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Predator-prey relationships among prokaryotes have received little attention but are likely to be important
determinants of the composition, structure, and dynamics of microbial communities. Many species of the
soil-dwelling myxobacteria are predators of other microbes, but their predation range is poorly characterized.
To better understand the predatory capabilities of myxobacteria in nature, we analyzed the predation perfor-
mance of numerous Myxococcus isolates across 12 diverse species of bacteria. All predator isolates could utilize
most potential prey species to effectively fuel colony expansion, although one species hindered predator
swarming relative to a control treatment with no growth substrate. Predator strains varied significantly in their
relative performance across prey types, but most variation in predatory performance was determined by prey
type, with Gram-negative prey species supporting more Myxococcus growth than Gram-positive species. There
was evidence for specialized predator performance in some predator-prey combinations. Such specialization
may reduce resource competition among sympatric strains in natural habitats. The broad prey range of the
Mpyxococcus genus coupled with its ubiquity in the soil suggests that myxobacteria are likely to have very

important ecological and evolutionary effects on many species of soil prokaryotes.

Predation plays a major role in shaping both the ecology and
evolution of biological communities. The population and evo-
lutionary dynamics of predators and their prey are often tightly
coupled and can greatly influence the dynamics of other or-
ganisms as well (1). Predation has been invoked as a major
cause of diversity in ecosystems (11, 12). For example, preda-
tors may mediate coexistence between superior and inferior
competitors (2, 13), and differential trajectories of predator-
prey coevolution can lead to divergence between separate pop-
ulations (70).

Predation has been investigated extensively in higher organ-
isms but relatively little among prokaryotes. Predation between
prokaryotes is one of the most ancient forms of predation (27),
and it has been proposed that this process may have been the
origin of eukaryotic cells (16). Prokaryotes are key players in
primary biomass production (44) and global nutrient cycling
(22), and predation of some prokaryotes by others is likely to
significantly affect these processes. Most studies of predatory
prokaryotes have focused on Bdellovibrionaceae species (e.g.,
see references 51, 55, and 67). These small deltaproteobacteria
prey on other Gram-negative cells, using flagella to swim rap-
idly until they collide with a prey cell. After collision, the
predator cells then enter the periplasmic space of the prey cell,
consume the host cell from within, elongate, and divide into
new cells that are released upon host cell lysis (41). Although
often described as predatory, the Bdellovibrionaceae may also
be considered to be parasitic, as they typically depend (apart
from host-independent strains that have been observed [60])
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on the infection and death of their host for their reproduction
(47).

In this study, we examined predation among the myxobac-
teria, which are also deltaproteobacteria but constitute a
monophyletic clade divergent from the Bdellovibrionaceae (17).
Myxobacteria are found in most terrestrial soils and in many
aquatic environments as well (17, 53, 74). Many myxobacteria,
including the model species Myxococcus xanthus, exhibit sev-
eral complex social traits, including fruiting body formation
and spore formation (14, 18, 34, 62, 71), cooperative swarming
with two motility systems (64, 87), and group (or “wolf pack”)
predation on both bacteria and fungi (4, 5, 8, 9, 15, 50). Using
representatives of the genus Myxococcus, we tested for both
intra- and interspecific variation in myxobacterial predatory
performance across a broad range of prey types. Moreover, we
examined whether prey vary substantially in the degree to
which they support predatory growth by the myxobacteria and
whether patterns of variation in predator performance are
constant or variable across prey environments. The latter out-
come may reflect adaptive specialization and help to maintain
diversity in natural populations (57, 59).

