, 3.6-fold, g-value = 3x107). In the leftward region up to the antiterminator Q gene,
some genes were upregulated (replication initiation O gene, 2-fold, q-value = 7.6x107), while
downstream of Q, several key structural genes, including terL and portal as well as two genes
coding for DNA injection proteins, were statistically repressed 2 to 7-fold (Fig 7, S4 Table).
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https://doi.org/10.1371/journal.ppat.1011127.9g006

Finally, antisense transcripts were also observed specifically in macrophages, especially in the
region starting at Q, and covering up to the roi gene (Fig 7). This suggests that a macrophage-

dependent regulation takes place at the level of Q.
Among the five transcriptional regulators encoded by Gally, the mnt repressor gene was

upregulated 40-fold (q-value = 2.5x10™"”) in macrophages, c2 and cI were upregulated 3 and
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https://doi.org/10.1371/journal.ppat.1011127.g007

16-fold respectively, and roi and rha were unaffected. Since the mnt repressor gene was the
most highly and specifically overexpressed within Gally in macrophage, we tested whether it
was involved in the repression of the Gally lytic cycle in this environment. The Amnt strain
survived as well as the LF82 wild-type strain after 1, 6 or 24 hours post-infection in macro-
phages (t-test, p-values>0.5, S3 Fig), suggesting that Mnt is not involved in this regulation of
the phage cycle.

Gally induction is blocked in macrophages

To further explore the possibility of a partial repression of the Gally lytic cycle in macrophages,
we attempted to quantify Gally particles in this environment. First, a spike-in experiment of a
macrophage lysate with Gally particles at high concentration (10%/mL) showed that they were
rapidly degraded (20-fold decrease upon 12 hours incubation at 4°C). Next, a 6 hours LF82
infection experiment was conducted as usual, and macrophage were lysed. Part of the lysate
was used directly for bacterial counts (S2 Table), and the rest was kept 12 hours at 4°C before
qPCR processing. Taking into account the instability factor and the bacterial DNA contamina-
tion of the samples, Gally was quantified at 1.4x10° particles/mL of macrophage lysate (52
Table). Under these conditions, a phage/bacterium ratio of 6.3x10"" was estimated, which is
similar to the in vitro ratio for an unstressed culture (7.2x10"), but 65-fold less than the cipro-
floxacin treated cultures (Fig 8A).

Cyrano is also induced in the presence of genotoxic stress, its behavior in macrophages was
therefore investigated. Cyrano particles were not detected above background levels (S2 Table).
Given that these phage particles are not detectable after macrophage infection, we estimate
that the maximum phages per bacteria ratio for Cyrano in macrophages is also equivalent to
the one obtained in an in vitro Lennox condition (Fig 8A), showing that, as for Gally, the
Cyrano lytic cycle seems to be repressed in macrophages.

To determine whether a change in Gally induction frequency contributes to these net shifts,
we constructed a LF82 strain in which the gene coding the major capsid protein (MCP) of
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Fig 8. Gally and Cyrano are not induced in LF82 upon macrophage infection. A. Comparison of phages/bacteria
ratios obtained for Gally and Cyrano, after cultures in vitro in Lennox and Lennox + ciprofloxacin (MIC), and at 6
hours P.I. in macrophages. Black or white dots correspond to replicates that are respectively more or less abundant in
phages than their associated LF82 genomic DNA contamination. Only values corresponding to black dots are used to
calculate the means (vertical lines). Statistical differences (Mann-Whitney test) between ciprofloxacin-treated (Lennox
+cip) or macrophage infection (Macrophages 6H P.1.), and untreated cultures (Lennox) is indicated by two (p-

value < 0.01) or three (p-value < 0.005) asterisks. B. Gally phage induction was followed by the MCP-GFP fusion
production in in vitro ciprofloxacin-treated LF82 cultures. Snapshots of LF82 bacteria (strain MAC2606) 60 minutes
after ciprofloxacin treatment (+cip) or of untreated cells (-cip) are shown. Scale bars correspond to 5 pm. C. Confocal
imaging of THP-1 macrophages at 6 hours P.I. with the LF82-pPrpsm-mCherry (OEC2425) (left panel) or
LF82-pPrpsm-mCherry Gally mcp-GFP (OEC2481) (right panel). White framed areas correspond to zooms of the
white dashed framed parts. Scale bars indicate 5 or 20 pm, as indicated.

