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Summary

Environmental monitoring of bacteria using phage-
based biosensors has been widely developed for many
different species. However, there are only a few avail-
able methods to detect specific bacteriophages in raw
environmental samples. In this work, we developed a
simple and efficient assay to rapidly monitor the phage
content of a given sample. The assay is based on the
bistable expression of the Salmonella enterica opvAB
operon. Under regular growth conditions, opvAB is
only expressed by a small fraction of the bacterial sub-
population. In the OpvAB®N subpopulation, synthesis
of the OpvA and OpvB products shortens the O-
antigen and confers resistance to phages that use LPS
as a receptor. As a consequence, the OpvAB®N sub-
population is selected in the presence of such phages.
Using an opvAB::gfp fusion, we could monitor LPS-
binding phages in various media, including raw water
samples. To enlarge our phage-biosensor panoply, we
also developed biosensors able to detect LPS, as well
as protein-binding coliphages. Moreover, the combina-
tion of these tools allowed to identify the bacterial
receptor triggering phage infection. The epigenetic
opvAB::gfp biosensor thus comes in different flavours
to detect a wide range of bacteriophages and identify
the type of receptor they recognize.

Introduction

Bacteriophages, the viruses that infect bacteria, are ubig-
uitous on Earth, very abundant and highly diverse
(Wommack and Colwell, 2000; Roux et al., 2015; Beller
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and Matthijnssens, 2019; Lawrence et al., 2019). They
participate in the daily turnover of bacterial communities
and are hypothesized to be major drivers of carbon
recycling (Jover et al., 2014). Their abundance and diver-
sity have long been acknowledged in the oceans and
more recently associated to numerous microbiomes as a
major part of the viromes (Abeles and Pride, 2014; Allen
and Abedon, 2014; Hurwitz et al., 2014; Roux
et al., 2015). Bacteriophages are considered a vast reser-
voir of genes and a major vector for horizontal gene
transfer that allows the emergence of new biological func-
tions (Rinke et al., 2013; Hatfull, 2015). Furthermore,
phages have been at the origin of many discoveries and
concepts in molecular biology (Rohwer and Segall, 2015;
Salmond and Fineran, 2015; Ofir and Sorek, 2018).

Among the applications resulting from a century of
phage research, phage therapy stands out by receiving
more and more attention nowadays. Although
experimented since the 1920s by F. d’'Hérelle and subse-
quently abandoned in Western countries following the
development of antibiotherapies (Peitzman, 1969), phage
therapy has a long continuous history and usage in East-
ern Europe (Chanishvili, 2016). Undoubtfully, the major
threat to public health represented by antibiotic resis-
tance constitutes a breeding ground for modern phage
therapy (Abedon et al., 2017; Rohde et al., 2018; Djebara
et al., 2019). Subsequently, many academic groups and
biotech companies are hunting for more phage resources
in diverse environments, thus highlighting the need for
novel detection and quantification methods. Another pop-
ular application is the use of bacteriophages to specifi-
cally detect bacteria in environmental samples for
diagnosis purposes of pathogens (Farooq et al., 2018).
Examples of such biosensors able to detect
enterobacteria using different readouts such as fluores-
cence or luminescence have been described recently
(Vinay et al., 2015; Franche et al., 2016).

A key aspect of bacteriophage infection, which is rele-
vant for characterization as well as detection, is the
receptor-binding step. Phages recognize a variety of
receptors located at the surface of bacteria including lipo-
polysaccharide (LPS), outer membrane proteins, pili and
flagella (Rakhuba et al., 2010; Bertozzi Silva et al., 2016;
Letarov and Kulikov, 2017). Extracellular appendages
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are used by bacteriophages to specifically recognize their
target cells and irreversible binding to the appropriate
surface receptor triggers genome ejection from the cap-
sid and injection in the host cytoplasm (Andres
et al., 2010; Hu et al., 2015; Arnaud et al., 2017; Wang
et al., 2019). Thus, bacteriophage binding to receptors
constitutes the primary and mandatory step to a success-
ful infection. Highlighting this importance, many studies
aim at characterizing these interactions at the molecular
level to understand and predict the host-range and speci-
ficity of bacteriophages.

In enterobacteria, the LPS plays an important role in
host recognition by phages that belong to two major cate-
gories: (i) phages that use LPS as a receptor and genome
ejection trigger (e.g., Salmonella P22) and (ii) phages that
bind loosely to LPS and then need an outer membrane
protein for genome injection (e.g., Escherichia coli T5).
For both categories, different types of modification of the
O-antigen can affect recognition such as the length or the
glycan composition of the O-antigen (Davies et al., 2013;
Cota et al.,, 2015; Wahl et al., 2019). The Salmonella
enterica opvAB operon encodes two inner membrane pro-
teins that shorten the O-antigen chain length. Transcription
of opvAB undergoes phase variation under the control of
Dam methylation and OxyR (Cota et al., 2012). Phase-
variable synthesis of OpvA and OpvB proteins results in
bacterial subpopulation mixtures of standard (OpvABC™)
and shorter (OpvAB®Y) O-antigen chains in the LPS
exposed at the cell surface. The dramatic change in LPS
structure caused by opvAB expression renders S. enterica
resistant to bacteriophages that recognize and need the
O-antigen for successful infection such as 9NA, Det7 and
P22 (Walter et al., 2008; Casjens et al., 2014; Cota
et al., 2015). As a result, in the presence of these bacterio-
phages, the OvaBON subpopulation is enriched, which
can be monitored using an opvAB:gfp fusion (Cota
et al., 2015). This property was used in the present study
to design an epigenetic, highly sensitive bacteriophage
biosensor, allowing the detection of tiny amounts of
phages and the identification of the bacterial receptor they
use. We describe two different biosensor versions able to
detect phages using either the LPS or the FhuA protein as
a receptor. Additional variants of this biosensor could be
engineered depending on the type of phage one would
like to detect and quantify.