Although closely related to the Bdellovibrionaceae (both are
deltaproteobacteria), myxobacteria employ a highly divergent
mode of predation. Myxobacteria use gliding motility (64) to
search the soil matrix for prey and produce a wide range of
antibiotics and lytic compounds that kill and decompose prey
cells and break down complex polymers, thereby releasing sub-
strates for growth (66). Myxobacterial predation is cooperative
both in its “searching” component (6, 31, 82; for details on
cooperative swarming, see reference 64) and in its “handling”
component (10, 29, 31, 32), in which secreted enzymes turn
prey cells into consumable growth substrates (56, 83). There is
evidence that M. xanthus employs chemotaxis-like genes in its
attack on prey cells (5) and that predation is stimulated by
close contact with prey cells (48).
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TABLE 1. List of myxobacteria used, with geographical origin
Organism abbreviation Species Strain Geographic origin Reference(s)
used in text ”
A9 Myxococcus xanthus A9 Tiibingen, Germany 78
A23 Myxococcus xanthus A23 Tiibingen, Germany 78
A30 Myxococcus xanthus A30 Tiibingen, Germany 78
A4l Myxococcus xanthus A4l Tiibingen, Germany 78
A46 Myxococcus xanthus A46 Tiibingen, Germany 78
A47 Myxococcus xanthus A47 Tiibingen, Germany 78
AT5 Myxococcus xanthus AT5 Tiibingen, Germany 78
A85 Myxococcus xanthus A85 Tiibingen, Germany 78
TV Myxococcus xanthus Tviarminne Tviarminne, Finland 79
PAK Myxococcus xanthus Paklenica Paklenica, Croatia 79
MAD Myxococcus xanthus Madeira 1 Madeira, Portugal 79
WAR Myxococcus xanthus Warwick 1 Warwick, UK 79
TOR Myxococcus xanthus Toronto 1 Toronto, Ontario, Canada 79
SUL2 Myxococcus xanthus Sulawesi 2 Sulawesi, Indonesia 79
KAL Myxococcus xanthus Kalalau Kalalau, HI 79
DAV Myxococcus xanthus Davis 1A Davis, CA 79
GJV1 Myxococcus xanthus GJV 1 Unknown 35,72
MXFL1 Myxococcus flavescens Mx i1 Unknown 65
MXV2 Myxococcus virescens Mx v2 Unknown 65
CCMS Myxococcus macrosporus Cc m8 Unknown 65

Recent studies have revealed great genetic and phenotypic
diversity within natural populations of M. xanthus, on both
global (79) and local (down to centimeter) scales (78). Pheno-
typic diversity includes variation in social compatibility (24,
81), the density and nutrient thresholds triggering develop-
ment (33, 38), developmental timing (38), motility rates and
patterns (80), and secondary metabolite production (40). Al-
though natural populations are spatially structured and both
genetic diversity and population differentiation decrease with
spatial scale (79), substantial genetic diversity is present even
among centimeter-scale isolates (78). No study has yet system-
atically investigated quantitative natural variation in myxobac-
terial predation phenotypes across a large number of predator
genotypes.

Given the previous discovery of large variation in all exam-
ined phenotypes, even among genetically extremely similar
strains, we anticipated extensive predatory variation as well.
Using a phylogenetically broad range of prey, we compared
and contrasted the predatory performance of 16 natural M.
xanthus isolates, sampled from global to local scales, as well as
the commonly studied laboratory reference strain DK1622 and
representatives of three additional Myxococcus species: M. fla-
vescens (86), M. macrosporus (42), and M. virescens (63) (Table
1). In particular, we measured myxobacterial swarm expansion
rates on prey lawns spread on buffered agar (31, 50) and on
control plates with no nutrients or with prehydrolyzed growth
substrate.

MATERIALS AND METHODS

Strains. Myxobacterial strain information is provided in Table 1. The M.
xanthus clones A9, A23, A30, A41, A46, A47, A75, and A85 examined here were
among 78 isolates previously sampled from a 16- by 16-cm patch of soil in
Tiibingen, Germany (78). These particular isolates were selected because they
had been previously screened for phenotypic variation in multiple traits (80, 81)
and because they represented a wide range of the genotypic variation present
among the original 78 isolates. A23, A46, and A47 were found to be genetically
identical at nine multilocus sequencing typing (MLST) loci, including the highly
variable pilA locus (78), yet A23 and A47 were found to be socially incompatible
during group swarming, and A47 strongly antagonizes A23 in chimeric develop-

mental cultures (81). M. xanthus isolates from greater spatial scales (four from
Europe and four from widespread global locales) were isolated by the same
method as the centimeter-scale isolates (79). The well-characterized M. xanthus
laboratory strain DK1622 was included for comparison with more recently iso-
lated strains. More specifically, we used a descendant of the original DK1622
strain, GJV1, which differs from DK1622 by five mutations of unknown effect
that arose during laboratory cultivation (72). Myxococcus flavescens strain Mx 1,
Myxococcus virescens strain Mx v2, and Myxococcus macrosporus strain Cc m8
(65) were kindly provided by Hans Reichenbach.

