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SUMMARY The objective of this review is to summarize research that has been done on O
antigen-mediated bacteriophage resistance in E. coli K-12 and to investigate the potential
mechanisms of resistance. The loss of O antigen expression in E. coli K-12 strains such as
MG1655 is due to the disruption of wbhbL gene with an IS5 element. Insertion of an intact
wbbL gene from O antigen expressing strain of £. coli WG into the chromosome of E. coli
MG1655 restored O antigen expression. The resulting strain, DFB1655 L9, is resistant to
bacteriophages P1, T4, and T7. Bacteriophage absorption was measured using qPCR and a
double agar overlay plaque assay, which showed a greater number of bacteriophages in the
supernatant of an O antigen producing E. coli strain. Visualization of T4 bacteriophage and
host interactions using negative stain electron microscopy showed a reduced amount of
bacteriophage on strains expressing O antigen. These data suggest that bacteriophage
absorption may be inhibited by O antigen. This review concludes by considering several
steps in the bacteriophage life cycle at which O antigen may inhibit T4 infection.

INTRODUCTION

B acteriophages are viruses found ubiquitously in the environment that infect bacteria in
order to replicate, acting as obligate parasites. Bacteriophage T4 is a T-even
bacteriophage capable of infecting and inducing lysis in the extensively studied Gram-
negative bacterium, Escherichia coli (1-3). Bacteriophage T4 or phage T4 is a relatively large
bacteriophage with an icosahedral head that carries a 169 kb double-stranded DNA genome
(4). The head is attached to a hollow tube connected to short and long tail fibers, which
mediate host recognition and attachment (3, 4). Viral absorption consists of the following
steps: initial bacteriophage contacts, reversible binding, and irreversible attachment (3). The
phage binds to receptors reversibly with the long tail fibers, then binds irreversibly with the
short tail fibers (1). The overall life cycle of T4 bacteriophage is illustrated in Figure 1.

As the natural prey of bacteriophage T4, E. coli are Gram-negative bacteria with an
asymmetric outer membrane predominantly composed of lipopolysaccharide (LPS)
molecules in the outer leaflet. LPS consists of lipid A, which serves as an anchor for non-
repeating oligosaccharide that form the core of LPS. A repeating polysaccharide consisting
of 3 to 8 sugar groups, called the O-polysaccharides or O antigen, is attached to the core (3,
5, 6). E. coli serotypes are determined by the type of polysaccharide antigens on their cell
membrane including the O antigen (3). LPS has been shown to be one of the surface receptors
for bacteriophage adsorption of T4 phages (3, 7). The E. coli osmoregulator, OmpC, can also
serve as a receptor for T4 (3). The absorption of T4 can also be supported when either LPS
or OmpC is available (2). Previous studies have found that mutations preventing OmpC
expression or the addition of specific sugar residues in LPS make E. coli more resistant to T4
bacteriophage infection (3, 8). Another T-even bacteriophage, T7, can also infect Gram-
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negative bacteria using specific cell surface receptors (16). Same as T4, the core region of
LPS is identified as the primary receptor for T7 phage (16). Another surface molecule utilized
by T7 is OmpA/OmpR (16).
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E. coli K-12 has been used as a model organism in laboratory settings for decades, which
has given rise to an accumulation of mutations that have resulted in the loss of its ability to
synthesize the outer membrane component, O antigen (9, 10). To investigate the role of O
antigen in bacteriophage infections, Browning et al. created an isogenic strain of K-12
MGI1655 by re-introducing the gene cluster responsible for O antigen synthesis into its
genome (11). The resulting isogenic strain, DFB1655 L9, is able to synthesize O antigen and
resist infection by a specific bacteriophage, P1 (11). Both bacteriophage T4 and P1 use LPS
as their host receptor (13). This observation of phage resistance in bacteriophage P1 lead to
of an extensive investigation on the role of O antigen during phage infection in bacteriophage
T4 and T7 (14-20).

This review describes the literature on T4 resistance of engineered E. coli K-12 strain
DFB1655 L9, which is capable of expressing O antigen. This review will outline the 1) O
antigen synthesis pathway, 2) O antigen synthesis restoration in strain DFB1655 L9, 3) O
antigen mediated T4 resistance in strain DFB1655 L9, 4) T4 resistance by preventing
bacteriophage adsorption, and 5) potential models of T4 resistance. Finally, this review
discusses how bacteriophage resistance in £. coli K-12 could contribute to the development
of possible therapeutics using bacteriophage.

