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Bdellovibrio bacteriovorus is a Gram-negative bacterium that belongs to the delta subgroup of proteobacteria and is character-
ized by a predatory life cycle. In recent years, work has highlighted the potential use of this predator to control bacteria and bio-
films. Traditionally, the reduction in prey cells was used to monitor predation dynamics. In this study, we introduced pMQ414, a
plasmid that expresses the tdTomato fluorescent reporter protein, into a host-independent strain and a host-dependent strain of
B. bacteriovorus 109J. The new construct was used to conveniently monitor predator proliferation in real time, in different
growth conditions, in the presence of lytic enzymes, and on several prey bacteria, replicating previous studies that used plaque
analysis to quantify B. bacteriovorus. The new fluorescent plasmid also enabled us to visualize the predator in liquid cultures, in
the context of a biofilm, and in association with human epithelial cells.

Bdellovibrio bacteriovorus is a Gram-negative motile bacterium
that exhibits a predatory life cycle. Bdellovibrios are known to

attack other Gram-negative bacteria by attaching to the prey/host
cell, entering into the host cell periplasm, forming a structure
known as a bdelloplast, growing in the periplasmic space, and,
finally, releasing numerous progeny into the environment to start
a new predation cycle (1).

In the past few years, the introduction of new genetic tools and
a better understanding of the genetic makeup of predatory bacte-
ria have helped to move the field forward (2, 3). Furthermore,
increasing antibiotic resistance among Gram-negative pathogens
has evoked new interest in the potential use of predatory bacteria
for therapeutics (4, 5). Throughout the years, several methods
were used to measure predation and predator activity. Predation,
or the change in the prey bacteria population, is frequently evalu-
ated indirectly by the reduction in prey cell culture turbidity or
directly by standard dilution plating and viability counts of the
prey (6). Luminescent prey was also used to monitor changes in
the prey population and study the impact of altering specific pred-
ator genes in the predation process (7, 8). Double-layered agar
plating and PFU enumeration are widely used to detect and quan-
tify predator biomass and to investigate predator host specificity
(6). Additional methods utilize PCR and real-time quantitative
PCR to determine the presence and bioload of predatory bacteria
(9–11). Labeled oligonucleotide probes that target Bdellovibrio
16S rRNA were also used to visualize the predator by use of in situ
fluorescence hybridization (12).

In our study, tdTomato fluorescent protein was expressed in a
host-independent strain and a host-dependent strain of B. bacte-
riovorus 109J. The reporter protein was used to monitor predator
population growth in real time and to better track the predator.
Here, the red fluorescent tdTomato protein was used because it is
the brightest and most photostable red fluorescent protein (13).
This fluorescent marker was validated by recapitulating key find-
ings from previous studies on B. bacteriovorus predation that used
traditional methods, and the marker was further used to evaluate
the interaction of B. bacteriovorus with biofilms and human epi-
thelial cells in vitro.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The predatory bacteria used in
the study were Bdellovibrio bacteriovorus 109J (ATCC 43826) and a facul-
tative host-independent (HI) variant of B. bacteriovorus 109J, i.e., HI-A
(14). As prey, Bdellovibrio was routinely cultured on Escherichia coli S17-1.
Additional prey microorganisms included E. coli ZK2686 (15) and
WM3064, a diaminopimelic acid auxotroph (16), Acinetobacter bauman-
nii ATCC 19606, Pseudomonas aeruginosa UCBPP-PA14 (PA14), Kleb-
siella pneumoniae ATCC 13883, Enterococcus faecalis ATCC 51229, Staph-
ylococcus epidermidis ATCC 12228, Staphylococcus aureus SH1000, and the
yeast Candida albicans ATCC 90029. Prey cells were grown and main-
tained in lysogeny broth (LB) or yeast mold broth for C. albicans. B.
bacteriovorus was cultured as described previously (17). Predator stock
lysates were prepared by coculturing prey cells with the predators in dilute
nutrient broth (DNB), a 1:10 dilution of nutrient broth amended with 3
mM MgCl2 and 2 mM CaCl2. The cultures were incubated at 30°C. To
harvest the predators, cocultures were prepared by adding 2 ml of washed
host cells (�1 � 109 CFU/ml) to 2 ml of predatory bacteria stock lysate in
20 ml of DNB. Cultures were incubated overnight until the predator
reached a final concentration of �1 � 108 PFU/ml. Thereafter, the lysates
were filtered through a 0.45-�m-pore-size Millex filter (Millipore, Bil-
lerica, MA) (harvested predator). HI-A was cultured on peptone-yeast
extract (PYE) medium (10 g/liter peptone, 3 g/liter yeast extract, amended
with 3 mM MgCl2 and 2 mM CaCl2) at 30°C (14). Additional experiments
were conducted by placing the cultures at elevated temperatures.

