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ABBREVIATIONS

Cas CRISPR associated proteins
CRISPR clustered regularly interspaced short palindromic repeats
EDTA ethylenediaminetetraacetic acid
EOP efficiency of plaquing

LAB lactic acid bacteria

LC liquid chromatography

MOI multiplicity of infection

MS mass spectrometry

ORF open reading frame

PAGE polyacrylamide gel electrophoresis
PAM protospacer adjacent motif

PFU plaque forming units

SDS sodium dodecyl sulfate

SRM selected reaction monitoring

Tris tris(hydroxymethyl)aminomethane
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SUMMARY

Phages are viruses that specifically infect and eventually kill their bacterial hosts. Bacterial
fermentation and biotechnology industries see them as enemies, however, they are also
investigated as antibacterial agents for the treatment or prevention of bacterial infections in various
sectors. They also play key ecological roles in all ecosystems. Despite decades of research some
aspects of phage biology are still poorly understood. In this study, we used label-free quantitative
proteomics to reveal the proteotypes of Lactococcus lactis MG1363 during infection by the
virulent phage p2, a model for studying the biology of phages infecting Gram-positive bacteria.
Our approach resulted in the high-confidence detection and quantification of 59% of the theoretical
bacterial proteome, including 226 bacterial proteins detected only during phage infection and 6
proteins unique to uninfected bacteria. We also identified many bacterial proteins of differing
abundance during the infection. Using this high-throughput proteomic datasets, we selected
specific bacterial genes for inactivation using CRISPR-Cas9 to investigate their involvement in
phage replication. One knockout mutant lacking gene //mg 0219 showed resistance to phage p2
due to a deficiency in phage adsorption. Furthermore, we detected and quantified 78% of the
theoretical phage proteome and identified many proteins of phage p2 that had not been previously
detected. Among others, we uncovered a conserved small phage protein (pORFN1) coded by an
unannotated gene. We also applied a targeted approach to achieve greater sensitivity and identify
undetected phage proteins that were expected to be present. This allowed us to follow the fate of
pORF46, a small phage protein of low abundance. In summary, this work offers a unique view of
the virulent phages’ takeover of bacterial cells and provides novel information on phage-host

interactions.
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INTRODUCTION

Phages are ubiquitous, abundant, genetically diverse and can produce a large burst of
progeny virions in a short period of time following the infection of their bacterial host. Over the
last century, the study of phage biology led to the rise of molecular biology and biotechnologies
[1]. Phage studies were key to the discovery of powerful research tools such as restriction enzymes
and CRISPR-Cas systems [2]. Despite their importance, some aspects of phage biology are still
unknown. For example, except for a few classical models, technical limitations have left much of
the phage proteome unresolved. However, recent instrumental improvements and the development
of highly sensitive analytical methods contributed to advances in viral proteomics [3], with most
studies focusing on the biology of eukaryotic viruses.

Phage p2 belongs to the Siphoviridae family of the Caudovirales order [4] and is a member
of the Sklvirus genus [5, 6]. This highly virulent phage infects Lactococcus lactis subsp. cremoris
MG1363, a laboratory strain used in basic research on Gram-positive bacteria. Strains of L. lactis
as well as other lactic acid bacteria (LAB) are used to ferment milk during the manufacture of
several cheeses. Phages of the Sk/virus genus are by far the most prevalent in cheese factories
worldwide and are responsible for milk fermentation defects. A wealth of data has been generated
on phage p2, making it a model system for studying the biology of phages infecting LAB and
Gram-positive bacteria. For example, its structural proteins have been analyzed in great detail,
which led to solving its complete structure using single-particle electron microscopy [7]. The
genome of the reference siphophage p2 has 49 annotated ORFs organized in three large gene
clusters, chronologically transcribed upon infection. While the late-expressed gene module mainly
encodes proteins found in the virion structure, the early- and middle-expressed gene modules

encode non-structural proteins responsible for hijacking the cellular machinery.
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The transcriptional response of only a few phage-host pairs has been analyzed to identify
viral and bacterial genes differentially expressed during the infection. For instance, the infection
of the Gram-positive bacterium Bacillus subtilis by the virulent phage ¢$29 (Podoviridae family)
was studied through deep RNA-sequencing [8] while the infection of L. lactis subsp. lactis 1L1403
by the lytic siphophage c2 was studied with whole-genome microarrays [9]. The effects of phage
infection on gene expression were also studied through transcriptomic and metabolomic analysis
of Pseudomonas aeruginosa cells infected with the lytic phage PaP1 (Myoviridae family) [10].
Those reports provided insight into the control of gene expression during phage infection.
However, the expression of genes can be regulated both at the post-transcriptional and translational
levels. This implies that proteome analysis is essential to fully understand the cellular response to
specific conditions and to follow the fate of each single protein.

An in-depth analysis of P. aeruginosa infection by the virulent podophage Luz19
characterized the cellular response at the DNA, RNA and protein levels, combining quantitative
PCR, microarray, RNA-Seq, and two-dimensional gel electrophoresis (2D-GE) [11]. It came as
some surprise that only subtle changes in the bacterial proteome could be observed. While 2D-GE
can be used for protein fractionation prior to MS analysis, separation by one-dimensional (1D)
SDS-PAGE (GeLC-MS/MS) or gel-free techniques can significantly increase proteome coverage
for global proteomic studies [12]. The entire genome of L. lactis MG1363 (GenBank AM406671)
has been previously (re)sequenced and found to encode 2383 deduced proteins [13, 14]. A few
studies revealed the proteomic signatures, or proteotypes, of this strain in response to different
stresses, such as acidic [15] and anaerobic conditions [16].

