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ABSTRACT Bdellovibrio and like organisms (BALOs) are a unique bacterial group that
live by predating on other bacteria, consuming them from within to grow and replicate
before the progeny come out to complete the life cycle. The mechanisms by which these
predators recognize their prey and differentiate them from nonprey bacteria, however,
are still not clear. Through genetic knockout and complementation studies in different
Escherichia coli strains, we found that Bdellovibrio bacteriovorus strain 109) recognizes
outer membrane porin F (OmpF) on the E. coli surface and that the activity of the E. coli
EnvZ-OmpR regulatory system significantly impacts predation kinetics. OmpF is not the
only signal by which BALOs recognize their prey, however, as B. bacteriovorus could even-
tually predate on the E. coli AompF mutant after prolonged incubation. Furthermore, rec-
ognizing OmpF as a prey surface structure was dependent on the prey strain, as knocking
out OmpF protein homologues in other prey species, including Escherichia fergusonii,
Klebsiella pneumoniae, and Salmonella enterica, did not always reduce the predation rate.
Consequently, although OmpF was found to be an important surface component used
by Bdellovibrio to efficiently recognize and attack E. coli, future work is needed to deter-
mine what other prey surface structures are recognized by these predators.

IMPORTANCE  Bdellovibrio bacteriovorus and like organisms (BALOs) are Gram-negative
predatory bacteria that attack other Gram-negative bacteria by penetrating their peri-
plasm and consuming them from within to obtain the nutrients necessary for the preda-
tor's growth and replication. How these predators recognize their prey, however, has
remained a mystery. Here, we show that the outer membrane porin F (OmpF) in E. coli
is recognized by B. bacteriovorus strain 109) and that the loss of this protein leads to
severely delayed predation. However, predation of several other prey species was not
dependent on the recognition of this protein or its homologues, indicating that there
are other structures recognized by the predators on the prey surface that are yet to be

discovered.
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Prey-Specific Recognition by Predatory Bacteria

BALOs, many mysteries still surround these predators, including how these predators
recognize their prey.

When they were originally isolated in 1962 (7), BALOs were thought to be slow-
growing bacteriophages, as their activities closely mimic those of bacterial viruses.
Bacteriophages that infect Gram-negative microbes have evolved a variety of means to
infect their bacterial hosts, including the targeting of different receptor proteins within
the host's outer membrane (8, 9). Given the comparable activities of predatory bacteria
and phages, we were curious as to whether BALOs use similar host protein cell recep-
tors as phages do to recognize their prey. This was explored using several isogenic
mutants of E. coli strain BW25113, which lacks known phage receptor proteins (Table
S1 in the supplemental material). Our panel included mutants with mutations in the
FepA, FadL, FhuA, and OmpF outer membrane proteins, which serve as receptors for a
wide range of phages (10-13), as well as TonB, which is required by some phages for
their transport across the outer membrane (10).

As shown by the results in Fig. 1a, using prey bioluminescence as a proxy for preda-
tion (14, 15), all the isogenic mutants had susceptibilities that were like those of wild-
type E. coli BW25113, except E. coli strain JW0912 (AompF), which was significantly
more resistant. The results in Fig. S1 and S2 show that this strain was eventually pre-
dated, however, suggesting that the invasion of the predator was delayed but not
totally inhibited. Comparable results were also reported by Maffei et al. (16) in their
study with bacteriophages within Myoviridae subfamily Tevenvirinae, which had signifi-
cantly reduced but perceptible activities against isogenic ompF mutants of E. coli.
Moreover, complementing AompF in E. coli JW0912 restored this strain’s susceptibility
to predation, while overexpression of ompF in wild-type E. coli BW25113 increased its
predation kinetics (Fig. 1b and Fig. S3), affirming the importance of this outer mem-
brane protein (OMP) to predation.

Based on the data in Fig. 1c and Fig. S4, OmpF is likely a receptor to recognize this
prey, as nearly half (46.1%) of E. coli BW25113 cells had predators attached to them or
were bdelloplasts after only 20 min. In contrast, for the isogenic mutant E. coli JW0912
(AompF), only 16.6% of the population had predators attached or within them, show-
ing that attachment was significantly lower for this mutant E. coli strain. This difference
was exacerbated further at 1 h, when 61.0% of E. coli BW25113 cells were bdelloplasts,
as opposed to only 11.3% of E. coli JW0912 (AompF) cells (Fig. 1c), and the difference
in rates of predation was not due to any obvious differences in the prey cell densities
(Fig. S5), proving that a loss of OmpF delays predation and that this protein is likely
being used by the predator to recognize E. coli.