Genotyping of myxobacteria. Fragments of three highly conserved housekeep-
ing genes commonly used in MLST studies (20, 23, 45) were sequenced for all
myxobacterial strains. The genes examined were clpX (which encodes an ATP-
dependent protease), icd (isocitrate dehydrogenase), and the nonessential dnaK
homologue (heat shock protein 70 [HSP70] chaperone) sg/K. Strands were se-
quenced in both directions, and sequences were aligned using the ClustalW
algorithm in MEGA 4.0.2 (68). After alignment, the sequences were joined to
make a concatemer of the three gene fragments and a neighbor-joining tree was
constructed using MEGA 4.0.2 (1,000 bootstrap replicates).

Prey bacteria. Ten species of soil bacteria representing a broad phylogenetic
spectrum (84) were chosen as prey, including four Gram-positive species (two
with high GC-content genomes and two with low GC content) and six Gram-
negative species (two alpha-, two beta- and two gammaproteobacteria) (Table 2).
These strains were from the strain collections of the Long-Term Ecological
Research (LTER) soil plots at Kellogg Biological Station, Hickory Corners, MI,
(37) and DSMZ. We also included the Gram-positive (low-GC) bacterium Mi-
crococcus luteus and the Gram-negative gammaproteobacterium Escherichia coli
(REL606) (43). The soil is not considered to be the usual niche of these latter
two species, but myxobacteria frequently grow on animal dung, where they
may feed on E. coli, and both species have been used in previous studies of
myxobacterial predation (29, 30, 48, 73).

Predation assays. The predation assays were based on the lawn predation
assay used by Pham et al. (50). The myxobacteria were spotted onto the center
of a nutrient-free agar plate that had been inoculated with a lawn of prey, and the
expansion of the myxobacteria swarm was measured after 5 days. We explain this
methodology in further detail below.

(i) Preparation of prey lawns. Prey species were inoculated into R2 broth (52)
and grown for approximately 24 h at 32°C at 300 rpm. A 1-ml sample of each
culture was removed and centrifuged at 5,000 rpm for 15 min. The supernatant
was discarded, the cells were resuspended in TPM buffer (10 ml of 0.8 M MgSO,,
10 ml of 1 M Tris-HCI [pH 7.6], and distilled H,O to 1 liter) (7, 39), and optical
densities were measured to provide biovolume estimates. Optical density had
previously been calibrated to cell biovolume with a Beckman-Coulter particle
counter. The remaining portion of each culture was centrifuged at 5,000 rpm and
resuspended in TPM buffer to a biovolume density of 10° pm3/ml. Five hundred
microliters of the cell suspension was spread onto a 10-cm-diameter TPM hard
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TABLE 2. List of prey species used, including their phylogenetic classification and strain reference number
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. S " Strain

Prey species Phylum and subdivision Source (reference) reference no.
Arthrobacter globiformus Gram positive, high-G+C subdivision LTER (37) LTER 27
Bacillus bataviensis Gram positive, low-G+C subdivision DSMZ 15601
Curtobacterium citreum Gram positive, high-G+C subdivision LTER (37) LTER 17
Cytophaga johnsonae Gram positive, low-G+C subdivision ATCC 17061
Comamonas testosteroni Gram negative, beta subdivision DSMZ 50244
Escherichia coli REL606 Gram negative, gamma subdivision Richard Lenski (43) N/A
Micrococcus luteus Gram positive, low-G+C subdivision ATCC 4698
Pseudomonas fluorescens Gram negative, gamma subdivision LTER (37) LTER 56
Rhizobium vitis Gram negative, alpha subdivision DSMZ 6583
Sinorhizobium fredii Gram negative, alpha subdivision LTER (37) LTER 38
Sphingobium yanoikuyae Gram negative, beta subdivision LTER (37) LTER 19
Xanthomonas fragariae Gram negative, gamma subdivision DSMZ 3587

“ LTER, Kellogg LTER strain collection; ATCC, American Type Culture Collection; DSMZ, German Collection of Microorganisms and Cell Cultures.

agar plate (TPM buffer with 1.5% agar) (7) and allowed to dry. Because TPM apop(l = ppp)
contains no carbon source, prey cells were the only substrate available for T G6G-1 (2

Mpyxococcus growth.