Here, we used label-free quantitative proteomics to reveal the proteotypes of L. lactis
MG1363 during infection by the virulent phage p2. The bacterial and viral proteomes were

characterized at different stages of infection. Several bacterial proteins were only detected during
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phage infection. Using the CRISPR-Cas9 genome editing tool, the genes coding for some of these
proteins were inactivated. The inactivation of one of them led to a phage-resistant L. lactis
derivative. Moreover, we report an increased proteome coverage for phage p2, including
identification of many non-structural proteins. This high-throughput and discovery-based research
provides a comprehensive view of phage infection at the proteome level and paves the way for

future studies on phage-host interactions.

EXPERIMENTAL PROCEDURES

Phage propagation
All bacterial strains, phages and plasmids used in this study are listed in Supplementary
Table S1.Phage p2 and its bacterial host L. lactis MG1363 were obtained from the Félix d’Hérelle

Reference Center for Bacterial Viruses (www.phage.ulaval.ca). L. lactis MG1363 and its

derivatives were grown statically at 30°C in M 17 broth (Oxoid, Ontario, Canada) supplemented
with 0.5% (w/v) glucose monohydrate (GM17). For phage infection, growth media were
supplemented with 10 mM CaCl. (GM17+Ca). For phage amplification, a scraping of phage lysate
glycerol stock preserved at -80°C was co-inoculated with L. lactis MG1363 and incubated until
lysis. The resulting phage lysate was filtered (0.45 um PES filter) and used for a second round of
amplification. In the latter instance, L. lactis MG1363 was grown to an optical density at 600 nm
(ODs0o) of 0.35 and 100 pl of the first phage amplification lysate was added. The infected culture
was incubated until lysis, filtered and stored at 4°C until use. To obtain concentrated and purified
samples of phage p2, one liter of a second amplification lysate was purified on a discontinuous

cesium chloride gradient [17]. For phage titration, double layer plaque assays [18] were performed

0202 ‘Gz yore | uo 1senb Aq B0 suljuodow mmay/:sdny wouy papeojumoq


https://www.mcponline.org

Lemay et al.

with plates containing a bottom layer of GM17+Ca supplemented with 1.0% (w/v) agar and a top
layer of the same medium supplemented with 0.75% (w/v) agar.

For transformation, L. lactis MG1363 electrocompetent cells were prepared as described
previously [19]. To maintain cloning plasmid vectors, chloramphenicol and/or erythromycin were
added to the growth media to a final concentration of 5 g g/ml, each. Chemically competent E. coli
NEB5a were purchased from New England Biolabs and transformed according to the
manufacturer’s instructions. E. coli transformants were grown in BHI medium supplemented with
150 pg/ml erythromycin (Em150) and incubated at 37°C with agitation. For solid media, 1.5%

(w/v) agar was added to BHI Em150 broth.

Time-course infection and protein extraction

L. lactis MG1363 cells were incubated at 30°C and grown until the ODgoo reached 0.5. The
culture was then concentrated 5-fold by centrifugation and resuspended in fresh medium. A sample
of uninfected bacteria (T0) was collected just prior to adding the purified phage p2 at a multiplicity
of infection (MOI) of 5. The infected culture was kept at 30°C and samples T10, T20 and T40
were collected 10, 20 and 40 minutes post-infection, respectively. All samples were centrifuged
immediately and cell pellets frozen in liquid nitrogen for storage at -80°C. Time-course infections
were done in biological triplicates. For protein extraction, samples were rapidly thawed and lysed
in 50 mM tris(hydroxymethyl)aminomethane (Tris)-HCI pH 8.0 containing 5% (w/v) sodium
dodecyl sulfate (SDS), 10 mM ethylenediaminetetraacetic acid (EDTA) pH 8.0, 100 mM
dithiothreitol, 10% (v/v) glycerol and bromophenol blue. Cells were disrupted with 0.1 mm glass
beads and a homogenizer (5 cycles of 30 seconds at 6.5 m/s). Between each cycle, samples were

put on ice for 5 minutes. Beads were removed by centrifugation and pipetting of the homogenates.
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GeLC-MS/MS

Protein extracts were separated by 1D SDS-PAGE (12% polyacrylamide) and the gels were
stained with Coomassie Brilliant Blue as previously described [20]. For each sample, ten gel bands
were excised, destained and digested with trypsin as reported elsewhere [20]. Trypsin cleaves
peptide bonds C-terminal to lysine and arginine residues. To recover the peptides, gel pieces were
covered with ultra-pure water and incubated 15 minutes in an ultrasonic water bath. Just before
MS analysis, the indexed retention time (iRT) standard kit (Biognosys, Switzerland) was prepared
according to manufacturer’s instructions and was added to each sample in a 1:100 ratio. Tryptic
peptides were separated by liquid chromatography (LC) using an EASY-nLC II system and
measured online by ESI-mass spectrometry on an Orbitrap Velos instrument. Peptides were loaded
on a self-made analytical column (Aeris PEPTIDE 3.6 pm XB — C18 (phenomenex), OD 360 pum,
ID 100 um, length 20 cm) and eluted by a binary nonlinear gradient of 5-55% acetonitrile in 0.1%
acetic acid over 100 minutes with a flow rate of 300 nl/min. For MS analysis, a full scan in the
Orbitrap (m/z 300-1,700) with a resolution of 60,000 was followed by CID MS/MS experiments

of the twenty most abundant precursor ions acquired in the linear ion trap.