Results

Proof of concept using characterized S. enterica
bacteriophages

Based on the results published by Cota and collaborators
(Cota et al., 2015), we foresaw that the opvAB operon, a
bacterial locus under epigenetic control, could be used as
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a bacteriophage biosensor. Indeed, the OpvAB®™ sub-

population was shown to be killed by bacteriophages that
belonged to different families and used LPS as receptor
for infection, leading to enrichment of the OpvAB°N sub-
population. This population is insensitive to such infections
due to the shortening of its LPS by the opvAB gene prod-
ucts (Cota et al., 2015). Thus, if an opvAB::gfp fusion was
used, enrichment of OpvAB®N cells could be detected by
increased fluorescence intensity (Cota et al., 2015). To
start with, we compared the efficiency of two different
methods of fluorescence detection, flow cytometry and
plate reader monitoring, to detect three different bacterio-
phages known to use LPS for infection. As shown in
Fig. 1A, flow cytometry turned out to be not only very sen-
sitive but also descriptive of the bacterial population het-
erogeneity. In contrast, fluorescence detection using a
plate reader only provided a rough assessment of the pop-
ulation structure (Fig. 1B). On the other hand, fluores-
cence detection using a plate reader does not necessitate
a high-cost machine such as a flow cytometer and has the
advantage of giving a measure according to the ODgqq Of
the culture. Our standard protocol for phage detection by
flow cytometry includes 8 h of incubation to ensure that
phages kill the vast majority of OpvAB®™cells. Such cells
are the predominant type in the initial population and are
steadily generated during growth as a consequence of bis-
table expression of the opvAB operon, thus leading to
both the enrichment of the OpvAB®N population and
amplification of the number of virions. However, thanks to
the sensitivity of this technique and because fluorescence
increases as a function of time, measurements can be
done earlier than 8 h. As depicted in Fig. 1C, incubation
for 1 or 2 h after dilution into fresh medium in the presence
of P22_H5 led to 2.6% and 11.3% of positive cells respec-
tively. Since flow cytometry is highly reproducible, these
levels are sufficient to discriminate an OpvAB®N subpopu-
lation from the background level of cells that passed the
fluorescence threshold in the absence of phage (0.2%)
(Fig. 1C). The OpvAB biosensor mutated on the GATC
sites (SV8578) was also able to detect wild-type P22, a
temperate phage (Fig. S2). As expected, the fact that only
a fraction of the bacterial population was lysed, probably
due to lysogenization, slowed down fluorescence
increase. Detection of temperate phages may thus require
longer incubation times. These experiments thus validated
the proof-of-concept of a fluorescent biosensor for the
detection of LPS-using bacteriophages based on a modi-
fied opvAB operon.

Detection of uncharacterized S. enterica bacteriophages

To go further with the phage detection tool, we decided to
isolate and purify S. enterica-infecting bacteriophages and
test whether they could be detected without previous
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characterization of the phage receptor. Indeed, a phage
that would need a functional and extended LPS should kill
the OpvAB®™ subpopulation as the known phages did. In
contrast, a phage that would not need (or that could

bypass) LPS to infect should not discriminate the two sub-
populations. Various phages were enriched, isolated and
partially characterized from different environments in the
Seville area as described in Experimental procedures
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section. Without going deeper into the characterization of
those phages, the plaque morphologies (not shown), and
even more the images obtained after negative staining by
TEM indicated that the six isolated phages were all different
(Fig. 2A). This was further confirmed by the sequence
determination of the six phage genomes (D. R. Olivenza
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et al., in preparation). Detection of the phages was assayed
by flow cytometry using the opvAB::gfp fusion. Interest-
ingly, all six were perfectly detected 8 h post-infection with
more than 60% of the cells in the ON state (Fig. 2B). This
proportion reached up to 90% for three individual phages
(Se_F1, Se_F6 and Se_AO). In contrast, Se_F3 and

Fig 2. Detection of new bacteriophages.
A. Negative staining of bacteriophages
visualized by electron microscopy.

B. GFP fluorescence distribution in
strain SV6727 (opvAB::gfp) before
(t = 0) and after growth in LB containing
new purified bacteriophages (Se_F1,
Se_F2, Se_F3, Se_F6, Se_ML and
Se_AO) after 8 h. Data are represented
by a dot plot [side scatter versus fluo-
rescence intensity (ON subpopulation
size)]. The percentage of ON cells in
each sample is indicated. All data were
collected for 100,000 events per sam-
ple. [Color figure can be viewed at
wileyonlinelibrary.com]
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Se_ML killed the OpvAB®F" subpopulation only partially. A
conclusion from these experiments was that the opvAB::
gfp fusion provides an efficient tool to detect unknown
LPS-dependent bacteriophages of S. enterica. The varia-
tions observed between the different flow cytometry profiles
could be due to different phage-specific usage of the LPS
as receptor or to partial resistance of the OFF subpopula-
tion that could reduce OpvAB®N subpopulation enrichment.
An especially appealing objective of the present tool
was to use the opvAB::gfp fusion to detect bacterio-
phages in crude samples. Crude water samples collected
in the Seville area were assayed for the presence of
phages in the presence of the biosensor strain for 10 h
before analysing the resulting populations by flow cyto-
metry. Among the four samples tested, three (EM1, EM2
and EMB) displayed a significant increase in GFP activity,
indicating that these samples contained indeed bacterio-
phages that depend on LPS for infection (Fig. 3). The
presence of LPS-depending phages in the samples was
confirmed by plaque assay after enrichment (Fig. S1).
One sample (AO) did not appear to contain phages able
to infect S. enterica. Taken together, these results prove
that our opvAB-based fluorescent biosensor can effi-
ciently detect the presence of LPS-depending bacterio-
phages in environmental samples without any
preprocessing other than incubation with the biosensor.