https://doi.org/10.1371/journal.ppat.1011127.9008
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Gally is fused to the GFP. To validate the use of this fusion as an induction marker, we fol-
lowed the fate of LF82 Gally-mcp-GFP (MAC2606 strain) plated on minimal medium supple-
mented with ciprofloxacin at the MIC in agar pads deposited on slides (S4 Fig). Four
categories of cells were identified: (1) non-fluorescent cells that were intact or (2) lysed over
time, (3) MCP-GFP-expressing cells, identified as homogeneously fluorescent cells or cells
with fluorescent foci, intact or (4) lysed. Intact MCP-GFP-expressing cells were observed as
early as 60 minutes of exposure, with a maximum amount (16% of the 189 cells analyzed) after
90 minutes. Fluorescent cells began to lyse approximately 20 min later (S4 Fig panel B). After
160 min, 36% of the observed cells have expressed the MCP-GFP fusion during incubation,
and 96% of them have lysed (S4 Fig panel C). Cells not expressing MCP-GFP also lysed over
time, but later than fluorescent cells and in a lower proportion (31.5%). We conclude that the
induction of the Gally MCP-GFP in the presence of ciprofloxacin is a good marker for the
induction of its lytic cycle, even if this fusion did not allow the formation of Gally virions (as
verified by qPCR).

We next estimated the induction frequency of Gally in rich medium (Fig 8B). A population
of 1-hour ciprofloxacin treated cells, i.e. the time point just before the massive ciprofloxacin-
dependent lysis observed in Fig 6A, produced 44% of intact or recently lysed bacteria with
fluorescent dots (616 fluorescently labelled cells on 1,387 observed). In the absence of drug, the
frequency of spontaneous Gally induction was 0.37% (20 fluorescently labelled cells on 5,337
observed, Fig 8B).

Finally, Gally induction in macrophages was investigated. None of the imaged LF82 mcp-
GFP bacteria displayed fluorescent dots, and only one lysis event was detected over a total of
2,232 observed bacteria (Fig 8C, 6 hours post-infection, S5 and S6 Figs for 40 min and 24
hours post-infection respectively). We conclude that Gally induction frequency is approxi-
mately 0.04% in LF82 infecting macrophages, around 10-fold lower than in vitro unstressed
growth conditions.

The Gally lytic cycle is blocked at the excision/replication stage in macrophages

To investigate more precisely at which stage of its lytic cycle Gally was blocked upon growth in
macrophages, we sought to quantify its excision and replication. For this, primers were
designed to detect the Gally attL (marker for bi-directional in situ replication of the prophage
within the bacterial chromosome), attB (formed after excision of the prophage from the bacte-
rial chromosome) and attP (reconstituted after circularization of the phage-excised genome,
and amplified by the replication of the circularized form of the genome) sites. Quantity of PCR
products obtained were compared to that of the bacterial ybtE gene used as reference. The
DNA templates used were extracted from (i) macrophages infected with LF82 bacteria during
6 hours, (ii) in vitro cultures in Lennox (control of Gally spontaneous induction) and (iii) in
vitro cultures treated for 1 hour with MIC of ciprofloxacin (DNA extracted just before the
Gally-dependent lysis, control of Gally induction, Fig 6A). The sequences surrounding the
attL, attB, and attP sites did not allow us to design primers suitable for qPCR analysis, so we
performed semi-quantitative analysis by standard PCR. As expected, in situ replication (attL),
excision (attB), and replication post-circularization (attP) of Gally were more frequent in LF82
cultures treated with ciprofloxacin than in untreated cultures (S7 Fig). Interestingly, bacterial
DNA extracted from macrophages showed lower levels of excision and replication post-circu-
larization than those quantified in untreated cultures. In contrast, in situ replication appeared
to take place in macrophage, as the attL/ybtE ratio was equivalent to the one observed in
unstressed in vitro growth conditions. These results strongly suggest that the Gally lytic cycle is
repressed at the excision stage upon macrophage infection.
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Discussion