O antigen biosynthesis in E. coli K-12 requires wbbL. E. coli K-12 has been passaged in
lab media repeatedly over decades resulting in a loss of genetic characteristics including the
F plasmid, bacteriophage A, and expression of cell surface structures including the O antigen
(9, 10). The loss of O antigen expression is a result of the disruption of wbbL gene by a small
transposable insertion sequence (IS), IS5, also called the »fb-50 mutation (Fig. 2) (11). The
gene cluster for O antigen is called 7fb gene cluster (12). As shown in Figure 2, wbbL is one
of the genes in the O antigen biosynthesis operon which also consists of wbbK, wbbJ and
wbbl (12). These Wbb proteins are responsible for catalyzing covalent linkages between the
sugar building blocks that make up O antigen (Fig. 3). O antigen synthesis is initiated by the
WbbL protein, a rhamnose transferase that adds L-rhamnose to the D-N-acetylglucosamine
molecule anchored in the cytoplasmic side of the inner membrane using undecaprenyl
pyrophosphate (Und-PP) (Fig. 3). Once L-rhamnose is bound to the growing O antigen
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residue, WbbK adds D-glucose. Then WbbJ adds O-acetyl to L-rhamnose, and Wbbl adds D-
galactofuranose. The O antigen is then translocated across the inner membrane by the Wzx
translocase (6). A complete O antigen molecule is synthesized in the periplasm through the
polymerization of repeating units until it achieves the preferred modal chain length (6). Once
a complete O antigen molecule is ready, the entire unit is ligated to a lipid-A core and
translocated to the outer membrane (6). Since translocase Wzy can also translocate an
incomplete repeating unit to lipid A-core, a truncated version of O16 with an incomplete
repeating unit is possibly presented on the cell surface. This process is demonstrated with O7,
which has the same first sugar residue as O16, D-N-acetylglucosamine (Fig. 3) (6).
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FIG. 2 Restoration of O antigen using plasmid complementation to insert wild-type wbbL gene into the host
chromosome. (A) The conjugative suicide vector pJP5603 with the wbbL gene is integrated into the MG1655
chromosome to regenerate the rfb gene cluster. The insertion of wbbL upstream of IS5 resulted in strain, DFB1655 L9
(shown as cross 1). The integration of wbbL downstream of IS5 resulted in the DFB1655 L5 strain (cross 2) (9). The
forward and backward primers used to detect the insertion of WT wbbL are indicated as yellow and green arrows in the
figure. Adapted from Browning ef al. (9) and created in ProCreate. The genes drawn here are not to scale. (B) Colony
gradient PCR results of MG1655 and DFB1655 L9. In DFB1655 L9, the amplicon in size of 800 bp was observed, which
represents the wbbL gene (white arrow). The amplicon in size of 2000 bp was observed in both strains, which indicates
the disrupted wbbL gene with the 1200 bp IS5 element (grey arrows). A negative control (H,O) was included on the right
top of the gel. Reproduced from Chiu et al. (10).

Restoration of O antigen synthesis in E. coli strain MG1655. To understand the role of O
antigen in E. coli, Browning et al. conducted a study to restore O antigen expression by
introducing a functional copy of the wbbL gene into the genetically well-characterized E. coli
strain MG1655. To confirm that the 7/b-50 mutation is the only factor responsible for O
antigen synthesis in E. coli, Browning et al. cloned wild-type wbbL from E. coli strain WG1
into the pET20b vector and transformed this plasmid into MG1655 in a gain of function
experiment (Fig. 2) (11, 12). The total cellular protein and LPS expressed in MG1655
transformed with a negative control vector (pET20b/wbbL with a single base pair deletion)
or WbbL expressing vector (pET20b/wbbL) were compared (11). Only the pET20b/wbbL
expressing strain synthesized O antigen when measured using a silver-stained SDS-PAGE
(11). Browning et al. confirmed that MG1655 was incapable of producing O antigen synthesis
due to the disruption of wbbL (11).
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The regeneration of 7fb cluster was achieved by vector complementation of wbbL into the
MG1655 genome through chromosomal insertion (Fig. 2) (11). The rfb cluster was
structurally regenerated when the plasmid was integrated upstream of the IS5 element, which
generated DFB1655 L9 strain (Fig. 2) (11). However, when wbbL was inserted downstream
of the IS5 element, both undisrupted wbbL gene and disrupted wbbL exist together and the
7fb gene cluster is not regenerated with the remaining IS5 element, which generated DFB1655
L5 strain (Fig. 2) (11). Using silver-stained SDS-PAGE of LPS, the expression of O antigen
on LPS in both strains was demonstrated, however, the amount was significantly greater in
DFB1655 L9 than DFB1655 L5, where DFB1655 LS5 exhibited wild-type (MG1655) levels
of LPS (11). These newly produced strains are isogenic to MG1655 (11). Interestingly,
DFB1655 L5 behaved similar to MG1655 in terms of bacteriophage resistance, suggesting
that perhaps the density of O antigen on the cell surface may play a role in bacteriophage
resistance. A recent study has shown that lysogenization of O antigen producing E. coli is due
to the loss or reduced amount of O antigen (24). Thus, developing a separate isogenic strain
with a non-native, inducible promoter could potentially be used to induce increased levels of
O antigen by adding activators to enhance the interaction between the promotor and RNA
polymerase. The altered level of O antigen synthesis could help determine whether resistance
is density dependent.