Sensitivity and optimization of the detection tool

To challenge the limits of the phage detection tool, 9NA
was used (Fig. 1). We first determined the detection limit
in a fluorescence plate reader by using serial dilutions of
9NA. As shown in Fig. 4A, only the most diluted sample,
equalling to 10 PFU/ml, corresponding to a MOI of
~1 x 107% PFU/cell, could not be distinguished from the
control experiment with no phage. Therefore, using a
fluorescence plate reader, as little as 100 PFU/ml could
be detected. Interestingly, the curves obtained in the
presence of sufficient amounts of phage (at least 10?
PFU/mI) showed a peculiar profile. In the first 5 h, the
global tendency was an increase of the whole population
(OpvAB®N and OpvAB©FF), followed by a rapid decrease
(Fig. 4A, inset). Five hours post-infection, the bacterial
growth resumed more or less rapidly depending on the
amount of phage initially present in the culture. As
expected, the fluorescence intensity correlated with
growth only in samples infected with 9NA (=100 PFU/ml)
(Fig. 4A), indicating that only the ON subpopulation grew
under these conditions. This was confirmed by the fact
that the highest fluorescence intensity was reached in the
presence of the highest amount of phage, which killed
the OpvAB®FF subpopulation more efficiently. As
expected, in the absence of phage (or in the presence of
a low number of phages), bacterial growth did not

correlate with fluorescence increase, indicating that the
OpvAB®™F population mainly accounts for bacterial
growth. Based on this experiment, we tentatively con-
cluded that strong, dose-dependent fluorescence inten-
sity was reached 10 h post infection (Fig. 4A, inset). In
order to test those parameters using flow cytometry, the
same serial dilutions of phages were applied for 10 h and
enrichment of the OpvAB®N subpopulation was moni-
tored. In contrast with the plate reader experiment, all the
phage concentrations tested above 1 PFU/ml were able
to enrich the ON subpopulation (Fig. 4B). Moreover, a lin-
ear correlation was observed between the phage concen-
tration and the OpvAB®N subpopulation size up to 102
PFU/mI, which could be used as a calibration curve to
determine the phage concentration in a given sample.
Hence, the phage biosensor appears to be highly sensi-
tive and can detect as little as 10 PFU/m.

Our next objective was to improve the detection limits
of our biosensor. As we noticed that killing of the
OpvAB®™F subpopulation (and thus selection of the
OpvAB®N subpopulation) was more efficient in the pres-
ence of a high number of 9NA PFU (Fig. 4A), we aimed
at improving the method by adding less cells to increase
the ratio phage/biosensor. Indeed, dilution of the cells
lowered the number of phages that could be detected
(Fig. 5A). It is remarkable that for the smallest dilution of
the overnight culture the concentration of phages
detected using a microplate reader was around 4 x 10°
PFU/ml, whereas as little as 4 PFU/ml were detected
using a higher dilution of the biosensor (equivalent to
8.8 x 10* cells/ml, corresponding to about 17,600 ON
cells), thus increasing 5-log the detection limit while the
number of cells decreased 3-log only.

Another improvement originated from earlier work
showing that the OpvAB®N subpopulation size increased
when specific GATC sites present in the promoter region
were mutated (Cota et al., 2012; Cota et al., 2015).
Indeed, when the mut1,2GATC opvAB::gfp construct
was used as a biosensor for phage 9NA, the fluores-
cence increased faster than with the construct bearing
the wild-type promoter and reached a plateau in about
10 h (Fig. 5B, inset). Interestingly, the largest difference
was observed around 7 h post-infection.

We then combined both improvements (low cell density
and mutations in GATC sites) to reach an even lower
detection limit. In the experiment described in Fig. 5C, we
used as little as eight 9NA phages diluted into 500 ml of
LB containing a dilution (1/10) from an overnight culture
of the biosensor strain and phage enrichment was
allowed to proceed for 15 h. Then the mixture was diluted
again into fresh medium to let the OpvAB®N subpopula-
tion enrich for 5 h before the flow cytometry assay. It is
remarkable that an extremely small initial number of
phages was able to enrich the ON subpopulation up to
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0.5%

Fig 3. Detection of bacteriophages from
crude water samples.

GFP fluorescence distribution in strain
SV6727 (opvAB::gfp) before and after
growth in LB for 10 h in the presence of
crude water previously filtered. Data are
represented by a dot plot [side scatter
versus fluorescence intensity
(ON subpopulation size)]. The ON sub-
population percentage is shown for
each sample. Data were collected for
100,000 events per sample. The pres-

ence of bacteriophages was previously
verified by a plaque assay (20-30
pfu/ml) on a S. enterica lawn. [Color fig-
ure can be viewed at
wileyonlinelibrary.com]

GFP fluorescence intensity

86.5% under the conditions described (Fig. 5C), thus low-
ering the detection level to about 1.6 phages per 100 ml.
As a reminder, before optimization the detection limit with
flow cytometry was around 1000 phages per 100 ml.

Design of an opvAB::gfp biosensor able to detect
coliphages

Up to this point, the design and improvement of the
phage biodetection method was performed using S.
enterica as a chassis. To widen our capacity to detect
phages in environmental samples, we decided to adapt
the biosensor to coliphages. To do so, we first had to
restore a full length LPS as E. coli K12 MG1655 is well
known to carry an IS5-interrupted version of the wbbL
gene encoding a rhamnosyliranferase (Browning
et al., 2013). This is clearly evidenced by the length and
profile of the LPS following extraction, and separation by
SDS-PAGE and silver staining is affected in MG1655
(Fig. 6A, Lane 1). Indeed, the MG1655 LPS profile did
not show the typical bands in the upper part of the gel,
which correspond to the large concatemers of oligosac-
charide units. The interrupted wbbL gene was comple-
mented either by adding a plasmid-based copy of wbbL
or by integrating ectopically a single copy of the wild-type
gene. In both cases, the full-length LPS structure was
restored as indicated by the multiple bands in the upper
part of the gel (Fig. 6A, Lanes 4 and 5). Engineering of
strains carrying an opvAB::gfp fusion on the chromo-
some allowed us to examine the consequences of opvAB
expression in E. coli. A wild-type opvAB control region
only caused a subtle alteration of the LPS profile, an
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observation consistent with the small size of the ON sub-
population (Fig. 6A, Lane 6). Modification of the length
distribution of glycan chains in the O antigen was how-
ever unambiguous when the LPSE. coli strain harboured
a GATC-less opvAB::gfp fusion (Fig. 6A, Lanes 6 and 7).
In this background, opvAB expression is constitutive and
phase variation is abolished, thus rendering a population
that is entirely OpvAB®N (Cota et al., 2015).

