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ABSTRACT Bdellovibrio bacteriovorus is an obligate predatory bacterium that in-
vades and kills a broad range of Gram-negative prey cells, including human patho-
gens. Its potential therapeutic application has been the subject of increased research
interest in recent years. However, an improved understanding of the fundamental
molecular aspects of the predatory life cycle is crucial for developing this bacterium
as a “living antibiotic.” During intracellular growth, B. bacteriovorus secretes an arse-
nal of hydrolases, which digest the content of the host cell to provide growth nutri-
ents for the predator, e.g., prey DNA is completely degraded by the nucleases. Here,
we have, on a genetic and molecular level, characterized two secreted DNases from
B. bacteriovorus, Bd0934 and Bd3507, and determined the temporal expression pro-
file of other putative secreted nucleases. We conclude that Bd0934 and Bd3507 are
likely a part of the predatosome but are not essential for the predation, host-
independent growth, prey biofilm degradation, and self-biofilm formation. The de-
tailed temporal expression analysis of genes encoding secreted nucleases revealed
that these enzymes are produced in a sequential orchestrated manner. This work
contributes to our understanding of the sequential breakdown of the prey nucleic
acid by the nucleases secreted during the predatory life cycle of B. bacteriovorus.

IMPORTANCE Antibiotic resistance is a major global concern with few available new
means to combat it. From a therapeutic perspective, predatory bacteria constitute
an interesting tool. They not only eliminate the pathogen but also reduce the over-
all pool of antibiotic resistance genes through secretion of nucleases and complete
degradation of exogenous DNA. Molecular knowledge of how these secreted DNases
act will give us further insight into how antibiotic resistance, and the spread thereof,
can be limited through the action of predatory bacteria.

KEYWORDS Bdellovibrio bacteriovorus, predatory bacteria, predatosome, secreted
nucleases

Bdellovibrio bacteriovorus is the most studied species among predatory bacteria and
serves as a model for understanding the unique cell biology of bacterial predators.

It invades and kills a broad range of Gram-negative bacteria, including human patho-
gens such as Acinetobacter baumannii, Klebsiella pneumoniae, and Escherichia coli (1, 2).
The B. bacteriovorus life cycle consists of three stages: attack phase, transition phase,
and growth phase (Fig. 1) (3–5). In the attack phase, the organism is free-swimming and
moving around in search of prey. Upon collision with a prey cell, it attaches itself to the
outer membrane and assesses the prey’s nutritional value (transition phase). When the
right prey is recognized, its cell surface is modified so that the predator can pass
through without destroying it. Once in the periplasm, Bdellovibrio forms a structure
known as the bdelloplast and transitions into growth phase. The cytoplasmic content
of the prey is degraded by an arsenal of predatory hydrolytic enzymes released into the
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bdelloplast milieu (6, 7). The resulting nutrients are subsequently taken up and used for
filamentous growth of the predator. When resources are exhausted, Bdellovibrio divides,
and the progeny lyse the remains of the cell. The complete life cycle takes 3 to 4 h
under laboratory conditions. Despite being considered an obligate predator, B. bacte-
riovorus can also convert into a host-independent lifestyle (8).

The breakdown of prey substrates and their subsequent utilization appear to
be highly organized events that proceed in a sequential manner (9–11). However, the
kinetics of biochemical processes may vary depending on the prey species (11). When
B. bacteriovorus is grown on E. coli, degradation of the host DNA into fragments of
intermediate molecular weight is achieved within the first 45 to 60 min of infection. This
rapid step is apparently followed by slow degradation into mononucleotides, which are
used for the synthesis of Bdellovibrio DNA. It is estimated that approximately 70% of
host DNA is incorporated into the newly synthesized DNA of the predator (9, 11).

Although it is not known precisely which enzymes are involved in the digestion of
host genetic material, it has been demonstrated that host intrinsic nucleases are not
involved in this process (9). The B. bacteriovorus HD100 genome encodes 20 putative
DNases, some with an apparent export signal sequence (7). A transcriptome-based
approach identified two DNases that are upregulated upon contact with the prey cell,
Bd1244 and Bd1934 (6). However, genetic studies by Lambert and Sockett demon-
strated that these two DNases are not essential for the degradation of host DNA (12).
Based on the presence of a signal peptide, two other putative DNases have been
suggested to have a function in this process, Bd0934 and Bd3507. However, due to the
lack of the apparent upregulation upon contact with the prey (6), they were considered
less likely to be involved in the host DNA breakdown and have not been characterized
until now.

In this paper, we characterize Bd0934 and Bd3507 in terms of expression profile
over the life cycle, subcellular localization, importance for predation ability, host-
independent growth, self-biofilm formation, and prey biofilm predation. We also de-
termine the full transcription profile of other putative secreted nucleases. The results
show that during intraperiplasmic growth, the B. bacteriovorus nucleases are released
in an orchestrated sequential manner. Bd0934 and Bd3507 are secreted into the
bdelloplast milieu and seem to act in the midstages of prey infection.

RESULTS
bd0943 and bd3507 are expressed during the intracellular growth phase. A

previous transcriptomic study showed that neither bd0934 nor bd3507 was upregulated
in the early stage of infection, i.e., at 30 min into the predatory cycle (6). Instead, results

FIG 1 Life cycle of B. bacteriovorus (for a detailed description see the text).
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implied that these two genes were specifically expressed during host-independent
growth. To get insight into the full expression profile of bd0943 and bd3507, we carried
out a semiquantitative reverse transcription PCR (semi-qRT-PCR) analysis of samples
collected throughout the B. bacteriovorus HD100 life cycle. As shown in Fig. 2, tran-
scripts for both genes appear early in the predatory cycle and continue to increase in
abundance until approximately 1 h postinfection. Both transcripts are present until the
end of the intracellular growth cycle. The levels of expression in host-independent cells
are similar to the levels present in the parasitic growth phase. These data indicate that
Bd0934 and Bd3507 are involved in the degradation of host DNA in the bdelloplast and
have a function in host-independent growth.