Predation experiments. Predation experiments were conducted as
described before (5, 17). Cocultures were prepared by addition of 1 ml of
harvested predators (�1 � 108 PFU/ml) to 1 ml of DNB-washed prey cells
(�1 � 109 CFU/ml) and 10 ml of DNB medium. The cultures were placed
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on a rotary shaker at 30°C. The change in the prey population was
measured by dilution plating and enumeration of CFUs. Predatory
bacteria were enumerated as PFUs (6). For predation experiments,
cocultures were prepared in 96-well plates as described above, and
160-�l aliquots were inserted in each well. The plate was placed in a
Synergy H1 hybrid multimode microplate reader (BioTek, Winooski,
VT). For growth curves, the microplate reader was set to 30°C with
shaking. The change in prey population was measured by culture turbid-
ity (optical density at 600 nm [OD600]). The change in predator popula-
tion was measured by fluorescence at 548-nm excitation and 586-nm
emission. To measure predation dynamics on inactivated cells, prey cells
were heated to 65°C for 20 and 40 min. Plating was used to confirm the
loss of cell viability, and light microscopy confirmed that the host cells
maintained structural integrity. Predation on surface-attached cells was
done as previously described (18). Briefly, green fluorescent protein
(GFP)-labeled E. coli strain ZK2686 bacteria were grown on glass-bot-
tomed 6-well plates for 24 h, after which the biofilm was washed with
phosphate-buffered saline (PBS) to remove unattached cells. One hun-
dred microliters of harvested predator was added to the well and incu-
bated for 30 min to 3 h. Bacteria were observed by confocal microscopy by
use of an Olympus FluoView FV-1000 laser scanner confocal microscope
with a 60� oil immersion objective equipped with FluoView image view-
ing software version 3.1.

Construction of a B. bacteriovorus expressing tdTomato. To express
tdtomato in B. bacteriovorus, we chose to use the IncQ family RFS1010
replicon, as it has been reported to support plasmid autonomous replica-
tion in that species (19, 20). While the copy number for this replicon has
not been reported for B. bacteriovorus, it has been documented to be main-
tained at 10 to 12 copies per chromosome in at least two different Gram-
negative bacteria (21). The RSF1010 replicon was amplified from
pMMB66EH (22) using primers 2955 (TACGAAGTTATATTAAGGGTTG
TCGAGCCGCTGGTGCCGCGCAATACTGTGTTTACATAC) and 2958
(CCCAACAGTTGCGCAGCCTGAAAGGCAGGCCGGGCCCCTTTTCT
GAGCATGGTATTTTTC).

Recombination with Saccharomyces cerevisiae was used to replace the
pRO1600 replicon on plasmid pMQ125 with the RSF1010 replicon (23,
24) to make pMQ397. The PBAD expression system on pMQ397 was re-
placed by an nptII promoter-tdtomato fusion-containing amplicon from
pMQ361 (25) using in vivo yeast cloning (23, 24), resulting in pMQ414.
The PnptII-tdtomato region was amplified with primers 3056 (CCCGCGC
GTTGGCCGATTCATTAATGCAGCTGGCCCGGGACGCTGCCGCA
AGCACTCAGG) and 3057 (CAGACCGCTTCTGCGTTCTGATTTAAT
CTGTATCAGGATCCTTACTTGTACAGCTCGTCC). The pMQ414
construct has the tdtomato gene under transcriptional regulation of the
PnptII promoter, p15a, and broad-host-range RSF1010 bacterial replicons,
an aacC-1 gene for selection with gentamicin, an RP4 origin of conjugal
transfer, and yeast replication machinery with the S. cerevisiae URA3 gene
for selection. The pMQ414 plasmid was verified by PCR and the ability to
confer red fluorescence to E. coli. pMQ414 was introduced into wild-type
and HI-A variants of B. bacteriovorus by conjugation (14, 24). A diagram
of pMQ414 is shown in Fig. S1 in the supplemental material.