Using the opvAB::gfp-carrying LPS*E. coli strain, we iso-
lated and purified seven coliphages from water samples from
the Seville area. As shown in Fig. 6B, seven of the coliphages
were able to select the OpvAB®N subpopulation with an
enrichment efficacy ranging from 11.2% to 58.6%, far higher
than the control without phage (1.27%). Again, this difference
could account to the use of the LPS as a primary receptor or
as a full receptor for the isolated coliphages except for
Ec_unk_PO1. Whatever the case, this experiment shows
that the method works alike in E. coli and in S. enterica, and
that the opvAB::gfp fusion is a versatile tool that could be
used with different enterobacterial chassis.

Expanding the opvAB::gfp biosensor to the detection of
phages that use proteins as receptors: bacteriophage
T5 detection as a proof-of-concept

As coliphage detection showed some variation (Fig. 6B),
perhaps depending on the receptor molecule used for rec-
ognition at the bacterial surface, we decided to design an
E. coli biosensor that would specifically detect a phage
known to bind a protein. Phage T5 is an appropriate
model: although it uses LPS for initial adsorption, binding
to the ferrichrome transporter FhuA on the outer
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Fig 4. OpvAB phage-biosensor
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membrane constitutes the trigger for DNA injection
(Flayhan et al., 2012; Arnaud et al., 2017). We first thought
to make a simple Pgp,a5::fhuA-gfo fusion, but that would
have provided us with a biosensor working in the opposite
way from the opvAB::gfp biosensor. Indeed, in this case,
the presence of T5 would select for the OFF (non-fluores-
cent) subpopulation, and detection of a decrease in fluo-
rescence can be expected to be less reliable than
monitoring an increase of fluorescence intensity. Interest-
ingly, T5 encodes a lipoprotein, encoded by the /lp gene,
which is an inhibitor of T5 infection (Braun et al., 1994).
Llp is synthesized upon T5 infection and prevents superin-
fection of the host by other T5 virions by interacting with
the FhuA receptor, resulting in its inactivation (Pedruzzi
et al., 1998). Moreover, the lip phage gene is expressed in

the early stage of T5 infection, which not only prevents
superinfection but also protects progeny phages from
being inactivated by the receptor present in envelope frag-
ments of lysed host cells (Decker et al., 1994). We thus
reasoned that placing the /llp gene under the control of the
opvAB promoter might confer resistance to T5 only in the
ON state. As expected from the literature, a AfhuA strain
proved resistant to T5, but not to T4, which uses OmpC
as receptor (Washizaki et al., 2016) (Fig. 7A). In turn,
ectopic expression of /lp from a plasmid also confers resis-
tance to the E. coli MG1655 WT strain as in the AfhuA
mutant. We thus integrated a P,a5::llp-gfp fusion at the
lac locus in E. coli MG1655 and assayed this new biosen-
sor with T5 for 10 h on a plate reader, periodically monitor-
ing the ODggp and the florescence intensity (Fig. 7B). As
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Fig 5. Improving the opvAB biosensor
sensitivity.

A. Bacterial dilutions (107" up to
2.107%) of strain SV6727 grown in the
presence of serial dilutions of bacterio-
phage 9NA. Bacterial growth was moni-
tored in a microplate reader. Green
wells are fluorescence-positive, and red
wells are fluorescence-negative.

B. Growth curves obtained for a strain
expressing the gfp fusion under the
control of a wild-type promoter
(SV6727) in the absence of phage
(green) and in the presence of 9NA
(blue), and for a derivative strain carry-
ing point mutations in two GATC sites
at the opvAB promoter region
(SVv8578) in the presence of phage
9NA (red). Fluorescence intensity data
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Fig 6. Restoration of E. coli MG1655 O-
Antigen and detection of unknown
coliphages.

A. Electrophoretic visualization of LPS
profiles from different MG1655 deriva-
tives, as follows: 1, Wild-type
Escherichia coli MG1655 strain con-
taining an IS5-inactivated version of the
wbbl gene; 2, E. coli MG1655 with a
deletion of the lactose operon (DR3);
3, E. coli DR3 carrying the empty pETb
vector; 4, E. coli DR3 carrying a pETb
derivative containing a wild type wbbL
gene; 5, E. coli DR3 carrying the wbbL
gene integrated into the genome,
replacing the altered IS5-wbbl gene
(LPS™ strain); 6, E. coli MG1655 LPS*
carrying the opvAB::gfp construction
(DR29); 7, E. coli MG1655
LPS*opvAB::gfo GATC-less (DR30).

B. GFP fluorescence distribution in E.
coli DR29 before (t =0h) and after
growth in LB, or LB containing purified
uncharacterized bacteriophages

(Ec_Unk_EM1, Ec_Unk_EM2, Ec_Unk_
EM3, Ec_Unk_AO1, Ec_Unk_ML,
Ec_Unk_ML1, Ec_Unk_MLB and
Ec_Unk_PO1 (t =8 h). Data are repre-

unk_EM1

No phage

Ec

sented by a dot plot [side scatter versus
fluorescence intensity (ON subpopula-
tion size)]. ON subpopulation sizes (per-
centages) are shown for each sample.
All data were collected for 100,000
events per sample. [Color figure can be
viewed at wileyonlinelibrary.com]
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predicted, enrichment of the ON subpopulation was
detected after a few (Lawrence et al., 2019) hours and
GFP fluorescence intensity increased, indicating that this
fusion performed well as a T5 biosensor. We then

assayed the biosensor using flow cytometry to estimate
the efficiency of ON subpopulation enrichment, which
ranged from 82% to almost 90% in 10 h for the four differ-
ent phages isolated on E. coli MG1655 (not

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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Fig 7. Bacteriophage T5 detection.

A. Left. Bacterial growth curves in the
presence of phage T5 (2.5 x 107). In
blue, E. coli MG1655 wild type. In red, a
strain with a deletion of the fhuA gene
(DR42). In green, Escherichia coli car-
rying an empty pXG1 plasmid, used as
a control. In purple, E. coli carrying
plasmid pXG1 containing the /lp gene
from phage T5. Right. Plaque assay
using the same strains and bacterio-
phages T5 and T4.