Deletion of bd0934 and bd3507 does not affect predation. To further investigate
the role of Bd0934 and Bd3507, Δbd0934 (named LHD104) and Δbd3507 (named
LHD103) single-deletion mutant strains were constructed (Table 1). The entire open
reading frames (except the start and the stop codons) of the two genes were replaced
by the chloramphenicol cassette as described in Materials and Methods. Out of 13
plaques screened by PCR for the bd3507 deletion, 3 contained the desired mutation. In
the case of bd0934, only 1 out of 71 screened plaques was found to be a successful
deletion mutant. Predation efficiency of the obtained strains was assayed by predatory
kill curves of semisynchronous cultures containing E. coli prey. Results showed that
predation ability was not affected in any of the single-deletion strains compared to that
of the wild type (see Fig. S1A in the supplemental material). Moreover, LHD103 and
LHD104 strains yielded progeny titers similar to those of the wild type (�2 � 108 to
3 � 108 PFU/ml) and had normal cell morphology, as determined by the phase-contrast
microscopy (data not shown). Since no obvious phenotype was observed for the
single-deletion strains, a Δbd0934 Δbd3507 double-deletion strain was constructed by
introducing a markerless in-frame deletion of the bd3507 gene into B. bacteriovorus
LHD104. A PCR-based screen showed that 1 out of 70 analyzed plaques was a successful
double-deletion mutant (named LHD110) (Table 1). Similar to the single-deletion
strains, LHD110 did not exhibit a change in predation (Fig. S1A), progeny yield, or cell
morphology (data not shown).

Seeing no effect of Bd0934 and Bd3507 deficiency in host-dependent cells, we
isolated spontaneous host-independent derivatives of the Δbd0934 strain (named
LHI106), the Δbd3507 strain (named LHI105), and the Δbd0934 Δbd3507 strain (named
LHI112) (Table 1) and analyzed their axenic growth in PY medium. Host-independent

FIG 2 (A) Semi-qRT-PCR analysis to assess expression of bd0934 and bd3507 throughout the B. bacteriovorus HD100 life cycle. Samples for
RNA isolation were collected from semisynchronous predatory coculture at the indicated time points. A matched amount of RNA (10 ng)
was used as a template in RT-PCRs. Equal volumes of each RT-PCR sample were analyzed by 1.5% agarose gel electrophoresis. dnaK is
constitutively expressed in both host-dependent and host-independent growth and, thus, serves as an internal reference gene. HI, sample
with RNA isolated from host-independent strain LHI100 used as a template; EC, sample with RNA isolated from E. coli DH5� used as a
template (negative control); C-, sample with no template (negative control); gDNA, sample with genomic DNA from B. bacteriovorus used
as a template (positive control). A representative gel electrophoresis of three independent experiments is shown. (B) bd0934 and bd3507
expression levels quantified relative to dnaK. The average values � SD from three independent semi-qRT-PCR experiments are plotted.
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derivatives isolated from the same parental strain are known to exhibit diverse phe-
notypes (13); thus, two individual host-independent isolates of each strain were tested
in all the experiments described in this paper. The growth curves and phase-contrast
microscopy data showed no apparent difference between the host-independent wild-
type and nuclease deletion strains (Fig. S1B; microscopy data not shown). Thus,
together these results indicate that Bd0934 and Bd3507 are not essential for host-
dependent or for host-independent growth of B. bacteriovorus.

Bd0934 and Bd3507 are secreted extracellularly. Both Bd0934 and Bd3507 have
a predicted signal peptide sequence at the N-terminal end (Table S2). Therefore, they
can be localized in the B. bacteriovorus periplasm or secreted out from the predator cell.
To determine their subcellular localization, the two DNases have been fused to mCherry
at the C-terminal end. The expression of bd0934-mCherry and bd3507-mCherry gene
fusions was controlled by the native promoter of the respective nuclease. We first
looked at subcellular localization during the host-dependent life cycle. For that pur-
pose, fluorescence microscopy was employed, and cells were imaged 2 h postinfection.
For both protein fusions, mCherry fluorescence was detected within the bdelloplast but
outside the B. bacteriovorus growing cell (Fig. 3A). Such localization indicates that
Bd0934-mCherry and Bd3507-mCherry are secreted out from the predator cell into the
bdelloplast milieu. To demonstrate that mCherry itself is not able to specifically localize
outside the cell, we constructed a control strain expressing cytoplasmic mCherry under
the control of the bd3507 promoter. As expected, here mCherry fluorescence was
detected only within B. bacteriovorus growing cells (Fig. 3A). Thus, it can be concluded
that during host-dependent growth, Bd0934 and Bd3507 are specifically secreted into
the surrounding bdelloplast.

TABLE 1 Strains and plasmids used in this work

Strain or plasmid Genotype or descriptiona Origin/reference

E. coli
DH5� F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 �80dlacZΔM15 Δ(lacZYA-argF)U169

hsdR17(rK
– mK

�) �–

Invitrogen

S17-1 recA pro hsdR RP4-2-Tc::Mu-Km::Tn7 DSMZb

TOP10 F– mcrA Δ(mrr-hsdRMS-mcrBC) �80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara-leu)7697 galU galK �–

rpsL(Strr) endA1 nupG
Invitrogen

B. bacteriovorus
HD100 Wild type DSMZ
LHD101 bd0934�pEBF1; Kmr Cmr This work
LHD102 bd3507�pEBF2; Kmr Cmr This work
LHD103 bd3507::cm Cmr This work
LHD104 bd0934::cm Cmr This work
LHD110 bd0934::cm Δbd3507 Cmr This work
LHI100 HD100 host-independent spontaneous mutant This work
LHI105 LHD103 host-independent spontaneous mutant This work
LHI106 LHD104 host-independent spontaneous mutant This work
LHI112 LHD110 host-independent spontaneous mutant This work

