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Phage-induced bacterial morphological changes reveal a phage-
derived antimicrobial affecting cell wall integrity
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ABSTRACT In a looming post-antibiotic era, antibiotic alternatives have become key
players in the combat against pathogens. Although recent advances in genomic research
allow scientists to fully explore an organism’s genome in the search for novel antibac-
terial molecules, laborious work is still needed in order to dissect each individual
gene product for its antibacterial activity. Here, we exploited phage-induced bacterial
morphological changes as anchors to explore and discover a potential phage-derived
antimicrobial embedded in the phage genome. We found that, upon vibriophage
KVP40 infection, Vibrio parahaemolyticus exhibited morphological changes similar to
those observed when treated with mecillinam, a cell wall synthesis inhibitor, suggesting
the mechanism of pre-killing that KVP40 exerts inside the bacterial cell upon sieging
the host. Genome analysis revealed that, of all the annotated gene products in the
KVP40 genome that are involved in cell wall degradation, lytic transglycosylase (LT) is of
particular interest for subsequent functional studies. A single-cell morphological analysis
revealed that heterologous expression of wild-type KVP40-LT induced similar bacterial
morphological changes to those treated with the whole phage or mecillinam, prior to
cell burst. On the contrary, neither the morphology nor the viability of the bacteria
expressing signal-peptide truncated- or catalytic mutant EBOA- KVP40-LT was affected,
suggesting the necessity of these domains for the antibacterial activities. Altogether, this
research paves the way for the future development of the discovery of phage-derived
antimicrobials that is guided through phage-induced morphological changes.

KEYWORDS antimicrobial screening, bacterial cytological profiling, mechanism of
pre-killing, bacteriophage, antimicrobials, lytic transglycosylase

B acterial infection is among the most concerning problems worldwide. Since the first
discovery of antibiotics in the 20th century, antibiotics have represented the best
therapeutic solution in the treatment of bacterial infections; however, due to the misuse
of antibiotics, many bacteria have somehow genetically adapted to survive through
antibiotic treatments (1). The rise of multidrug-resistant (MDR) bacteria has, therefore,
become a critical medical issue in human wellness. It has been estimated that from the
year 2050 onward, more than 10 million people will die from these MDR pathogens (2).
The antibiotic resistance genes in MDR bacteria are even more worrisome since they
would lead to unsuccessful treatments for bacterial infections in humans as the antibiotic
resistance gene can be transferred (3). If this trend of antimicrobial resistance continues
to proceed, the outbreaks associated with the MDR pathogens would soon become too See the funding table on p. 16.
complicated to handle. Received 9 June 2023
Bacteriophage or phage, a prokaryotic virus that replicates inside and kills the Accepted 24 August 2023

specific bacterial host cells, has recently been revisited for the potential as an
alternative therapeutic solution for bacterial treatment (4). Phage therapy has been
proven successful in many clinical cases in which patients were infected with MDR
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bacteria, including Pseudomonas aeruginosa, Mycobacterium abscessus, and Acinetobacter
baumannii (5-7). However, due to the narrow spectrum of host range, inappropriate
lysogenic life cycle, and undesired and unidentified genes in the phage genomes,
therapy using whole phage particles has extensively raised concerns (8). In addition,
the emergence of phage-resistant bacteria might occur when a single-phage treatment
is used (9), rendering the phage therapy soon ineffective. Throughout the reproduction
cycle, phages produce various phage-derived components for their own benefit that
are utilized in hijacking the host fundamental cellular machinery necessary for cell
growth and in destabilizing the bacterial cell wall and cell membrane for phage egress.
Therefore, these phage-derived proteins have been in the spotlight recently as they are
also considered another potential tool through phage therapy. For example, phage-
derived enzymes such as virion-associated peptidoglycan hydrolases, polysaccharide
depolymerases, and endolysins are becoming the new key in therapy as they serve a
crucial role in penetrating the cell wall during phage adsorption and phage-releasing
steps (10, 11), thus spearheading the bactericidal capacity in lysing bacterial cells. Since
the activity of these enzymes for therapeutic use is limited in Gram-negative bacte-
ria because the enzyme target (peptidoglycan) is hindered by the outer membranes
(12-14), in recent years, various endolysins were modified to fuse with the bacterial
cell wall-binding tags or LPS-destabilizing peptides in order to improve the efficacy
against and broaden the specificity for Gram-negative bacteria (13). Due to the fact
that there has been an increasing number of unidentified proteins explored within the
phage genomes, these hypothetical proteins would be an untapped resource for novel
antimicrobial discovery.

With the advancement of omics-related tools nowadays, various phage-derived
antimicrobials have been discovered. In 2004, through the bacteriophage genomics
of 26 Staphylococcus aureus phages and a phage-mediated bacterial growth inhibition
assay, Liu et al. identified 31 novel antimicrobial families, among which ORF104, encoded
by phage 77, exerts strong bacteriostatic activity by targeting bacterial DNA replication
machinery through Dnal (15). Through interactomics and mass spectrometry, Bossche
et al. successfully identified eight phage-derived antimicrobials from lytic Pseudomonas
aeruginosa phages, some of which have been confirmed to interfere with the RNA
transcription process through interaction with the alpha subunit of the RNA polymer-
ase (16). Moreover, through functional investigation of phage ORFans that are early-
expressed small (less than 750 nucleotides), unknown genes in many P. aeruginosa
phages by the same research group, they have found various phage-derived proteins
exhibiting antimicrobial activities against the bacteria and targeting different global
metabolic pathways of the bacteria (17-19). During the expression of individual proteins
in bacterial cells, some of these proteins trigger substantial morphological changes in
bacteria into filamentous cells, such as gp18 from phage LUZ7 (1717) and gp9 derived
from phage LUZ24, which has later been identified as a gyrase inhibitor (19).

