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Predators feed on prey to acquire the nutrients necessary to sustain
their survival, growth, and replication. In Bdellovibrio bacteriovorus,
an obligate predator of Gram-negative bacteria, cell growth and
replication are tied to a shift from a motile, free-living phase of
search and attack to a sessile, intracellular phase of growth and
replication during which a single prey cell is consumed. Engagement
and sustenance of growth are achieved through the sensing of two
unidentified prey-derived cues. We developed a novel ex vivo culti-
vation system for B. bacteriovorus composed of prey ghost cells that
are recognized and invaded by the predator. By manipulating their
content, we demonstrated that an early cue is located in the prey
envelope and a late cue is found within the prey soluble fraction.
These spatially and temporally separated cues elicit discrete and com-
binatory regulatory effects on gene transcription. Together, they de-
limit a poorly characterized transitory phase between the attack
phase and the growth phase, during which the bdelloplast (the in-
vaded prey cell) is constructed. This transitory phase constitutes a
checkpoint in which the late cue presumably acts as a determinant of
the prey’s nutritional value before the predator commits. These reg-
ulatory adaptations to a unique bacterial lifestyle have not been
reported previously.
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Predators obtain their nutrients by killing prey organisms. This
trophic mode is common in microorganisms such as protozoa

that feed on bacteria and phages that use bacterial cells for
replication. Predation impacts on food webs have been estab-
lished, and its effect on parameters such as bacterial prey size,
distribution, or palatability has been investigated (1–3). However,
predation between bacteria, the most abundant cellular living
entities on Earth, is poorly understood. The known diversity of
predatory bacteria is low (4), and few studies have addressed
predation dynamics in natural or man-made environments (5–7).
An important aspect of predatory interactions is prey choice. Prey
choice can have important consequences for the predator, be-
cause it defines how much energy is spent in obtaining prey (8, 9).
Thus, the predator first may discriminate between prey and
nonprey and then determine the nutritional value of the prey
(10). Whether such concerns exist in the bacterial realm is not
known. In other words, do predatory bacteria, in which nutrient
acquisition and cell reproduction are tightly coupled, modulate
their interactions with their bacterial prey?
BALOs (Bdellovibrio and similar organisms) constitute an ex-

clusive group of obligate predatory Gram-negative bacteria that
prey solely on other Gram-negative bacteria (11, 12). As such, they
are considered as potential biocontrol agents and living antibiotics
(13, 14). Predation by BALOs is either periplasmic or epibiotic,
with both strategies being carried out by closely related predators

(15). BALOs are well distributed in nature, being found in both
terrestrial and aquatic ecosystems and possibly in animal (including
human) intestines (11, 16, 17). Because obligate predators cannot
replicate in the absence of adequate prey, the structure of BALO
populations is under environmental selection (6, 7, 18), whereas
natural selection and arms race may shape predator–prey inter-
actions (19, 20). Indeed, BALO isolates possess different prey
spectra that are adapted to the prey available in their surround-
ings (18, 21, 22). A central goal of BALO research is to un-
derstand the mechanisms by which a prey cell is recognized and
how this event sets the predator’s cell cycle toward cell growth
and cell multiplication. BALOs thus constitute a unique system
for studying ecological effects on bacterial development and
differentiation.
Bdellovibrio bacteriovorus, a periplasmic obligate predator, has

a biphasic and dimorphic cell cycle during which a short, fast-
swimming, and nonreplicative attack-phase (AP) cell searches for
prey, attaches to the prey’s envelope, and perforates the envelope
to penetrate and settle within the prey periplasm, forming a
bdelloplast (12). Numerous functions, such as modifications of the
prey’s cell wall (23–27), shedding of the predator’s flagellum (28),
and killing of the prey cell (29), generate the conditions required
for entering the growth phase (GP). During the GP, the prey is
consumed, and the predatory cell grows as a multinucleoid fila-
ment that finally splits into progeny AP cells that leave the now
depleted bdelloplast (30, 31). Thus, B. bacteriovorus’ cell cycle in-
cludes spatial and temporal separation of a motile nonreplicative
phase and a sessile growth and replication phase (Fig. S1). Although
manipulation ofWT B. bacteriovorus’ growth conditions is complicated
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by its total dependence on prey cells, earlier works have shown that
predation is triggered by two distinct but still unidentified prey-derived
cues. One cue presumably elicits the predatory process, promoting
prey penetration, bdelloplast formation, and prey consumption (32,
33). A second soluble cue promotes DNA synthesis and is required for
sustained cellular growth (33–35).
These cues can be by-passed by mutations occurring in host-