Recipient B. bacteriovorus HI-A was grown for 2 days in PYE medium.
Wild-type B. bacteriovorus was grown as described above (harvested pred-
ator). Donor E. coli strain WM3064 bearing pMQ414 was grown to log
phase (OD600 � 0.6 to 0.8) in medium containing 0.3 mM diamin-
opimelic acid (DAP) and 10 �g/ml gentamicin (Gm). Recipient predatory
bacteria were added at a 1:1 (vol/vol) ratio to the donor. Fifty microliters
of the sample was spotted on PYE or DNB plates supplemented with DAP
for HI-A and wild-type B. bacteriovorus, respectively. Plates were incu-
bated at 30°C for 24 h. To select for HI-A plasmid recipients, cells were
scraped from the PYE plate and resuspended in 1 ml of PYE broth, and
100-�l aliquots were plated on PYE agar plates containing Gm, to select
for plasmid recipients, and no DAP, to select against E. coli. Plates were
incubated for 3 days at 30°C until HI-A Gm-resistant colonies developed.
A single colony was isolated and recultured on PYE Gm (referred to herein

as BbHIpMQ). To select for wild-type plasmid recipients, cells were
scraped from the DNB plate and cocultured with Gm-resistant E. coli
S17-1 carrying plasmid pMQ414 (24). Cocultures were prepared in DAP-
free DNB medium and supplemented with Gm (10 �g/ml). After 48 h, the
culture was plated on prey cells in the presence of Gm, and a single plaque
was isolated and recultured in broth (referred to herein as BbpMQ for
simplicity).

Microscopy of B. bacteriovorus-prey interactions. Cocultures were
prepared as described above by using BbpMQ and E. coli strain ZK2686
bearing the pGFPmut2 plasmid as prey (26). The coculture was incubated
for 3 to 4 h at 30°C and then used directly for microscopy. Alternatively, E.
coli with pGFPMut2 was grown overnight in a 6-well plate with a glass
bottom (MatTek Corp., Ashland, MA) at an angle to form a biofilm at the
air-liquid interface across the center of the bottom of the well (27). Unat-
tached bacteria were removed by aspiration of the LB medium and gentle
rinsing with PBS (3 ml), and 3 ml of LB with 500 �l of the BbpMQ-
purified lysate was added. After 3 to 4 h, the LB medium was removed and
replaced with PBS, and the biofilms were imaged.

Bacteria were imaged with 60� or 100� oil immersion objectives
using an Olympus IX81 inverted microscope with an FV1000 laser scan-
ning confocal system (Olympus) and FluoView FV10-ASW 3.1 imaging
software. An Olympus IX73 inverted fluorescence microscope was used
for biofilm images, and the images were examined by cellSens Dimension
software (Olympus). The imaging experiments were repeated three times
with similar results.

Attachment of B. bacteriovorus to human corneal limbal epithelial
cells. Human corneal limbal epithelial cells (HCLE) cells were grown to
confluence on poly-L-lysine-treated 12-well glass-bottomed dishes (Mat-
Tek no. P12G-1.5-14-F) to facilitate microscopy, as previously described
(25). HCLE layers were coincubated with 3.67 � 1011 PFU/ml of BbpMQ.
After 2 h of incubation at 37°C with 5% CO2, the wells were rinsed twice
with 1 ml PBS to remove unattached bacteria, stained with calcein AM
viability stain (0.5 �M) for 15 min, and resuspended in tissue culture
medium. The cells and bacteria were imaged as noted for the biofilm
studies above. The experiment was performed twice.