(ii) Control plates. Three types of control plates were used in this experiment:
one negative and two positive. The negative control plates did not have prey
added, but were otherwise identical to the prey plates. For these plates, 500 .l
of TPM buffer was spread across the surface of TPM hard agar and allowed to
dry. Both types of positive control plates provided Casitone as a myxobacterial
growth substrate. Casitone is composed of prehydrolyzed peptides (56), and
myxobacteria feeding on this substrate are not required to kill prey cells or
degrade prey cells and complex polymers to grow. The first type of positive
control was a TPM hard agar plate on which 500 pl of Casitone-Tris (CTT) broth
(10 g Casitone, 10 ml of 0.8 M MgSOy,, 10 ml of 1 M Tris-HCI [pH 7.6], distilled
H,O0 to 1 liter) (35) was spread and allowed to dry. The second type of positive
control was composed of CTT hard agar plates (CTT broth with 1.5% agar). CTT
agar plates are commonly used for M. xanthus swarming assays (61, 75). The
degree of predator swarm expansion on plates with prey or Casitone that ex-
ceeded basal swarm expansion on the TPM plates containing no growth substrate
was assumed to primarily reflect the degree of population growth on the relevant
substrate.

(iii) Inoculation of prey with myxobacteria. Myxobacteria were inoculated by
placing a small sample of frozen culture on CTT agar plates, which were incu-
bated at 32°C at 90% rH. After 2 days of growth, a small sample from the colony
edge was transferred to 8 ml of CTT liquid broth, which was incubated at 32°C
at 300 rpm for 2 to 3 days, depending on the growth rate of each strain.
Exponentially growing cells were centrifuged at 5,000 rpm for 15 min and resus-
pended in TPM liquid to a density of 5 X 10° cells/ml after the supernatant had
been discarded. A 10-pl spot of resuspended culture was placed on the center of
each type of prey and control plates that had been prepared on the same day.
After the culture aliquots had dried, the perimeter of the culture spot was
marked on the plate bottom to indicate the starting point of swarming. Plates
were incubated at 32°C with 90% rH for 5 days. After incubation, the distance
swarmed from the marked starting point was measured in four equally spaced
transects that passed through the center of the original spot. Measurements of
the eight resulting radial “spokes” were then averaged to give a single “distance
swarmed” value in millimeters. The experiment was replicated in five separate
temporal blocks.

Statistical analyses. (i) General patterns. To test for general effects, prey
species, myxobacteria, and temporal block were fitted as factors in a general
linear model (GLM) (26), using MINITAB software. An interaction term be-
tween prey species and myxobacterium was also included. This enabled us to
decompose the phenotypic variance as follows: V(p) = V{(predator) + V{(prey) +
V(predator - prey).

(i) Responsiveness and inconsistency. The interaction term in the GLM
could be further decomposed into responsiveness and inconsistency, such that
V(predator - prey) = R + [

The responsiveness component, R, is defined as

(op,— GP/)Z

Rzzm 1)

The inconsistency component, 7, is defined as

G is the number of myxobacterial genotypes tested, P is the prey, i and j are two
different myxobacterial genotypes, and op, and op, are the standard deviations of
the responses to the prey types. ppp, is the correlation between performance on
prey between two myxobacteria strains tested (76). The responsiveness compo-
nent of the interaction term measures differences in the variances among prey
species. The most straightforward biological interpretation of responsiveness is
that it measures variability in prey utilization breadth among the myxobacteria.
A low responsiveness value would indicate that the myxobacteria examined here
tend to have very similar shapes of reaction norms across prey (i.e., most are
specialists or most are generalists), while a high responsiveness value would
indicate similar numbers of specialists and generalists. Inconsistency is a measure
of noncorrelations (crossing-over of reaction norms or performance rank rever-
sals) between different myxobacteria on different prey. For example, if predator
A performed better on one prey type X than another predator B, but the
predator B performed better than A on a different prey type Y, then there would
be crossing reaction norms (a noncorrelation, or reversal of performance ranks).
The prevalence of such performance rank reversals in the data set is captured by
the inconsistency term. For a graphical representation of responsiveness and
inconsistency, see Fig. S1 in the supplemental material.

Nucleotide sequence accession numbers. All of the nucleotide sequences an-
alyzed in this study have been deposited in GenBank. The accession numbers are
as follows: clpX, DQ401890 to DQ401909 and GU733429 to GU733431; icd,
DQ401910 to DQ401929 and GU733432 to GU733434; and sgIK, DQ401990 to
DQ402009 and GU733435 to GU733437.