Besides O antigen production, there was no difference in cell growth, cell viability, outer
membrane composition and OmpC production observed between DFB1655 L9 and MG1655
(11). Browning et al. observed that DFB1655 L9 is resistant to bacteriophage P1, exhibits
decreased transformation efficiency, more pathogenic to Caenorhabditis elegans by resisting
mechanical force, and exhibits reduced biofilm production compared to MG1655 and
DFBI1655 LS (11).
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FIG. 3 016 antigen biosynthesis pathway of E. coli K-12. (A) A complete O16 antigen presented on the E. coli K-12
cell surface with wbbL expression. (B) A truncated O16 antigen in the absence of WbbL. Abbreviations: Galf,
galactofuranose; Glc, glucose; GlcNAc, N-acetylglucosamine; OAc, O-acetyl; Rha, rhamnose. Reproduced from Hong et
al. (6) and created in Goodnotes.

Restored O antigen production in E. coli renders them resistant to bacteriophages.
Given that pathogenic E. coli strain O157 H7, which expresses O antigen, is resistant to
bacteriophage P1, Browning et al. hypothesized that strain DFB1655 L9 may show similar
resistance to P1 (11, 13). A cross-streak assay was conducted where each bacterial strain was
streaked perpendicular across a line of P1 lysate on petri plates containing Luria broth (LB)
agar media (11). A zone of clearing was observed when strain MG1655 was cross-streaked
with P1, but DFB1655 L9 grew as a solid line when cross-streaked with P1 (11). These
results suggest that the presence of a functional wbbL gene in strain DFB1655 L9 renders E.
coli resistant to bacteriophage P1 infection (11). To follow up on this finding, the student
team of Chiu et al. hypothesized that DFB1655 L9 may be resistant to other types of
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bacteriophage such as T4, which shares the same host surface receptor LPS (14). Chiu ef al.
used a double agar overlay plaque assay to measure T4 resistance of MG1655 and DFB1655
L9 (14). In this assay, each strain was mixed with T4 in agar to allow bacteriophage-bacterium
interactions. The mixture was then poured onto petri plates and incubated (14). The number
of plaques formed in the bacterial lawn were counted the next day (14). There were no plaques
observed from DFB1655 L9 plates at all multiplicities of infection (MOI) tested. In contrast,
complete lysis or large numbers of plaques were observed on the MG1655 plates indicative
of strain sensitivity to T4 (14). Taken together, the data suggests that O antigen expression in
strain DFB1655 L9 confers resistance to T4 infection (14). The results were recapitulated by
several research teams (15-20). The team of Lee et al. hypothesized that T7 bacteriophage
infection of DFB1655 L9 may yield a similar result (16). T7 infectivity in DFB1655 L9 and
MG1655 was tested using the double agar overlay plaque assay (16). The result showed that
DFB1655 L9 is also resistant to T7, whereas MG1655 was susceptible (16). These
observations indicate the presence of O antigen renders E. coli strain K-12 resistant to
multiple bacteriophages including P1, T4, and T7 (11, 14-20). However, the mechanism of
O antigen-mediated bacteriophage resistance in E. coli remained to be elucidated.