RESULTS
Expression of tdTomato fluorescent protein in a host-indepen-
dent variant of B. bacteriovorus 109J. In order to determine if the
tdTomato protein can be expressed in B. bacteriovorus, plasmid

FIG 1 Fluorescence microscopy of HI variants expressing tdTomato.
BbHIpMQ was grown in PYE medium for 24 h and examined under an Olym-
pus IX81 inverted confocal fluorescence microscope using a 60� oil objective.
Image shows an overlay of bright-field and tetramethyl rhodamine isocyanate
(TRITC) filter images. Bar � 5 �m.
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pMQ414 was moved into a B. bacteriovorus 109J HI variant by
conjugation to generate strain BbHIpMQ. When the strain was
cultured in broth and examined by fluorescence microscopy, a
clear expression of the red fluorescent protein was seen (Fig. 1).
BbHIpMQ was also able to form plaques when spotted on a lawn
of host cells, which is characteristic of HI variants of B. bacterio-
vorus. To examine if fluorescence can be used to monitor HI cell
growth, cultures were grown in PYE medium and placed at 30°C,
37°C, and 39°C. The bacteria were cultured for 75 h. Aliquots were
removed every 12 h, and HI growth was measured by the change in
culture turbidity, fluorescence, and dilution plating (Fig. 2A, B,
and C, respectively). As seen in Fig. 2, similar growth patterns were
registered by all three growth detection methods. Higher fluores-
cence readings were measured at 30°C than at higher tempera-
tures. To measure the HI growth pattern in real time, BbHIpMQ
was cultured for 48 h in a 96-well plate placed at 30°C with a
microplate reader. Growth was measured by culture turbidity
(Fig. 2D) and fluorescence (Fig. 2E). Similar growth patterns were

observed by the two methods. No fluorescent signals were mea-
sured in HI cells that were not expressing tdTomato (data not
shown).

Expression of tdTomato fluorescent protein in a host-depen-
dent B. bacteriovorus 109J. After confirming that the red fluores-
cent protein can be expressed in the HI-A variant, pMQ414 was
mobilized into wild-type B. bacteriovorus to create strain BbpMQ.
BbpMQ was cocultured with E. coli prey cells, and the changes in
prey and predator quantities were evaluated. A reduction in prey
cells was measured by cell turbidity and dilution plating 9 h after
incubation (Fig. 3A and B, respectively). Fluorescent measure-
ments and PFU enumeration both confirmed predator prolifera-
tion (Fig. 3C and D, respectively). The growth patterns measured
by fluorescence correlated with an increase in PFU numbers and
were in agreement with the reduction pattern in the prey cell pop-
ulation. Reductions in PFUs and fluorescence readings were de-
tected following 32 h of incubation and may have occurred in
response to predator death following the reduction in prey cell

FIG 2 Growth of HI variant expressing tdTomato. (A to C) BbHIpMQ was grown in PYE medium at different temperatures. Cell growth was measured by the
change in culture turbidity (A), fluorescence (B), and cell enumeration (C). Each experiment was conducted in triplicate, with each value representing the mean
and standard deviation. (D, E) BbHIpMQ cells were cultured in a 96-well plate and grown in a Synergy H1 microplate reader at 30°C. Growth was measured by
the change in culture turbidity (D) and fluorescence (E). Each value represents the mean and standard deviation of 8 wells.
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numbers. No fluorescent signal was measured in cocultures that
were incubated with wild-type B. bacteriovorus (Fig. 3C, squares).
These experiments demonstrated that BbpMQ has growth and
predation characteristics that are similar to those of the wild-type
B. bacteriovorus (Fig. 3). In a separate experiment, BbpMQ cells
were concentrated by centrifugation, and PFU enumeration was
conducted in concert with fluorescence readings. The relative flu-
orescence readings of 4,710, 2,295, 1,215, 738, 420, 214, 155, 114,
106, and 84 were correlated to 5 � 1012, 1 � 1012, 5 � 1011 1 �
1011, 5 � 1010, 1 � 1010, 5 � 109, 1 � 109, 5 � 108, and 1 � 108