independent (HI) mutants (Fig. S1). Mutations in gene bd0108
yield type I HI mutants that grow in the absence of prey in a rich
medium supplemented with prey extract, i.e., they require the
second cue (32, 36, 37). Type II HI mutants eliminate the re-
quirement for prey extract; they are generated by a mutation in
rhlB or in pcnB, genes that encode for RNA degradosome subunits
(37). Although useful in research, HI mutants exhibit deregulated
transitions between phases, as demonstrated by alterations in gene
and protein expression (38, 39). Several efforts were made in the
past to elicit growth of WT B. bacteriovorus with prey extract. These
attempts met with varying degrees of success and could not be
replicated (40, 41).
Here, we developed a novel ex vivo system for growing WT

B. bacteriovorus independently of prey. This system is based on the
use of intact cell envelopes (ghost cells) of Escherichia coli devoid
of cytoplasm. These ghosts reliably mimic the prey’s envelope but
do not promote growth unless supplemented with prey extract.
With this system, growth control in B. bacteriovorus was charac-
terized, revealing a transitory phase including a checkpoint during
which the prey’s nutritional value is assessed.

Results
Production and Characterization of Prey Envelopes. Plasmid pRK-
kPR-cI-E-SNA bearing the bacteriophage PhiX174 lysis E gene
was introduced into normal E. coli S17-1 cells to produce E. coli
ghosts (42). Although these E. coli cells are preyed upon by
B. bacteriovorus 109J, their ghosts were not recognized as prey
when added to a fresh culture of AP B. bacteriovorus 109J. The
predators transiently adhered to the ghost cells but were incapable
of anchoring themselves permanently as occurs with live prey cells.
Careful observation of ghost preparations by light microscopy
revealed large, pore-like alterations of the envelopes that probably
were generated by the expression of the PhiX174 gene E during
their production (Fig. S2). Conceivably, these alterations prevented
attachment, suggesting that prey cell envelopes with extensive
structural damage are not recognized by the predator.
In contrast, functional prey envelopes were obtained by os-

motic shock, based on Eisenbach and Adler’s procedure (43) for
the production of integral E. coli envelopes, with modifications.
The resulting empty cells (hereafter referred to as “ghosts”) were
heterogeneous in size, shape, and light refraction when observed
under phase-contrast microscopy, the last parameter probably
reflecting different levels of peptidoglycan. Ghost suspensions
were evaluated using several parameters. (i) Viability, as esti-
mated by plate counts on LB plates, was reduced by two to three
orders of magnitude compared with untreated cells (Fig. S3A),
suggesting that the great majority of treated cells had died. (ii)
β-Galactosidase activity, an indicator of cytoplasmic enzymatic
activities, decreased by 95.7 ± 0.9%, indicating an almost com-
plete loss of cytosolic content (Fig. S3B). The loss of cytosolic
content was confirmed again by (iii) cryo-transmission electron
microscopy (TEM) showing swollen ghosts harboring residual or
no cytoplasm and confirming that the production of envelopes
yielded whole, integral, cell-like empty structures (Fig. S3 D–G),
and by (iv) SDS/PAGE, which markedly distinguished between
ghosts’ and viable cells’ protein composition, the former pre-
sumably enriched with membrane proteins (Fig. S3C). Finally,
(v) image cytometry, a technology combining flow cytometry and
imaging, concomitantly counting and photographing cells and
revealing their size, shape, and fluorescence (ImageStreamX;

Amnis), showed that 81.1 ± 5.4% of the cells did not contain
detectable levels of nucleic acids (Fig. S3H).