RESULTS

General patterns. Myxococcus predatory performance, as
reflected by swarming on prey-covered plates, was significantly
affected by prey species type (Fig. 1A) (GLM, Fy; o5, = 862.14,
P < 0.001), and the main effect of prey type accounts for 71.6%
of the total variance in swarming ability. Most prey species
clearly fueled Myxococcus swarm expansion, as the average of
all predator strain swarming rates on each prey type was sig-
nificantly greater than on prey-free buffered TPM agar (paired
t tests; see Table S3 in the supplemental material), except in
two cases. Average predatory swarming on Cyfophaga johnso-
nae was not significantly different than swarming on the prey-
free TPM plates, and swarming on Curtobacterium citreum was
actually significantly lower than on TPM plates, suggesting that
C. citreum inhibits Myxococcus growth.

There were significant differences in predatory swarming
rates among myxobacteria when the performance of each was
averaged across all prey (Fig. 1B) (GLM, F g oss = 76.49, P <
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FIG. 1. (A) Mean predator swarm expansion on each prey type and
on TPM, CTT, and TPM/CTT controls. Prey abbreviations: AG, Ar-
throbacter globiformis; CC, Curtobacterium citreum; BB, Bacillus bata-
viensis; CJ, Cytophaga johnsonae; ML, Micrococcus luteus; RV, Rhizo-
bium vitis; SF, Sinorhizobium fredii; CT, Comamonas testosteroni; SY,
Sphingobium yanoikuyae; EC, Escherichia coli; PF, Pseudomonas fluo-
rescens; XF, Xanthomonas fragariae. Error bars represent *1 standard
error (SE) of the mean (n = 20 Myxococcus strains). (B) Mean swarm
expansion of each Myxococcus strain across all prey species. Error bars
represent =1 SE of the mean (n = 12 prey species).

0.001), and the main effect of myxobacterium type accounts for
9.7% of the total variance. Average swarming rate across all
prey was found to correlate significantly with swarming rate on
both prey-free controls containing growth substrates (CTT
spread onto TPM plate, r = 0.78, P < 0.001; CTT plates, r =
0.81, P < 0.001). Thus, most of this variance in average per-
formance among myxobacteria can be attributed to intrinsic
differences in population expansion rates manifest on any solid
surface with nutrients rather than to variation in average per-
formance of the “handling”-specific component of predation
(i.e., the extraction and utilization of nutrients from prey cells).
No measure of swarming rate in any environment with added
growth substrate (prey or Casitone) was found to significantly
correlate with swarming rate in the absence of nutrients on
TPM agar (TPM versus average swarming on prey, r = 0.398,
P = 0.082; TPM versus CTT, r = 0.294, P = 0.209; TPM versus
CTT spread on TPM, r = 0.295, P = 0.207).

Despite the inference that much of the variation in average
predator swarm expansion rates across all prey is not specific to
the presence of prey cells, an important result is that there was
a significant interaction between myxobacterium type and prey
species (GLM, Fag9 956 = 6.93, P < 0.001), accounting for
9.8% of total variance. This significant interaction is indicative
of some degree of predatory specialization, which we analyze
further below in the section “Responsiveness and inconsis-
tency.” There was also a significant effect of temporal block
(GLM, F, s = 14.57, P < 0.001).

To determine whether there was a difference between pre-
dation on Gram-positive versus Gram-negative prey, we re-
placed the prey-species term in the GLM with a Gram-positive
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FIG. 2. Variance in predatory swarm expansion of each Myxococ-

cus strain across all prey species. Error bars represent £1 SE of the
mean (n = 5 replicates).

or Gram-negative term and found that Gram-negative prey
support significantly more predatory growth by Myxococcus
(average swarming distance, 19.6 mm) than do Gram-positives
(average swarming distance 9.8 mm) (GLM, F, 5, =
1,120.82, P < 0.001). There was a significant interaction be-
tween Gram-positive/negative and myxobacterium type (GLM,
Fio, 1175 = 4.05, P < 0.001), indicating that there is some
variation among predator strains in their relative performance
on Gram positives versus Gram negatives. The effects of myxo-
bacterium-type (GLM, Fyo ;56 = 13.92, P < 0.001) and tem-
poral block (GLM, F, ;5 = 2.75, P < 0.022) were also
significant in this model.