PFU/ml. When cocultures were examined by fluorescence mi-
croscopy in the presence of E. coli expressing GFP, attack-phase B.
bacteriovorus cells expressing the red protein were clearly seen
(Fig. 4A). Over time, the appearance of spherical green bdelloplast
prey cells containing red Bdellovibrio cells were detected (Fig. 4A
to C, arrows). To examine predation on surface-attached cells
(Fig. 4C) and biofilms (Fig. 4D), E. coli biofilms were developed on
glass-bottomed multiwell dishes and incubated with BbpMQ. Af-
ter 30 min of coincubation and washing, red fluorescent bacteria
penetrated the GFP-labeled E. coli biofilms (Fig. 4D).

Measuring B. bacteriovorus growth and predation under dif-
ferent growth conditions. To measure predation dynamics in real
time, cocultures were placed in 96-well plates for 48 h, and preda-
tion was measured by the change in culture turbidity, showing the
reduction in prey and the increase in fluorescence, thus indicating

proliferation of the predatory bacteria. The cocultures were pre-
pared in DNB medium, HEPES buffer (25 mM), and saline (0.9%
NaCl), with calcium (3 mM CaCl2) and magnesium (2 mM
MgCl2). As shown in Fig. 5A and B, similar predation dynamics
were observed in all three media; however, a slight increase in
fluorescence was seen in DNB cocultures between 20 and 40 h.
The effect of high salt levels on predation dynamics was also in-
vestigated. Cocultures were placed in 96-well plates containing 1
and 100 mM CaCl2 in DNB medium. The presence of 1 mM CaCl2
had no obvious effect on predation, as measured by the reduction
in prey cell turbidity and predator fluorescence, whereas a high
salt concentration diminished predation (Fig. 5C and D). Simi-
larly, addition of DNase and trypsin (100 �g/ml) to the coculture
did not alter predation dynamics or predator growth; however,
the presence of proteinase K (100 �g/ml) reduced both prey and
predator growth (Fig. 5E and F). No reduction in host population
or increase in fluorescence was measured in the control cultures
containing prey E. coli or predator BbpMQ alone.

To investigate if the addition of Gm is required for mainte-
nance of the pMQ414 plasmid, cocultures were prepared by add-
ing Gm-resistant E. coli prey, with or without Gm, to BbpMQ prey
cells. The cultures were incubated for 48 h in a Synergy H1
microplate reader, and predator growth was measured by flu-
orescence. No significant change (P � 0.2) in fluorescent signal
was measured between the Gm-supplemented coculture and

FIG 3 Growth of host-dependent B. bacteriovorus expressing tdTomato. Cocultures of B. bacteriovorus and E. coli prey (E. coli � WT Bb), B. bacteriovorus
expressing tdTomato and E. coli prey (E. coli � BbpMQ), and E. coli control were grown for 50 h at 30°C. The change in prey cell population was measured by
the change in culture turbidity (A) and by dilution plating (B). The change in predator population was measured by fluorescence (C) and plaque enumeration
(D). Experiments were conducted in triplicate, with each value representing the mean and standard deviation.
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the Gm-free coculture (from a fluorescence reading of 66 � 6 at
time 0 to 596 � 21 and 547 � 63 at 48 h for Gm and no-Gm
cocultures, respectively), supporting that the plasmid is stable for
at least 48 h in the absence of antibiotic selection. Fluorescence
was also maintained after cultures of BbpMQ and BbHIpMQ were
initiated from frozen stocks and grown in the presence of Gm.