Bacteriophage T4 infection of MG1655 is not inhibited by secreted factors from
DFB1655 L9. The observation that the restoration of an intact copy of wbbL was sufficient
to confer resistance to bacteriophage infection suggests that a component of O antigen may
interact with the bacteriophage. One model that may explain the DFB1655 L9 bacteriophage
resistant phenotype is the soluble factors such as a component of O antigen that may be
released from the bacterial surface into the culture supernatant. Bacteriophage may bind to
this secreted moiety thereby inhibit bacteriophage infection via chemical interaction that leads
to inactivation (14). Since the presence of O antigen in DFB1655 L9 renders T4 resistance, it
is possible that T4 may interact with free O antigen in the environment. To test this, Chiu e?
al. incubated T4 with E. coli culture supernatant overnight prior to infecting MG1655 at MOI
of 1 (14). The supernatants are expected to contain secreted factors from each cell. Using a
double agar overlay plaque assay, no difference in plaque formation was observed from T4
incubated with MG1655 or DFB1655 L9 soluble factors (14). This suggests that the soluble
factors released from E. coli strain DFB1655 L9 into the culture supernatant do not restrict
bacteriophage infection. However, in this experiment, the composition of released DFB1655
L9 soluble factors in the supernatant was not defined. Therefore, by incubating T4 with
purified O antigen may provide further insight into the interaction between T4 bacteriophage
and O antigen.

O antigen may inhibit bacteriophage adsorption to mediate resistance. Chiu et al.
proposed that O antigen may hinder binding of bacteriophage receptor on E. coli LPS or
OmpC. Wachtel et al. followed up on this idea by proposing that O antigen may be inhibiting
the adsorption of bacteriophage T4 to the host (13, 15, 21). To test this, Wachtel et a/. used
quantitative polymerase chain reaction (qQPCR) to quantify the amount of T4 gp23 gene in the
supernatant of MG1655 or DFB1655 L9 after incubation with phage T4 (Fig. 4A) (15). The
experimenters predicted that if O antigen prevented T4 adsorption then more gp23 would be
measured in the culture supernatants (15). In their assay, E. coli cells were incubated with
bacteriophage T4 for 5 minutes to allow viral adsorption but not bacteriophage replication
and host cell lysis (Fig. 4A) (15). After centrifugation, chloroform was added to the collected
supernatant to prevent viral replication and disrupt remaining cells (Fig. 4A) (15). gPCR was
then used to quantitatively detect T4 gp23 (15). DFB1655 L9 showed lower Cq values than
MG1655 at all bacteriophage concentration tested, indicating that there was more T4 gp23 in
the DFB1655 L9 supernatant (Fig. 4B, C) (15). There was an average of 4.9x10° more copies
of bacteriophage genome detected in the supernatant of DFB1655 L9 than MG1655 at 1073
MOI, which implies that bacteriophage adsorption is inhibited in DFB1655 L9 (15).
However, the major limitation of qPCR is its ability to quantify the number of “active”
bacteriophages in a sample. This assay could be detecting all nucleic acids in the sample,
which may include nonfunctional bacteriophages or any free bacteriophage genome that is
released into the environment prior to absorption. Thus, measuring T4 bacteriophage using
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qPCR may result in an over-estimation that may not reflect the exact degree of absorption
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Lee et al. followed up this study by attempting to replicate the bacteriophage adsorption
assay. Using a qPCR assay, Lee et al. observed no difference between the number of detected
T4 gp23 or T7 gpl0a in the supernatant of both MG1655 and DFB1655 L9 cultures (15, 16).
The testing condition of each group was identical with the same MOI, primers, procedure
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being used (15, 16). Lee et al. suspected the failure to replicate the same results could have
been caused by any deviation in undocumented techniques or reagent composition (16). Thus,
another experiment maybe be needed to confirm whether the result could be reproducible by
using Wachtel er al.’s bacteriophage adsorption assay.