Specialization. (i) Variances. For a preliminary examination
of possible specialization occurring among Myxococcus strains,
we compared the variances in predation rates across all prey
types for each predator strain. A low variance would indicate
that the Myxoccocus genotype shows similar predatory perfor-
mance across all prey types. High variance indicates substantial
differences in predation rates of a Myxococcus genotype on
different prey, which may be indicative of specialization. There
were significant differences among the variances of predator
performance across prey types (Kruskall-Wallace test [19],
H,, = 69.85 P < 0.001) (Fig. 2), but variance did not correlate
significantly with swarm expansion rate averaged across all
prey (r = 0.39, P = 0.089). Thus, the differential variance in
predatory growth across Myxococcus strains may be indicative
of specialization and does not appear to be merely an artifact
of a positive relationship between variance and swarm expan-
sion rate.

(i) Predator and prey ranks. We ranked each prey species
by the relative degree to which it supported predation for
each Myxococcus strain (see Table S4 in the supplemental
material). For example, out of all prey types M. xanthus
strain A9 swarmed furthest on Comamonas testosteroni, giving
C. testoteroni a rank of 1 for that predator strain. A9 swarmed
the least on Curtobacterium citreum, giving C. citreum a rank of
12. A prey rank for a particular prey-predator combination that
is much higher than the average for the respective prey type
across other predators is suggestive of predator specialization
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on that prey. We also ranked each Myxococcus strain for its
swarming performance on each prey type relative to the other
predator strains (see Fig. S5 in the supplemental material). For
example, the Torontol (TOR) M. xanthus strain swarmed the
farthest (rank 1) on Arthrobactor globiformus, whereas the Su-
lawesi (SUL2) M. xanthus strain performed the worst on this
prey (rank 12).

(iii) Responsiveness and inconsistency. The significant in-
teraction between prey type and predator type in the GLM
analysis (~10% of total phenotypic variance) means that dis-
tinct Myxococcus strains show different patterns of perfor-
mance variation across prey species. The GLM interaction
term can be further broken down into effects of “responsive-
ness,” which measures variation in prey utilization breadths
among predator strains, and “inconsistency,” which measures
the extent to which individual predator strains show specialized
performance on particular prey species (see Fig. S1 in the
supplemental material) (3, 76). Inconsistency accounts for the
vast majority (82%) of the interaction term (and thus 8% of
the total phenotypic variance), whereas the responsiveness
component of the interaction is very small (18%, or 1.8% of
the total variance).

The interpretation of these results is straightforward. The
low degree of responsiveness indicates that Myxococcus strains
exhibit very little variation in prey utilization breadth (the
number of prey types they can grow on), as most can predate
each prey type to some degree. The relatively large effect of
inconsistency shows that at least some Myxococcus strains ex-
hibit a degree of specialization on some prey types, when
specialization is defined as the crossing of reaction norms.
Such specialization is evident in Fig. 3, which uses a color
intensity scale to show the relative performance of all preda-
tors on each prey type, standardized to the average perfor-
mance on each respective prey. Red indicates faster than av-
erage swarming for that prey type, whereas blue indicates
slower than average swarming, with color intensity reflecting
the degree of difference from the mean. Thus, the darkest red
and blue squares within each column indicate maximum and
minimum predatory performance on that prey type, respec-
tively. Specialized performance by a given Myxococcus strain is
reflected by large differences in color intensity within a row,
which indicate the degree to which predators show different
patterns of relative performance on different prey types. Dif-
ferences in colors across rows (prey) indicate specialized per-
formance. For example, strain TOR shows unusually high per-
formance on C. citreum, PAK does so on Bacillus bataviensis,
and KAL, MAD, and WAR all show relatively enhanced per-
formance on the seven prey strains composing the right basal
prey clade (Fig. 3) and relatively poor performance on the five
prey strains composing the left clade.