Plasmids
pFW13 Plasmid containing kanamycin resistance gene; Kmr 34
pUC19 Cloning vector; Apr Invitrogen
pK18mobsacB Mobilizable suicide vector, with sacB gene facilitating sucrose counterselection; Kmr ATCCc (35)
pPROBE-NT Broad-host-range vector containing promotorless gfp reporter gene; Kmr Addgene (36)
pEBF1 pK18mobsacB with 2.2-kb insert containing the Cm cassette flanked by 0.7-kb regions upstream

and downstream of bd0934; Kmr Cmr

This work

pEBF2 pK18mobsacB with 2.2-kb insert containing the Cm cassette flanked by 0.7-kb regions upstream
and downstream of bd3507; Kmr Cmr

This work

pEBF5 pEBF2 with deleted Cm cassette; Kmr This work
pEBF6 pPROBE-NT with 1.6-kb insert containing Pbd0934-bd0934-mCherry; Kmr This work
pEBF7 pPROBE-NT with 2.0-kb insert containing Pbd3507-bd3507-mCherry; Kmr This work
pEBF11 pPROBE-NT with 1.0-kb insert containing Pbd3507-mCherry; Kmr This work

aApr, Cmr, and Kmr indicate resistance to ampicillin, chloramphenicol, and kanamycin, respectively.
bGerman Collection of Microorganisms and Cell Cultures, Germany.
cAmerican Type Culture Collection, USA.
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We speculated that, during host-independent growth, these two nucleases are
secreted into the medium. Thus, the host-independent derivatives of the strains that
were used for fluorescence microscopy were isolated and grown in PY medium. The
overnight cultures were separated into cell and supernatant fractions, and samples
were subjected to SDS-PAGE followed by immunoblot detection of mCherry. Bd0934-
mCherry and Bd3507-mCherry were found in the supernatant fraction, while cytoplas-
mic mCherry was detected in the cell fraction (Fig. 3B). Thus, immunoblot data
strengthen and complement the fluorescence microscopy observations, and it is
concluded that Bd0934 and Bd3507 are secreted extracellularly.

The �bd0934 �bd3507 host-dependent strain exhibits higher extracellular DNase
activity. B. bacteriovorus extracellular DNase activity has been reported in several
previously published studies (9, 14). To determine whether deletion of Bd0934 and/or
Bd3507 affects this activity, a DNase assay was carried out using culture supernatant
from the predatory host-dependent culture of the wild type and the respective deletion
strains. Both plasmid DNA and E. coli genomic DNA (gDNA) were used as substrates
(Fig. 4). In our hands, the extracellular DNase activity of the wild-type strain was almost
undetectable (i.e., a weak activity was detected if the supernatant was concentrated
[data not shown]). However, to our surprise, the double-deletion mutant strain exhib-

FIG 3 Extracellular localization of Bd0934-mCherry and Bd3507-mCherry, as determined by fluorescence microscopy and immunoblotting.
(A) Fluorescence images of samples collected at 2 h into the predatory cycle. Bd0934-mCherry (strain LHD104/pEBF6) and Bd3507-mCherry
(strain LHD103/pEBF7) localize to the bdelloplast milieu. The control strain, encoding only mCherry (strain LHD103/pEBF11), shows
localization of the fluorescent protein in the cytoplasm of Bdellovibrio cells. Cartoon interpretation of the fluorescence image is depicted
on the right side of each panel. Sixty bdelloplasts were observed for strain LHD104/pEBF6, 89 bdelloplasts were observed for strain
LHD103/pEBF7, and 43 bdelloplasts were observed for strain LHD103/pEBF11. Representative bdelloplasts are shown. The dark shadow
visible at the bottom left of the bdelloplasts in the DIC channel is an optical artifact. Scale bars are 1 �m. (B) Immunoblot of samples
collected from host-independent B. bacteriovorus cultures (OD600 of �0.4) and separated into cell (C) and supernatant (S) fractions. An
equal volume (15 �l) of each fraction was analyzed. pEBF6 encodes Bd0934-mCherry (�55 kDa); pEBF7 encodes Bd3507-mCherry
(�59 kDa); pEBF11 encodes cytoplasmic mCherry (�27 kDa); pPROBE-NT is an empty vector that serves as a negative control for
nonspecific binding of antibodies. Immunoblotting was conducted against mCherry. The position of full-length proteins is indicated by
an arrowhead. An asterisk indicates mCherry that is cleaved off the fusion protein. The antigen band at �25 kDa that is seen in all C
fractions is a background independent of mCherry. Molecular mass markers are indicated on the left.
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ited higher DNase activity than the wild-type and single-deletion strains. The Δbd3507
strain also showed somewhat elevated DNase activity, while the activity in the Δbd0934
supernatant resembled that of the wild type. Such a pattern was observed in several
repeated experiments. Although both substrates were digested by the supernatant of
Δbd0934 Δbd3507 and Δbd3507 strains, the gDNA seems to be digested more efficiently
than the plasmid DNA. This is clearly visible in the double-deletion strain, where all the
substrate gDNA is digested into shorter fragments (visible as a smear), while the
plasmid DNA is only partially digested to linear and nicked forms (the middle and upper
band, respectively).

We were curious whether a similar trend would be apparent in the supernatant of
host-independent cultures. As can be seen in Fig. S2A, all tested host-independent
isolates displayed strong extracellular DNase activity, i.e., the substrate (gDNA) was fully
degraded. The complete degradation of the substrate DNA made it difficult to conclude
whether any of the supernatants had elevated nuclease activity. Thus, to avoid com-
plete DNA degradation, we repeated the assay using a higher gDNA concentration,
diluted supernatant, and shorter incubation time. We did not observe differences in
nuclease activity between tested strains (Fig. S2B). Therefore, we conclude that the
extracellular DNase activity of host-independent isolates is not noticeably affected by
the deletion of bd0934 and/or bd3507.

Gene expression analysis of putative secreted nucleases. The observed higher
nuclease activity in the double-deletion strain was unexpected but suggested that in
the absence of both Bd0934 and Bd3507, some other nucleases are upregulated to

FIG 4 DNase assay demonstrating elevated extracellular nuclease activity in the supernatant of the
Δbd0934 Δbd3507 strain (LHD110). Plasmid pUC19 (2.7 kb) (40 ng/�l) (left) or E. coli genomic DNA
(40 ng/�l) (right) was mixed with an equal volume of supernatant collected from coculture of the
indicated B. bacteriovorus strain (wt, strain HD100; Δbd0934, strain LHD104; Δbd3507, strain LHD103; ΔΔ
[i.e., Δbd0934 Δbd3507], strain LHD110). pUC19 and E. coli gDNA incubated with DNB medium served as
negative controls. After 1 h of incubation at 37°C, samples were analyzed by 1% agarose gel electro-
phoresis. (A) A representative gel electrophoresis of three independent experiments. (B) Quantification
of the remaining substrate, i.e., covalently closed circular (CCC) plasmid DNA or gDNA (bands indicated
by arrowheads in panel A) relative to the control sample (DNB). Bars represent the average values � SD
from three independent DNase assays. A Student’s t test determined statistical significance with respect
to the wild-type strain (**, P � 0.01; ***, P � 0.001).
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compensate for this deficiency. To test this possibility, we compared the gene expres-
sion profiles of nucleases predicted to contain the signal peptide for secretion (bd1244,
bd1431, bd1934, and bd1501) (Table S2) in the wild type and the double-deletion strain.
Since the Δbd3507 strain showed a slightly elevated nuclease activity, we decided to
also include single-deletion strains in the gene expression analysis (here, we addition-
ally determined profiles for bd0934 and bd3507 in the respective deletion strain versus
the wild type). Figure 5 summarizes the results of two independent experiments, in
which samples for qRT-PCR analysis were collected from semisynchronous cultures
throughout the whole B. bacteriovorus predatory life cycle. Both experiments yielded
similar expression profiles of the analyzed nucleases. However, relative fold change
values were generally higher in the second experiment than the first (Fig. 5). This
difference is most likely a result of different multiplicity of infection (MOI) values for
both experiments. That is, the reference gene (dnaK) expression level is constant in all
B. bacteriovorus cells, while the expression of our gene of interest changes only in the
cells that entered the growth phase inside the prey. Hence, the lower the MOI, the
higher the relative fold change values for the gene of interest. In our analysis, we
focused on the general trend of gene expression rather than on the fold change values.

The quantitative gene expression data for bd0934 and bd3507 in B. bacteriovorus
HD100 (Fig. 5) are consistent with the semiquantitative analysis presented in Fig. 2.
Both nucleases are upregulated during intracellular growth, with a broad peak of
expression during the 30-min to 3-h time period for bd0934 and the 1- to 2-h time
period for bd3507. It seems that bd3507 is also briefly upregulated at 15 min. Based on
these results, we would expect the same temporal upregulation of the putative
compensating nucleases. From Fig. 5, it is evident that the expression profile of bd1244
and bd1934 remains unchanged in the deletion mutant strain background, and both
nucleases act only early during invasion of the prey cell (distinct single peak at 15 min).
For bd1431 and bd1501, the two independent experiments yielded slightly different
expression profiles (see especially the time period of 0 to 1 h, all strains); therefore,
these results are less conclusive. This apparent discrepancy can be explained by
generally low relative expression levels of bd1431 and bd1501 throughout the preda-
tory life cycle, together with the different MOI values for both experiments, as men-
tioned above. Nevertheless, it seems that bd1501 might have a role in the late stages
of intracellular growth, as the amount of transcript is increasing during the time period
of 2 to 4 h. This observation is consistent in all analyzed strains. Between 1 h and 4 h,
the level of bd1431 transcript seems to be rather constant in the wild-type strain.
However, it is notable that in both independent experiments the relative level of
bd1431 transcript is higher throughout the life cycle in the Δbd0934 Δbd3507 double
deletion strain than in the wild-type strain. Expression profiles of all analyzed genes in
the single-deletion strains resembled the wild-type expression profiles. Thus, the gene
expression patterns over time were generally unchanged in the deletion mutant strains.

To enable better comparison of transcript levels at the specific time points, we have
normalized the data relative to the wild-type strain and plotted the results of both
experiments in a single graph (Fig. S3). We found indications of the downregulation of
bd0934 in the Δbd3507 background during early infection and significant downregu-
lation of bd3507 in the Δbd0934 background in the later stages of infection. Thus, it
seems the deletion of one of these genes partly affects the expression of the other one.
On the contrary, bd1244, bd1431, bd1934, and bd1501 show trends of a slight increase
in expression level in the Δbd0934 Δbd3507 background (at various time points of
infection). Based on this observation, it can be speculated that the higher DNase activity
seen in the double-deletion strain could be a result of generally increased transcription
of other genes encoding secreted nucleases.

In summary, the qRT-PCR analysis did not pinpoint any specific nuclease that is
strongly upregulated in the absence of Bd0934 and/or Bd3507, but slightly elevated
transcript levels of bd1431, bd1244, bd1934 and bd1501 are observed in the Δbd0934
Δbd3507 background. Additionally, the detailed temporal analysis of gene expression
revealed that during predatory growth, nucleases are expressed in a sequential manner
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FIG 5 Temporal expression of genes encoding predicted nucleases: bd0934, bd3507, bd1244, bd1431,
bd1934, and bd1501. Analysis was carried out for four B. bacteriovorus host-dependent strains: wt (HD100),
Δbd0934 (LHD104), Δbd3507 (LHD103), and Δbd0934 Δbd3507 (LHD110) strains. RNA was isolated from
samples collected at the indicated time points of the predatory cycle. Data obtained from qRT-PCR

(Continued on next page)
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(Fig. 5). An early brief expression of bd1244 and bd1934 is followed by expression of
bd0934 and bd3507 in the midstages of development. The expression of bd1501 seems
to rise during the late stage of the predatory cycle.

Expression of putative secreted nucleases in host-independent isolates. To get
a full picture of the gene expression of selected nucleases, we have also analyzed
samples collected from the host-independent isolates of the wild-type and nuclease-
deficient strains. The rationale behind this analysis is the fact that bd0934 and bd3507
are also expressed during axenic growth, and no phenotype was associated with the
deletion of both nucleases in the host-independent isolates. Thus, there was the
possibility of a putative upregulation of compensating nucleases. Figure 6 shows no
obvious upregulation of any nuclease in the deletion mutant background strains. With
the exception of bd1431, all nucleases show similar expression levels in all tested
strains. A dissimilar amount of bd1431 transcript is observed in two isolates of the
wild-type strain, suggesting that expression of this gene is variable in host-independent
cells. Thus, no conclusion could be drawn on the potential upregulation of bd1431 in
the Bd0934- and Bd3507-deficient strains.

Removal of E. coli biofilm and self-biofilm formation by nuclease-deficient
strains. B. bacteriovorus is known to efficiently degrade biofilms formed by various
bacterial species, including some Gram-positive bacteria (14, 15). Extracellular DNA is one of

FIG 5 Legend (Continued)
experiments were analyzed using a 2�ΔΔCT method. Experiments were repeated 2 times, and the results of
each experiment are shown in separate panels (panel A, experiment 1; panel B, experiment 2). The MOI
determined retrospectively was 2 for experiment 1 and 1 for experiment 2. Error bars represent standard
deviations from a duplicate sample.

FIG 6 (A) Semi-qRT-PCR analysis to assess expression of bd0934, bd3507, bd1244, bd1431, bd1934, and bd1501 in host-independent strains. Analysis was carried
out for four B. bacteriovorus host-independent strains: LHI100 (wt), LHI106 (Δbd0934), LHI105 (Δbd3507), and LHI112 (ΔΔ, i.e., Δbd0934 Δbd3507). Two
independent isolates of each strain (labeled #1 and #2) were tested. The RNA used as a template in RT-PCR (10 ng) was isolated from samples of
host-independent cultures grown in PY broth amended with 3 mM MgCl2 and 2 mM CaCl2. Equal volumes of each RT-PCR sample were analyzed by 1.5%
agarose gel electrophoresis. dnaK is constitutively expressed in all strains and, thus, serves as an internal reference gene. gDNA, sample with genomic DNA from
B. bacteriovorus used as a template (positive control); C-, sample with no template (negative control). A representative gel electrophoresis of two independent
experiments is shown. (B) Intensity of bands for each gene was quantified relative to the sample wt #1 and normalized to intensity of the respective dnaK band.
The average values � SD from two independent semi-qRT-PCR experiments are plotted.
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the major components in many biofilms (16), and bacterial secreted DNases are sometimes
involved in biofilm formation/eradication (12, 17–19). Thus, a biofilm removal assay was
carried out to assess the ability of the nuclease-deficient strains to eradicate preformed prey
biofilm. As can be concluded from Fig. S4, there is no difference in efficiency of biofilm
removal between all tested strains. We then decided to analyze self-biofilm formation by
host-independent derivatives of wild-type and nuclease-deficient strains. We observed a
large variation in the ability to develop biofilm between individual isolates of each tested
strain (Fig. S5). No consistent effect of nuclease deletion on self-biofilm formation was
observed. Thus, we conclude that Bd0934 and Bd3507 are not essential for prey biofilm
degradation or for self-biofilm formation.

DISCUSSION

The unique lifestyle of bacterial predators requires the massive production of
enzymes that function in the digestion of the prey’s macromolecules (6, 7). Amino acids
obtained via degradation of host proteins constitute the main energy source for B.
bacteriovorus growth, while nucleotides originating from host DNA and RNA serve as
precursors for the synthesis of the predator nucleic acids (3). Although proteomic and
transcriptomic studies provided some insight into the B. bacteriovorus HD100 preda-
tosome (a group of unique proteins involved in prey killing and digestion) (6, 20, 21),
the exact role of the majority of such enzymes has yet to be elucidated.

Data presented in our paper suggest that Bd0934 and Bd3507 are also part of the
predatosome. A detailed temporal analysis of transcript levels revealed that these two
putative DNases are upregulated during the midstages of intracellular growth. Such
complete gene expression profiles complement the data available from previous large
transcriptomic studies, where only one or two time points of the predatory cycle were
selected to determine the predatosome (6, 20). In the microarray study by Lambert et
al. (6), bd0934 and bd3507 were classified as genes specific for host-independent
growth due to their significant upregulation in the host-independent (HI) cells versus
attack phase cells. In the same study, no significant upregulation was observed in the
cells during the early phase of predation (i.e., at 30 min postinfection) versus attack
phase cells. Our results are partly in line with these observations, as levels of bd0934 and
bd3507 transcripts in the HI cells is indeed higher than that in cells at 0 h in predatory
culture (Fig. 2). However, contrary to observations by Lambert et al., we do see the
upregulation of bd0934 and bd3507 at 30 min into the predatory cycle (Fig. 2 and 5). A
possible explanation of these differences is that Lambert et al. used pure attack phase
cells (without added prey) as a reference sample, while in our study the reference is the
sample collected from the predatory culture at time point 0 h (and, thus, consists of
both the prey and the predator, leading to possible immediate effects). Regardless of
the discrepancy concerning expression at the early stages of predation, our data show
that both genes are certainly expressed during midstages of intracellular growth. This
was also proved in the transcriptome sequencing study by Karunker et al. (20), which
showed high abundance of bd0934 and bd3507 transcript in the cells collected at 180
min postinfection. Additionally, our fluorescence microscopy data demonstrated that
Bd0934 and Bd3507 are secreted into the bdelloplast milieu during predatory growth.
Taken together, these findings suggest the involvement of Bd0934 and Bd3507 in the
degradation of the host DNA. It is interesting, though, that both nucleases can be
deleted without any effect on predation. Considering the complexity of the predatory
cycle and its importance for B. bacteriovorus survival, the high enzyme redundancy
should not be surprising. Lack of Bd0934 and Bd3507 may be compensated by another
nuclease(s) with the same activity and extracellular localization (as discussed below). A
lack of phenotype concerning predation ability was also observed in the Δbd1244
Δbd1934 double-deletion mutant strain constructed by Lambert and Sockett (12).
Bd1244 and Bd1934 are supposedly acting in the early stage of predation (as also
confirmed by our qRT-PCR analysis), but the double-deletion mutant showed no
difference in rate of predation compared to that of the wild type. Surprisingly, the
Δbd1244 Δbd1934 strain was less efficient in self-biofilm formation and performed
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better in clearance of preformed prey biofilm than the wild-type strain. Based on these
previous findings, we carried out analogous biofilm analysis of our mutant strains. We
did not find any differences in biofilm formation/removal between all tested strains,
which implies no involvement (or redundancy) of Bd0934 and Bd3507 in these pro-
cesses.

Deletion of bd0934 and bd3507 led to elevated extracellular DNase activity, a
phenotype that is contrary to what would be intuitively expected. It implies that some
response mechanism is triggered in the cells to compensate for Bd0934 and Bd3507
deficiency. One possible response is the upregulation of another DNase(s) with the
corresponding subcellular localization and specificity. Our qRT-PCR analysis, which
covered nucleases with predicted signal peptide, suggests that it could be an overall
slight increase in expression of the remaining nucleases (especially the nuclease
encoded by bd1431). Upregulation of another, unidentified extracellular nuclease(s) is
also possible. It cannot be ruled out that the elevated DNase activity is a result of a
mechanism other than transcriptional regulation. As proven in multiple studies, mRNA
expression levels do not always reflect the protein abundance in the cell (22). Increased
translation rate of compensating nuclease (coupled to its elevated secretion) can be the
reason for the observed higher DNase activity. Finally, changes in enzyme activity can
hypothetically explain the observed phenotype, i.e., it is possible that in the presence
of Bd0934 and Bd3507, the activity of another extracellular nuclease is quenched, and
such an enzyme becomes activated in the double-deletion strain. The main finding of
our study is the observed sequential production of putative extracellular nucleases
during the predatory cycle. This observation complements the model suggested by
Rittenberg and coworkers (9, 11). Their studies demonstrated that within the first 45 to 60
min of the predatory cycle, the host genomic DNA is digested into intermediate-size
fragments of approximately 780 bp on average. Subsequently, the synthesis of B. bacterio-
vorus DNA begins and seems to occur at a rate similar to that of the breakdown of host DNA
fragments into single nucleotides. Thus, the released nucleotide monomers appear to be
immediately incorporated into the newly synthesized genome of the predator. Such
controlled digestion of the host nucleic acid was suggested to be a result of the continuous
and sequential synthesis of Bdellovibrio DNases with different specificities and activities.
Thus, the following scenario can be suggested based on our qRT-PCR data and the kinetic
studies of host DNA degradation by Rosson and Rittenberg. Bd1244 and Bd1934 (and
possibly Bd3507) could be the first acting enzymes responsible for rapid endonucleolytic
attack on the host DNA. The resulting DNA fragments subsequently could be broken down
into shorter oligomers by the action of Bd0934 and Bd3507. As concluded by Rosson and
Rittenberg, the subsequent digestion into nucleotide monomers is catalyzed by exonu-
cleases that are synthesized approximately 30 min into the predatory cycle and continue to
act throughout the Bdellovibrio growth phase. bd0934 and bd3507 are continuously ex-
pressed after 30 min into the predatory cycle, and their initial expression (especially bd0934)
is timed to the initiation of Bdellovibrio DNA synthesis (Fig. S6). However, both Bd0934 and
Bd3507 are predicted to be endonucleases and, as such, do not match the model sug-
gested by Rosson and Rittenberg. The determination of their nuclease specificity in vitro
could be helpful to understand their role in the degradation of the host DNA. Likewise,
detailed in vivo studies on Bd1501 and Bd1431 are needed to establish whether they are
part of the predatosome or not.

MATERIALS AND METHODS
Bacterial strains and growth media. Bacterial strains used in this work are listed in Table 1. E. coli

TOP10 was used for plasmid DNA propagation, E. coli DH5� was used for prey in predatory cocultures,
and E. coli S17 served as a donor strain in conjugation experiments and was used for the development
of prey biofilm. E. coli strains were grown at 37°C in YT broth (23) or on LB agar plates (24).

B. bacteriovorus strains were routinely grown at 29°C, 200 rpm, in DNB medium (0.08% nutrient broth,
0.05% Casamino Acids, 0.01% yeast extract [pH 7.6], supplemented with 3 mM CaCl2 and 2 mM MgCl2
after autoclaving) (25) with E. coli DH5 as the host cell (8 ml DNB, 0.45 ml of E. coli DH5� overnight
culture, 0.15 ml of 7- to 10-day-old B. bacteriovorus lysate). Overnight Bdellovibrio lysates were passed
through 0.45-�m filters. In semisynchronous growth experiments, B. bacteriovorus strains were grown in
HM buffer (25 mM HEPES [pH 7.6] supplemented with 3 mM CaCl2 and 2 mM MgCl2) (26). Reviving B.
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bacteriovorus strains from frozen stock and plaque-forming unit (PFU) enumeration was done by an
overlay agar technique using YPSC medium (0.05% yeast extract, 0.05% peptone, 0.025% CH3COONa,
0.0125% MgSO4 [pH 7.6], with CaCl2 added after autoclaving to give a concentration of 0.025%), as
described by Lambert and Sockett (23). Host-independent (HI) strains were grown in PY medium (1%
peptone, 0.3% yeast extract [pH 6.8]) amended with 3 mM CaCl2 and 2 mM MgCl2 as described in
Lambert and Sockett (23).

When needed, media were supplemented with antibiotics at the following concentrations: ampicillin
at 100 �g ml�1, kanamycin at 40 �g ml�1 and chloramphenicol at 12.5 �g ml�1.

DNA techniques and plasmid construction. DNA manipulation was performed by standard meth-
ods (24). Plasmid DNA and genomic DNA were isolated using the GeneJET plasmid miniprep kit (Thermo
Scientific) and the GenElute bacterial genomic DNA kit (Sigma), respectively. PCR was carried out using
Phusion high-fidelity DNA polymerase (New England Biolabs). The sequences of primers used in PCR are
listed in Table S1 in the supplemental material. The synthetic DNA fragments were purchased from
GenScript, USA. DNA ligation was performed using T4 DNA ligase (New England Biolabs). One-shot
TOP10 chemically competent E. coli cells (Invitrogen) were used for transformation. Plasmids used in this
study are listed in Table 1. All DNA fragments cloned into plasmids were verified by sequencing.

(i) Construction of pEBF1. A 2,240-bp-long DNA fragment, consisting of the 700-bp region upstream
of bd0934, chloramphenicol cassette, and the 700-bp region downstream of bd0934 was synthesized. The
fragment was flanked by BamHI and HindIII restriction sites at the 5= and 3= end, respectively. The fragment
was cloned into pK18mobsacB using BamHI and HindIII restriction sites, resulting in plasmid pEBF1.

(ii) Construction of pEBF2. pEBF2 was constructed in the same way as pEBF1, but the synthetic DNA
fragment (2,240 bp) comprised a 700-bp region upstream of bd3507, a chloramphenicol cassette, and a
700-bp region downstream of bd3507. The DNA fragment was cloned into pK18mobsacB using the
flanking restriction sites, i.e., BamHI and SphI (at the 5= and 3= end of the insert, respectively).

(iii) Construction of pEBF5. An 810-bp-long fragment, comprising a chloramphenicol cassette, was
cut out from pEBF2 using SalI restriction sites. The remaining linear DNA fragment of pEBF2 (7,119 bp)
was circularized by ligation, yielding plasmid pEBF5, which contains a 700-bp region upstream of bd3507
and a 700-bp region downstream of bd3507.

(iv) Construction of pEBF6. A 1,674-bp DNA fragment was synthesized, comprising the promoter
region and the coding sequence of bd0934 (without the stop codon), the linker sequence (encoding
LEVDGIDKLDDP), and the sequence encoding mCherry (in-frame with the bd0934 coding sequence and
the linker). The synthetic fragment was flanked by HindIII and BamHI restriction sites (at the 5= and 3=
end, respectively), and these sites were used to clone it into pPROBE-NT. The resulting plasmid was
named pEBF6.

(v) Construction of pEBF7. pEBF7 was constructed analogously to pEBF6, but the synthetic DNA
fragment (2,008 bp) comprised a sequence encoding the translational fusion of Bd3507 to mCherry
under the native bd3507 promoter.

(vi) Construction of pEBF11. pEBF11 was constructed by a site-directed mutagenesis approach
(Phusion site-directed mutagenesis; Thermo Scientific) using primers E038 and E040 (both phosphorylated at
the 5= end) and plasmid pEBF7 as the template. The resulting PCR product (7,882 bp) was circularized by
ligation, resulting in plasmid pEBF11. It contains the sequence comprised of the bd3507 promoter, the start
codon of bd3507, and the sequence encoding mCherry (in-frame with the start codon of bd3507).

Construction of B. bacteriovorus strains. All B. bacteriovorus strains described in this work are
derivatives of strain HD100 (Table 1). Deletion of bd0934 and bd3507 was carried out as described in
Steyert and Pineiro (27), with modifications. Briefly, the suicide plasmid pEBF1 was transferred to B.
bacteriovorus HD100 via conjugal mating with E. coli S17/pEBF1 as described by Cotter and Thomashow
(28). Successful conjugants were selected via plating on YPSC overlay plates supplemented with
kanamycin and containing E. coli TOP10/pFW13 as the prey in the top agar layer. Plaques that appeared
after several days of incubation at 29°C were tested by PCR for integration of the entire plasmid at the
flanking region of bd0934 by a single-crossover event. The resulting merodiploid strain (LHD101) was
then grown for 24 h in liquid coculture in DNB medium (without antibiotic selection) to allow excision
of the plasmid by a second crossover event. Subsequently, an aliquot of this coculture was transferred
to a suspension of E. coli DH5� in HM buffer (optical density at 600 nm [OD600] of 1) supplemented with
5% sucrose for selection of excisants. The coculture was incubated at 29°C, 200 rpm, until lysis of prey
was visible (approximately 48 h). Serial dilutions of the lysed coculture were plated on YPSC overlay
plates supplemented with chloramphenicol and containing E. coli TOP10/pDC123 as the prey. Plaques
that appeared after several days of incubation at 29°C were tested by PCR for a successful second
recombination event, which resulted in the replacement of bd0934 coding sequence by a chloramphen-
icol cassette. The constructed strain was named LHD104. Strain LHD103, in which bd3507 was replaced
by a chloramphenicol cassette, was constructed essentially as described for LHD104, i.e., plasmid pEBF2
was conjugally transferred into B. bacteriovorus HD100, yielding merodiploid strain LHD102. Subsequent
counterselection with sucrose and selection for chloramphenicol resistance yielded strain LHD103. The
double-deletion mutant strain, LHD110, was constructed by conjugal transfer of pEBF5 into strain
LHD104. The resulting merodiploid strain LHD107 was subjected to counterselection on sucrose. Since
plasmid pEBF5 carries an in-frame markerless deletion of bd3507, no antibiotic selection was used after
growth in the presence of sucrose. Successful excisant with an in-frame markerless deletion of bd3507
was detected by PCR, and the strain was named LHD110.