Given the discrepancy between the studies using qPCR to quantify bacteriophage in the
culture supernatant, Dimou et al. (2019) adapted an adsorption assay using a double agar
overlay plaque assay based on the work by Kropinski et al. (Fig. 4A) (17, 23). In their assay,
Dimou et al. incubated T4 with either MG1655 or DFB1655 L9 for 10 minutes and collected
the supernatant every minute. Two additional samples at 15 and 25 minutes were also
collected. After centrifugation of collected supernatants, chloroform was added to kill
bacterial cells and prohibit reversible binding. Chloroform separated out from the solution
after 1-2 minutes of cold incubation, then the chloroform-free supernatant was mixed with E.
coli cells to conduct a double agar overlay plaque assay (Fig. 4A) (17). Any unbound
bacteriophage would result in a plaque in the assay. The number of plaques formed would
indicated the proportion of unbound bacteriophage in the culture supernatant. The number of
plaques in the MG1655 condition decreased overtime as shown in Figure 4D (17). This
suggested that more T4 was binding to MG1655 with increased incubation time. In contrast,
no changes in the number of plaques was observed in the DFB1655 L9 cultures incubated
with T4 as shown in Figure 4E (17). These data suggest that T4 does not adsorb onto
DFB1655 L9. In contrast to qPCR, only functional bacteriophages would infect the bacterial
cells in a double agar overlay plaque assay. Therefore, a double agar overlay plaque assay
can measure bacteriophage adsorption prevention more accurately and provide more
meaningful data. Furthermore, Dimou et al. calculated the attachment rate constant of
MG1655 and DFB1655 L9, which indicates the degree of irreversible attachment of the
bacteriophage to the host cell that is required before the bacteriophage can inject its viral
genome into the host. The attachment rate constant for DFB1655 L9 was 0 mL/min(cfu),
which indicates that irreversible attachment of T4 bacteriophage to DFB1655 L9 was
inhibited (17). Taken together, these results strongly suggest that the expression of O antigen
in strain DFB1655 L9 prevents T4 adsorption.

Two teams have attempted to examine the physical interaction between T4 and MG1655
or DFB1655 L9 using negative stain electron microscopy (EM) (18, 19). Biparva et al.
incubated T4 stock at 1.79 x 10'° pfu/mL with DFB1655 L9 or MG1655 for 5 minutes (18).
The supernatant was removed and the cells were fixed, washed, and stained for EM
preparation (18). Biparva et al. observed 3-4 bacteriophage per cell in MG1655. In contrast,
no bacteriophages were observed bound to DFB1655 L9 (18). Morgan et al. followed up on
this result by repeating the EM study with a 9-minute incubation prior to processing at a MOI
of approximately 10 (19). Morgan et al. observed an average of 7-11 bacteriophage per
MG1655 cell and 3 bacteriophages per DFB1655 L9 cell (19). This suggests that the number
of T4 phages adsorbing into MG1655 is higher than DFB1655 L9. However, it is worth noting
that in both studies, the head of bacteriophage T4 appeared to be embedded in the host cell
surface and the interaction between bacteriophage tails and host cell surface was not clear
(18, 19). Another observation made by the research groups was that DFB1655 L9 cells
appeared elongated and darker than MG1655 (18, 19). Biparva et al. speculated that this may
due to the uptake of EM stain by O antigen (18). However, Morgan et al. observed a mixture
of morphological phenotypes in the DFB1655 L9 culture, the same elongated cells observed
by Biparva et al. and regular wild-type-like cells (18, 19). Taken together, these EM studies
observed bacteriophage bound at the bacterial surface and suggest that more bacteriophage
may bind per cell in strain MG1655 versus DFB1655 L9.

Models of O antigen mediated bacteriophage resistance. As summarized above, several
different mechanisms have been proposed to explain how the expression of O antigen could
mediate bacteriophage resistance. The model of £. coli soluble factors inhibiting T4 infection
was tested, but no difference in bacteriophage infectivity was found (14). Here, the soluble
factors are not specific for secreted O antigen (14). This may imply that the secreted factors
are not giving protection towards the bacteriophage. However, since it was not specific for O
antigen, the amount of released O antigen may be not sufficient for making the bacteria
protective. Thus, this model has to be re-examined with only O antigen soluble factors at
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difference concentration to verify the exact interaction between bacteriophage T4 and
DFB1655 L9 (Fig. 5B).