In addition to genomics, proteomics, and interactomics approaches, phenotypic
screening for phage-derived antibacterial molecules is also considered one of the
promising strategies. It is well documented that, prior to bacterial cell burst, phage
could also induce bacterial morphological changes during infection cycles (17, 18, 20-
23). For example, the morphological change of bacterial cells from a rod-shaped to a
round-shaped cell has been observed during infection with Escherichia coli phage T7.
Moreover, PhiKZ-like viruses, also known as the nucleus-forming jumbophages, which
are believed to display a complicated infection machinery that is spatiotemporally
regulated throughout infection, induce multiple morphological changes through time
(23-27). Even though host nucleoid morphology cannot be observed since the host
chromosome is continuously digested during the infection, the phage triggers cell
bulging at the cell center where the phage compartment is located through an unknown
mechanism, possibly interfering with cell division components. We recently applied a
phenotypic-based antibiotic mechanism of action study, bacterial cytological profiling
(BCP), to reveal which cellular pathway of the bacteria is inhibited during the phage
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infection, the mechanism of pre-killing (MOK) (22). Thammatinna et al. showed that a
novel vibriophage named Seahorse induced the formation of host nucleoids toward the
signature toroidal-shaped DNA, which is similar to the phenotypic change when cells
are treated with tetracycline, a protein translation inhibitor, suggesting the presence of
phage-derived proteins that interfere with host protein synthesis during infection.

Even though these signature morphological changes could serve as a starting point
in the search for antibacterial molecules embedded in the phage genome, information
regarding the direct connection between morphological changes induced by phage
and the responsible phage-derived antibacterial molecule is still lacking. Here, we
demonstrate how MOK of phage can be used as a guide toward identification and
characterization of potential phage-derived antibacterial molecules. First, a single-cell
level infection assay revealed that the morphological changes of Vibrio parahaemolyticus
EB101 upon the giant vibriophage KVP40 infection are similar to those treated with a cell
wall synthesis inhibitor, suggesting that the MOK of KVP40 interferes with host cell wall
synthesis. Next, through KVP40 genome analysis, we then selected possible phage-
derived candidates that were annotated to be responsible for the observed cell wall
synthesis inhibition phenotype. Of all candidates, we found that lytic transglycosylase
(LT) was able to induce such a morphological change, suggesting a possible connec-
tion between LT and the phage MOK in cell wall synthesis inhibition. Then, genetic-,
cytological-, and biochemical-based assays were applied to confirm the mechanism
of action of LT as a cell wall synthesis inhibitor and its bactericidal activity. Lastly,
we proposed a model for MOK-guided antimicrobial screening in which the pipeline
would expedite the process of discovering novel antimicrobial molecules derived from
bacteriophages.

RESULTS
KVP40-infected V. parahaemolyticus cells became round prior to cell burst

Even though it has been long known that phages randomly replicate inside the host
cells, recent findings suggest that the replication machinery of some phages is spatio-
temporally regulated at the subcellular level throughout the infection (24, 28). Among
them, the PhiKZ-like viruses, also known as nucleus-forming jumbophages, display a
complicated infection machinery as they assemble a compartment that encloses phage
DNA and partition proteins according to function (26, 27). Due to its large genome
(more than 200 kbp), phage KVP40 is also classified as a giant bacteriophage and is
assumed to also display organized replication processes (29). However, its replication
machinery inside the bacterial cell has never been examined. To explore the infection
mechanism of phage KVP40, we performed a single-cell infection assay to observe the
morphological changes of V. parahaemolyticus strain EB101 as triggered by the phage
KVP40 infection. We observed that, at 0 min post-infection (mpi), the cells were slightly
enlarged, followed by the shrinkage of the rod-shaped vibrio cells from 15 to 60 mpi
(Fig. 1A; Fig.S1 ). The nucleoid became more condensed as the infection progressed (Fig.
1A; 0-30 mpi). The presence of DAPI-staining puncta at cell poles was visualized at 30
mpi (Fig. 1A; orange arrows), suggesting DNA encapsidation of phage KVP40 during
phage maturation (30). Obviously, the infection continuously triggered the bacterial
morphological change from a rod shape with a circularity index of 0.5 + 0.17 at 0 mpi
(n = 126) toward a rounded shape with a circularity index of 0.65 + 0.17 at 30 mpi (n
= 215) and 0.74 £+ 0.18 at 120 mpi (n = 73) (Fig. 1A; 0-120 mpi, and 1c). We observed
no evidence of perfectly rounded cells in the uninfected, control cells (Fig. 1A through
D). The infected cells at late time points were visualized as a rounded structure in a
cross-section image and appeared as a spherical shape in the Z-stacks (Fig. 1A; 90 and
120 mpi). While a majority of cells remained rounded at 120 mpi, cell lysis was observed,
indicating that the reproduction process of the phage has been completed (Fig. 1A; 120
mpi, green arrows). This morphological change of phage-infected cells to a rounded
shape was also perceived in other V. parahaemolyticus strains at 60 mpi (Fig. 1B and
D; Fig. S1). Altogether, these findings suggested that, through a conserved, unknown
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FIG 1 Unknown mechanism of pre-killing of phage KVP40-induced morphological change of infected cells toward a rounded shape at late infection. V.
parahaemolyticus strain EB101 (A) and AHPND (B) were grown in liquid media to an early log phase and were infected by phage KVP40 at MOI 5. At desired time
points, the cells were collected and fixed. Prior to observing by microscopy, the cell membrane and nucleoid were stained with FM4-64 (red) and DAPI (blue or
gray), respectively. (A) Time-series images over a course of infection (0-120 mpi) of V. parahaemolyticus strain EB101 by phage KVP40. The nucleoid is condensed
during 15-30 mpi, followed by the presence of bright DNA-staining puncta close to the cell poles (orange arrows). The cells become rounded after 60 mpi and
lyse at 120 mpi (green arrows). (B) Still images of V. parahaemolyticus strain AHPND infected with phage KVP40 at 60 mpi. Scale bars in (A) and (B) equal 1 pm.
Graph showing circularity index of (C) V. parahaemolyticus strain EB101 and (D) AHPND cells infected with phage KVP40. Data were collected at the indicated
time points from at least three different fields and represented as means + SEM (n of EB101; 0 mpi = 126, 15 mpi = 100, 30 mpi = 215, 60 mpi = 120, 90 mpi =172,
120 mpi = 73, and uninfected = 133, and n of AHPND; 60 mpi = 130 and uninfected = 166). Statistical analysis was determined by one-way ANOVA followed by
Tukey'’s post-hoc tests (P < 0.05).

infection mechanism, phage KVP40 is capable of inducing phenotypic changes in the

infected cells across different strains of the genus Vibrio.