Predation dynamics on different host cells. To evaluate the
ability of B. bacteriovorus to proliferate on different Gram-nega-
tive prey cells in real time, cocultures were prepared by using
BbpMQ as the predator and 7.4 � 1 � 108 CFU/ml of E. coli, A.
baumannii, P. aeruginosa strain PA14, and K. pneumoniae as prey.
Cocultures were placed in 96-well plates in a Synergy H1 micro-
plate reader for 48 h. The change in predator population was mea-
sured by fluorescence. Similar levels of prey proliferation were
measured when E. coli and A. baumannii were used as prey. The
highest predator fluorescence reading was seen with K. pneu-
moniae, with very little increase in fluorescence measured when P.
aeruginosa was used as prey (from a fluorescence reading of 35 �
6 at time 0 to 72 � 5 at 48 h; P � 0.0001). No increase in fluores-
cence was measured in the prey-free control (from 43 � 6 at time
0 to 46 � 9 at 48 h; P � 0.5) (Fig. 6A). Similarly, no increase was
seen in BbpMQ fluorescence measured following 48 h predation
on nonhost cells, including the yeast Candida albicans ATCC
90029 (from a fluorescence reading of 83 � 7 at time 0 to 81 � 5.9
at 48 h; P � 0.86), the Gram-positive bacteria Enterococcus faecalis
ATCC 29212 (from a fluorescence reading of 120 � 6 at time 0 to
122 � 13 at 48 h; P � 0.6), Staphylococcus epidermidis ATCC
12228 (from a fluorescence reading of 91 � 7 at time 0 to 102 � 19

at 48 h; P � 0.16), and Staphylococcus aureus SH1000 (from a
fluorescence reading of 73 � 3 at time 0 to 81 � 8 at 48 h; P �
0.13).

To measure the growth dynamics in predator populations
while preying on host alone or host in the presence of nonhost
(decoy) bacteria, cocultures were prepared with BbpMQ as the
predator with E. coli alone, a 1:1 (vol/vol) ratio of E. coli and K.
pneumoniae, or a 1:1 (vol/vol) ratio of E. coli and S. epidermidis.
The addition of K. pneumoniae to E. coli prey resulted in an in-
crease in predator growth, whereas addition of a nonprey decoy
bacterium reduced proliferation of the predator compared to that
with E. coli alone (Fig. 6B). The effect of heat-killed prey on the
proliferation of the predator was also examined. K. pneumoniae
cells were heated to 65°C for 20 and 40 min. Thereafter, BbpMQ
was added, and the plates were incubated for 48 h in a microplate
reader. As seen in Fig. 6C, preheating the prey cells for 20 and 40
min reduced the final predator fluorescence by 75% and 97%,
respectively, compared to that in the non-heat-killed control.
These data were in line with the measured change in prey cell
turbidity (40%, 33%, and 3.5% reductions for treatment with 0,
20, and 40 min of heat, respectively). Similar findings were seen
with E. coli (94% reduction following 40 min heat treatment) and
A. baumannii (67% reduction following 40 min heat treatment),
indicating that heat-killed cells are less adequate for predator pro-
liferation.

Interaction of B. bacteriovorus 109J with human corneal ep-
ithelial cells. The interaction of predatory bacteria with the mam-
malian epithelium is not well studied yet is important to under-

FIG 4 Fluorescence microscopy of B. bacteriovorus expressing tdTomato. Cocultures of BbpMQ and E. coli prey expressing GFP were grown for 4 h. Images show
attack-phase Bdellovibrio cells (A) and E. coli bdelloplasts (green) containing Bdellovibrio cells (red) (B). (C, D) Predation on surface-attached cells. E. coli
GFP-labeled bacteria were developed on glass-bottomed multiwell plates and incubated for 30 min with BbpMQ. Wells were washed to remove unattached
bacteria and examined using confocal laser scanning microscopy. Bars � 5 �m. Arrows indicate an E. coli bdelloplast (green) containing Bdellovibrio cells (red).

Monitoring Bdellovibrio by Fluorescence

March 2016 Volume 82 Number 6 aem.asm.org 1657Applied and Environmental Microbiology

http://aem.asm.org


stand if B. bacteriovorus is used as an alternative therapy for
treatment of multidrug-resistant bacteria. BbpMQ was coincu-
bated with HCLE cells at a multiplicity of infection (MOI) of 3 �
106. After 2 h, unattached or weakly attached cells were removed
by washing with PBS, and the HCLE cells were stained with calcein
AM, a green fluorescent viability dye. HCLE and B. bacteriovorus
cells were observed by confocal laser scanning microscopy (Fig. 7).