The idea that O antigen may prevent T4 absorption was tested by using qPCR and double
agar overlay plaque assays, which shows that there was a greater amount of free unbound T4
bacteriophage in MG1655 culture than DFB1655 L9 (15-17). For example, the number of
phages in the supernatant of DFB1655 L9 was 2.24 x 10° pfu/mL and 3.6 x 10* pfu/mL in
MG1655 after 15 minutes of incubation (17). Furthermore, bacteriophage-host interactions
were observed using negative stain EM (18, 19). The EM images showed fewer
bacteriophage bound to the surface of DFB1655 L9 compared to MG1655 (18, 19). These
observations suggest that O antigen may physically block the contact of T4 with the E. coli
cell surface receptors (Fig. 5C). The early stage nature of the research problem allows several
working models to explain how the restoration of an intact copy of wbbL in the MG1655
genome results in resistance to bacteriophage. The following summarizes a number of
potential models that may explain this phenotype as depicted in Figure 5.
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FIG. 5 Potential O antigen mediated T4 resistance models in E. coli K-12. (A) When O antigen is absent, T4
bacteriophage can bind and attach to the receptors of E. coli K-12 and inject viral DNA into the host. The replication and
production of viral components is completed with host machinery and the newly assembled progeny is released from the
host through cell lysis. (B) LPS soluble factor with O antigen may interact with free T4 bacteriophages in the environment
and prevent bacteriophage binding. (C) O antigen may physically block T4 binding to cell surface receptors. (D) O
antigen may trap T4 and prevent interaction with cell surface receptors. (E) O antigen may prevent T4 viral replication.
(F) O antigen may prevent T4-induced cell lysis.

O antigen prevents bacteriophage T4 adsorption with physical interference. To avoid
bacteriophage infection, the interaction between host cell surface receptor and bacteriophage
tails may be inhibited (1, 2). As observed previously, O antigen can serve as a primary
receptor during infection for some bacteriophages as well as restricting the access to host cell
surface receptors (Fig. 5C) (13, 24, 25). Since O antigen is at the distal end of E. coli LPS,
T4 bacteriophage will encounter O antigen before the host cell receptors. The long-chain of
O antigen may have a protective effect during viral infection by preventing bacteriophage
attachment with secondary receptors (25). Thus, by physically blocking bacteriophage
particle, the interaction between T4 bacteriophage and host receptors is prevented and may
lead to bacteriophage resistance. An additional enzymatic degradation of O antigen is
required to access the secondary receptors masked by the O antigen (25). Moreover, the
visualization of bacteriophage-bacteria interaction shows that the number of T4
bacteriophage bound to DFB1655 L9 was significantly lower compared to MG1655 (18, 19).
The possible explanation of this phenomenon could be electrostatics repulsion since the initial
contact of bacteriophage to the host is inhibited. These finding supports the blocking model
that suggests bacteriophage approach is physically inhibited by the extensive O antigen layer
(Fig. 5C). If the resistance is caused by steric hindrance, bacteriophage may still be able to
keep relocating on the host cell surface to find the correct receptors.
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O antigen prevents T4 bacteriophage adsorption with specific interference. The presence
of O antigen extends the total length of LPS with repeating sugar units of O antigen at the
distal end (6). The sugar groups that consist of O antigen may interact with bacteriophage tail
fibers during the process of recognition and binding (Fig. 5D). Competitive binding of T4
tails to the distal O antigen molecules of LPS could inhibit bacteriophage interaction with the
cell surface receptors that either prevents or slow down the rate of infection. Dimou et al.
concluded T4 resistance with the constant amount of phage T4 in the supernatant of DFB1655
L9, however, they incubated bacteria and phage only up to 25 minutes (17). If there was
enough time given and the interaction between phage T4 and O antigen was reversible, then
T4 may be able to reach its host receptors over some period of time.

O antigen expression blocks T4 replication after viral genome injection. Another possible
explanation of T4 resistance acquisition in DFB1655 L9 could be the inhibition of viral
replication in the cytoplasm (Fig. SE). The presence of WbbL, a rhamnose transferase, may
regulate mechanisms that prevent viral gene expression or assembly in the host cytoplasm.
For example, WbbL may interact with the viral replication protein and block the binding with
viral DNA. This could potentially be tested by incubating purified O antigen or WbbL with
bacteriophage DNA under controlled conditions. However, previous studies showed that the
amount of free bacteriophage particles in the supernatant of DFB1655 L9 incubated with T4
was greater than MG1655 (15, 17). Therefore, these findings seem to support a mechanism
of inhibition that prevents viral entry into the cell (13).

O antigen expression blocks T4 induced cell lysis. Another potential model is the blocking
of T4-mediated cell lysis (Fig. SF). Here, the injection and replication of viral genome is
completed, but the assembled progenies cannot escape from the host due to the incapability
of breaking host cell membrane. This can be examined by transforming DFB1655 L9 with
T4 genome and observe how the infection progresses. Again, previous observations support
the T4 bacteriophage infection is inhibited at extracellular level, so the idea of preventing cell
lysis seems less likely (15, 17).