Mecillinam-treated cells become rounded similar to those infected with
KVP40

The finding of KVP40-induced morphological changes of the bacteria cells urged us to
further determine which cellular pathway of the bacteria was interfered with during
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infection by comparing with the morphological changes caused by antibiotic perturba-
tion as described in the previous study of mechanism of pre-killing (MOK) (22, 23). To
investigate a possible MOK that phage KVP40 exhibits during infection, we selected
antibiotics that affect major cellular pathways, including ciprofloxacin for DNA replica-
tion, rifampicin for RNA transcription, tetracycline for protein translation, and three
different drugs (piperacillin, meropenem, and mecillinam) that target bacterial cell wall
synthesis. Upon treatment with the antibiotics, the cell morphology of V. parahaemoly-
ticus was substantially altered (Fig. 2A). Ciprofloxacin-treated cells showed cell elonga-
tion and clustered nucleoid at the midcell, while rifampicin and tetracycline caused
decondensation and condensation of the bacterial nucleoid, respectively (Fig. 2A; CIF,
RIF, and TET). These morphological changes induced by antibiotics in V. parahaemolyticus
were consistent with the signature phenotypes previously described in other bacterial
species (31, 32), indicating that this morphological-based assay was also applicable to
Vibrio spp. Interestingly, concerning the treatment with cell wall inhibitors, almost all
vibrio cells treated with mecillinam became rounded (Fig. 2A; MEC, 2b, and 2c) while,
upon the meropenem treatment, although the majority of cells were also rounded, some
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FIG 2 Bacterial cytological profiling of V. parahaemolyticus. Bacteria cells treated with antibiotics targeting different major cellular pathways show different

morphological changes (A). Bacterial cells grown until the log phase were treated with 5x MIC of each antibiotic (piperacillin, meropenem, mecillinam,

ciprofloxacin, tetracycline, and rifampicin) for 1 h and then fixed in 4% paraformaldehyde. The fixed cells were stained with fluorescent dyes FM4-64 (red) and

DAPI (blue) and subjected to fluorescence microscopy. (B) Time-course images of mecillinam-treated bacterial cells. The scale bar represents 1 um. (C) Violin plot

of circularity index of mecillinam-treated bacterial cells. The number of samples per the condition of V. parahaemolyticus EB101 is 0 min = 119, 15 min = 118, 30

min =215, 60 min = 116, 90 min = 140, 120 min = 194, and untreated = 126. Data were collected at the indicated time points from at least three different fields

and represented as means + SEM. Statistically significant differences between the infected groups and control, as determined by one-way ANOVA (ANOVA) and

following Tukey post-hoc test (P < 0.05).
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rod-shaped cells remained (Fig. 2A; MER). However, piperacillin, which inhibits different
molecular targets from mecillinam and meropenem, induced a different morphological
change, resulting in elongated cells with nucleoids distributed along the cells (Fig. 2A;
PIP) (33).

Since we observe that the phenotypic changes of phage KVP40-infected cells are
similar to those of mecillinam-treated cells (Fig. 1A; 60 mpi, and Fig. 2A; MEC), we
further investigated whether the bacterial morphology, when treated with the drug,
was also gradually altered from the rod-shaped cells to the rounded cells similar to that
when infected with the phage. The time-series data revealed that the bacterial cells
first appeared as a rod structure and were gradually transformed toward the rounded
structure throughout the time, becoming completely circular at 120 min (Fig. 2B). The
circularity index was then used as a factor to demonstrate the cell roundness, the
number of which increased over time, such as 048 + 0.16 (n = 119), 0.64 £+ 0.16 (n =
118), 0.67 £ 0.17 (n = 116), 0.79 £ 0.13 (n = 135), 0.78 £ 0.19 (n = 140), and 0.84 + 0.14
(n = 194), at 0, 15, 30, 60, 90, and 120 min post treatment, respectively (Fig. 2C). Due
to the same temporal phenotypic changes between the phage infection and the drug
treatment, these data suggested that, during the phage infection at late time points,
phage KVP40 displays its MOK through interfering with the bacterial cell wall synthesis,
possibly through a similar mechanism to mecillinam, which subsequently led to the loss
of cell integrity and shape alteration.

Lytic transglycosylase is a protein candidate from bioinformatic analysis and
functional annotation

Based on the predicted MOK of phage KVP40, which is related to the impairment of
bacterial cell wall synthesis during late infection, we set out to explore the phage KVP40
genome for the proteins that serve a role in cell wall degradation. From the double-stran-
ded DNA genome of KVP40 that contains 244,834 bps encoding 381 putative open
reading frames (Vibrio phage KVP40; NC_005083), we looked through the genome and
manually selected three potential candidates based on the functional annotation. They
included a lytic transglycosylase SLT domain protein (LT) KVP40.0279.1 (NP_899526.1),
a baseplate hub subunit and tail lysozyme KVP40.0335 (NP_899581.1), and a baseplate
wedge subunit containing a lysozyme domain KVP40.0340 (NP_899586.1). However,
KVP40.0335 and KVP40.0340 have been proven to be parts of the phage baseplate,
serving as puncturing devices for phage entry (34, 35). We, therefore, reasoned
that KVP40.0279.1 or KVP40-LT, which is acknowledged as one of the bacteriophage
endolysins, might play a crucial role in cell wall degradation during late infection for
phage KVP40 egress and potentially trigger the morphological change as observed in
the single-cell morphological assay.