The five predicted prophages of strain LF82 were spontaneously produced in exponential
growth phase under unstressed culture conditions. However, based on our quantification of
free virions (unadsorbed at the bacterial surface), a clear gradation was observed: Gally, a
P22-like podophage had the highest level of virions production (ratio of ~1 virion/bacterium),
Cyrano and Tritos, a SSU5-like and a Lambda-like phage respectively, produced some 100 to
150-fold less free virions than Gally. Finally, spontaneous production levels were the lowest
(1,300 to 2,500-fold lower than Gally) for Cartapus and Perceval (estimated from the AGally
mutant for the latter), a P2 and a Lambda-like phage respectively.

The high abundance of Gally virions in the supernatant of LF82 bacteria grown exponen-
tially is unusual but not so exceptional. For instance, prophage BTP1 from Salmonella typhi-
murium ST313, that shares homology with P22 and HK620, is also highly spontaneously
induced in vitro, giving rise to 10° virions/mL of a stationary phase culture of its host strain
[42]. This high production of virions is however not a hallmark of P22-like viruses since P22
itself is ~10,000-fold less produced than BTP1 Salmonella enterica serovar Typhimurium LT2
[42]. Our estimation of the spontaneous induction of Gally in vitro (0.37%) is also similar to
the one calculated for BTP1 (~0.2%, [42]). As Gally, BTP1 is induced by a genotoxic agent that
promotes SOS response [42]. However, unlike BTP1 [42], Gally virions were not able to form
visible plaques on their Gally-deleted host in our test conditions, but they could lysogenize it.

A transcriptome analysis allowed to uncover systematically the morons encoded by these
prophages. We demonstrate the presence of 29 moron genes, with nearly half of them being of
unknown or poorly characterized function. Clearly, efforts should be placed in the future to
better understand the biological function of phage moron genes in natural environments.
Interestingly, the Gally prophage may be frequently present in E. coli strains associated to
Crohn disease patients [23], but it does not carry any moron genes in its genome.

The elevated production of Gally virions allowed to highlight its lateral transduction activ-
ity. Lateral transduction was first described for prophages of Staphylococcus aureus [38], and
then identified as well for the phage P22 [43] and phages from Enterococcus faecalis VE14089
[44]. Whether this lateral transduction contributes to the expansion of E. coli strains adapted
to survival in dysbiotic microbiota is unknown at present. We searched for virulence or adap-
tation genes in the transduced regions, and found none, except those present within the Perce-
val prophage. Indeed, we estimated that half of particles containing Perceval DNA were
probably Gally transducing particles. Prophage evolution might therefore depend in part on
this lateral transduction process, whereby a region of a Lambda-like prophage could be
exchanged for Gally-transduced Perceval genes. Perceval encodes an operon of morons with a
function relevant for different human environments, the SitABCD transporter. It might help
LF82 bacteria to scavenge metal ions (iron or manganese) during macrophage infection. We
also noted that LF82 grown on the DMEM medium used for macrophage propagation induced
expression of additional Perceval morons such as the EmrE multidrug exporter and the Bor
lipoprotein, which might be beneficial as well for the intra-vacuolar life-style of LF82. But what
Gally’s lateral transduction actually brings to its LF82 host remains unknown at this time.