Genetic and phenotypic comparisons. We examined whether
patterns of predatory phenotype similarities and differences can
be predicted by patterns of sequence similarity at MLST loci.
To measure the phenotypic similarity between myxobacteria,
we calculated a Euclidean distance for each possible pair of
Myxococcus strains as D, , = [2,(x, — y,)*]"”*, where x, and y, are
the swarming distances of myxobacteria x and y, respectively,
on prey species i and the summation is over all prey species.
Using this distance matrix, we constructed a UPGMA (un-
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FIG. 3. Grid of standardized predatory performance and neighbor-
joining trees of predators and prey based on predation phenotypes.
Red indicates faster swarming than average by a Myxococcus strain on
the respective prey type, whereas blue indicates slower swarming than
average, with color intensity reflecting the degree of difference from
the mean. See the main text for further explanation of the figure.

weighted-pair group method with arithmetic mean) tree based
on patterns of predatory phenotypes (Fig. 3).

A phylogenetic tree based on the MLST loci clpX, icd, and
sglK (Fig. 4) was found to be highly incongruent with the
phenotype-based tree (Fig. 3). One exception to this incongru-
ity was that the three most genetically similar strains (A23,
A47, and A96), which come from the same centimeter-scale
Tiibingen population and are genetically identical at several
MLST loci (78), clustered together in the phenotypic tree
along with strain A30. However, other genetically related cen-
timeter-scale isolates were placed within divergent clades in
the predation phenotype tree (A9, A41, A75, and A85) (Fig. 3
and 4). We found no overall correlation between phenotypic
distance and genetic distance based on the conserved MLST
concatemer loci (Mantel test, » = 0.01, P = 0.24), which are
expected to evolve neutrally and give a deeply rooted phylo-
genetic signal (20).

DISCUSSION

We have found that both prey type and predator strain
contribute significantly to variation in predatory performance
across many Myxococcus isolates and prey species. Prey varied
greatly in the degree to which they supported predatory
population growth, with the Gram-positive species exam-
ined here being poorer prey for Myxococcus predators than
the Gram-negative species (Fig. 1A). This result suggests a
general difference in the susceptibility of Gram-positive and
Gram-negative species to predation by Myxococcus, perhaps
due to differences in cell wall degradation by predatory en-
zymes. The parasitic Bdellovibrionaceae are closely related to
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FIG. 4. Neighbor-joining tree of relationships among Myxococcus
strains based on the clpX-icd-sgIlK MLST concatemer. Bootstrap sup-
port (1,000 replicates) is shown for each node. The scale bar reflects
genetic distance as amino acid substitutions per site.

the myxobacteria and can only prey upon Gram-negative cells,
as none have yet been found to consume a Gram-positive
species (41, 46, 69). Both Bdellovibrionaceae (54) and Myxo-
coccus species (85) carry genes for synthesis of type IV pili
(TFP). In Myxococcus, TFP mediate social motility (S-motility)
(35, 85), which, along with “adventurous motility” (A-motility)
(49), allows predator cells to actively migrate in search of prey.
Elimination of TFP production in M. xanthus reduces pre-
dation efficiency (4). It has been proposed that TFP play an
important role in the entry of Bdellovibrio cells into the
periplasm of their prey (21, 54). It is possible that TFP might
play a similar role in the myxobacteria by adhering to prey cells
and thereby facilitating predatory lysis. Thus, TFP may be
involved in the apparent specialization of both Bdellovibrion-
aceae and myxobacterial predators on Gram-negative prey.
When the swarming rates of each Myxococcus strain on all 12
prey species were averaged, these mean swarming rates were
found to vary significantly among the different Myxococcus
strains examined (Fig. 1B). However, this meta-parameter of
overall swarming rate on prey was found to correlate with
swarming rate on the positive control plates containing no prey
but rather prehydrolyzed nutrients (Casitone). Thus, a large
proportion of the variation in overall growth ability in prey
environments is not specific to consumption of bacterial prey
cells, but rather reflects variation in the intrinsic population
growth rates of strains on a solid surface irrespective of food
source (prey cells versus prehydrolyzed amino acids). None-
theless, some Myxococcus strains do vary in their prey-specific
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performance on individual prey species (Fig. 3), thus reflecting
some degree of specialization. This specialization is not binary
(ability versus complete inability to eat prey), and all of the
Myxoccocus strains could grow on most of the prey bacteria in
this study. Thus, specialization can be defined in terms of
interactions between genotype and environment in which per-
formance ranks among predator strains reverse across prey
environments (28). The inconsistency term quantified here is a
measure of such noncorrelations and reflects the degree of
specialization occurring among the predator strains.