The KVP40-LT gene is 627 bp long and can be translated into a polypeptide with
208 amino acids. The functional amino acid sequence analysis of KVP40-LT by vari-
ous bioinformatic tools, including BLASTP and INTERPRO, revealed the presence of a
conserved protein motif of a lysozyme-like domain (pfam01464) with an E-value score
of 1.92e—08 at amino acid positions 73-189, confirming the functional prediction of
this protein in the database (Fig. 3A; Fig. S2). Furthermore, the results from the multi-
ple sequence alignment of KVP40-LT with closely related phage LTs demonstrated an
extended N-terminal amino acid sequence of the protein that was strongly predicted
as a signal peptide at the first 36 amino acids with a score of 0.8637 by SignalP6.0
and a catalytic glutamic residue (E80) in the lysozyme-like domain that is very well
conserved across the phage LTs (Fig. 3A; Fig. S2). This E80 of KVP40-LT was well aligned
with the catalytic residue E64 that has been previously characterized in chain A of the
membrane-bound lytic murein transglycosylase A of E. coli (36), suggesting the critical
role of this residue in the transglycosylase activity of KVP40-LT.
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FIG 3 Lytic transglycosylase of phage KVP40 triggers the bacterial morphological change similar to that observed during the phage infection. (A) Illustration
of the plasmid constructs used for characterization of the lytic transglycosylase: wild-type LT (LT-wt), the catalytic mutant LT E80A (LT-E80A), and the signal
peptide-truncated LT (LT-AsignalP). (B) N-acetylglucosamine assay to determine the activity of lytic transglycosylase in culture of cells expressing LT-wt, LT-E80A,
and LT-AsignalP. Data were represented as means + SD from at least three independent experiments. (C) Single-cell morphological assay showing apparent
phenotypes of V. parahaemolyticus cell expressing LT-wt, LT-E80A, and LT-AsignalP. V. parahaemolyticus strain EB101 harboring the indicated construct was grown
to an early log phase and the protein expression was induced with 0.2% arabinose. After 10 min of induction, the cells were harvested, fixed, and stained with
FM4-64 (cell membrane; red) and DAPI (nucleoid; blue or gray), prior to observing by fluorescence microscopy. Scale bar represents 1 um. Graphs showing
(D) circularity index and (E) cell area of cells expressing LT-wt, LT-E80A, and LT-AsignalP after induction with 0.2% arabinose. Data were collected from at least
three different fields and represented as means + SD (n; control = 102, LT-wt = 50, LT-E80A = 178, LT-AsignalP = 102). Statistical analysis was determined by
one-way ANOVA followed by Tukey’s post-hoc tests. The cells harboring the plasmid pBAD33 alone are used as control.

KVP40-LT triggers a morphological change in cells similar to phage KVP40-
infected cells

To further confirm the functional annotation of KVP40-LT, we created three constructs,
including the wild-type LT, the catalytic-mutant LT E80A, and the signal peptide-trunca-
ted LT, and examined the transglycosylase activity of the enzyme and its derivatives in
the culture of overexpressing cells by N-acetylglucosamine assay (Fig. 3A and B). The
result showed that the transglycosylase activity was detected in the culture of cells
expressing wild-type LT at approximately two times greater than those in the culture
of cells expressing the catalytic mutant LT ESOA and the signal peptide-truncated LT,
including the internal control that harbored the vector pBAD33 alone (Fig. 3B). These
data indicated that KVP40.0279.1 encodes a fully active KVP40-LT, capable of lysing
bacterial cells from inside, and the signal peptide and catalytic residue E80 are necessary
for its function.

Since KVP40-LT was assumed to serve a role in phage MOK during late infection and
triggers morphological changes to a rounded shape as observed in infected cells, we
then performed a single-cell morphological assay by inducing the protein in bacterial
cells and visualizing whether the bacterial phenotype was changed in the presence
of the protein. As expected, the V. parahaemolyticus cells expressing wild-type LT had
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their morphology altered to a spherical shape. They were substantially different from
the normal rod-shaped cells that expressed the catalytic-mutant LT E80A and the
signal peptide-truncated LT (Fig. 3C). Moreover, these cells appeared swollen and were
approximately six times larger in size than those that harbored the mutants (Fig. 3D and
E). The circularity index as measured in cells expressing wild-type LT was at 0.76 £ 0.2 (n
= 50), which was quite similar to the circularity index of infected cells at 120 mpi (Fig. 1C
and 3D). Altogether, these findings suggested that KVP40-LT requires the signal peptide
and catalytic residue E80 to reach and degrade the bacterial cell wall, subsequently
leading to the loss of membrane integrity to maintain turgor pressure in cells and, thus
resulting in the bacterial morphological change.

KVP40-LT inhibits V. parahaemolyticus cell growth by lysing the cells

Since we hypothesize that KVP40-LT degrades the bacterial cell wall, leading to the loss
of cell integrity by which the turgor pressure can subsequently destroy the cell, we, thus,
pursued whether KVP40-LT exhibits bactericidal activity against the bacteria. First, we
examined the relative cell density and also analyzed the colony-forming units (CFU) of
the V. parahaemolyticus cells expressing the wild-type LT, the catalytic-mutant LT E80A,
and the signal peptide-truncated LT, compared to the control cell. Under the induction
with 0.2% arabinose, the relative cell density of all groups was unchanged up to 60 min,
after which the density of the cells expressing wild-type LT decreased continuously until
the 160 min time point (Fig. 4A). However, the cell density in the presence of the mutants
remained at the same level as that of the control cells. CFU of cells as measured at
2 h of overexpression revealed that KVP40-LT was able to reduce the bacterial growth
around 2-logs while the conditions of removing the signal peptide and mutating the
catalytic residue E80 completely impaired the bactericidal activity of the enzyme, further
supporting the importance of the signal peptide and catalytic residue E80 in transglyco-
sylase activity (Fig. 4B). The uninduced group showed comparable CFU of bacteria to
those of the arabinose-induced groups, indicating no toxicity of arabinose to the cell
growth (Fig. S3a). The time-series microscopy data further supported the bactericidal
activity of KVP40-LT in a temporal manner. During the expression of KVP40-LT in the
cells, V. parahaemolyticus cells initially appeared as a rounded shape, while the bacterial
membrane was still intact (Fig. 4C; red). At 16 mpi, the cell membrane was permeabilized,
followed by the cell burst at 24 mpi, as indicated by the bright staining of the released
genomic DNA (Fig. 4C; green, orange arrows, Video S1). Altogether, these data suggested
that KVP40-LT exhibits antibacterial activity through the degradation of the bacterial cell
wall, resulting in the loss of cell integrity and eventually leading to cell burst.