No red fluorescence was observed in the absence of B. bacteriovo-
rus (Fig. 7A). Fifteen fields of HCLE cells were counted from two
separate experiments representing 77 HCLE cells. Only 11.2 � 3.4
bacterial cells per human epithelial cell were observed after 2 h,
indicating a very low rate of attachment or uptake given the ex-
ceedingly high MOI. Similar to the results of a previous study on
the effect of B. bacteriovorus on HCLE cell viability tested by using

FIG 5 Measurement of predation in real time and under different growth conditions. (A, B) Predation in different media. Cocultures of E. coli prey (E. coli) and
B. bacteriovorus expressing tdTomato (BbpMQ) were prepared in 96-well plates and incubated for 48 h in a Synergy H1 microplate reader. Cocultures were
prepared in DNB medium, NaCl, and HEPES buffer. (C, D) Predation in high salt concentration. Cocultures of E. coli prey and BbpMQ were prepared in DNB
medium containing 1 mM CaCl2 (1 mM Ca) or 100 mM CaCl2 (100 mM Ca). (E, F) Predation in the presence of enzymes. Cocultures were prepared in DNB
medium containing no enzyme addition (DNB, control), DNase, trypsin, or protease K (PK). The change in prey cell population was measured by the change in
culture turbidity (A, C, E). The change in predator population was measured by fluorescence (B, D, F). Each value represents the mean of results for 5 wells from
one representative experiment. Error bars are shown as 1 SD. Each experiment was carried out twice, yielding similar results.
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resazurin-based assays (28), calcein AM staining (green dye)
showed that the HCLE cells remained viable despite being incu-
bated with B. bacteriovorus (Fig. 7B).

DISCUSSION

From the time that predatory bacteria were first isolated in the
early 1960s, researchers have used various methods to study the
growth and proliferation of these unique bacteria. Given the ob-
ligate predator characteristics of these organisms, predator-prey
cocultures need to be used. The use of cocultures allowed the
change in prey numbers to be used as an indicator of predation.
The most direct manner by which to measure the change in prey
population is measurement of the reduction in culture turbidity,
which occurs as the predator escapes from the bdelloplast (6).
Although this method may be used in real time to measure preda-
tion, it provides only a partial indication that predation did occur.
A more accurate manner of measuring the extent of predation is
by the change in prey cell numbers during predation. However, as
this method calls for dilution plating and viability counts of the

prey, it does not allow real-time estimation of predation. In addi-
tion, the method is time-consuming, primarily when evaluating
multiple cocultures. To allow real-time measurement of preda-
tion, researchers have used bioluminescent prey (7, 8). Although
monitoring of the change in prey population does allow evalua-
tion of predation and predation dynamics, it shows only one as-
pect of predation, with little insight into the actual proliferation of
the predator.

When plated in the presence of high-density prey cells, preda-
tory bacteria, like bacteriophages, form plaques, allowing quanti-
fication of the predator population by PFU counts (6). While an
accurate measure, plaque formation usually requires several days
to develop and cannot be used to monitor predator growth in real
time. The time required to conduct doubled-layered agar plating
is probably the main reason that the change in prey population
and not the predator population is often used to monitor preda-
tion and predator biology.

In this study, we utilized a tdTomato fluorescent protein to
measure the growth of B. bacteriovorus (29). The tdTomato fluo-

FIG 6 Measurement of predation in real time on prey cells. (A) Predation on different prey cells. K. pneumoniae (Kp), E. coli (E. coli), P. aeruginosa (Pa), and A.
baumannii (Ab) prey cells were cocultured with B. bacteriovorus expressing tdTomato (BbpMQ). (B) Predation in the presence of decoy. To measure the growth
dynamics in the predator population while preying on host alone or host in the presence of nonhost, cocultures were prepared using BbpMQ cocultured in the
presence of E. coli (E. coli � BbpMQ), E. coli and K. pneumoniae (E. coli � Kp � BbpMQ), or E. coli and S. epidermidis (E. coli � Se � BbpMQ). (C) Predation
on heat-killed prey. Cocultures were prepared using BbpMQ and viable K. pneumoniae prey cells (Kp � BbpMQ) or prey cells that were heat killed at 65°C for
20 and 40 min. Cocultures were placed in 96-well plates and incubated for 48 h in a Synergy H1 microplate reader. The change in predator population was
measured by fluorescence. Each value represents the mean of 5 wells from one representative experiment. Error bars are shown as 1 SD. Each experiment was
carried out twice, yielding similar results.
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rescent protein was expressed in both the host-independent (HI)
and the wild-type variants of B. bacteriovorus, allowing visualiza-
tion of the Bdellovibrio cells during predation. In the past few
years, fluorescence microscopy was used to visualize Bdellovibrio
growth within a fluorescent prey (30, 31). Expressing GFP and teal
fluorescent protein in Bdellovibrio was also utilized to observe pre-
dation on the cellular level and to investigate the role of specific
Bdellovibrio genes in this process (20, 32).