We note that some patterns of variation and specialization in
predatory performance by Myxococcus isolates or variation in
susceptibility to predation by prey may be specific to the ex-
perimental conditions of this study. For example, prey that are
actively growing on a solid surface may differ in their suscep-
tibility to predators compared to the nongrowing prey cultures
examined here. Thus, we do not infer that patterns observed
here are general across all experimental and soil environments
in which predator-prey interactions might occur. Rather, our
results suggest that specialized predatory performance (i.e.,
crossing reaction norms) might occur across a range of ecolog-
ical environments. Further research may reveal some patterns
observed here (e.g., the greater susceptibility of Gram-negative
prey to predation) to hold generally across a variety of back-
ground environments.

Understanding the evolutionary mechanisms resulting in
various forms of specialization is a key problem in evolutionary
ecology, and several explanations might apply to Myxococcus
(25). First, we have used the term “specialization” to refer to
particular patterns of predatory performance observed under
our experimental conditions. We note that particular instances
of specialization in our assay do not necessarily reflect prior
evolutionary adaptation by the relevant predator strain to the
particular prey used here or closely related prey. First, we have
no data regarding predator-prey interaction histories prior to
isolation of the predator strains, but rather only the knowledge
that most of the prey used here can be isolated from soil
environments in which Myxococcus spp. also live. Second, the
patterns observed here might reflect pleiotropic effects of se-
lection on traits other than predation per se, such as production
of anticompetitor toxins, that may indirectly affect the preda-
tion ability of a Myxococcus strain. Alternatively, instances of
specialized performance on one particular prey might be due
to relaxed selection for performance on other prey that are
rarely encountered (36) or trade-offs on performance across
prey (77).

To the degree that the specialization patterns found here do
in fact represent prior specific adaptation to the relevant prey
type(s) (or close relatives), such adaptation may have been
facilitated by a higher encounter rate between the predator
and prey involved in the specialized interaction or may reflect
differences in the mutational accessibilities of adaptive peaks
on different prey. Specialization may also reflect divergent
coevolutionary histories between different predator-prey com-
binations (70). As for several other traits (33, 78, 79, 81),
divergence in predatory phenotypes—including some instances
of specialization—appears to occur within local populations as
well as across isolated populations (Fig. 3 and 4). Given the
spatial proximity of sympatric genotypes, they are likely to
frequently compete for the same resources. Such competition
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may be reflected by antagonistic behaviors that have been
documented between the Tibingen isolates (81). Strong re-
source competition might be reduced by ecological character
displacement, the process whereby closely related organisms
with similar phenotypes in a habitat diversify to exploit new
resources (58). In the myxobacteria, character displacement
might be brought about by the evolution of specialized preda-
tion abilities, such as we have observed in this study. Such
predatory specialization may ultimately contribute to myxobac-
terial speciation.

The molecular basis of the predatory variation examined
here remains to be investigated. However, M. xanthus produces
a large number of secondary metabolites that may serve pred-
atory functions (40). M. xanthus isolates are known to vary
substantially in the range of secondary metabolites they pro-
duce (40), and such variation may contribute to variation in
predatory phenotypes.

Myxobacteria are widespread in soils around the globe (53).
This ubiquity, coupled with the ability to use a broad range of
other microbial species (including fungi as well as bacteria) (8)
as prey, suggests that myxobacteria are likely to strongly affect
the population and evolutionary dynamics of many microbes
that play important roles in both natural and agricultural
processes. For example, myxobacteria may control popula-
tions involved in the carbon and nitrogen cycles (22),
primary production by cyanobacteria (9, 44), plant host-parasite
interactions (8), and nitrogen fixation in Rhizobium-legume mu-
tualism (e.g., the predation of Myxococcus on Rhizobium vitis
documented here).

Our understanding of myxobacterial predation, its ecological
significance, its evolutionary origins and dynamics, and its po-
tential applications remains very limited. This comparative
study provides new insights into the range of variation in pred-
atory ability that has evolved in the wild at the genus and
species level within the myxobacteria. Due to their short gen-
eration times and large population sizes, evolution experi-
ments with myxobacteria can also be conducted to address
numerous questions regarding the evolution of predation, in-
cluding the relative adaptation of searching versus handling
components of predation in environments that differ in prey
density (31) and patterns of specialization when predators
evolve in environments with diverse prey that differ in quality.
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