Stemming directly from this discovery, the importance of other outer membrane porins
(OMPs) in E. coli was also evaluated. Among the eight additional strains tested, only one led
to a meaningful change in the predation kinetics: an ompC mutant (Fig. 1d) that made the
prey more susceptible to predation, as when ompF was overexpressed (Fig. 1b). When
ompC was complemented, the strain was less susceptible (Fig. S3), demonstrating that
OmpC expression had the opposite impact as OmpF. This inverse relationship between
AompF and AompC led us to test the involvement of the EnvZ-OmpR two-component regu-
latory system. Within E. coli, EnvZ acts as an inner membrane sensory protein that responds
to changes in the medium’s osmolality and transmits this information to the transcriptional
regulator OmpR, forcing it to take one of two alternative structures that positively regulate
the expression of either OmpC or OmpF (17). Previous studies found that OmpF expression
is dependent on the presence of OmpR (17-19), while EnvZ is required for the maximum
production of OmpC (17, 20). Consistent with those reports, loss of the ompR gene led to
predation resistance (similar to the effect of the AompF mutation), while the AenvZ mutant
showed enhanced susceptibility to predation, like what was observed with the AompC mu-
tant (Fig. 1c and d). However, as shown by the results in Fig. S6, OmpF is crucial for preda-
tion, as its expression in a AompC AompF double mutant restored susceptibility.

As noted above, the EnvZ-OmpR two-component regulatory system recognizes increases
in the medium’s osmolality, leading to the repression of ompF transcription (17, 21).
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FIG 1 Loss of OmpF in E. coli significantly impacts predation rates. (a) Predation of various phage receptor mutants in E. coli strain BW25113. The relative
bioluminescence results (determined at 1 h) show that predation was severely delayed when ompF was knocked out. Statistical significance was determined against
the wild-type (WT) E. coli BW25113 response. ns, not significant; a, P < 0.05; b, P < 0.01. Error bars show standard deviations (SD) (n = 3). (b) Expression of a
functional ompF gene increases predation rates. Complementation of the AompF knockout led to similar predation rates as in the wild-type E. coli BW25113, while
overexpression of the ompF gene in the wild-type E. coli BW25113 background led to significantly better predation rates. The viability was measured after 1 h of
predation. Error bars show SD (n = 3). (c) Loss of ompF hinders attachment of the predator to the prey and delays bdelloplast development. The numbers of each
population (i.e. free prey, prey having a predator attached, or bdelloplast) were determined for each genetic background at 20 and 60 min after initiating predation.
The results show that loss of ompC or envZ slightly increased attachment and bdelloplast formation, while loss of ompF or ompR had the opposite impact at both
time points. An average of >100 bacterial cells was used to analyze each independent sample. Error bars show SD (n = 3). (d) Impact of other outer membrane
proteins on predation rates. Eleven different isogenic mutants (Table S1) were evaluated based on their relative bioluminescence values. The loss of none of these
genes had a significant impact on predation rates other than those related to the EnvZ-OmpR two-component regulatory system, i.e, envZ, ompR, ompC, and ompF.
Error bars show SD (n = 3). (e) Growth of E. coli at higher osmolalities reduces its predation rate. The osmolality of the growth medium was adjusted based on the
NaCl content (0 to 1% [wt/vol]). The results show that growth of wild-type E. coli BW25113/pGen-luxCDABE at higher osmolalities decreased its predation (left), while
the absence of a functional ompF gene prevented this; i.e, each culture was predated equally regardless of the growth medium’s osmolality (right). Statistical
significance was determined against the 0% NaCl culture responses. a, P < 0.05; b, P < 0.01; ¢, P < 0.001. Error bars show SD. (n = 3).

Consequently, we explored whether growth of E. coli at different osmolalities would impact
its susceptibility to predation. As shown by the results in Fig. 1e, this was the case, with clear
dose-dependent responses according to the medium’s osmolality; i.e., growing E. coli over-
night in LB medium with high concentrations of NaCl reduced predation rates against this
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prey population. In contrast, no greater resistance was observed when E. coli JW0912
(AompF) was grown at the higher osmolalities (Fig. 1e). Moreover, tests with the AompR
and AenvZ strains found that the osmolality had no impact on the susceptibility of E. coli
strain JW3368 (AompR), which remained resistant, but had a slight impact on the suscepti-
bility of E. coli strain JW3367 (AenvZ) (Fig. S7). It is known that OmpR-mediated osmoregu-
lation of ompC and ompF can occur independent of EnvZ (22), as this response regulatory
protein can respond in a noncanonical manner when envZ is deleted (23). As such, the dif-
ferential responses observed with E. coli JW3367 (AenvZ) might be related to these other
regulatory principles. Taken together, these findings once more identify OmpF as a crucial
surface protein for prey recognition but also point toward the E. coli EnvZ-OmpR two-com-
ponent regulatory system as being a critical factor controlling susceptibility.