B. Growth curves of an E. coli derivative
strain DR41 carrying a Pgpvas:lip-gfp
fusion in the presence or absence of T5
phage for 10 h. Inlet, the same data are
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C. GFP fluorescence distribution in
DR41 (Popvas:lip-gfp) before (t =0)
and after growth in LB containing T5,
unknown E. coli phages (Ec_Unk_POf1,
Ec_Unk_PO2, Ec_Unk_POS3 isolated
on E. coli MG1655 and Ec_Unk_EM1
isolated on DR28), or colicin M (3 pg/ml,
t = 8 h). Data are represented by a dot
plot [side scatter versus fluorescence
intensity (ON subpopulation size)]. All
data were collected for 100,000 events
per sample. [Color figure can be viewed
at wileyonlinelibrary.com]
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complemented) (Fig. 7C). Interestingly, addition of colicin
M led to a similar enrichment of the ON subpopulation,
thus confirming that production of the FhuA inhibitor Llp
was also able to prevent colicin M binding. We also per-
formed an additional control, using one of the LPS-binding
phages assayed in Fig. 6. As predicted based on its effect
on the Ec_opvAB:gfp biosensor, this specific phage
(Ec_unk_EM1) was unable to select the Py, ag:lp-gfpo
ON subpopulation (Fig. 7C). Conversely, Ec_unk_PO1
(selected to turn on the Popagiilip-gfp fusion, and thus
likely recognizing FhuA) was not detected using the

© 2020 The Authors. Environmental Microbiology published by Society
Environmental Microbiology, 22, 3126-3142

Ec_opvAB::gfp biosensor (Fig. 6C). Together, these
experiments show that the method can accommodate not
only different bacterial chassis (Salmonella and E. coli) but
also different types of receptors, thus providing primary
indication on the type of receptor used by a given phage.

Discussion

The challenge of detecting and accurately counting bac-
teriophages has been around for some time as more and
more researchers are interested in characterizing
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bacteriophages for ecological or biotechnological pur-
poses. Beside the gold standard plaque assay method, a
variety of techniques have been developed, each with
pros and cons (Baran et al., 2018; Morella et al., 2018).
These techniques are based on methodologies such as
quantitative PCR (ddPCR or regular gPCR), FISH, elec-
tron microscopy and flow cytometry, and they can be
classified into three types: culture-dependent, sequence-
based and particle-based (Baran et al., 2018). Another
way to classify these techniques is to consider the char-
acteristics of the enumeration and the additional infection
parameters that can be obtained (Ackermann, 2009). For
example, the classical plaque assay can discriminate
infectious versus non-infectious particles, gives informa-
tion on the adsorption rate, is doable without any particu-
lar equipment, does not need genome sequencing, but it
is difficult to perform in a high-throughput manner. In con-
trast, a ddPCR-based method allows high throughput
analysis but requires knowledge of the phage genome
sequence and highly specialized equipment. The infor-
mation provided is also different as there is no possibility
to discriminate infectious versus non-infectious particles
while it can discern between different phages in a single
assay (Morella et al., 2018). In the spectra of current
methods, flow cytometry—based approaches are among
the most sensitive and most published methods. They
rely on labelling of the phage genome with a fluorescent
dye (Brussaard, 2004; Carreira et al., 2015; de la Cruz
Pena et al., 2018), although some label-free protocols
have been developed recently (Ma et al., 2016).

In the present work, we combine culture-based
methods with flow cytometry, which allows to quantify
with high sensitivity infectious particles only (Fig. 4). The
method is based on opvAB, a locus present S. enterica
but neither in Salmonella bongori nor in other enteric
bacteria (Cota et al., 2012). Phase-variable expression of
opvAB produces subpopulations of phage-sensitive
(OpvAB®FF) and phage-resistant (OpvAB°") cells (Cota
et al., 2015). Cloning of a gfp gene downstream of the
opvAB operon provides a simple and efficient sensor to
monitor the increase of the OpvAB®N subpopulation by
flow cytometry. This increase provides indirect evidence
that the OpvAB®F subpopulation undergoes lysis, which
in turn indicates the presence of a phage that uses the O
antigen as receptor. An advantage of this type of sensor
is that lysis of OpvAB®FF cells and concomitant increase
of OpvAB®N cells produce amplification of the signal over
time. This feature makes the sensor highly sensitive: 10°
phages/ml can be detected in 1h, and an amount of
phage as low as 2 PFU in 100 ml can be detected in less
than 20 h.

Starting with the original biosensor construct in S.
enterica (Figs. 1, 2) able to detect purified or unpurified
phages present in raw water samples (Fig. 3), we

expanded our collection of biosensors to detect coli-
phages. In an MG1655 derivative with a complete
(reconstructed) LPS, a constitutively expressed opvAB
operon integrated at the /ac locus shortens the E. coli O-
antigen (Fig. 6A). As a consequence, the engineered E.
coli strain is able to detect LPS-binding phages in a way
similar to the S. enterica strain (Figs. 2 and 6). Of note,
the enrichment of the OpvAB®N subpopulation by killing
of the OFF subpopulation was not as effective with coli-
phages as for phages active against S. enterica. Never-
theless, as the detection by flow cytometry is very
sensitive and reproducible, the enrichment levels
achieved were sufficient for a proper detection. The sen-
sitivity was however decreased, perhaps indicating that
the coliphages used in the study required an additional
component of the outer membrane as receptor, rendering
LPS binding less crucial for successful infection. This
hypothesis is strengthened by the fact that in the case of
the FhuA-binding phages detected using the Pqpag-llp::
gfp biosensor, the enrichment of the ON subpopulation
was much more efficient (Fig. 7). Indeed, it is known that
T5 relies essentially on FhuA for a productive lytic cycle,
whereas the polymannose decoration of the O-antigen is
used as a primary receptor important for primary binding
but dispensable for the overall cycle (Fig. 7) (Braun and
Wolff, 1973; Heller and Braun, 1982).