Prey Ghosts Are Recognized and Penetrated by WT Predators. When
prey ghosts suspended in buffer were mixed with fresh B. bacteriovorus
109J AP cells, rapid attachment occurred, possibly mediated by pilus-
like structures, followed by stable binding (Fig. 1 A and B and Fig. S4
A–D). Within minutes, AP cells penetrated the envelopes, confining
themselves to the empty vesicles, unable to escape the ghosts or enter
GP (Fig. 2A andMovie S1). It is noteworthy that penetrating AP cells
did not lose their flagella and remained motile inside the ghosts, as
described earlier (44), suggesting that penetration itself is not suffi-
cient for flagellar shedding. Superinfection (penetration by more than
one predator) was also observed (Fig. 2B and Fig. S4 E and F),
perhaps because of the high multiplicity of infection (MOI) used in
this experiment (a 5:1 predator:ghost ratio), which leads to
multiple infections in live prey (23, 31). The predator ap-
pears to maintain contact with the ghost’s cytoplasmic mem-
brane during penetration as well as during growth (see contact
points in Fig. 1 A, c and e and Fig. S4D), as previously observed
with live prey cells (45). Upon prolonged incubation, neither
escape from the prey ghosts nor cellular growth (cell elongation)
of the predatory cell were observed (Fig. 3 A and C and Fig. S5),
demonstrating that ghosts did not retain enough cytoplasm to
support growth and replication of the B. bacteriovorus cells and
the ensuing exit of attack cells from the depleted prey.

Predator Growth Requires Prey Envelopes and Prey Extract. Prey
ghosts supplemented with debris-free prey extract were necessary
to promote B. bacteriovorus 109J growth and to sustain its full life
cycle (Figs. 1 and 3 A and C and Fig. S5). Mixing both compo-
nents together (exogenous application) or loading envelopes
with prey extract during their production were similarly effective
(Fig. 3A). About 60% of the B. bacteriovorus cells elongated,
exhibiting the characteristic filamentous growth of the GP as poly
nucleoid filaments (Fig. 3 C and D), typically attaining maximal
length 16 h postinoculation (Fig. 3B) as determined by image
cytometry. The average population cell area (25.87 ± 18.89 μm2)
was significantly higher than the average area attained in the other
treatments [one-way ANOVA: df = 4, F = 1,328.8, P = 0; Tukey’s
honestly significant difference (HSD) post hoc test: P < 10−4] (Fig.
S5). The attainment of maximal length was followed soon after by
septation, yielding 20 ± 5.7 AP daughter cells per GP cell (Fig.
3D). Filamentous growth was observed inside the prey envelopes
but also epibiotically, with the predator externally attached to the
ghosts. Extended filaments also could be observed unattached to
ghosts (Fig. 1 A, g and h). Because growth was not achieved in the
absence of ghosts, we postulate that these filaments were originally
bound to ghosts that later disintegrated. No growth was observed
when B. bacteriovorus was incubated with (i) prey extract alone,
(ii) prey lysate alone, which comprises prey cell debris in addition to
the soluble components of the cell, or (iii) peptone yeast extract
(PYE), a rich medium, even when supplemented with prey envelopes
(Fig. 3A). Furthermore, a predator mutated in pcnB, a mutation that
enables type I HI mutants to become completely axenic (37), still
required the presence of ghosts for growth (see below and Fig. 5).
These results strongly suggest that a cell envelope-associated

cue(s) is required for growth and is uniquely provided by the
ghosts, whereas a second cue(s) is included in the soluble frac-
tion of the prey extract. Evidently these two cues are spatially
and temporally separated: A membrane-associated component is
sensed first, priming the cell and enabling it to exploit a second
soluble cue that promotes growth initiation, i.e., phase transition
(henceforth the two terms “growth initiation” and “phase tran-
sition” are used interchangeably). Growth induction by prey
ghosts was not a specific phenomenon of the strain used in these
experiments; type strain HD100 also was able to grow ex vivo
when presented with E. coli ghosts and prey extract (see Fig. 5).
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Ghosts were found to be quite stable and sturdy: when kept at 4 °C,
their growth-promoting activity was retained for several weeks.
Furthermore, vigorous mixing did not hinder their activity (Fig. 3A).

The ex Vivo System Supports the Growth of WT Predators. Type I HI
mutants arise at low frequency (10−7) and can grow saprophytically
in the presence of prey extract (32, 37). To confirm that prey
extract-dependent ex vivo growth did not result from the selection
of HI mutants but was still seen in WT cells, DNA was purified
from AP cells and from ex vivo-cultivated GP cells. bd0108, a
marker gene of the HI phenotype (46), was subjected to deep se-
quencing. We posited that if ex vivo cultivation selects for host
independence, then mutated alleles of bd0108 should dominate. To
assure that the observed bd0108 genotype was stable after ex vivo
growth, AP cells originating from ex vivo cultures were incubated
further with live prey. DNA was extracted from the following
generation of AP cells, and the bd0108 locus was sequenced. Of
3,180, 11,332, and 1,3465 reads obtained from AP cells, ex vivo GP
cells, and AP cells from progeny samples, respectively, 98.48, 99.06,
and 99.05 matched the WT allele of bd0108 (Table S1), sug-
gesting that the WT genotype was conserved during and fol-
lowing ex vivo growth.