The importance of OmpF for B. bacteriovorus strain 109J) predation in other prey
strains and species was then explored. As shown by the results in Fig. 2a, loss of the
ompF gene led to resilient phenotypes (2- to 4-log better survival) in three additional E.
coli strains, including both K-12 (MG1655) and B strains [BL21(DE3) and DSM 613],
proving that this gene and its protein regulate prey recognition within E. coli. In con-
trast, when other bacterial species were tested, the results were not as clearly defined.
As shown by the results in Fig. 2b, loss of the ompF homologue (Fig. S8) in Escherichia
fergusonii strain ATCC 35469 and Salmonella enterica strain LT2 did not significantly
affect their predation rates by B. bacteriovorus 109J. This was also the case for Klebsiella
pneumoniae strain WGLW1 (HM-750) when its ompK35 gene (homologue of ompF) was
deleted. Tests with another strain of K. pneumoniae (strain WGLW2 [HM-751]), however,
found that this prey was slightly resilient when its ompK35 gene was deleted (Fig. 2b),
even though the amino acid sequences for both OmpK35 proteins were identical (Fig.
S8). Moreover, introducing a replicating plasmid expressing E. coli K12 ompF (pCA24N-
ompF) into E. fergusonii ATCC 35469 or its isogenic ompF knockout mutant slightly
increased its susceptibility to predation (Fig. S9).

As such, OmpF acts as a receptor for B. bacteriovorus 109J in recognizing E. coli prey,
and to a lesser extent, K. pneumoniae, but is clearly not used universally for all susceptible
bacterial species, implying that other components/proteins must also serve as receptors
for this predator. This helps explain why E. coli JW0912 (AompfF) is eventually predated
(Fig. S2), i.e., a single receptor is not used to recognize any given prey. This is known to be
true for bacteriophages, as both lipopolysaccharides (LPS) and affinity transporters can also
serve as receptors (24). Relatedly, Schelling and Conti reported that the LPS core was used
as a receptor in S. enterica LT2 for B. bacteriovorus strain 109D (25), potentially explaining
why OmpF was not required for this prey. As similar work has not been explored in E. coli,
however, the importance of the LPS as a receptor in this prey should be investigated.

Since B. bacteriovorus 109) clearly uses OmpF to recognize E. coli, we were curious
as to whether other predatory strains use the same receptor. To explore this, the activ-
ities of several additional BALO strains, including B. bacteriovorus strain HD100, two
Bdellovibrio isolates obtained from a local wastewater treatment plant (strains EY2.3
and EY3.3), and two from forest soil (strains DH1 and SM1) (Table S3), were evaluated.
As shown by the results in Fig. 2¢, predation of E. coli JW0912 (AompF) was significantly
delayed compared to the predation of wild-type E. coli BW25113 for all six Bdellovibrio
strains, proving that this is a common receptor for different BALOs.

In conclusion, this study demonstrates that OmpF is widely recognized and used as
a receptor for Bdellovibrio to recognize and attach specifically to E. coli prey cells. This
was not the case for all the other bacterial species tested, however, indicating that
other surface components act as receptors in those prey and suggesting that individ-
ual BALO strains possess a never-before-realized diversity in their prey recognition ma-
chinery, one that allows them to attach to and recognize diverse prey strains. While
these results fit the scope of published data showing that BALOs have quite different
and preferential activities against given prey (26-28), even when obtained from the
same locale, future work in identifying these additional prey surface components and
their roles in predation rates should be pursued.
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FIG 2 OmpF is important in the recognition of E. coli but not for other prey species. (a) Loss of OmpF in
various E. coli strains inhibited predation by B. bacteriovorus strain 109J. The prey strains evaluated included
both K-12 and B strains of E. coli. Statistical significance was determined against the wild-type response. ns,
not significant; b, P < 0.01; ¢, P < 0.001. Error bars show SD (n = 3). (b) Loss of OmpF or its homologues
had varied impacts with other prey species. Within both E. fergusonii and S. enterica, the loss of OmpF had
no obvious impact, while for K. pneumoniae, it depended on the strain. While the predation rates were
identical for K. pneumoniae strain WGLW1 (HM-750) and its isogenic ompK35 knockout mutant, loss of the
ompK35 gene in K. pneumoniae strain WGLW2 (HM-751) delayed predation of this pathogen by B.
bacteriovorus 109J. Statistical significance was determined against the wild-type response. ns, not significant;
a, P < 0.05. Error bars show SD (n = 3). (c) Loss of OmpF in E. coli BW25113 impacts its predation by
various Bdellovibrio strains. Six different Bdellovibrio strains were evaluated, including two new isolates
obtained from a wastewater treatment plant (strains EY2.3 and EY 3.3) and two from forest soil (strains
DH1 and SM1). In each case, the absence of OmpF significantly delayed predation. Statistical significance
was determined against the wild-type response. a, P < 0.05; ¢, P < 0.001. Error bars show SD (n = 3).
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