An important add-on value of the method described
here is its capacity to discriminate bacteriophages
infecting the same host but using different types of recep-
tors (Figs. 6 and 7). This property is relevant in the frame
of phage therapy when isolation of phages using different
receptors is a must to overcome resistance due to muta-
tions in the receptor (Bai et al., 2019). This work, allowing
a rapid discrimination between phages using LPS or
FhuA as receptors, could thus be systematically used
prior to the assembly of phage cocktails. Moreover, this
method could be implemented for other receptors used
by bacteriophages as long as a specific inhibitor is avail-
able (like Llp for FhuA-binding phage: Fig. 7). For T-even
coliphages, for example, a trick might be to use the
outer-membrane protein TraT, encoded by the F plasmid,
that masks or modifies the conformation of outer-
membrane protein A (OmpA), which is the receptor for
many T-even-like phages (Riede and Eschbach, 1986;
Labrie et al., 2010; Bertozzi Silva et al., 2016). If an
inhibitor-encoding gene does not exist for a dedicated
receptor, an alternative would be to use the receptor
gene itself fused to the gfp and controlled by the
opvAB promoter. A potential drawback of this strategy
is that the biosensor might be less sensitive for phage
enumeration as the presence of phage would be
detected as a decrease in fluorescence. Nevertheless,
this alternative procedure to determine the host recep-
tor remains open.
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Table 1. Bacterial strains and plasmids used in this study.

Strain
name Genotype Reference
ATCC Wild type ATCC
140282
Sve7272 ATCC 14028 opvAB::gfp (Cota et al., 2015)
SV67292 ATCC 14028 mut 1,2,3,4 (Cota et al., 2015)
GATC opvAB::gfp
SV85782 ATCC 14028 mut 1,2 GATC (Cota et al., 2015)
opvAB::gfp
WG1°P Wild type (Browning
et al., 2013)
MG1655°  Wild type E. coli Genetic
Stock Center
cc118P phoA20 thi-1 rspE rpoB argE (Manoil and
(Am) recA1 (lambda pir) Beckwith, 1985)
S17° recA pro hsdR RP4-2-Tc::Mu- (Simon et al., 1983)
Km::Tn7 (lambda pir)
DR3® E. coli MG1655 AlacZY This work
DR2g® E. coli MG1655 AlacZY LPS* This work
DR29° E. coli MG1655 AlacZY This work
opVvAB::gfp LPS*
DR30° E. coli MG1655 AlacZY This work
mutGATC opvAB::gfpo LPS™*
DR34° E. coli TD2158 AypjA::km This work
DR40° E. coli MG1655 AIS5::km This work
DR41° E. coli MG1655 Popyas:lip::gfp This work
DR42° E. coli MG1655 AfhuA KEIO collection
Plasmids Characteristics Reference
pKD46 Lambda Red (Datsenko and
recombinase, AmpR Wanner, 2000)
pKD4 Kanamycin resistance (Datsenko and
gene flanked by FRT Wanner, 2000)
sites.
pCP20 FLP recombinase, (Datsenko and
temperature sensitive Wanner, 2000)
replicon at 37°C,
Amp®, Cm®
pET20b T7 promoter, Amp® (Datsenko and
Wanner, 2000)
pET20b-wbbl wbbL gene under (Browning
constitutive expression etal., 2013)
pDMS197 Contains A pir-dependent  (Edwards
R6K replication origin; et al., 1998)
requires lambda pir-
containing bacteria
strain. SacB (sucrose
sensitivity), Tc?
pDMS197-wbbl ~ TcR This work
pXG1 PLieto promoter, gfp (Urban and
fusion cloning vector Vogel, 2007)
pXG1:lip T5 llp gene under This work

constitutive expression

aSalmonella enterica.
bEscherichia coli.

Experimental procedures
Bacterial strains

Bacterial strains used in this study are listed in
Table 1. Strains of S. enterica belong to serovar Typ-
himurium and derive from the mouse-virulent strain

Epigenetic phage biosensors 3137

ATCC 14028. For simplicity, S. enterica serovar Typ-
himurium is routinely abbreviated as S. enterica. Strain
SV6727, harbouring an opvAB:gfp transcriptional
fusion downstream of the opvB stop codon (OpvAB*),
was described in Cota et al. (2015). Escherichia coli
K12 MG1655 was provided by the E. coli Genetic
Stock Center. DR3, an MG1655 derivative with the lac-
tose operon deleted (Olivenza et al., 2019), was used
as an intermediate strain for the construction of DR29
and DR30. For construction of DR29, the opvAB::gfp
fusion was amplified from SV6727 using the oligonu-
cleotides MG-opvA and MG-opvB (Table 2). For con-
struction of DR30, the opvAB:gfp mutGATC
construction was amplified from SV6729 using MG-
opvA and MG-opvB. PCR products were recombined
into the chromosome of DR3 at the /ac locus
(Datsenko and Wanner, 2000).

Restoration of O-antigen synthesis in E. coli MG1655

Escherichia coli MG1655 is unable to synthesize O-
antigen due to a disruption of the wbbL gene caused
by an 1S5 element (Blattner et al., 1997). The WbbL
protein is a rhamnose transferase necessary for O-
antigen synthesis (Stevenson et al., 1994). For com-
plementation assays, a pETb vector containing a copy
of the wild-type wbbl gene (kindly provided by Brow-
ning et al., 2013), was transformed into strain DR3 as
a positive control of O-antigen restoration upon gene
complementation. In order to replace the mutant wbbl/
gene on the MG1655 chromosome, the wild-type
wbbl gene was amplified from E. coli WG1 using oli-
gonucleotides Sacl-wbbl1 and Xbal-wbbl2 (Table 2).
The resulting PCR fragment was cloned onto suicide
plasmid pDMS197 (Hautefort et al.,, 2003) after
restriction enzyme digestion to obtain plasmid pDMS::
wbbl. This plasmid was propagated in E. coli CC118
A pir. Plasmids derived from pDMS197 were trans-
formed into E. coli S17 M\ pir. The resulting strain was
then used as a donor for mating with DR40
harbouring a Km® cassette, which was integrated into
the chromosome using 1S5-PS1 and IS5-PS2 oligos
and pKD4 as a DNA template (Datsenko and
Wanner, 2000). TcP transconjugants were selected on
E plates supplemented with tetracycline. Several TcP?
transconjugants were grown in nutrient broth
(NB) and plated on NB supplemented with 5%
sucrose. Individual tetracycline-sensitive segregants
were then screened for kanamycin sensitivity, and the
affected chromosome region was sequenced after
PCR amplification with external oligonucleotides. The
resulting DR28 strain is an E. coli MG1655 derivative
with the Jac operon deleted and the O-antigen
restored.
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Table 2. Oligonucleotides used in this study.