Bodner et al. demonstrated recently that a K12 Lambda lysogen has some 30-fold increased
levels of prophage induction inside macrophages compared to the in vitro induction observed
on an agar pad [16]. We show here that this is not the case for the AIEC E. coli LF82, at least
for its most active prophage in vitro, Gally, whose particles are barely detected in macrophages,
whereas they abound in vitro in the presence of ciprofloxacin. Interestingly, Lambda induction
inside macrophages was reported to depend on phoP gene expression [16]. Even if PhoP was a
general prophage induction pathway in macrophages, the phoP gene is transcribed in
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phagocytosed LE82 bacteria (see S4 Table), excluding that the Gally defect could be due to a
lack of PhoP. It is more likely due to the marked repression of its lytic cycle in macrophages,
since it is around 10-fold less induced than in unstressed in vitro conditions, as estimated by
quantification of cells expressing MCP-GFP. At what stage exactly this cycle is blocked is
unknown at present. Transcriptomic data suggest that a dedicated control prevented the tran-
scription of genes needed for phage DNA packaging. We also noticed that genes encoding
Gally integrase and excisionase were not overexpressed in macrophages, unlike many of the
genes to the left of ¢2 (54 Table). This latter observation could explain the decrease in excision
events and replication of the circular form of the phage in macrophages compared to
unstressed growth in vitro. In contrast, the in situ replication of the prophage in the bacterial
chromosome is quite similar in both conditions. Moreover, the overexpression of cI (homolo-
gous to Lambda cII) in macrophages strongly suggests its implication in the “super lysogeny”
of Gally in this environment, possibly by activating the Q antisense transcript (Fig 7).

Our study reveals that LF82 has evolved in order to control the lytic cycle of Gally inside
macrophage, a prophage that is highly produced in other genotoxic growth conditions, rather
than deleting it. Despite the fact that Gally prophage is apparently conserved in E. coli genomes
associated to Crohn’s disease [23], its deletion did not affect the survival of LF82 inside macro-
phages, indicating that Gally has no role in this cellular environment. This is in contrast to the
¢10403S prophage of Listeria monocytogenes 10403S, which performs active lysogeny. This
mechanism blocks the lytic cycle of the phage after the excision of its genome and is required
for the survival and multiplication of bacteria within macrophages [45]. However, it is possible
that Gally provides some benefits to its host in other environments. Indeed, the Gally prophage
is inserted between the forT and torS genes involved in the regulation of the torCAD operon
coding for TMAO reductase [36]. Prophage integration at this site is known to affect the regu-
lation of torS and consequently of the torCAD operon [35]. We found a putative promoter in
Gally, positioned at a place similar to the one characterized at the left boundary of the pro-
phage HK022, which regulates the expression of torS in E. coli MG1655 [35]. This suggests that
Gally, as HK022, modulates the expression of the torCAD operon. However, the transcription
profile of the Gally prophage neighboring genes, torS and torT, was not affected upon macro-
phage infection with LF82 (54 Table), in line with the observed low excision of Gally prophage
in this environment. The lack of a role in macrophages does not exclude a role of Gally in a dif-
ferent setting, such as in the gut lumen or in external environments where TMAO is also avail-
able. TMAO respiration is performed by E. coli under anaerobic and aerobic conditions [46].
In the latter case, only part of the bacterial population expresses torCAD, leading to the pro-
posal that TMAOQ respiration under aerobic conditions may facilitate bacterial adaptation to
anaerobic conditions [47]. The insertion of HK022, and most likely Gally in LF82, between
torT and torS represses torCAD expression under aerobic conditions, and thus should inhibit
this adaptive advantage [35]. In this latter study, the authors proposed that the phage-depen-
dent repression of torCAD could increase the growth rate of the bacterial host in the presence
of oxygen and TMAO, and thus the dissemination of the phage, most probably outside the gut.
Remarkably, the HK022 prophage does not inhibit torCAD induction under anaerobic growth
conditions [35], indicating that phage insertion at this site should not affect the physiology and
competitiveness of a lysogenic strain in the gut. Thus, Gally could increase, when not induced,
the competitiveness of LF82 under certain aerobic growth conditions. The subpopulation sac-
rificed by the prophage induction would allow the dispersion of LF82 genes by lateral trans-
duction to recipient strains, yet to be identified. Clearly, the intricate details of the “symbiosis”
between a temperate phage and its host have novel shades that we just start uncovering.
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Material and methods
Bacterial strains