Genuine Cell-Cycle–Regulated Gene Expression Occurs During ex Vivo
Growth. Gene expression of AP and GP B. bacteriovorus HD100
was recently shown to be almost completely exclusive (47). This
cell-cycle–based transcriptional separation was exploited to char-
acterize the ex vivo system further by measuring the expression of
chosen AP and GP marker genes of B. bacteriovorus HD100 in ex

vivo cultures by semiquantitative PCR. All the AP-specific genes,
i.e., bd0108, pilA (bd1290), fliA (bd3318), fliC1 (bd0604), and
merRNA (47), as well as the GP-specific genes pcnB (bd3464),
dgcB (bd0742), rpoD (bd0242), rpoH (bd3314), groES1 (bd0097),
and ftsZ (bd3189) [except the evenly expressed control gene lon
(bd3749)] exhibited the expected phase-dependent expression:
AP-expressed genes were down-regulated when incubated with
ghosts and prey extracts, and GP-expressed genes were up-regu-
lated [Fig. 4, AP and G(H)+E lanes]. This result confirmed that
the phenotypes and physiologies observed in the ex vivo system
were consistent with their predicted gene expression.

Fig. 2. Recognition of prey ghosts by B. bacteriovorus. (A) Tracking of a
B. bacteriovorus 109J AP cell using phase-contrast microscopy. The predator
is seen (a) attaching to and (b) penetrating a ghost cell (c) without damaging
it, and (d) settling within the empty ghost cell space. (B) Confocal microscopy
rendering of numerous AP cells penetrating a ghost cell under high multiplicity
of infection (5:1 predator:ghost ratio). (a) DAPI stain. (b) FM4-64 membrane
stain. (c) Bright-field imaging. (d) Composite of a–c.

Fig. 1. A full ex vivo growth cycle. (A) B. bacteriovorus 109J AP cells were incubated with ghost cells for 1 h (a–e) or with ghost cells and prey extract for 16 h
(f–h) before processing for TEM. (a) A B. bacteriovorus AP cell interacting with the ghost envelope by means of two pili protruding from the invasive pole (one
pilus is indicated by a gray arrowhead). (b) An AP cell attaching to a ghost cell. (c and d) An AP cell penetrating into and settling in a cytoplasm-depleted
ghost cell. (e) A predatory cell residing inside a ghost cell with cytosol remains and interacting with its cytosolic membrane. (f and g) Filamentous growth of
B. bacteriovorus within a ghost cell and outside a ghost cell in the presence of prey extract. (h) An ex vivo-grown filamentous B. bacteriovorus cell in the
process of septation and differentiation into AP progeny cells. In a–c and e, capturing predatory synapses; black arrowheads mark the predator’s cell en-
velope; red arrowheads mark the ghost cell envelope in a–c and the cytoplasmic membrane in e. A broader view of images a–c is presented in Fig. S4 A–C. (B)
The ex vivo cultivation system supplies the requirements of the predatory life cycle. B. bacteriovorus AP cells can be cultivated ex vivo only if cytosol-depleted
E. coli ghosts are complemented with prey extract (shaded light-gray background) (a). The AP cell stably attaches to the ghost cell (b) and subsequently either
invades the ghost (c) and replicates intracellularly (d) or carries out an epibiotic growth cycle (e). Unattached GP cells are probably a consequence of ghost
disintegration (fragmented arrow), because an initial interaction with the ghost cell is compulsory for growth (f). Growth is terminated by septation and
differentiation to progeny AP cells (g). In the case of intracellular growth (h), progeny AP cells must lyse and evade the ghost cell (h).
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Spatially and Temporally Separated Cues Affect the Transition from
AP to GP. The modularity of the ex vivo system enabled us to
explore the GP-inducing cues further and to analyze the tran-
scriptional effect elicited by each, separately and together,
using the selected marker genes. In addition to the growth-
promoting conditions (ghosts and prey extract), predatory AP
cells were incubated with either ghosts and PYE [G(H)+P, in
Fig. 4; and thereby were provided with only the first cue and
nutrients] or with prey extract (E, in Fig. 4; which provided only
the second cue). Down-regulation of AP genes was nonuniform:
bd0108 and pilA were specifically suppressed by ghost cells in any
given treatment [G(H)+PYE and G(H)+E, in Fig. 4], the former
being completely silenced. merRNA was also down-regulated by
the presence of ghost cells [G(H)+PYE, in Fig. 4] and was fur-
ther silenced in the presence of both cues together [G(H)+E,
in Fig. 4]. fliA and fliC1 were not affected by the first cue alone
[G(H)+PYE, in Fig. 4] and similarly required both cues [G(H)+E,
in Fig. 4] to be silenced. Similarly, expression of the GP genes
groES1 and ftsZ was selectively induced by the prey extract (which
provided the second cue), whereas expression of the GP genes
pcnB, dgcB, rpoD, and rpoH was brought about by either cue or
by both. Surprisingly, the genes bd0816 and bd3459, which are