Plasmid pEBF6 was conjugally transferred into strain LHD104, yielding strain LHD104/pEBF6. Plasmids
pEBF7 and pEBF11 were conjugally transferred into strain LHD103, yielding strains LHD103/pEBF7 and
LHD103/pEBF11, respectively.
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All host-independent B. bacteriovorus strains were generated by plating 0.45-�m-filtered lysates of
host-dependent strains on PY agar plates as described in Lambert and Sockett (23).

DNase activity assay. Twenty microliters of plasmid pUC19 (40 ng/�l), or E. coli genomic DNA
(40 ng/�l), was mixed with an equal volume of B. bacteriovorus supernatant collected from 16-h-old DNB
coculture (HD strains) or 11- to 24-h-old culture of HI strains grown in PY medium supplemented with
3 mM CaCl2 and 2 mM MgCl2. Reaction mixtures were incubated at 37°C for 1 h. Nucleolytic degradation
of DNA was analyzed by agarose gel electrophoresis.

Semi-qRT-PCR and qRT-PCR. Semisynchronous cocultures of B. bacteriovorus were set as described
in the “Predatory kill curves and growth curves” section of the supplemental material. Samples for
isolation of RNA were taken at the following time points of the predatory cycle: 0 min, 15 min, 30 min,
45 min, 1 h, 2 h, 3 h, and 4 h. HI strains were grown as described in the supplemental material, and
samples were collected from the exponentially growing cultures (OD600 of �0.6). All samples were
immediately mixed with the RNAprotect bacterial reagent (Qiagen). RNA was purified using the RNeasy
minikit (Qiagen), including an on-column DNase treatment step during the RNA isolation procedure.
Despite the DNase treatment, traces of DNA were detectable in the isolated RNA (as determined by PCR).
Thus, an extra DNase treatment (in solution) was required and RNA was cleaned up using the RNeasy
minikit (Qiagen) according to the manufacturer’s guidelines. Ten nanograms of the isolated RNA was
used as a template in PCRs. Reverse transcription and PCR were performed in one step using the Power
SYBR green RNA-to-CT one-step kit (Applied Biosystems). qRT-PCR was performed according to the
manufacturer’s protocol. In semi-qRT-PCR, the number of cycles was reduced to 25, and the resulting PCR
products were analyzed by agarose gel electrophoresis. Primer pairs used for the detection of bd0934,
bd1244, bd1431, bd1501, bd1934, bd3507, and dnaK are listed in Table S1. Appropriate negative-control
reactions were carried out: with no template, no RT enzyme mix, and genomic DNA from E. coli as a
template. Real-time PCR amplification was carried out in a QuantStudio 7 Flex real-time PCR system
(Applied Biosystems). The relative expression of genes of interest (bd0934, bd1244, bd1431, bd1501,
bd1934, and bd3507) was calculated using the 2�ΔΔCT method (29). The dnaK gene was chosen as an
internal control gene (30–33), and the sample collected at 0 min was used as a calibrator. All experiments
were repeated at least 2 times.

Epifluorescence and DIC microscopy. Semisynchronous cocultures of B. bacteriovorus were set as
described in the supplemental material, with the exception that HM buffer was supplemented with
kanamycin and E. coli TOP10/pFW13 was used as the prey. Five microliters of the culture was taken out
at the indicated time point and mounted on an agarose-coated microscopy slide. Differential interfer-
ence contrast (DIC) and fluorescence images were acquired using a Nikon Ti Eclipse microscope
equipped with a Spectra X light source (Lumencor) and an Ixon Ultra DU897 electron-multiplying
charge-coupled device camera (Andor). Exposure time for mCherry was 2 s. Images were processed in
NIS-Elements v4.51 and saved in TIFF format.

Western blotting. B. bacteriovorus HI strains were grown as described in the supplemental material,
with the exception that PY medium was supplemented with kanamycin. Chymostatin (1�) (protease
inhibitor set; G�Biosciences, USA) was added to the cultures to prevent proteolytic degradation of the
fusion protein. After 24 h of incubation, the optical density was measured and adjusted for all tested
strains to the value of 0.4. Subsequently, a sample of 180 �l was taken from each culture and centrifuged
at 10,000 � g for 10 min at room temperature. Supernatant was transferred to a fresh tube and saved for
further analysis. The remaining pellet was resuspended in the initial volume of fresh PY medium, and cells
were sonicated (5 times for 30 s, with 30-s breaks between cycles). Equal volumes of both fractions, the
supernatant and the pellet, were loaded on 4 to 15% Mini-PROTEAN TGX precast protein gels (Bio-Rad).
After SDS-PAGE was completed, the proteins were transferred onto a polyvinylidene difluoride (PVDF)
membrane using the Trans-Blot Turbo system (Bio-Rad). Immunodetection was carried out using
polyclonal anti-mCherry primary antibodies from rabbit (1:1,000; Thermo Scientific) and anti-rabbit
horseradish peroxidase (HRP)-conjugated secondary antibodies from donkey (1:5,000; Jackson Immu-
noResearch Laboratories). Clarity Western ECL substrate (Bio-Rad) was used as a substrate for HRP, and
luminescence was detected using a GelDoc imager (Bio-Rad).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
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