Patterns of HI cell growth measured by fluorescence were sim-
ilar to those measured by CFU enumeration and optical density.
Optimal growth was measured at 30°C, consistent with previous
studies showing reduced Bdellovibrio HI cell growth at higher
temperatures (33). When placed in cocultures, similar predator
growth patterns were measured for both PFU enumeration and
fluorescence, which correlated with predation dynamics mea-
sured by the reduction in prey cell population. By using a plate
reader, we were able to monitor predation dynamics in real time.
This system allowed us to conduct experiments in a 96-well plate
format at various temperatures and shaking speeds; similar capa-
bilities are available for other plate readers by several manufactur-
ers. As noted above, predation dynamics measured by the reduc-
tion in culture turbidity was also noted by the increase in
fluorescence. Data collected using this approach was in agreement
with data from other studies; e.g., survival and abundance of pred-
atory bacteria have been found to be negatively impacted by high
salinity (34, 35), proteinase K but not trypsin or DNase can impair
predation (36), B. bacteriovorus demonstrates dissimilar capaci-
ties to prey on different host bacteria (37), and decoy bacteria,
such as Gram-positive bacteria, can competitively hinder pre-
dation (38, 39).

The data demonstrated penetration of B. bacteriovorus into
biofilms. Although the biofilms were relatively immature at 24 h,
the predatory bacteria penetrated into the microcolonies on the
plastic surface. Bdelloplasts were clearly observed after 30 min of
interaction with E. coli. The B. bacteriovorus in the bdelloplasts was
visible but was relatively dim, perhaps because the fluorescence
signal was reduced, as it had to travel through the bacterial cell wall
and membranes or was quenched by factors within the host. It is
also possible that the nptII promoter had reduced expression
within the bdelloplast.

Culture of the predator in the presence of a heat-deactivated
host revealed an inverse correlation between predator prolifera-

tion and the temperature by which the prey was heat killed. This
finding is in agreement with earlier studies showing that B. bacte-
riovorus was unable to prey on E. coli cells that were killed by high
heat (98°C or 120°C for 15 min), was less capable of growing on
prey that was heat killed by a less severe heat treatment (70°C), and
preyed “normally” on prey that was inactivated by UV irradiation
(40).

In addition to validating previous studies that used fluores-
cence rather than PFU as an output, we investigated the interac-
tion of B. bacteriovorus with an ocular epithelial cell line in vitro.
With an MOI of �1 million, there was a very low level of attach-
ment of B. bacteriovorus to HCLE cells at 2 h. Therefore, the
pMQ414 plasmid can be of use in defining the interaction of B.
bacteriovorus with cultured cells in future studies.

In conclusion, a tdTomato fluorescent protein was expressed
in B. bacteriovorus. Expression of the protein was found to be a
convenient and adequate tool for monitoring predator growth
during predation, monitoring growth in real time, and visualizing
different predator growth stages by microscopy. As the data gath-
ered in this study support those of other studies that use the re-
duction in prey population to monitor predation, we believe that
this fluorescent construct may be an important tool that will aid in
the study of predatory bacterial biology and predator-prey inter-
action. For example, this plasmid can be used with a number of
Bdellovibrio and potentially other Gram-negative predatory bac-
teria to track predation in situ and to study the spatial distribution
of predators in the microenvironment, in addition to its clear
utility in the analysis of predator-prey relationships with fluores-
cence microscopy or flow cytometry.
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