Table 3 lists the bacterial strains, and Table 4 the oligonucleotides used in this study. Unless
otherwise stated, cultures were propagated in LB Lennox broth (5 g/L NaCl instead of 10 in
regular LB), at 37°C under agitation.

The LF82 AGally strain (MAC2225) was obtained by curation of the prophage using cipro-
floxacin. For this, a culture of exponentially growing LF82 in LB at 37°C (ODsg = 0.2) was
diluted ten-fold and treated with 2 pg/mL ciprofloxacin during 30 minutes. Cells were washed
with LB and plated on LB agar plates. After incubation at 37°C, individual colonies were
screened by PCR for the absence of the Gally prophage using primers JC206 and JC207 that
hybridize downstream and upstream the prophage on the bacterial chromosome. Integrity of
the attB region remaining upon excision was verified by sequencing the PCR fragment
generated.

Strain MAC2459 (Abla Gally-mcp-GFP, KanR) was obtained by integration in MAC2218 of
a mEGFP-KanR cassette at the 3’ end of the mcp gene of the Gally prophage, by recombineer-
ing [48]. In a prior step, to place mEGFP next to a kanamycin resistant gene, mEGFP was
amplified with OFL311 and OFL312 from pKD3 pR:mEGFP (I. Matic, plasmid collection) and
cloned into a Clal/BmgBI double digested pKD4 [48]. The resulting plasmid, pFL111, was
then used to generate the PCR substrate for MAC2459 construction, with oligonucleotides
OFL321 and OFL322. The KanR cassette was then deleted from MAC2459 via a Flp-FRT
recombination, using the pCP20 plasmid [49], giving strain MAC2606.

Strain MAC2774 (LF82 Abla Amnt::kanR) or MAC2222 (LF82 ArecT-gam-abcl::kanR)
were obtained by integration in MAC2218 or MAC2204, via recombineering, of the KanR cas-
sette of the pKD4 plasmid amplified with OFL383/OFL384 or OPM5/OPM6 respectively.

Strain OEC2481 was obtained by transformation of the MAC2606 with plasmid pPrpsm-
mCherry that expresses mCherry constitutively [27].

Prophage detection and annotation

Prophage region predictions on the E. coli LF82 genome (NC_011993, [22]) were initiated
with PHASTER (http://phaster.ca [52]). Regions containing phage genes from replication,

Table 3. Strains used in this study.

Strain Genetic background Origin
MAC2204 E. coli LF82 NC_011993, [22]
MAC2218 E. coli LF82 Abla [26]

MAC2225 E. coli LF82 AGally This study
MAC2459 E. coli LF82 Abla Gally-mcp-GFP, KanR This study
MAC2222 E. coli LF82 Gally ArecT-gam-abcl::KanR This study
MAC2606 E. coli LF82 Abla Gally-mcp-GFP This study
OEC2481 E. coli LF82 Abla Gally-mcp-GFP, pPrpsm-mCherry This study
OEC2425 E. coli LF82 Abla pPrpsm-mCherry [27]

MAC1403 E. coli MG1655 hsdr:KanR [2]

MAC2266 E. coli C+ ATCC8739
MAC2294 E. coli TD2158-PL4 (phage-free, susceptible to HK620 phage) [50]

MAC2310 E. coli UGB 2668 (MG1655 wbbl+) Pasteur Institute
MAC2267 E. coli DH10B [51]

MAC2774 E. coli LF82 Abla Gally Amnt: