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I

n nature, microorganisms do not occur as isolated living entities. Instead, they exist in complex communities of multiple species that interact with each other (1). While some of these interactions are beneficial for the partners involved, others tend to be
parasitic or even competitive (2). A commonly encountered negative interaction among microorganisms is predation, which is
considered an important evolutionary force that shapes microbial
biodiversity (3). Predatory behavior can be observed in many taxonomically unrelated groups of bacteria, encompassing both obligate and facultative predators (4–6). The latter are capable of
preying on other organisms but can also survive by utilizing nonliving nutrient sources (6). Predatory bacteria show an enormous
diversity of feeding strategies (7). At present, four basic predatory
lifestyles are known, i.e., “wolf pack” or group predation, epibiotic
attachment, direct cytoplasmic invasion, and periplasmic invasion (8). It is, however, difficult to categorize predatory bacteria
based on their hunting behaviors, since clear distinctions between
the aforementioned strategies are often not possible.
Among the most thoroughly investigated facultative predators
are myxobacteria. Although they are individually capable of penetrating and digesting prey microcolonies (9), myxobacteria are
generally assumed to hunt collectively (7). Group predation requires a quorum of cells as well as gliding motility, which allows
myxobacteria to actively seek their prey (10, 11). Another commonly observed feature is the concerted release of cell wall-degrading enzymes and antibiotics (12–15). Few bioassays are available for investigating predatory interactions among bacteria.
Myxobacterial predation is typically analyzed on agar plates. For
this purpose, myxobacteria are inoculated onto a spot or lawn of
prey organisms in order to monitor the emergence of lysis or
swarming (16–19). A variation of this methodology involves the
recovery and enumeration of surviving prey cells after transferring
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to agar media, which exclusively suppress myxobacterial growth
(13, 20).
Bacteria of the genus Lysobacter share many properties with
myxobacteria. Both groups feature a high G⫹C content in their
DNA, the ability to glide on solid surfaces, and the secretion of
lytic enzymes (10, 12, 21, 22). Prior to the introduction of phylogenetic markers, these commonalities caused some confusion
concerning the taxonomic placement of isolates with the aforementioned features. As a consequence, many Lysobacter strains
were originally falsely classified as myxobacteria (22). This also led
to some ambiguities with regard to predatory behavior of the two
bacterial groups. In general, Lysobacter spp. are assumed to practice group predation (4, 8), even though there was also evidence
for epibiotic feeding (23, 24). In a study by Shilo (23), a concentrated suspension of a Lysobacter sp. (originally assigned as Myxobacter FP-1) was added to a cyanobacterial culture. After incubation, the mixed cultures were examined under the microscope,
and lysis of cyanobacteria was observed after attachment of Lysobacter. In contrast, the hypothesis of wolf pack feeding was sup-
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Bacteria of the genus Lysobacter are considered to be facultative predators that use a feeding strategy similar to that of myxobacteria. Experimental data supporting this assumption, however, are scarce. Therefore, the predatory activities of three Lysobacter
species were tested in the prey spot plate assay and in the lawn predation assay, which are commonly used to analyze myxobacterial predation. Surprisingly, only one of the tested Lysobacter species showed predatory behavior in the two assays. This result
suggested that not all Lysobacter strains are predatory or, alternatively, that the assays were not appropriate for determining the
predatory potential of this bacterial group. To differentiate between the two scenarios, predation was tested in a CFU-based bioassay. For this purpose, defined numbers of Lysobacter cells were mixed together with potential prey bacteria featuring phenotypic markers, such as distinctive pigmentation or antibiotic resistance. After 24 h, cocultivated cells were streaked out on agar
plates and sizes of bacterial populations were individually determined by counting the respective colonies. Using the CFU-based
predation assay, we observed that Lysobacter spp. strongly antagonized other bacteria under nutrient-deficient conditions. Simultaneously, the Lysobacter population was increasing, which together with the killing of the cocultured bacteria indicated predation. Variation of the predator/prey ratio revealed that all three Lysobacter species tested needed to outnumber their prey for
efficient predation, suggesting that they exclusively practiced group predation. In summary, the CFU-based predation assay not
only enabled the quantification of prey killing and consumption by Lysobacter spp. but also provided insights into their mode of
predation.

Lysobacter Predation

MATERIALS AND METHODS
Bacterial strains and cultivation conditions. Since predatory performance is known to be strongly affected by the type of prey (19), nine
taxonomically distinct strains were chosen as prey bacteria. Agrobacterium
tumefaciens and Ralstonia solanacearum are well-known soilborne plant
pathogens (30), and their potential eradication by a predatory bacterium
could be of agricultural interest. The actinobacterium Rhodococcus rhodochrous is frequently used as a soil inoculant (31). Moreover, its close relationship to Rhodococcus fascians made it an interesting model organism to
evaluate potential effects of Lysobacter spp. against a Gram-positive plant
pathogen (32). Bacillus subtilis, Pseudomonas fluorescens, and Chromobacterium pseudoviolaceum represent widely distributed soil bacteria. C. pseudoviolaceum is also known to produce a violet pigment (33), which allows
easy identification on agar plates. Escherichia coli, although not being a
typical soil inhabitant, was selected because of its common use in predation assays (13, 16, 19). Likewise, Micrococcus luteus and Lactococcus lactis
had been reported as suitable prey organisms before (6, 34). Strains used
in this study were obtained from the German Strain Collection of Microorganisms and Cell Cultures (DSMZ) or the Jena Microbial Resource
Collection (JMRC). Ralstonia solanacearum GMI1000 was kindly provided by C. Allen (Department of Plant Pathology, University of Wisconsin—Madison, USA). Strain numbers and cultivation conditions are provided in Table 1.
Correlation of optical densities with viable cell count data. For every
bacterial strain, the statistical relationship between CFU and optical density at 600 nm (OD600) was determined (35). For this, bacteria were grown
in the appropriate growth medium until they reached early stationary
phase. At this time, cells were harvested by centrifugation (2,400 ⫻ g, 5
min). The cell pellet was suspended in phosphate-buffered saline (PBS)
buffer (0.8% NaCl, 0.02% KCl, 0.144% Na2HPO4, 0.024% KH2PO4, pH
7.6). Serial dilutions of these suspensions with defined OD600 values were
streaked out on a suitable agar medium. Following 4 days of incubation at
30°C, the number of CFU were determined and plotted against the respective optical densities (see Fig. S1 to S3 in the supplemental material).
Generation of antibiotic-resistant prey bacteria. A pJET1.2-derived
vector featuring a chloramphenicol resistance gene in its multiple-cloning
site was introduced into E. coli by electroporation, yielding E. coli/
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TABLE 1 Bacterial strains and cultivation conditions used
Species

Strain

Growth
mediuma

Growth
temp (°C)

Predators
Lysobacter capsici
Lysobacter enzymogenes
Lysobacter oryzae
Myxococcus fulvus

DSM 19286
DSM 2043
DSM 21044
ST035975

LB
LB
LB
MD1

30
30
30
30

Prey
Agrobacterium tumefaciens
Bacillus subtilis
Chromobacterium pseudoviolaceum
Escherichia coli
Lactococcus lactis
Micrococcus luteus
Pseudomonas fluorescens
Ralstonia solanacearum
Rhodococcus rhodochrous

DSM 5172
DSM 347
DSM 23279
DSM 18039
DSM 20069
DSM 14234
DSM 11532
GMI1000
DSM 43334

LB
LB
LB
LB
SM17
LB
LB
NB
LB

30
30
30
37
30
30
30
30
30

a

LB, Luria broth; NB, nutrient broth; SM17, M17 medium (Sigma) with 0.5% sucrose.

pJET1.2-Cm. A. tumefaciens, P. fluorescens, and R. solanacearum were
transformed with pBHR1 (Mobitec), generating the respective chloramphenicol-resistant strains. B. subtilis and L. lactis were transformed with
pNZ8048 (36) to endow these bacteria with chloramphenicol resistance.
Electrocompetent cells were prepared following previously described protocols (37–39).
Prey spot plate assay. Prey bacteria were grown on LB agar medium at
30°C for 2 days, except for E. coli, which was cultured for 1 day at 37°C.
The resulting cell lawn was collected with a sterile spatula and suspended
in PBS buffer to yield a final concentration of 107 cells ml⫺1. Assay plates
consisted of WAT agar (0.1% CaCl2 · 2H2O, 1.5% agar, pH 7.2) which had
been spotted with 150 l of freshly prepared prey suspensions. Each prey
spot was inoculated with a single predator colony (Lysobacter capsici,
4.5 ⫻ 107 cells ml⫺1; Lysobacter oryzae, 6 ⫻ 107 cells ml⫺1; Lysobacter
enzymogenes, 1 ⫻ 107 cells ml⫺1; and Myxococcus fulvus, 5 ⫻ 104 cells
ml⫺1). For this purpose, the predatory bacteria had previously been
grown on LB or MD1 agar (0.3% Casitone, 0.7% CaCl2 · 2H2O, 0.2%
MgSO4 · 7H2O, 1.5% agar) for 5 days at 30°C. The assay plates were
incubated at 30°C for 10 days. Lysis of prey spots was monitored during
the incubation period. A prey spot without any added predator colony
served as a negative control. The experiment was conducted in three biological replicates. The diameter of the lysis area was measured on days 1
and 10.
Lawn predation assay. R. rhodochrous, C. pseudoviolaceum, B. subtilis,
and M. luteus were cultivated in 5 ml LB medium for 2 days on a rotary
shaker (220 rpm) at 30°C, whereas E. coli was incubated for 1 day at 37°C.
After centrifugation (1,200 ⫻ g, 4°C, 5 min) and removal of the supernatant, the cell pellet was washed twice and suspended in TPM buffer (1 M
1.0% Tris-HCl, 0.1 M KH2PO4, 0.8 M 1.0% MgSO4, pH 7.6) to yield a
final concentration of 1010 cells ml⫺1. Five hundred microliters of this
suspension was evenly spread on a TPM agar plate (TPM buffer with 1.5%
agar). Predatory bacteria were precultured in glass tubes containing 5 ml
LB medium at 220 rpm for 2 days, except for M. fulvus, which was grown
in 25 ml MD1 medium at 150 rpm for 5 days. The prey-covered TPM agar
plates were individually spotted with 10 l of Lysobacter and M. fulvus cell
suspensions, which were adjusted to 5 ⫻ 107 cells ml⫺1. In subsequent
experiments, the concentrations of the Lysobacter suspensions were increased to 1.2 ⫻ 109 cells ml⫺1 for L. capsici, 1.6 ⫻ 109 cells ml⫺1 for L.
oryzae, and 1 ⫻ 109 cells ml⫺1 for L. enzymogenes. As a control, predator
suspensions were spotted on TPM agar plates without prey bacteria. The
experiment was replicated three times. The diameter of the predator
swarm was measured on days 1 and 10.
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ported mainly by the observation that many Lysobacter strains are
potent antibiotic producers (25).
Since its discovery by Christensen and Cook (21), the genus
Lysobacter has been expanded from 4 to 30 species (www.bacterio
.net/lysobacter.html). Several studies of the newly discovered species focused on the release of lytic enzymes and the production of
antimicrobial compounds (see, e.g., references 26, 27, and 28)
without providing direct evidence for their involvement in predatory interactions. To the best of our knowledge, there is only one
recent study which investigated bacterial predation of Lysobacter.
Lueders et al. quantified the incorporation of biomass carbon into
a soil microbial food web (29). For this purpose, agricultural soil
was inoculated with 13C-labeled Escherichia coli, which was expected to serve as prey for predatory bacteria. Preliminary data
confirmed this assumption, and 16S rRNA sequencing indicated
that the predators included bacteria of the genus Lysobacter (29).
Taken together, experimental data on the predatory activity of
Lysobacter spp. or evidence for their predatory strategy are scarce.
To fill this gap, this study aimed at evaluating the predatory potentials of three different species from this genus. The CFU-based
assay confirmed that all Lysobacter spp. tested were able to feed on
other bacteria, although killing efficiencies varied across prey
types. Additionally, we obtained evidence that Lysobacter bacteria
hunt exclusively in groups, which is in stark contrast to myxobacterial predation.

Seccareccia et al.
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Statistical analyses. The data obtained from the prey spot plate assay
and lawn predation assay were analyzed using a paired-sample t test and
nonparametric statistical tests. The Mann-Whitney U test and Wilcoxon
median tests were applied to statistically analyze the CFU-based predation
assay. All statistical analyses were performed using the SPSS software (version 22.0; IBM, USA).

RESULTS

Prey spot plate assay. The predatory activity of three selected Lysobacter species was initially investigated using the prey spot plate
assay. Since this bioassay was originally developed to isolate myxobacteria (40), Myxococcus fulvus was included as a positive control.
After 10 days of incubation, the tested M. fulvus strain had produced lysis zones within spots of E. coli, B. subtilis, and M. luteus.
However, no lysis was observed on plates covered with C. pseudoviolaceum and R. rhodochrous (Fig. 1). From the three Lysobacter strains tested, only L. enzymogenes exhibited lytic activity,
whereas L. capsici and L. oryzae appeared to have no effect on any
prey organism. L. enzymogenes was most active against R. rhodochrous. Moderate lytic activity could be observed against E. coli
and M. luteus, while there was weak activity against C. pseudoviolaceum and no activity against B. subtilis. Although L. enzymogenes and M. fulvus were both found to attack E. coli and M. luteus,
it appeared that the two prey strains were more susceptible to the
myxobacterium. Thus, of the three Lysobacter strains tested, only
one showed clear signs of predation using this assay.
Lawn predation assay. The predatory performance of myxobacteria is often correlated with their ability to swarm on preycovered plates (10). Similar to the occurrence of lysis plaques in
the prey spot plate assay, the swarming rate of a predator is prey
specific (41). Subjecting the same four species of predators to this
test indicated that M. fulvus exhibited the fastest swarm expansion
on E. coli, while it was significantly lower on M. luteus and B.
subtilis (Fig. 2). Interestingly, the myxobacterium failed completely to swarm on plates covered with R. rhodochrous and C.
pseudoviolaceum, as indicated by the fact that no significant swarm
expansion was observed after 10 days of incubation relative to the
first day (paired-sample t test, P ⬍ 0.05 [n ⫽ 3]) (see Table S1 in
the supplemental material). These results suggested that C. pseudoviolaceum and R. rhodochrous are unsuitable as prey for M. fulvus. Since bacteria belonging to the genus Lysobacter are considered to have gliding motility (21, 42), we expected them to display
swarming behavior in the lawn predation assay, similar to that of
M. fulvus. Again, however, only L. enzymogenes showed some
moderate predatory activity. Significant predatory swarming was
observed on R. rhodochrous and E. coli plates, although the effects
were less pronounced than in case of M. fulvus (Fig. 2). In contrast,
L. capsici and L. oryzae did not exhibit swarming behavior on the
selected prey bacteria under the experimental conditions used.
Thus, again, only one of the three Lysobacter species analyzed
showed moderate signs of predation.
CFU-based predation assay. A prerequisite for the simultaneous determination of predator and prey populations from a mixed
culture is the ability to phenotypically distinguish both partners.
C. pseudoviolaceum and R. rhodochrous were initially selected as
prey bacteria, because they form intensively colored colonies
which can be easily differentiated from those of Lysobacter spp. To
extend the application range of the assay, differences in antibiotic
resistance also were used to discriminate predator and prey. Previous antibiotic susceptibility tests had revealed that all tested Ly-
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CFU-based predation assay. Glycerol stock cultures of the test bacteria were used to inoculate LB agar plates unless otherwise stated (Table 1).
Agar cultures were incubated at 30°C until the appearance of first colonies. From every predator culture, six colonies were randomly selected
and subcultured in glass tubes containing 5 ml LB medium at 220 rpm for
2 days, while M. fulvus was cultured in 25 ml MD1 medium at 150 rpm for
5 days. In parallel, a prey colony was selected and individually cultured in
10 ml of appropriate medium at 220 rpm for 2 days. After cultivation, 2 ml
of each bacterial culture was harvested and centrifuged (1,200 ⫻ g, 4°C, 5
min). The supernatant was removed, and the cell pellet was washed three
times with 2 ml of PBS buffer and then resuspended in 1.6 ml of nutrientfree PBS buffer. From these suspensions, 370-l aliquots of prey (cell
concentration adjusted to 1 ⫻ 106 cells ml⫺1) and predator (adjusted to
1 ⫻ 108 cells ml⫺1) were mixed in a 2-ml tube. The predator control
sample contained 370 l of predator cells and the same volume of PBS
buffer, and the prey control sample contained 370 l of prey mixed with
370 l of PBS buffer. Control experiments included only monocultures of
predator or prey. Every experiment was replicated six times. All cultures
were incubated at 30°C and 220 rpm for 24 h. After cultivation, serial
dilutions of cocultures and monocultures ranging from 10⫺3 to 10⫺5 were
prepared by mixing with PBS buffer and were individually spread on
nutrient-rich agar plates (Table 1). The CFU number was determined (see
Fig. S4 in the supplemental material).
When using antibiotic resistance as a selection marker, prey bacteria
harboring resistance plasmids were pregrown in medium supplemented
with chloramphenicol (25 g ml⫺1). The antibiotic was removed by
washing with PBS buffer prior to the addition of the predator suspension.
Cocultivation of predator and prey cells was carried out without any antibiotics added. Control experiments confirmed that no significant loss of
resistance plasmids occurred during this period (see Fig. S5 in the supplemental material). After 24 h, cocultures were spread either on nutrientrich agar containing 25 g ml⫺1 chloramphenicol for counting the prey
population or on LB agar supplemented with 50 g ml⫺1 kanamycin for
quantifying the number of Lysobacter colonies. After incubation at 30°C
for 3 to 5 days, prey and predatory colonies were counted and compared
to the numbers of colonies in the control plates. Every experiment was
repeated two times.
Frequency dependence of predatory efficiency. To determine
whether the ability of Lysobacter spp. to effectively lyse its prey depends on
the predator/prey ratio (PPR), the CFU-based assay was conducted by
varying the initial ratio between predator and prey. For this, the number
of prey cells (i.e., B. subtilis) was held constant (2 ⫻ 107 cells ml⫺1), while
the number of predator cells (i.e., Lysobacter spp.) was varied ranging
from 2 ⫻ 107 to 2 ⫻ 1010 cells ml⫺1.
Contact dependence of predatory behavior. Lysobacter strains were
grown in LB medium to an OD600 of 4. After centrifugation (2,400 ⫻ g, 5
min), the cell pellet was washed with PBS buffer and directly mixed with
the prey bacterium B. subtilis as described previously. Alternatively, the
recovered Lysobacter cells were propagated in PBS buffer for 24 h to mimic
starvation conditions. Supernatants of starved (PBS) and nonstarved (LB)
cultures were filter sterilized and diluted according to the predator cell
suspension. Aliquots (370 l) of these filtrates were mixed with 370 l of
prey suspension (adjusted to 1 ⫻ 106 cells ml⫺1). Control experiments
included B. subtilis suspensions treated with 370 l of LB medium or PBS
buffer. All cocultures and monocultures of B. subtilis were incubated at
30°C and 220 rpm for 24 h. After cultivation, serial dilutions ranging from
10⫺3 to 10⫺5 were prepared by mixing with PBS buffer and were individually spread on nutrient-rich agar plates. The CFU number was determined.
Evaluation of the predation efficiency. To quantify predatory activity, both the killing efficiency (e) and the utilization of prey (u) were
determined for each experiment. The two parameters were calculated
using the following formulas: e ⫽ (CFU of control prey ⫺ CFU of surviving prey)/CFU of control prey ⫻ 100 and u ⫽ (CFU of predator with
prey ⫺ CFU of control predator)/CFU of control predator ⫻ 100.

Lysobacter Predation

diameter of the lysis zone (in millimeters). Images depict spots of E. coli that have been coinoculated with a single colony of M. fulvus (A), L. capsici (B), L.
enzymogenes (C), or L. oryzae (D) after 10 days of incubation.

sobacter spp. were resistant to kanamycin (up to a concentration of
100 g ml⫺1), whereas they shared sensitivity to chloramphenicol
(25 g ml⫺1). Therefore, chloramphenicol resistance genes were
introduced into the kanamycin-sensitive prey bacteria A. tumefaciens, B. subtilis, E. coli, L. lactis, P. fluorescens, and R. solanacearum. Subsequently, the testing was carried out with the
phenotypically labeled prey organisms. For evaluating the killing
efficiency (e), the number of surviving prey bacteria from cocultures was compared with that from prey monocultures after incubation on LB-chloramphenicol plates. Likewise, LB-kanamycin
plates were used to determine the prey utilization (u). The latter
parameter quantified Lysobacter’s consumption of prey and was
calculated by comparing the number of Lysobacter CFU when
grown in monoculture to the number of Lysobacter CFU achieved
in coculture with its prey.
In the CFU-based predation assay, L. capsici and L. oryzae

FIG 2 Effect of predators on different prey bacteria as determined by the lawn
predation assay. Shown is the mean swarm expansion (⫾ 95% confidence
interval [n ⫽ 3]) (in millimeters) of four species of predatory bacteria. Paired
t test: *, P ⬍ 0.05 between day 1 and day 10. All other comparisons were not
significant (P ⬎ 0.05).
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preyed on all Gram-positive bacteria tested, namely, B. subtilis, L.
lactis, and R. rhodochrous (Fig. 3A; see Table S2 in the supplemental material). L. enzymogenes was not active against R. rhodochrous,
but it was found to negatively affect populations of B. subtilis and
L. lactis. Besides the species-dependent prey utilization, we also
observed quantitative differences in prey consumption. All three
Lysobacter strains were found to significantly reduce the CFU
number of B. subtilis and L. lactis (Fig. 3A; see Table S2 in the
supplemental material). In contrast to L. capsici and L. oryzae, L.
enzymogenes did not completely eradicate the B. subtilis population. L. capsici exhibited a comparatively reduced killing efficiency
against L. lactis (Mann-Whitney U test, P ⬍ 0.05 [n ⫽ 6]) (Fig.
3A). Overall, Gram-negative bacteria appeared to be more resistant toward Lysobacter predation than Gram-positive bacteria.
The only exception was C. pseudoviolaceum, which turned out to
be a preferred prey organism for both L. capsici and L. oryzae.
While some weak predatory activity was also observed against E.
coli (at least in the case of L. capsici and L. oryzae), the growth of A.
tumefaciens, R. solanacearum, or P. fluorescens remained unaffected (Mann-Whitney U test, P ⬍ 0.05 [n ⫽ 6]) (Fig. 3A). It is
noteworthy that L. enzymogenes failed to prey on all tested Gramnegative bacteria. Despite the limited prey range, it became obvious that both Gram-positive and Gram-negative bacteria can be
killed by Lysobacter spp., although e and u values differed significantly depending on the prey species tested.
Prey utilization was assessed for prey strains that were susceptible to Lysobacter predation. Consistent with the observed killing
efficiencies against Gram-positive bacteria, the populations of L.
capsici and L. oryzae increased significantly in the presence of B.
subtilis, R. rhodochrous, and L. lactis (Fig. 3B; see Table S2 in the
supplemental material). Growth of L. enzymogenes, however, increased only when L. lactis was provided as a food source. The prey
utilization of C. pseudoviolaceum by L. capsici was 23.7% ⫾ 0.2%
(mean ⫾ 95% confidence interval) and that by L. oryzae was
26.6% ⫾ 0.1%, indicating that both species benefitted equally
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FIG 1 Effect of predators on different prey bacteria as determined by the prey spot plate assay. The table shows the mean (⫾ 95% confidence interval [n ⫽ 3])

Seccareccia et al.

from the presence of C. pseudoviolaceum (Wilcoxon test, P ⬍ 0.05
[n ⫽ 6]) (Fig. 3B). Similar observations were made when E. coli
was used as prey. Under these conditions, only the growth of L.
oryzae increased detectably (Fig. 3B).
For comparative purposes, Myxococcus fulvus also was included in this analysis and tested using the CFU-based predation
assay. B. subtilis and E. coli were selected as prey, because they were
susceptible to M. fulvus predation in both the prey spot predation
assay and the lawn predation assay. In addition, C. pseudoviolaceum and R. rhodochrous were included as prey organisms, since
the CFU-based predation assay had already revealed a larger prey
spectrum for the tested Lysobacter spp. than was initially detected
with the prey spot plate assay and the lawn predation assay. Since
M. fulvus is a slow-growing bacterium, prey reduction was assessed after 24 h and 48 h of cocultivation. Surprisingly, M. fulvus
completely failed to reduce the number of prey relative to that in
control cultures (see Fig. S6 in the supplemental material).
Frequency dependence of predatory efficiency. Outnumbering prey is an important feature of wolf pack predation (8). To
investigate whether the predatory performance of Lysobacter depended on the predator/prey ratio (PPR), the CFU-based predation assay was repeated, but this time the number of prey cells (i.e.,
B. subtilis) was held constant, while initial numbers of predator
cells were varied. When predator populations outnumbered the
prey by 1,000:1 or 100:1, killing efficiency was very high, and an
almost complete eradication of prey populations was observed
(Fig. 4). Lowering the PPR to 10:1, however, led to a loss of killing
efficiency for L. oryzae and L. enzymogenes, whereas L. capsici retained effective predation (e ⫽ 93.8% ⫾ 4.0%). At a PPR of 1:1, no
significant prey reduction was detectable for any of the three Lysobacter spp. tested. Thus, this experiment confirmed that the
predatory success of the tested predators critically depended on
their frequency relative to the number of prey bacteria.
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Contact dependence of predatory behavior. Finally, we set
out to clarify whether the predatory activity of Lysobacter depends
on physical proximity to its prey or whether it is mediated exclusively by extracellular factors, such as lytic enzymes or antibiotics.
For this purpose, the killing of B. subtilis by Lysobacter spp. was
compared to the effect of cell-free Lysobacter culture supernatants.
Surprisingly, none of the tested supernatants affected the growth
of B. subtilis (Fig. 5). The outcome of this experiment was the same
irrespective of whether the supernatants originated from Lysobacter cultures grown under nutrient-rich or nutrient-deficient conditions. This suggests that cell contact is likely important for the
lysis of prey by Lysobacter spp., thus corroborating previous observations (23, 43). Nevertheless, this conclusion does not exclude
an involvement of degradative enzymes or antibiotics, whose production might be induced by the presence of prey.

FIG 4 Frequency dependence of predatory efficiency. Shown are different
predator/prey ratios versus the mean killing efficiency (e; ⫾ 95% confidence
interval) of each predatory species. The number of B. subtilis CFU was held
constant in all experiments.
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FIG 3 Effect of predators on different prey bacteria and vice versa as determined by the CFU-based predation assay. (A) Mean killing efficiency (e; ⫾ 95%
confidence interval) of all three Lysobacter spp. tested against different species of prey bacteria (percent). Asterisks denote significant differences between the
number of prey CFU of the control group (i.e., monocultures) and samples containing both predator and prey (i.e., cocultures) (Mann-Whitney U test: ***, P ⬍
0.001 *, P ⬍ 0.05; #, P ⬍ 0.07; df ⫽ 2). (B) Mean prey utilization (u ; ⫾ 95% confidence interval) of all three Lysobacter spp. tested against different species of prey
bacteria (percent). Asterisks denote significant differences in the prey utilization when comparing control groups consisting exclusively of predators with samples
containing both predators and prey (Wilcoxon test: *, P ⬍ 0.05; #, P ⬍ 0.07). n.d., prey species for which u was not determined.

Lysobacter Predation

DISCUSSION

Although predatory behaviors pervade the entire bacterial realm,
research in this area has focused on few taxonomic groups. In this
context, especially facultative predators such as myxobacteria (7)
as well as the obligate predator Bdellovibrio bacteriovorus (4, 5)
have received the main attention. Assuming that Lysobacter spp.
use a feeding strategy similar to that of myxobacteria (22), the
predatory activity of three selected Lysobacter spp. was evaluated
using two predation assays that had been previously established
for myxobacteria (16, 17). In these assays, however, neither L.
capsici nor L. oryzae displayed any lytic activity against the prey
species tested. Also, L. enzymogenes showed only a relatively weak
predatory activity compared to that of the myxobacterium M.
fulvus. These results indicated that either (i) a different assay was
needed for assessing their predatory activity or (ii) L. capsici and L.
oryzae are not predatory bacteria.
To differentiate between these two possibilities, the selected
Lysobacter strains were subjected to a CFU-based predation assay.
Similar assays have been previously described to analyze the obligate bacterial predator Bdellovibrio by counting the numbers of
plaques on plates after cocultivation with prey bacteria in liquid
medium (44) as well as for quantifying the predatory efficiency of
nonobligate myxobacterial predators (20). The initial setup of this
assay required a cocultivation with prey bacteria that could be
phenotypically distinguished from the predators using, for example, the pigmentation of their colonies. Subsequently, antibiotic
resistance was used as an alternative labeling strategy, significantly
extending the number of potential prey bacteria. Aside from measuring the killing of prey, the CFU-based predation assay enabled
the simultaneous monitoring of growth of predators and prey. In
this way, it was possible to exclude the possibility that the decline
of prey resulted from competitive interactions (i.e., killing without feeding).
The CFU-based predation assay confirmed that the selected
Lysobacter spp. were effectively feeding on C. pseudoviolaceum, R.
rhodochrous, B. subtilis, and, to a reduced extent, also E. coli and L.
lactis during 24 h of cocultivation. It is thus evident that Lysobacter
can prey on both Gram-positive and Gram-negative bacteria.
Since Lysobacter spp. often exhibit inhibitory effects against phytopathogenic fungi, they represent promising biocontrol agents
(45, 46). It is noteworthy, however, that the three Lysobacter
strains used in this study did not show any activity against the two
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FIG 5 Contact dependence of predatory behavior. The killing of the prey
bacterium B. subtilis by Lysobacter cells and culture supernatants was analyzed
in the CFU-based predation assay. Asterisks denote significant differences between the number of prey CFU of the control group and samples containing
both predator and prey (Mann-Whitney U test: **, P ⬍ 0.01; df ⫽ 2).

phytopathogenic bacteria A. tumefaciens and R. solanacearum under the experimental conditions tested.
Further analyses revealed that to achieve high killing efficiencies, all Lysobacter strains required a numerical superiority over
their prey, although they differed in their optimal PPRs. Overall,
this suggested that the Lysobacter strains were restricted to group
predation. This means that individual Lysobacter cells must work
together to successfully kill their prey, which could be mediated,
for instance, by the cooperative secretion of hydrolytic enzymes or
antibiotics. Chemical analyses of Lysobacter spp. already have illuminated their huge potential for the production of antimicrobial
agents (47). Among the antibiotics reported are inhibitors of cell
wall biosynthesis, such as cephabacins (48) and tripropeptins
(49), as well as a number of compounds which target the bacterial
membrane (50–52). The strains used in this study are not yet
known as antibiotic producers, although the biosynthesis of such
compounds seems likely in light of previous investigations (26). In
contrast to the case for myxobacteria (13), however, a clear causal
link between antibiotic production and predation is still missing
for Lysobacter spp.
In the CFU-based predation assay, the number of Lysobacter
cells was more than 10 times higher than that of prey populations.
Furthermore, both predator and prey were continuously mixed
during the 24 h of cocultivation, contributing to a homogeneous
distribution of diffusible lytic factors. On the basis of these findings, we hypothesize that the quorum of Lysobacter cells used was
likely below the critical threshold in the prey spot plate and the
lawn predation assays, and therefore predatory behavior was not
observed. This result is consistent with earlier studies which
showed that L. enzymogenes was unable to lyse cyanobacteria
when the predator inoculum was less than 106 cells ml⫺1 (4). In
case of Myxococcus, however, a much smaller predator concentration (i.e., a predator/prey ratio of 1:1) was sufficient to induce prey
lysis (53). This finding is further corroborated by the results of the
prey spot plate assay, in which M. fulvus was more efficient in
lysing the prey organisms than L. enzymogenes despite a smaller
initial inoculum (Fig. 1).
Some studies suggested that myxobacteria are single-cell hunters rather than wolf pack predators and that close proximity to the
corresponding prey cells might be essential for them to penetrate
and lyse prey colonies (7, 9). The M. fulvus strain tested here failed
to exhibit predatory activity in the CFU-based predation assay. A
possible explanation could be that myxobacterial cells do not just
require close proximity to their prey but instead must establish
physical contact with their prey for an extended period to promote
lysis of prey cells. This condition seems to preclude effective lysis
in the CFU-based predation assay, as the shaking of the liquid
cocultures likely prevented effective predation.
L. capsici and L. oryzae exhibited no swarming behavior in this
study, thereby limiting the use of the lawn predation and prey spot
plate assays to analyze the predatory behavior of these bacteria.
Obviously, Lysobacter spp. and myxobacteria do not show the
same predation behavior. Nonetheless, further experiments are
necessary to fully understand the predation mechanism used by
these bacteria and to clarify the role of antibiotics in their predatory interactions. We expect the described CFU-based predation
assay to facilitate studies on additional previously neglected predatory bacteria and assist in the quantitative evaluation of their
predatory behavior.
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