Oligo

Sequence (5°—3')

Operonlac-PS1
Operonlac-PS2

ATGATAGCGCCCGGAAGAGAGTCAATTCAGGGTGGTGAATGTGTAGGCTGGAGATGCTTC
TAGGCCTGATAAGCGCAGCGTATCAGGCAA ATAATCATATGAATATCCTCCTTAG

MG-opvA ATGATAGCGCCCGGAAGAGAGTCAATTCAGGGTGGTGAATTCATTTGGTTATAAATAGAG
MG-opvB TAGGCCTGATAAGCGCAGCGTATCAGGCAATTTTTATAATGAGTTTATCTCTGCGCAATGT
ypjA-PS1 CCTTGATATATGCCCCGCCCGGGATGGCTGCCTTCACTACGTGTAGGCTGGAGCTGCTTC
ypjA-PS2 TTGCGCACAGCCGCCTTCAGCCACGGCTCAACTTCCATACCATATGAATATCCTCCTTAG
ypjA-opvA-F CCTTGATATATGCCCCGCCCGGGATGGCTGCCTTCACTACTTCATTTGGTTATAAATAGAG
ypjA-opvB-R TTGCGCACAGCCGCCTTCAGCCACGGCTCAACTTCCATACGAGTTTATCTCTGCGCAATG
IS50-PS1 CATGAAGCATGATGATTTGCTGACATATATTAAATATGTCGTGTAGGCTGGAGCTGCTTC
IS50-PS2 GATCCTGCGCACCAATCAACAACCGTATCAGAATAGATACCATATGAATATCCTCCTTAG
Sacl-wbbl-F AAAGAGCTCATGGTATATATAATAATCGTTTCCCACGGAC

Xbal-wbbl-R AAATCTAGATTACGGGTGAAAAACTGATGAAATTCGATC

IS5-PS1 CATGAAGCATGATGATTTGCTGACATATATTAAATATGTCGTGTAGGCTGGAGCTGCTTC
IS5-PS2 GATCCTGCGCACCAATCAACAACCGTATCAGAATAGATACCATATGAATATCCTCCTTAG
pXG1-Lip-F TAAGAAGGAGATATACATATGGCTAGCAAAGGAGAAGAAC

pXG1-Lip-R ATTTTTTCATGGTACCTTTCTCCTCTTTAATG

Llp-F GAAAGGTACCATGAAAAAATTATTTTTAGCTATGGC

Lip-R TGCTAGCCATATGTATATCTCCTTCTTATTAGAAAACTCCCTCGCATG

opvA-LIp-F TTATGTGTGGGTTTTATCTTATGAAGAAATATACGTTCGCTAAGGAGGTTTTCTAATGAAAAAATTATTTTTAGC
ofp-Lip-R AAAGTTCTTCTCCTTTACTCATATGTATATCTCCTTCTTATTAGAAAACTCCCTCGCATG

Construction of an E. coli strain expressing T5
lipoprotein

The T5 lipoprotein lip gene was amplified by PCR and
cloned into pXG1 to obtain pXG1::LIp. For the construction
of strain DR41, the T5 llp and gfp genes were amplified
and linked together by a fusion PCR using opvAB-lip-F/
lip-R and gfp-F/gfp-R oligos (Table 2). The resulting PCR
product (/lp::gfp) was integrated at the /ac locus of DR3. A
synthetic ribosome-binding site named BI-RBS used in a
previous study (Olivenza et al., 2019) was inserted
upstream of the llp gene to optimize Llp production.

Bacteriophages

Bacteriophages 9NA (Wilkinson et al., 1972; Casjens
et al., 2014) and Det7 (Walter et al., 2008) were kindly pro-
vided by Sherwood Casjens, University of Utah, Salt Lake
City. Bacteriophage P22_H5 is a virulent derivative of bacteri-
ophage P22 that carries a mutation in the c2 gene (Smith and
Levine, 1964) and was kindly provided by John R. Roth, Uni-
versity of California, Davis. T5 bacteriophage was provided
by Pascale Boulanger, I2BC, Orsay, France. Bacteriophages
Se_F1, Se_F2, Se_F3 and Se_F®6 infecting S. enterica were
isolated and purified from waste water samples in Seville.
Genome sequences are under submission. Other waste
water bacteriophages were isolated upon infection of either
DR28 (E. coli MG1655 AlacZY LPS*) or MG1655. A list of all
the phages isolated in this study is included in Table 3.

Culture media

Bertani’s lysogeny broth (LB) was used as standard liquid
medium. NB was used to recover cultures after

transduction or transformation. Solid media contained agar
at 1.5% final concentration. Green plates (Chan
et al., 1972) contained methyl blue (Sigma-Aldrich,
St. Louis, MO, USA) instead of aniline blue. Antibiotics
were used at the concentrations described previously
(Torreblanca and Casadesus, 1996). E50X salts
[H3CeHsO, - HO (300 g/l), MgSO, (14 g/l), KoHPO, -
3H-0 (1965 g/l), NaNH,HPO, - H,O (525 g/l)] were used
to prepare E minimal plates [E50 x (20 ml/l), glucose
(0.2%), agar 20 g/l].

Electrophoretic visualization of LPS profiles

To investigate LPS profiles as described in Buendia-Cla-
veria et al. (2003), bacterial cultures were grown overnight
in LB. Bacterial cells were harvested and washed with
0.9% NaCl. Around 3 x 108 cells were pelleted by centrifu-
gation and resuspended in lysis buffer [60 mM Tris/HCI
(pH 6.8) containing 2% (w/v) SDS, 1 mM EDTA]. The mix-
ture was then heated at 100°C for 5 min, then diluted
eightfold in the same buffer without SDS. The extracts
were further treated with Benzonase (200 U) and protein-
ase K (10 pg/ml) at 37°C for 5 h. Electrophoresis of the
crude samples was then performed on a 16.5% (wt/vol)
Tris/Tricine buffer. Gels were then fixed and silver-stained
in a silver solution according to Tsai et al. (1981).