Targeted MS

In this study, a Tier 2 assay has been developed and applied which allows to quantify the
proteins of interest (pORF27, pORF46 and pORF47) repeatedly within samples thereby using
isotopically labeled peptide standards for confident detection and precise quantification of those
proteins. For the development of the SRM assay and for protein quantification applying this assay,
a time-course phage infection was performed as described above, except that samples were taken
at time O (uninfected culture), 5, 12, 15, 20, 30 and 40 min post-infection. Cell pellets were

resuspended in TE-buffer (20 mM Tris-HCI pH 8.0, 1 mM EDTA) and disrupted similarly to
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GeLC-MS/MS samples (homogenization with glass beads). Protein concentration was determined
for every sample using the Bradford assay [21]. For discovery and quantification, 20 pg protein of
three biological replicates was prepared for in solution digest. For digestion with trypsin, samples
were prepared as previously described [22]. Briefly, proteins were diluted in 50 mM TEAB-
Buffer, pH 8.0 containing 0.1% (w/v) RapiGest (Waters) to a final concentration of 1 pg/pl. After
protein reduction and alkylation, trypsin (Promega) was added. After 5 h at 37°C, digestion was
terminated by adding concentrated HCI. Hydrolyzed RapiGest was removed by centrifugation. For
digestion with AspN, an endoproteinase that cleaves peptide bonds N-terminal to aspartic acid
residues, protein concentration was adjusted to 1 pg/pl using 50 mM triethylammonium
bicarbonate. For digestion with GluC, protein concentration was adjusted to the same
concentration using 0.1% (w/v) RapiGest in 100 mM ammonium bicarbonate (pH 8.0). In this
buffer, GluC specifically cleaves peptide bonds C-terminal to glutamic acid residues. All samples
were reduced and alkylated as described in [22]. Digestion was performed with either 0.5 pg AspN
at 37°C overnight (16 hours) or with 0.4 pg GluC at 27°C for 8 hours. All digested samples were
desalted via C18 columns (StageTip, Thermo) and mixed with iRT peptides (Biognosys) for
retention time alignment according to the manufacture’s protocol. Peptides were separated by LC
as described for the shotgun proteomics approach before being subjected to selected reaction
monitoring (SRM) analysis using a TSQ Vantage mass spectrometer. The selectivity for both Q1
and Q3 were set to 0.7 Da (FWHM). The instrument was operated in SRM mode applying a
collision gas pressure of 1.2 mTorr in Q2.

During discovery phase trypsin, AspN, and GluC were considered to be possible proteases
for the generation of suitable peptides. All peptides suitable for targeted analysis were selected
based on the following criteria: unique peptides against background proteome L. lactis MG1363

and phage p2, peptide length 7-25 amino acids, no histidine, no glycosylation motif (NxT, NxS),
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no possible ragged end (KP/RP). Furthermore, the derived peptides were categorized according to
their expected quantification accuracy: Category A) no miss cleavages, no cysteine, no
methionine; Category B) up to 2 miss cleavages, no cysteine, no methionine; Category C) up to 2
miss cleavages, cysteine (including possible carbamidomethylation), no methionine; Category D)
up to 2 miss cleavages, cysteine (including possible carbamidomethylation), methionine (including
possible oxidation). Transitions were selected to include all doubly and triply charged precursor
ions within the analytical window of the mass spectrometer and all fragment ions ranging from ion
4 to the last ion. Transition lists were exported from Skyline (most recent version on February 7th,
2017) with default collision energies for Thermo mass spectrometers. The resulting raw files were
loaded into skyline and peptides were evaluated for their chromatographic behavior (peak shape,
interference, intensity, signal-to-noise-ratio) and their expected expression profile (early, middle,
late expression during phage infection) in order to select up to three peptides per protein to be
ordered in their isotopically labeled isoform.

These synthetic peptides (Innovative Peptide Solutions) (Supplementary Table S2) were
used to optimize the collision energy (CE) by ramping the CE in 10 steps from —5 eV to +5 eV
from the predicted CE calculated by the default starting linear equation for Thermo instruments in
Skyline (most recent version on February 71, 2017). For quantification based on heavy standard
peptides, the samples were spiked with the corresponding synthetic peptides before being digested
with either AspN or GluC. Sequences of quantified peptides and their optimized acquisition
parameters as well as the transitions monitored for each analyte are provided in the Supporting

Information (Table S3).