KVP40-LT bactericidal mechanism is conserved across bacterial genus

The bacterial cell wall is a rigid structure that maintains the cell shape and structural
integrity. It is composed of a complex mesh-like structure called peptidoglycan and is
highly conserved among bacteria. As KVP40-LT targets this conserved structure in
bacteria, we further investigated if KVP40-LT can also trigger morphological changes in
other bacteria and exhibit antimicrobial activity against it. We, therefore, again per-
formed a single-cell morphological assay by inducing KVP40-LT and its derivatives in cells
of E. coli, Salmonella enterica Typhimurium, and Pseudomonas aeruginosa and visualized
whether cell morphology was altered in the presence of the protein. Similar to V.
parahaemolyticus, wild-type LT was able to trigger the phenotypic change of E. coli cells
toward a rounded shape with the circularity index at 0.78 + 0.17 (n = 123) and the cell
size being three times larger than the other groups (Fig. 5A through C). The cell shape
and size remained unchanged in the cells expressing mutants and appeared in the
normal rod-shaped structure similar to the control E. coli cells (Fig. 5A through Q).
Similarly, wild-type LT also induced the rod-shaped cells of S. enterica Typhimurium and P.
aeruginosa toward rounded structures (Fig. S4a and b). However, unlike V. parahaemolyti-
cus, the DAPI-staining nucleoids in E. coli were not diffused throughout the cells but
localized as bright puncta close to the cell membrane. This result demonstrated that, due
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FIG 4 Lytic transglycosylase of phage KVP40 is lethal to V. parahaemolyticus via lysis of the cells from inside out. V. parahaemolyticus EB101 harboring

the indicated constructs was grown to an early log phase, and the protein was induced with 0.2% arabinose. The effect of KVP40-LT and its derivative

on V. parahaemolyticus was then investigated. (A) Graph showing the ODggg of cells expressing LT-wt, LT-E80A, and LT-AsignalP relative to the control cell.

(B) Representative images of growth inhibition assay showing the colony-forming unit (left panel) and a graph (right panel) of cells expressing LT-wt, LT-E80A,

and LT-AsignalP. Data in the graph were represented as means + SD from at least three independent experiments. Statistical analysis was determined by one-way

ANOVA followed by Tukey’s post-hoc tests. (C) Time-lapse imaging of V. parahaemolyticus EB101 expressing LT-wt over an interval of 32 min. The cells were grown

to an early log phase and inoculated onto agarose pads, supplemented with 0.2% arabinose, FM4-64 (membrane; red), and SYTO 16 (DNA; green). Then, the cells

were visualized by fluorescence microscopy. The cells harboring the plasmid pBAD33 alone are used as control. Scale bar represents 1 pm.

to the similar morphological changes among the tested bacteria in the presence of
KVP40-LT, the bactericidal mechanism of how KVP40-LT interfered with the molecular
target in bacteria is likely the same.

To further explore if KVP40-LT also exhibits antimicrobial activity against E. coli, we
investigated the reduction of cell density and CFU of the E. coli cells expressing the wild-
type LT and the mutants. The result showed that the relative cell density to the control
cell during expression of wild-type LT decreased sharply after 30 min of protein induction
similar to what was observed in V. parahaemolyticus (Fig. 5D). Even though the density of
cells expressing the signal peptide-truncated LT was comparable to that of the control
cells, we also observed a declining trend in the density of cells expressing the catalytic
mutant LT E80A (Fig. 5D). The growth inhibition assay further confirmed the bactericidal
activity of KVP40-LT as it reduced the CFU of E. coli up to 4 logs compared to the cell
control. We also observed a slight decrease in CFU of cells expressing the catalytic-
mutant LT EB0A and the signal peptide-truncated LT (Fig. 5E). The CFU of the uninduced
group was comparable to those of the arabinose-induced groups, indicating no toxicity
of arabinose to the growth of E. coli (Fig. S3b). As compared to the growth inhibition of
KVP40-LT in V. parahaemolyticus, the enzyme displayed more effectiveness in bactericidal
activity against E. coli, as it lysed the cells in a shorter time and reduced a higher number
of viable cells. This finding suggested that even though the peptidoglycan cell wall is
conserved, the membrane components of these bacteria that might make the cells
tolerate turgor pressure might be diverse.

DISCUSSION

Morphology-guided antimicrobial discovery has been widely used and successfully
determined the mechanism of action (MOA) of the compound of interest against the
bacteria (37, 38). Through the morphological changes of bacterial cells upon treatment
with various antibiotics, BCP correlates these changes with the MOA of the antibiotics
and is, thus, able to identify the MOAs of the compounds (31, 32, 38). Similarly, phages
are known to trigger phenotypic alterations in the bacterial host while replicating inside
the host cells. During infection, phage encodes a variety of proteins, some of which
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FIG5 Conserved mechanism in bacterial cell lysis of KVP40-derived lytic transglycosylase. E. coli JP313 harboring the indicated constructs was grown to an early

log phase prior to protein induction with 0.2% arabinose. The effect of KVP40-LT and its derivative on E. coli was then investigated. (A) Single-cell morphological

assay showing apparent phenotypes of E. coli cell expressing LT-wt, LT-E80A, and LT-AsignalP. E. coli harboring the indicated construct was grown to an early log

phase and the protein expression was induced with 0.2% arabinose. After 10 min of induction, the cells were harvested and fixed. Cell membrane and nucleoid

were stained with FM4-64 (red) and DAPI (blue or gray), prior to observing by microscopy. Scale bar represents 1 pm. Graphs showing (B) circularity index and

(C) cell area of E. coli cells expressing LT-wt, LT-E80A, and LT-AsignalP after induction with 0.2% arabinose. Data were collected from at least three different fields

and represented as means + SD (n; control = 108, LT-wt = 123, LT-E80A = 146, LT-AsignalP = 276). Statistical analysis was determined by one-way ANOVA followed

by Tukey’s post-hoc tests. (D) Graph showing the ODggq of E. coli cells expressing LT-wt, LT-E80A, and LT-AsignalP relative to the control cell. (E) Representative

images of growth inhibition assay showing the colony-forming unit (CFU) (left panel) and a bar graph (right panel) of E. coli cells expressing LT-wt, LT-E80A, and

LT-AsignalP. Data in the graph were represented as means + SD from at least three independent experiments. Statistical analysis was determined by one-way

ANOVA followed by Tukey'’s post-hoc tests.

interact molecularly with targets that are necessary for bacterial growth, contributing to
the alteration of cell shape or bacterial nucleoid (22). Thus, based on this similarity, we
recently applied the BCP principle to reveal the mechanism of pre-killing (MOK) of a
vibriophage in which it exerts to hijack or interfere with the bacterial protein synthesis
before phage egress (22). In this study, however, vibrophage KVP40 infection showed
none of the previously reported signature phenotypic changes during the early time-
point of infection when bacterial cellular pathways were hijacked by the phage. It is
possible that, due to the large genome of phage KVP40 that encodes many phage
proteins in the host cell (29), the apparent morphology would be a mixed phenotype
that results in multiple MOKs that simultaneously interfere with the host. For example,
the nucleus-forming jumbophages that also possess genome sizes larger than 200 kb
trigger massive morphological changes in the bacterial host during infection, including
cell bulging at midcell where the phage nucleus is located through, an unknown
mechanism (30). Therefore, this could make it hard to pinpoint what specific pathway is
targeted by the phage.

However, during late infection, the phenotype of infected cells turned toward a
rounded structure, this alteration being highly conserved as it also occurs in other
strains of V. parahaemolyticus during the phage infection. The shape of the phage
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KVP40-infected and LT-expressing cells was found to be similar to that of the mecillinam-
treated cells, indicating that the same cellular pathway of the bacteria was affected.
In this study, cells treated with PIP, MER, and MEC resulted in elongated, bulging, and
spherical cells, respectively. These differences in morphological effect are due to the
varying affinities toward different penicillin-binding proteins (PBPs) of each antibiotic.
For example, MEC is known to directly inhibit the PBP2 of the bacteria (39) which is
responsible for lateral cell wall synthesis (40) and elongation (41); inhibiting the enzyme
will result in round-shaped cell. We speculate that the spherical shape caused by KVP40
infection and LT expression is not the direct result of PBP2 inhibition but rather the
impaired cell wall structure resulting from LT activity at the late stage of infection (42).
Since the cell can no longer maintain its regular structure due to the extensive cell
wall degradation, turgor pressure exerted by the osmotic flow will contribute to the
change in structural integrity (43). This speculation is partly supported by our observa-
tion that the morphological change becomes more obvious only after the appearance
of intracellular bright puncta, which is a hallmark of successful DNA encapsidation at
the late stage of the lytic cycle (25, 30). In addition, the transition of rod-shaped cells
to spherical-shaped cells has also been previously reported to be involved in the host
cell lysis in other E. coli during late infection (44). Thus, this evidence indicates that this
morphological change might serve as an important role for phage reproduction at the
late time point after the phage maturation has been completed, possibly the phage
egress and host cell lysis.

During phage egress, it has been well characterized that the phage lysis cassette,
composed of holin, endolysin, and spanin, is necessary for host cell lysis by destroy-
ing the cell wall and modifying the cell membrane (44, 45). Some processes, such
as the pinholin-signal anchor release (SAR) endolysin system, have been reported to
trigger bacterial cell morphology toward a spherical shape (44). From our analysis, in
addition to the functional annotation of phage KVP40 genome (29) narrowing down
toward the proteins in the lysis cassette, we found two genes encoding RZ-like spanin,
including KVP40.0086 and KVP40.0087, and a lytic transglycosylase SLT domain protein
(KVP40.0279.1), which is one of the endolysins as we named it KVP40-LT. During the
expression of wild-type KVP40-LT alone in bacterial cells, it is obvious that it can
transform the cell shape toward a spherical shape similar to what we observed during
the phage infection. This evidence demonstrates that KVP40-LT serves a major role in
degrading the bacterial cell wall and induces phenotypic changes during the phage
infection at the late stage of the lytic cycle. However, we were curious if KVP40-LT could
function alone without other lysis-related proteins, as we did not identify any genes
similar to holin in the genome, even in the genes that are supposed to be related to
the lysis cassette. It has been widely accepted that phage lysins are highly divergent,
and more than 20% of them are holin-independent lysins that harbor either SAR or a
cleavable signal peptide (46). In particular, the signal peptide is recognized by the host
Sec secretion system, thus facilitating the transportation across the inner membrane into
the cell periplasm (46). Interestingly, according to our analysis, rather than the conserved
domain of the lysozyme-like superfamily, KVP40-LT appears to contain a signal peptide
that can be recognized by the Sec machinery of bacteria. Therefore, with the presence
of a signal peptide on KVP40-LT and the absence of holin in the genome, this finding
suggests that KVP40-LT is classified as one of the holin-independent lysins that, by
itself, can degrade the bacterial cell wall without the need of holin. Our result clearly
supported this assumption since expressing the wild-type KVP40-LT alone in bacterial
cells can digest the peptidoglycan and trigger morphological change leading to cell
death, while removing the signal peptide and mutating the catalytic residues involved in
transglycosylase activity completely restrained the function of the enzyme.

Altogether, our investigation of morphological changes in bacterial cells leads to
a phage-derived antimicrobial protein, and thus, we propose our model for phage-
induced morphology-guided antimicrobial screening. As illustrated in Fig. 6, we begin
by exploring the phages in the collection by a single-cell infection assay and selecting
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FIG 6 Phage-induced morphology guided antimicrobial screening. Through the matched morphology during phenotypic screening as induced by phages and

antibiotics, this pipeline suggests the predicted MOK which the phage potentially displays to interfere with host metabolic processes. Based on the predicted

MOK together with genomic analysis of the phage, the information narrows down the selection toward potential candidates that could serve a role in the

apparent morphology during the phage infection. In vivo expression of each selected candidate to examine the morphological change is lastly conducted to

confirm the role of the protein in phenotypic alteration.

the ones that trigger a morphological change in the bacterial host that matches the
signature phenotype on our BCP database. This step will facilitate the narrowing down
to only the phages in the library that exhibit interesting MOK for subsequent genome
analysis and functional annotation, thus avoiding massively laborious work on individual
phage genomic studies. Due to the matched morphology between phage-infected and
drug-treated cells, we can then predict the possible MOK that the phage displays during
its lytic cycle. Based on the predicted MOK together with the available phage genomics
information, we will be guided toward a group of genes in the phage genome that are
responsible for this change for further functional investigation, thereby easily ignoring
the rest of the genome that are not related to it. However, some limitations of the
screening are worth noting here: (i) the method relies mainly on gene annotation;
thus, unknown genes that are difficult to bioinformatically annotate might hamper the
target selection of the pipeline; (ii) optimization and synchronization of each phage
for its infection are needed; (iii) we cannot pinpoint the exact molecular targets which
the phage hijacks; and (iv) the morphological changes of bacterial cells during phage
infection are quite varied and some do not match the database, which might be the
result of the multiple phage MOKs that interfere with bacterial cells simultaneously.
Therefore, the fundamentals of how the phage-derived antimicrobials interact with
bacterial targets will be needed, and an extension of our BCP database to incorporate a
combination of antibiotics will be required to reveal all possible bacterial morphological
changes.
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MATERIALS AND METHODS
Bacterial growth and bacteriophage preparation

Vibrio parahaemolyticus strain EB101T and AHPND (Table S1) were used as the host for
phage propagation, the single-cell infection assay, and the single-cell morphological
assay. Bacterial cells were grown overnight in Tryptic Soy Broth (TSB) (HiMedia Soyabean
Casein Digest Medium, Cat. No. M011) supplemented with 1.5% NaCl at 37°C, 250 rpm. E.
coli DH5a, E. coli JP313, S. enterica Typhimurium IR715, and P. aeruginosa PAO1 (Table S1)
were used for molecular cloning and the single-cell morphological assay. The bacterial
cells were grown overnight in Luria-Bertani (LB) broth (Tryptone; Himedia, Cat. No.
RMO027, and Yeast extract; Himedia, Cat. No. RM014) at 37°C, 250 rpm.

Giant vibriophage KVP40 was isolated and identified as previously reported by (47).
Briefly, the high-titer phage lysate was prepared using the double-layer agar method.
Phage was 10-fold serially diluted in SM buffer and 10 pL of each diluted sample was
mixed with 100 pL of an overnight culture of the host (V. parahaemolyticus strain EB101).
The mixtures were mixed gently and incubated at room temperature for 5 min to initiate
the phage adsorption. After that, 5 mL of 0.35% of top agar was added to each sample,
and then, the mixtures were poured onto TSA plate containing 1.5% NaCl. The plates
were incubated at 37°C overnight. Five milliliters of SM buffer was then added onto the
plate that shows confluent lysis, followed by incubation at room temperature for at least
5 h. The phage solution was collected from the plate and was centrifuged at 9,000 rpm
for 5 min to pellet the cell debris. The supernatant was then collected and filtered using
a 0.45-um filter. This solution, called the high-titer phage lysate, was evaluated for the
phage titer (pfu/mL) and stored at 4°C until use.

This work has been reviewed and approved by Chulalongkorn University-Institutional
Biosafety Committee (CU-IBC) in accordance with the levels of risk in pathogens and
animal toxins, listed in the Risk Group of Pathogen and Animal Toxin (2017) published
by Department of Medical Sciences (Ministry of Public Health), the Pathogen and Animal
Toxin Act (2015), and Biosafety Guidelines for Modern Biotechnology BIOTEC (2016) with
approval number: SC CU-IBC-028/2020.

Plasmid constructions and bacterial transformation

The genes KVP40.0279.1 encoding full-length lytic transglycosylase and signal peptide-
truncated lytic transglycosylase were amplified from the high-titer phage lysate by
polymerase chain reaction using specific primers (Table S2). The gene was cloned into
the linearized backbone pBAD33 vector at the downstream region of the arabinose
inducible promoter and ribosomal binding site using NEBuilder HiFi DNA assembly
Master Mix (Catalog no. E26215S) to generate a recombinant plasmid as listed in Table S1.
The recombinant plasmid was later transformed into E. coli DH5a, and the transformants
were selected on LB media supplemented with corresponding antibiotics (Table S1).
Once the construct of full-length lytic transglycosylase had been obtained, point-muta-
tion at aspartic 80 was performed using specific primers (Table S2) by site-directed
mutagenesis PCR protocol to alter aspartic to alanine. The correctness of constructs
was confirmed by colony PCR and DNA sequencing. The resulting constructs were
later transformed into indicated organisms including E. coli JP313, V. parahaemolyticus
EB101, S. enterica Typhimurium IR715, or P. aeruginosa PAO1 by electroporation (Table S1).
Positive clones were stored in glycerol stock at —80°C until used.

Single-cell infection assay

As previously described by Thammatinna et al. (22), overnight cultures of V. parahaemoly-
ticus strains EB101 or AHPND were 100-fold diluted in fresh LB and incubated at 37°C
on a roller until ODggq reached an early log phase (=0.4). Then, 1 mL of bacterial cells
was harvested by centrifugation at 8,000 x g for 5 min and infected with the high-titer
bacteriophage at MOI 5. At desired time points: 0-, 15-, 30-, 60-, 90-, and 120 mpi, the
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infected cells were collected and fixed with paraformaldehyde at a final concentration of
4%. Then, the fixed cells were washed three times in 1x PBS and stained with fluores-
cent dyes; FM 4-64 (1 pg/mL) and DAPI (2 ug/mL) for 10 min. The stained cells were
later loaded onto an agarose pad (1.2% agarose with 20% LB) on concave glass slides,
and fluorescence microscopy was then performed to observe the morphologies of the
infected cells.

Mechanism of action study based on BCP principle

As described by Htoo et al. (31), overnight cultures of V. parahaemolyticus were diluted
1:100 and grown at 37°C until the early log phase. Antibiotics (piperacillin, meropenem,
mecillinam, ciprofloxacin, tetracycline, and rifampicin) were added at 5x MIC, incubated
for 1 h, and then fixed in 4% final concentration of paraformaldehyde. Fixed cells of
treated V. parahaemolyticus were stained with 1 pg/mL of FM 4-46 and 2 pg/mL of
DAPI for 5 min. Then, the cell pellet was harvested by centrifugation at 6,000 x g for
30 s and resuspended in 1/10 vol of TSB supplement with 1.5% salt. Three microliters
of the bacterial culture was loaded onto agarose pads—the preparation of which have
been detailed in the previous section—on concave glass slides and then fluorescence
microscopy was performed to observe the morphologies of the altered cell changes. For
data analysis, the number of cells (n = at least 100 cells) in the infected condition was
compared with that of the uninfected control. The data were collected from at least three
independent biological experiments. Image analysis and processing were performed on
Fiji software (48).