Bacteriophage challenge

Bacterial cultures were grown at 37°C in LB (5 ml) con-
taining phages [100 pl of phage lysate (108-10"°pfu)].
Cultures were diluted 1:100 in LB + phage and incubated
until exponential phase (ODgoy ~ 0.3) before flow
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Table 3. Bacteriophages used in this study.
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Bacteriophage Host Origin Reference or accession number
P22 Salmonella enterica Sherwood Casjens NC_002371
Det7 S. enterica Sherwood Casjens NC_027119
9INA S. enterica Sherwood Casjens NC_025443
T5 Escherichia coli F Pascale Boulanger AY692264
Se_F1 S. enterica Sevilla, Spain (Waste water) This work
Se_F2 S. enterica Sevilla, Spain (Waste water) This work
Se_F3 S. enterica Sevilla, Spain (Waste water) This work
Se_F6 S. enterica Sevilla, Spain (Waste water) This work
Se_MLA1 S. enterica Sevilla, Spain (Maria Luisa Park) This work
Se_AO1 S. enterica Sevilla, Spain (Sheep farm) This work
Ec_Unk_EM DR28 Sevilla, Spain (Waste water) This work
Ec_Unk_EM1 DR28 Sevilla, Spain (Waste water) This work
Ec_Unk_EM2 DR28 Sevilla, Spain (Waste water) This work
Ec_Unk_AO1 DR28 Sevilla, Spain (Sheep farm) This work
Ec_Unk_ML DR28 Sevilla, Spain (Maria Luisa Park) This work
Ec_Unk_ML1 DR28 Sevilla, Spain (Maria Luisa Park) This work
Ec_Unk_MLB DR28 Sevilla, Spain (Maria Luisa Park) This work
Ec_Unk_PO1 MG1655 Caceres, Spain (chicken farm) This work
Ec_Unk_PO2 MG1655 Céceres, Spain (chicken farm) This work
Ec_Unk_PO3 MG1655 Céceres, Spain (chicken farm) This work

cytometry analysis. To monitor bacterial growth, over-
night bacterial cultures were diluted 1:100 in 200 pl of
LB. Five microliters of a bacteriophage lysate were added
(10810 pfu). ODggo and fluorescence intensity were
subsequently measured at 30-min intervals using a Syn-
ergy™ HTX Multi-Mode Microplate Reader from Biotek.

Flow cytometry

Bacterial cultures were grown at 37°C in LB or LB con-
taining phage until exponential (ODgoo~0.3) or stationary
phase (ODggg~4). Cells were then diluted in phosphate-
buffered saline (PBS) to obtain a final concentration of
~107 cfu/ml. Data acquisition and analysis were per-
formed using a Cytomics FC500-MPL cytometer
(Beckman Coulter, Brea, CA, USA). Data were collected
for 100,000 events per sample, and analysed with CXP
and FlowdJo 8.7 software.

Phage isolation from water samples

Samples of water were filtered using a Millex-GS filter,
0.22 um filter pore. Each sample was divided into two
samples; chloroform was added to one of the parts. The
filtered sample of water (1 ml) was added to an overnight
culture of host bacterial strain (0.5 ml). The mixture was
supplemented with 3.5 ml of LB broth and was incubated
overnight at 37°C without shaking. The culture was then
centrifuged at 5000 rpm during 5 min. The supernatant
was filtered using a filter, 0.22 pm pore size, in order to
discard bacterial cells and debris.

Fifty microliters of an overnight culture of the bacterial
target was spread on LB plates. Lysates were dropped

onto the agar surface and left to dry. The plates were
inspected for lysis zones after overnight incubation at
37°C. The spot assay was used to assess the bacteri-
cidal ability of different phage lysates. Isolation of phage
was performed by the double agar layer method using
Salmonella or E. coli as a host system. Isolated plaques
were suspended in LB and were streaked in plates which
contained a bacterial layer in order to isolate pure phage.
Phages were characterized on the basis of plaque mor-
phology and host range. Moreover, certain phages were
characterized by electron microscopy and their genomes
were sequenced.

Electron microscopy

Electron microscopy was performed at the Mediterranean
Institute of Microbiology (IMM) facility. Phage suspen-
sions (5 pl) were dropped onto a copper grid covered with
Formvar and carbon and left 3 min at 25°C, after what
the excess of liquid was removed. Phage particles were
stained according to Ackermann (2009) with a 2% uranyl
acetate solution. Dried grids were then observed using a
transmission microscope FEI Tecnai 200 kV coupled to
an Eagle CCS 2k x 2k camera. Images were then
analysed using the ImagedJ software.

Detection of phage in a crude water sample

A tube with 3.5 ml of LB, 0.5 ml of an overnight culture of
SV6727 strain (opvAB::gfp) and 1 ml of a 0.22 pm fil-
tered water sample was incubated for 7 h without shak-
ing. The culture was diluted at a ratio of 1/200 in LB
medium and incubated at 37°C with shaking (200 rpm)
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for 3 h before dilution in PBS buffer. All water samples
were collected in the Sevilla area.

Data acquisition and analysis were performed using a
Cytomics FC500-MPL cytometer (Beckman Coulter).
Data were collected for 100,000 events per sample and
analysed with CXP and FlowJo 8.7 software. The pres-
ence of phages in water samples was checked simulta-
neously by plating 1 ml of water on a plate with S.
enterica poured into soft agar.
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Fig. S1 Plaque assay performed with the crude samples
tested in Fig. 3 on S. enterica displaying a full-length (WT) or
a short (wzz) LPS.

Fig. S2: GFP fluorescence distribution in strain SV6727
(opvAB::gfp) after growth in LB in the absence (no phage)
or presence of P22_wt for 8 h Data are represented by a dot
plot (side scatter versus fluorescence intensity
[ON subpopulation size]). ON subpopulation sizes (percent-
ages) are shown for each sample. Data were collected for
30,000 events.
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