DISCUSSION

E. coli K-12 is a commonly used lab strain, which has lost its ability to synthesize O antigen
due to decades of passaging (11). When O antigen synthesis is restored, E. coli exhibits
increased resistance to bacteriophage infections (11-20). In this review, I summarized the
findings from several studies that investigate O antigen mediated resistance to bacteriophage
as summarized in Table 1 (11-20). Many mechanisms have been proposed, both extra- and
intracellular. However, many findings suggest that O antigen mediated resistance may occur
at the cell surface level (14, 15, 17-19).

One research group has attempted to silence wbbL expression in DFB1655 L9 to
determine if the level of resistance towards T4 would decrease (20). However, transforming
DFB1655 L9 with an antisense RNA that targets whbL mRNA did not affect the observed
resistance to T4 (20). In this study, Chow et al. failed to verify that their new construct
reduced wbbL translation and, therefore, it is difficult to say if their construct truly was
silencing wbbL in DFB1655 L9. Another assumption that Chow ef al. made was that an
oversaturation of T4 in the environment would overcome the steric hindrance of O antigen,
thus at high concentrations of bacteriophage T4 the resistance may decrease (20). However,
DFB1655 L9 remained resistant to T4 even at high MOI, whereas MG1655 was susceptible
to T4 at all MOI (20). The idea of silencing wbbL translation can be further investigated to
understand the exact role of WbbL protein during O antigen synthesis and the resultant
phenotype in DFB1655 L9.

Here, the bacteriophage infection resistance by O antigen production in the engineered E.
coli K-12 strain DFB1655 L9 is described. With the development of isogenic strain of
MG1655 with restored O antigen synthesis, the ability of bacteriophage resistance was tested
with different absorption assays. Moreover, the possible mechanisms behind such resistance
are addressed and suggested. With further elucidation of O antigen-induced bacteriophage
resistance of E. coli, the potential therapeutics to combat pathogenic E. coli could be
developed. For example, a phage therapeutic can be raised with the modification of
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bacteriophage tail fibers to possess a higher affinity towards a specific E. coli O antigen and
prevent colonization of pathogenic E. coli cells in human body. Since there are various E. coli
O antigen serotypes that has yet been studied, a further verification of the role of O antigen
in E. coli will provide more details and new insight into how these findings can be used to
pursue benefits in human life.

UJEMI+

TABLE 1 Investigation of O antigen-mediated phage resistance in E. coli DFB1655 L9 in chronological order. With
the restoration of O antigen synthesis in DFB1655 L9, an isogenic strain of MG1655, resistance to different types of phage
was observed, and the mechanism behind this resistance was investigated by the series of research groups as described.

Year Reference Findings
o Restoration of O16 antigen biosynthesis in E. coli K-12 resulted in DFB1655 L9
2013 Browning et al. e DFB1655 L9 is resistant to P1 bacteriophage

Chiu et al.

e DFB1655 L9 is pathogenic to C. elegans

e DFB1655 L9 is resistant to bacteriophage T4
e Resistance is not due to irreversible binding of E. coli secreted factors to T4

2017 e DFB1655 L9 is resistant to bacteriophage T4
Wachtel et al.® Presence of O antigen may prevent T4 adsorption to DFB1655 L9 surface (higher amount of T4
' gene detected in MG1655+T4 supernatant than DFB1655 L9+T4 supernatant as measured by
qPCR)
2018 Lee et al. e DFB1655 L9 is resistant to both bacteriophage T4 and T7
o Investigated T4 absorption ability to MG1655 or DFB1655 L9 via double agar overlay plaque
Dimou et al. assay: confirmed that bacteriophage concentration in MG1655 supernatant decreased overtime,
but stayed constant in DFB1655 L9
Biparva ctal.  * Visualized interaction between T4 and MG1655 or DFB1655 L9
P " e Observed T4 integrating with MG1655 whereas no T4 binding on DFB1655 L9
2019
o Visualized interaction between T4 and MG1655 or DFB1655 L9: more T4 binding to MG1655
Morgan et al. than DFB1655 L9 or JW2203-1 (OmpC deletion)
¢ O antigen production or absence of OmpC is not sufficient to confer long term resistance to T4
Chow et al o Silencing wbbL translation with antisense RNA did not make DFB1655 L9 susceptible to T4
" e DFBI1655 L9 is resistant to T4 even at a high MOI
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