Bioinformatics and functional annotation

Through functional annotation of KVP40 genome as previously reported, potential
candidates that appeared to be involved in peptidoglycan degradation were manually
selected. For the identification of homologs of lytic transglycosylase (KVP40.0279.1), the
amino acid sequence of KVP40 lytic transglycosylase was used as a query against the
NCBI database to obtain related viral lytic transglycosylases (49). Multiple amino acid
sequence alignments of the obtained sequences were then generated using MEGA with
the default settings to demonstrate the conserved domains. The conserved domains of
KVP40 lytic transglycosylase were then confirmed by BLASTP and INTERPRO. SignalP was
also used to predict the presence of a signal peptide (50).

Lytic transglycosylase activity assay

To functionally prove whether KVP40 lytic transglycosylase exhibits the transglycosy-
lase activity as predicted by bioinformatics, 4-nitrophenyl-n-acetyl-B-p-glucosaminide
(NP-GIcNAC) (catalog no. N-230-500), which is a chromogenic substrate, was used as a
substrate to evaluate the enzyme activity in the assay. Briefly, V. parahaemolyticus strain
EB101 harboring pBAD33 plasmid, LT-WT, LT-E80A, and LT-AsignalP were grown in LB
supplemented with chloramphenicol (30 pg/mL) at 37°C overnight. Then, starting from
the cultures at the same cell density to normalize the cell number, the cells were induced
by 0.2% arabinose and incubated with shaking for 2 h; thereafter, the supernatant of cell
cultures was collected by centrifugation at 10,000 x g for 10 min to remove the cell pellet
and cell debris. Then, 500 L of supernatant of each strain was mixed with 100 uL of
5 mM NP-GIcNAc, and the reactions were incubated at 37°C for 30 min. Once completed,
the reaction was then terminated by adding 0.5 M Na,CO3 at 1:1 ratio. The absorbance of
the reaction was measured at 420 nm to evaluate the degradation of NP-GIcNAc (45).

Single-cell morphological assay

To investigate whether KVP40 lytic transglycosylase affects bacterial morphological
change of V. parahaemolyticus strains EB101, E. coli JP313, S. enterica Typhimurium
IR715, and P. aeruginosa PAQO1, overnight cultures of the bacteria harboring the indicated
recombinant plasmid (Table S1) were 100-fold diluted in fresh LB media (for E. coli,
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S. enterica Typhimurium, and P. aeruginosa) and supplemented with 1.5% of NaCl (for
Vibrio), and then incubated at 37°C on a roller until ODggg reaches an early log phase.
Then, arabinose was added to the culture at 0.2% final concentrations and incubated for
10 min. The bacterial cells were then harvested, fixed, and stained as described above.
Three microliters of the sample was loaded onto an agarose pad (1.2% agarose with 20%
LB) on concave glass slides followed by fluorescence microscopy.

For live-cell imaging, day cultures of V. parahaemolyticus with ODgqq at an early log
phase were prepared as described above. The bacterial cells were then transferred onto
an agarose pad and induced simultaneously by 0.2% arabinose. The cells were also
stained with fluorescent dyes: FM4-64 for membrane staining and the cell-permeant
Syto16 (catalog no. S7578) for DNA staining, on concave glass slides. The slides were
incubated in a moist chamber with a temperature controller at 37°C, and time-lapse
imaging was then initiated with a window of 60 min with 2-min intervals. Images were
collected and analyzed by Fiji software.

In vivo killing assay and in vivo growth inhibition assay

To verify the antibacterial effect of KVP40 lytic transglycosylase on bacterial growth, V.
parahaemolyticus strains EB101 and E. coli JP313 harboring the indicated recombinant
plasmid were grown in 5 mL of liquid LB media supplemented with 30 pg/mL chloram-
phenicol at 37°C overnight. Overnight cultures were then 100-fold diluted into fresh LB
and grown at 37°C until ODggq reached an early log phase (=0.4). For in vivo killing assay,
a final concentration of 0.2% arabinose was added to induce the protein expression in
the cultures in experimental groups. The absorbance at ODggg was then monitored for
3 h with 5-min intervals on a microplate-reader while maintaining the temperature at
37°C throughout the experiment. For in vivo growth inhibition assay, the cultures were
induced by either 0.2% arabinose (experimental group) or uninduced (control group)
for 2 h. Cultures were then 10-fold diluted in fresh LB, and 5 pL of the mixtures was
then spotted on LB agar containing 30 pg/mL chloramphenicol. The plates were dried
and incubated at 30°C overnight. Colony-forming unit (CFU/mL) was counted on the
following day.

Quantitation and data analysis

For data analysis, the number of cells (n = least 100 cells) in the infected condition was
compared with that of the uninfected control. The data were collected from at least three
independent biological experiments. Image analysis and processing were performed on
Fiji software.

For the analysis, raw images from the fluorescence microscope were pre-processed
and analyzed on Fiji software. The morphological parameters were selected based on
bacterial cell wall. FM4-64 was used to define the outlines for defining the circularity
index and area. The background intensity of each cell was subtracted to obtain the
boundary of the cell. In order to determine the circularity of bacterial cell wall in infected
cells and induced cells, we used the tool "Analyze Particles" in Fiji program as described
by Chaikeeratisak et al. (25). The dead cell, cell debris, or unconnected boundary cell was
subtracted in this analysis. Statistical analysis was performed, and statistical significance
was determined by student’s t-test and one-way ANOVA with Tukey’s HSD post-hoc test.
The analyses for each experiment are mentioned in the figure legends. The Violin plot
was generated from Plots of Data (https://huygens.science.uva.nl/PlotsOfData/) (51).
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