10
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Bacterial gene knockout using CRISPR-Cas9

The protocols used to clone new spacers in the vector pL2Cas9 (Addgene plasmid # 9884 1)
and to construct repair templates for homologous recombination are detailed elsewhere [19]. To
edit the genome of L. lactis MG1363, the repair template containing the bacterial gene to modify
was flanked with two homologous arms of approximately 1 kb to allow efficient recombination.
Since all spacers were targeting a sequence found in the genome of L. lactis MG1363, pL2Cas9
constructs were first cloned into the cloning host E. coli NEB5a. The resulting plasmids were
purified from overnight E. coli cultures using the QIAprep Spin Miniprep kit (Qiagen) and were
electroporated into L. lactis MG1363 already containing a compatible plasmid with the appropriate
repair template. The presence of the correct spacers in the crRNA of pL2Cas9 and the sequences
of the repair templates were confirmed by sequencing PCR products with an ABI 3730x1 analyzer
at the Plateforme de séquencage et de génotypage des génomes of the CRCHUL (Quebec city,
Quebec, Canada). Sequences were analyzed using the Geneious software (version 7.1.4). All

primers and oligonucleotides used in this study are listed in Supplementary Table S4.

Analysis of L. lactis MG1363 recombinants

After genome editing, isolated colonies of L. lactis MG1363 were analyzed by migration
of PCR products on a 2% (w/v) agarose gel. Subsequent sequencing confirmed the expected
genomic deletions. To check for phage resistance, double layer plaque assays were performed as
described above. L. lactis MG1363 recombinants and the phage-sensitive L. lactis MG1363
harbouring the corresponding repair template and a non-targeting pL2Cas9 were infected with
phage p2. The efficiency of plaquing (EOP) was calculated by dividing the phage titer obtained on

the resistant strain by the phage titer obtained on the sensitive strain.

11
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To investigate the effect of the deletions on bacterial growth and on phage p2 infection in
broth, 2 x 10 ml GM17-Ca were inoculated with overnight cultures (1% (v/v)) of each mutant and
corresponding controls (phage sensitive strain with the repair template and a non-targeting
pL2Cas9). Cultures were incubated statically at 30°C and the ODgoo was followed until it reached
0.3. Then, phage p2 was added at an MOI of 0.06 in half of the cultures and the ODgoo was followed
until clear lysis of the infected cultures. Cultures were kept at 30°C for the whole experiment.

Phage adsorption assays were performed as previously described [23]. Briefly, 100 pl (1.5
x 10*pfu/ml) from a diluted phage lysate were mixed with 900 ul of bacteria (ODeoo of 0.6 to 0.8)
or 900 ul of media (negative control). After incubation at 30°C for 10 min, mixtures were
centrifuged at 14,000 rpm for 1 min and the phages remaining in the supernatants were titered on
the sensitive strain. The percentage of adsorption was calculated using the formula: 100 x (phage
titer in negative control — phage titer in supernatant after incubation with bacteria) / phage titer in

negative control). Adsorption assays were performed in technical and biological triplicates.

Data processing

For GeLC-MS/MS, relative protein quantification was achieved using the MaxQuant
software (version 1.6.0.1) [24, 25] and the Andromeda plug-in [26]. The *.raw files were searched
against a L. lactis MG1363 and a phage p2 database (downloaded from Uniprot [27] on June 23,
2015) including one entry for iRT peptides (2,433 entries in total). For proteogenomics, phage p2
genome (GenBank GQ979703) was translated to amino acid sequences using all 6 reading frames
with the Geneious software (version 7.1.4). Peptide fragments with at least 33 amino acids were
retained (343 entries in total). MaxQuant’s generic contamination list was included during search.
Database search was performed with following parameters: digestion mode, trypsin/P with up to

2 missed cleavages; peptide tolerance 20 ppm; fragment ion tolerance 0.5 Da, variable

12
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modification, methionine oxidation (15.99 Da), and maximal number of 5 modifications per
peptide; activated LFQ option with minimal ratio count of 2 and ‘match-between-runs’ feature.
The false discovery rates of peptide spectrum match and protein were set to 0.01. Only unique
peptides were used for protein quantification. The data from MaxQuant output files were filtered
for contaminants, only identified by site and reverse hits with the Perseus software (version
1.6.0.2) [28], log2-tranformed, and used for statistical analysis.

For targeted MS, raw data of three biological replicates analyzed with three technical
replicates each were imported into Skyline (most recent version on February 7%, 2017) using the
implemented algorithm for peak integration. All peak areas were inspected manually to avoid
possible interference in the mass spectra. Only if the dot-product was >0.7 the calculated ratio of
native to standard peptide was used for protein quantification. Precision of measurements was
determined by calculating the coefficient of variation (CV) for every peptide in every sample by

following a random effect model as recently described [29] (Supplementary Table S5).

Experimental design and statistical rationale

In shotgun-proteomics experiments, nine samples (biological triplicates of three time
points) of L. lactis MG1363 infected by phage p2 were analyzed by GeLC-MS/MS. The time
points (10, 20 and 40 min post-infection) were chosen considering the lytic cycle of phage p2 in
our laboratory conditions. Three samples of the bacterial cultures right before the phage infection
served as the negative control. Proteins were accepted if at least two unique peptides could be
identified in at least two of the three biological replicates (filtered in Perseus, version 1.6.0.2.)
(Supplementary Tables S6 and S7) [28]. Statistical analysis (ANOVA) was performed using TM4

[30] by applying p-values of 0.01 (Supplementary Table S8). For classification and visualization
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purposes, all L. lactis MG1363 proteins were assigned a TIGRFAM functional role (TIGRRole)
[31]. Voronoi treemaps were built to compare protein expression between samples [32].

For targeted MS, eighteen samples (biological triplicates of six time points) of L. lactis
MG1363 infected by phage p2 were analyzed. Infected bacterial cultures were sampled 5, 12, 15,
20, 30 and 40 min post-infection. Once again, three uninfected bacterial cultures served as the
negative control. Technical replicates of each samples were analyzed using Skyline [33]. Statistical
analysis (ANOVA) was performed using TM4 [30] by applying p-values of 0.05 (Supplementary
Table S5).

The MS proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository [34] with the dataset identifier PXDO011263 (reviewer account details:

Username: reviewer13568@ebi.ac.uk; Password: imPfdaXo).

RESULTS

Sensitivity of the method

Our MS approach resulted in the high-confidence detection and quantification of 1412
bacterial proteins, representing 59% (1412/2383) of the theoretical bacterial proteome
(Supplementary Table S8) as well as 78% (38/49) of the theoretical phage proteome (Figure 1A,
Supplementary Table S9). Among these datasets, 226 bacterial proteins were detected only during
phage infection (Supplementary Table S10) while 6 other bacterial proteins were found only in
uninfected bacterial cells (Supplementary Table S11, Figure 1B). While no pathway was
overrepresented among the proteins detected only in uninfected bacteria (Figure 1C), proteins
involved in transport and binding, regulatory and cell envelope functions represented almost a

third of the proteins detected only in infected cultures (Figure 1D). We identified many non-

14
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structural proteins of phage p2, mainly encoded by early- and middle-expressed genes, that had

not previously been detected (Figures 1E and 2, Supplementary Tables S9 and S10).

Detection of a new phage protein

Our GeLC-MS/MS approach also detected a phage protein that was not expected to be
present. Mass spectrometry spectra can be screened against a database containing all possible
protein sequences in the six reading frames, thereby avoiding bias toward annotated proteomes.
Phage p2 genome has previously been shown to encode 49 ORFs (Supplementary Table S12).
Using proteogenomics, we uncovered a conserved phage protein (pORFN1) of 59 amino acids
coded by a previously unannotated gene located in the early module of the genome (Figure 2,
Supplementary Tables S12 and S13). Therefore, we have detected 39/50 of the phage p2 proteome

by GeLC-MS/MS.

Detection of missing proteins

In an effort to try to improve the coverage of phage p2 proteins (Figure 1A), we investigated
if we could use targeted MS for phage proteome analysis. We selected three small phage proteins
(pORF27, pORF46 and pORF47) that were not detected for further analysis. First, peptides from
these proteins were synthesized with an isotopically labelled amino acid (Supplementary Table
S2). To determine the quantity of peptides from these phage proteins, we programmed a triple
quadrupole mass analyzer to analyze only their characteristic fragmentation reactions. In
combination with standard isotope dilution, this SRM method allowed us to achieve greater
sensitivity compared to our GeLC-MS/MS approach.

The synthetic peptide from pORF27 could not be detected during MS analysis under any

conditions tested, so no quantification of the native peptide could be performed. Three peptides

15
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from pORF47 were synthesized but peptide (ELYIELSSDL) could not be quantified due to quality
scores not reaching the thresholds. Indeed, the DotProduct, which scores the similarity between
SRM intensities of native and synthetic peptide, was too low in every sample. The other two
peptides (DIGEITKELYIELSS and DIGEITKELYIELSSDL) were quantified but their abundance
during the time-course phage infection was not significantly different (ANOVA, p=0.05). On the
other hand, all three pORF46 peptides were quantified. The abundance of one peptide
(MTEEQLLFK) was not significantly different during the time-course of the infection and it
produced an expression profile different from the other two peptides. This is likely due to the
methionine residue, which is prone to oxidation during sample preparation, leading to fractions of
the peptide (both synthetic and native) that are undetectable with the approach used. The other two
peptides (DTALIFKGE and QLLFKQE) could be quantified and their abundance differed

significantly during the time-course of infection (Figure 3).

Visualization of host protein abundances during infection

One of the challenges in quantitative proteomic studies is to display the large amount of
data obtained in an interpretable form. Voronoi treemaps were built to visualize major metabolic
pathways perturbed or induced by phage p2. At ten minutes post-infection (T10 vs T0), host
protein changes were already observed in all functional categories, with larger increases for
proteins involved in pyrimidine ribonucleotide biosynthesis, signal transduction and cell envelope
functions (Figure 4A, Supplementary Figure 1). At 20 minutes post-infection (T20 vs T0), a
decrease in protein concentrations was observed in pathways associated with restriction-
modification and degradation of DNA. On the other hand, a subsection of proteins involved in
protein synthesis (ribosomal proteins synthesis and modification) were more abundant (Figure 4B,

Supplementary Figure 2). At 40 minutes post-infection (T40 vs TO) the most readily detectable
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changes occurred in pathways associated with protein synthesis where a global decrease was
observed, while the concentration of proteins associated with transport and binding and energy
metabolism increased (Figure 4C, Supplementary Figure 3).

Many proteins were only detected at a specific stage of the infection (T10, T20 or T40)
while others were only detected in the uninfected cultures (TO) prior to phage infection. These
proteins are depicted as dark red and dark blue cells, respectively. There are 99, 189 and 124 dark
red cells in T10 vs TO (Figure 4A), T20 vs TO (Figure 4B) and T40 vs TO (Figure 4C), respectively.
These proteins are prevailing in metabolic pathways associated with regulatory functions (subrole
DNA interactions), cell envelope (subrole other) and proteins of unknown function (subrole
general). On the other hand, 24, 13 and 21 proteins are detected in the uninfected cultures, but not
10, 20 or 40 minutes post-infection, respectively. These proteins are scattered across various
metabolic pathways, illustrating that phage p2 infection suppresses the expression of genes that

are not functionally related.

Genome editing with CRISPR-Cas9

The detection of some of the host proteins strictly during p2 infection (226/1412, 16%)
suggests that they are important for phage replication and their gene inactivation may lead to a
phage resistance phenotype. To investigate this hypothesis, we generated specific knockout
mutants using our CRISPR-Cas9 tool adapted for L. lactis MG1363 [35]. Five of the 226 genes
(Supplementary Table S10) were selected at random. Knockout of genes llmg 0219, limg 2214,
dltC and nth were generated individually through deletions, ensuring no residual gene function
(Table 1). One of the gene (fadA) could not be inactivated with our CRISPR-Cas9 tool, suggesting

that it is essential for the viability of L. lactis MG1363 cells under our laboratory conditions.
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Then, we measured the level of phage p2 resistance by EOP and plaque morphology. One
of the four knockout strains had a phage resistance phenotype, namely L. lactis MGA0219, lacking
gene /lmg 0219 (unknown function). This strain had a difference in EOP of 0.11 £ 0.01 and phage
plaques were significantly smaller than the plaques on the phage sensitive control strain
(Supplementary Figure S4). L. lactis MGA0219 also showed resistance to phage p2 in liquid broth
(Figure 5). Because lImg 0219 is localized within a large gene cluster involved in the production
of a thin polysaccharide pellicle at the cell surface, which was previously associated with phage
adsorption [7], we performed phage adsorption assays. Phage p2 adsorbed significantly less to L.
lactis MGA0219 (2.7 £ 2.6%) as compared to the phage-sensitive control (90.6 + 1.8%), indicating
that the phage resistance phenotype is due to a deficiency in adsorption.

Of note, the growth of the knockout mutant L. lactis MGAdItC was slower than the control,
revealing its importance for growth under laboratory conditions. However, no difference in
bacterial lysis was observed after phage infection (Supplementary Figures S5). The two other

mutants (L. lactis MGA2214 and L. lactis MGAnth) grew and lysed comparably to their control.

DISCUSSION

Uncovering phage p2 proteome

Phage structural proteins, typically encoded by late-expressed genes, are the target of most
phage proteomic studies since their analyses are often done on purified virions. Only a few studies
identified non-structural phage proteins [36—38], notable exceptions being the endolysins among
a few others. Here, we made use of GeLC-MS/MS to search for both structural and non-structural
proteins of phage p2 during infection of L. lactis MG1363. We detected 17/24 proteins encoded

by early-expressed genes, 2/5 proteins encoded by middle-expressed genes and 19/20 proteins

18

0202 ‘Gz yore | uo 1senb Aq B0 suljuodow mmay/:sdny wouy papeojumoq


https://www.mcponline.org

Lemay et al.

encoded by late-expressed genes (Figure 1C, Figure 2 and Supplementary Figure S5). We also
generated a database containing the products of all possible six-frame translations of the phage p2
genome to search for novel proteins and refine the annotation [39, 40]. This proteogenomics
approach led to the detection of a small 59-amino acid protein coded by a previously unannotated
phage p2 gene (Supplementary Tables S12 and S13). This early-expressed gene, dubbed orfN/
(pORFN1), is present in 73 other publicly available lactococcal phage genomes but it is often not
annotated, demonstrating the relevance of proteogenomics.

We also applied a targeted proteomic approach using SRM and synthetic peptides to detect
and quantify low-abundance small phage p2 proteins during L. /actis infection. We obtained an
expression profile for pPORF46, a small 42-amino acid phage protein not previously detected. This
currently uncharacterized phage protein was first detected 10 minutes post-infection and its
abundance peaked 10 to 20 minutes later (Figure 3), which is consistent with a middle-expressed
gene. Targeted proteomics can complement global proteome analysis but this technique is not
suitable for all proteins as it did not allow us to quantify two other candidates, pPORF27 and

pORFA47.

Investigating metabolic pathways triggered by phage p2

This study also investigated the impact of phage infection on bacterial physiology. A
substantial proportion of the L. lactis MG1363 theoretical proteome was detected (Figure 1A). We
detected many bacterial proteins unique to infected (226 proteins) or uninfected (6 proteins)
lactococcal cells (Supplementary Table S10 and S11), which corresponds to more than 16% of the
bacterial proteins detected in this study. Clearly, a significant host response occurred during phage
p2 infection (Figure 1B). Moreover, almost all bacterial proteins detected differed in abundance

throughout the phage infection (Figure 4, Supplementary Table S8). In comparison, transcriptomic
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analysis of B. subtilis cells infected with phage ¢$29 revealed significant changes in less than 2%
of the host genes [8]. Approximately 7% of P. aeruginosa genes were differentially expressed in
phage-infected cells when compared with uninfected cells, most being downregulated in the late
infection phase [10]. In a culture of L. lactis 1L1403 infected by phage c2, whole-genome
microarrays detected 61 differentially expressed genes, corresponding to less than 3% of the
annotated genes [9].

Ten minutes post-infection, changes in the bacterial proteome were observable (Figure 4A,
Supplementary Figure S1). The increase in abundance of proteins associated with pyrimidine
ribonucleotide biosynthesis is consistent with phages using the host machinery to rapidly replicate
their genomic DNA. Notable changes also occurred in proteins involved in signal transduction and
cell envelope functions. Under stress conditions, bacteria exploit various sensors to monitor the
intracellular and extracellular environments and to regulate cell physiology. Changes are also
triggered at the bacterial cell surface to maintain the integrity of this physical barrier and promote
cell survival [41]. Our results suggest that phage infection is sensed as a significant stress
threatening membrane integrity. Twenty minutes post-infection, a reduction of proteins involved
in restriction-modification and degradation of DNA can be observed. It is likely that phages trigger
the repression of these metabolic pathways to protect the newly replicated viral DNA. A massive
build-up of proteins involved in ribosomal proteins synthesis and modification suggests that
phages have hijacked the host machinery to support viral protein production (Figure 4B,
Supplementary Figure S2). Forty minutes post-infection, we observed a decrease in proteins
involved in protein synthesis (Figure 4C, Supplementary Figure S3). This is consistent with phage
p2 taking approximately 35 minutes to complete its lytic cycle and kill L. lactis MG1363 under
laboratory conditions. The increase in proteins associated with transport and binding and energy

metabolism is consistent with phages hijacking the bacteria energy resources for virion assembly.
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It is also possible that more membrane proteins are detected 40 minutes post-infection because the
bacteria are lysed and the cell wall is degraded.

It was previously reported that the lactococcal phage c2 downregulated many host genes
involved in amino acid and energy metabolism pathways, suggesting a global repression of energy-
consuming functions [9]. Similarly, the lytic phage PaP1 suppressed 85% of the differentially
expressed P. aeruginosa genes, with most genes belonging to amino acid metabolism pathways
[10]. In B. subtilis, phage infection triggered the repression of genes involved in utilization of
specific carbon sources [8]. We did not see this trend in the proteome of L. lactis MG1363 infected
by phage p2. Bacterial cells infected by phages are under stress but the response is more difficult
to predict. To enhance survival under stress conditions, cells typically lower their metabolic
activities, decreasing energy production and reducing growth [41]. Once the viral genome is inside
the bacterial cell, phages will redirect the host machinery to their own benefit. They act as both
positive and negative regulators of gene expression. Phage proteins will also create their own
unique interaction network, thereby creating a more complex bacterial response than the response
to an inorganic stressor.

The proteotypes of L. lactis MG1363 during infection by phage p2 strongly differ from the
changes in transcriptome profiles observed in L. /actis IL1403 infected by phage c2 [9]. The only
shared findings were the increase of SpxB and ArgC. In L. lactis, SpxB is involved in the response
to cell envelope stress induced by peptidoglycan hydrolysis with lysozyme [3]. Gene argC is
involved in the arginine biosynthesis pathway. Like phage p2, the phage c2 is a member of the
Caudovirales order and the Siphoviridae tfamily. However, it belongs to the C2virus genus (instead
of Sklvirus for p2) and has a smaller genome encoding 39 ORFs. Also, in this previous study,
phage c2 was added at a much higher MOI (160-fold) than the one used for our p2 infection,

making it difficult to compare our proteomic data with their transcriptomic results.
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Exploiting proteomics to design phage-resistant bacterial strains

Because phages rely on host machinery for replication, some bacterial genes are critical for
an efficient lytic cycle. By comparing the proteomes of infected and uninfected bacteria, we
identified host gene candidates possibly involved in phage infection. We hypothesized that the
upregulation of some genes during infection was the consequence of phages repurposing host
cellular processes for viral progeny production. We investigated the importance of five bacterial
genes for phage multiplication by generating specific knockout mutants. Genes were selected if
their resultant protein was detected in infected bacterial cultures but not in the uninfected control
(Supplementary Table S8). Proteins involved in different metabolic pathways were targeted (Table
1). Notably, one of our knockout mutants lacking gene //mg (0219 showed resistance to phage p2
due to a deficiency in phage adsorption. Gene //mg 0219 is in the genomic region encoding
proteins involved in the biosynthesis of the cell wall polysaccharide and p2 has previously been
shown to bind to this structure to infect L. lactis MG1363 [7].

Although the other mutations did not provide a phage resistance phenotype, these results
highlight the complexity of phage-host interactions. Deleting single genes from the bacterial
genome might not be enough to generate phage-resistant bacterial strains as more than one protein
may need to be perturbed. Additionally, genes/proteins that are essential for bacterial growth and
fitness cannot be investigated for their importance to the lytic cycle using this approach. Our
datasets highlighted many genes and proteins for their possible involvement in phage-host
interactions, but additional work is required to investigate their specific roles.

Proteomic analyses are important to understand the response of L. /actis to different stress
conditions, including phage infection. These analyses may even contribute to the development of
strategies to increase the biotechnological potential of this species. In a recent study, the L. lactis

core proteome was characterized, using a two-dimensional reversed phase nano ultra-performance
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LC-MS approach, in four L. lactis strains including MG1363 [42]. Overall, 1108 proteins were
detected in at least two of the three biological replicates for the four strains. This result is similar
to the 1186 proteins detected in our negative control (uninfected L. lactis MG1363 cultures). The
five proteins that were found to be the most abundant in this previous study were the DNA
topoisomerase 4 subunit A (parC, A2RLE3), the 50S ribosomal protein L29 (rpmC, A2RNP7), the
alanine—tRNA ligase (alaS, A2RMES6), the elongation factor Tu (tuf, A2RMT1), and the
thioredoxin H-type (trxH, A2RIBS5). We also detected those five proteins in our negative control
and at all time-points during the infection. However, they were not the most abundant proteins in
our study (Supplementary Table S8). This may be explained by the different quantitative approach

used as well as the growing conditions.

CONCLUSION

In the last decade, the emergence of high-resolution quantitative proteomics has
reinvigorated interest in bacterial proteomics [43]. Quantitative analysis of proteomes from
multiple systems can be done concurrently, for example, a bacterial host and its virulent phage.
One advantage of investigating viral proteomics is that uninfected cultures provide a robust
negative control. Here, we established a comprehensive and quantitative proteomic framework to
study L. lactis MG1363 cells as they are infected by phage p2 and investigated pathways critical
for phage biology. A number of host and phage proteins were detected and their relative abundance
measured during phage infection. It remains to be seen if the abundance of these host proteins will
follow the same trend when the strain is infected by other phages from the same phage genus. We
believe this approach will be instrumental in defining lactococcal phage-host interactions so the

dairy industry can respond to phage problems from a foundation of better information to develop
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or optimize rational solutions. For example, it may lead to a better selection of phage-resistant
bacterial strains. In other systems, knowledge of pathways inhibited by phages may lead to the

discovery of novel drug targets or to a better selection of phages for therapy purposes.
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TABLES

Table 1. L. lactis MG1363 genes selected for inactivation with CRISPR-Cas9.

Number of amino acids

Gene Protein IDs | TIGR roles TIGR subroles - .
remaining after deletion
llmg 0219 | A2RHTS Cell envelope Other 29/118
llmg 2214 | A2RN93 Cell envelope Other 40/310
A2RKKO0 Biosynthesis and

ditC Cell envelope degradation of murein 6/80
sacculus and peptidoglycan

nth AZRLB2 | DNA metabolism | DNVA replication, 29/219
recombination, and repair

tadA AZRMST Protein synthesis tRNA anq TRNA base NA
modification

NA, not applicable as we could not generate the deletion, gene likely essential.
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Figure 1. Proteins detected in this study. (A) Bar graph comparing the number of proteins
detected with the theoretical annotated proteome for both L. lactis MG1363 and phage p2. (B)
Venn diagram depicting the overlaps of identified bacterial proteins among samples. (C) Pie chart
illustrating the proportion and the classification according to metabolic pathways of bacterial
proteins detected only in uninfected cultures or (D) detected strictly in cultures infected with phage
p2. (E) The blue pie chart illustrates the proportion and the classification according to the
expression modules of phage proteins detected. In (C), (D) and (E), the number of proteins are

indicated after their respective classification.
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Figure 2. Viral proteins detected during time-course infections. The genome of phage p2 now
contains 50 annotated genes represented by arrows and numbers (top). Early-expressed genes are
in green, middle-expressed in yellow and late-expressed in dark red. Colored boxes (bottom)
indicate that the corresponding phage proteins were detected at the time-points indicated on the y-
axis. The newly annotated orfNI is located between orf22 and orf23. The data for the orf46-
encoded protein (boxes colored in lighter yellow) was obtained separately, by SRM (see Figure 3
for more details). MCP: Major capsid protein, MTP: Major tail protein, TMP: Tail tape measure
protein, Dit: Distal tail protein, Tal: Tail associated lysozyme, RBP: Receptor binding protein,

Hol: Holin, Lys: Lysin, SaV: Sensitivity to AbiV protein, SSB: Single stranded binding protein.
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Figure 3. Expression profile of the phage p2 protein encoded by orf46. The orf46-encoded
protein was first detected 10 minutes post-infection and its abundance peaked 20 to 30 minutes

post-infection.
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Figure 4. Voronoi treemaps depicting the proteotypes of L. lactis cells during phage p2
infection. Each cell represents a single gene locus grouped with other functionally related
elements. Metabolic pathways assigned to gene locus are based on TIGRRoles (left panel) and

TIGR subroles (right panel). Protein abundances were determined at 10 (T10), 20 (T20) and 40
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(T40) minutes post-infection and compared with uninfected cultures (T0). For high-resolution

images, see supplementary Figures S1, S2 and S3.
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Figure 5. Growth curves of phage-sensitive L. lactis pK00219 pL2Cas9 (control) and
derivative L. lactis MGA0219 in presence or absence of phage p2. The knockout strain (orange
and grey) takes longer to grow than the control strain (yellow and blue) and it is resistant to phage

p2 infection (grey).
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