involved in peptidoglycan restructuring (48), a function es-
sential for the transformation of the prey cell into a bdelloplast,
were up-regulated only when either cue was provided but were
repressed in the presence of both. Genes affected by both cues
presented additive (merRNA), synergistic (fliA and fliC1), non-
additive (pcnB, dgcD, rpoD, and rpoH), or antagonistic (bd0816
and bd3459) responses (Fig. 4). Apparently, not all genes are
affected by the cues, because lon was evenly expressed under all
conditions, regardless of the cues present, constituting (to our
knowledge) the first bona fide constitutive gene in B. bacteriovorus
(Fig. 4). Finally, earlier work had shown that deletion of pcnB,
encoding for poly(A) polymerase, alleviates growth dependency on
prey extract in type II HI mutants (37). We hypothesized that a
ΔpcnB mutant in an otherwise WT background would create a
strain still dependent on the presence of ghosts but independent of
prey extract. Indeed, a ΔpcnB strain proved capable of growth and
replication when cultured with ghosts and prey extract or with
ghosts and PYE; however, no growth was observed when the cul-
ture was supplemented with prey extract only, demonstrating that
PcnB represses the transduction of the soluble cue present in the
prey extract that is required to initiate growth (Fig. 5). This result
provides genetic evidence that, although prey extract alone is

Fig. 3. Characterization of ex vivo growth of B. bacteriovorus on ghost cells. (A) Viable counts of B. bacteriovorus 109J 24 and 48 h after inoculation of ∼2 × 107

pfu/mL AP cells with ghost cells containing Hepes buffer [G(H)], ghosts containing prey extract [G(E)], ghosts mixed with prey extract [G(H)+E], ghosts mixed with
PYE medium [G(H)+P], prey lysate (Lysate), or with ghost cells after vigorous vortexing [G(E) VTX]. Values are averages of three independent experiments, each
performed in triplicate. Error bars indicate SD. (B) Growth and septation of B. bacteriovorus 109J (∼2 × 107 pfu/mL) incubated with ghost cells and prey extract,
measured as changes in average cell area (in square micrometers) of a representative batch monitored by FISH coupled with image cytometry. Filaments reach
maximal area (in square micrometers) 16 h after inoculation. Error bars indicate SE. The number of images analyzed per time point were 0 h, 7,261; 4 h, 7,774; 8 h,
7,633; 12 h, 7,269; 16 h, 8,143; 20 h, 7,047; and 24 h, 6,775. (C) Area (in square micrometers) of AP cells taken from a predation culture (AP) or after 16 h of in-
cubation in various conditions (abbreviations are as in A). The area (in square micrometers) was monitored as in B. Sixty percent of the predatory cells elongate
(values below the “Elongated” line threshold) only in the presence of ghost cells and prey extract. The number of images analyzed per treatment were AP, 6,984;
lysate, 6,873; G(H), 6,739; G(H)+P, 6,938; and G(H)+E, 1,836. The population incubated with G(H)+E elongated significantly and increased its average cell area (one-
way ANOVA: df = 4, F = 1,328.8, P = 0; Tukey’s HSD post hoc test: P < 10−4), compared with the other treatments in which the cell area distribution was similar to
that of untreated AP cells (for more information see Fig. S4). (D) DAPI stain of filamentous ex vivo growth of B. bacteriovorus cultured for 16 h with ghost cells and
prey extract. Filaments are composed of 20 ± 5.7 daughter cells (distinct nucleoids) per filament. Growth is not confined to the ghost interior.
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nutritionally adequate to support B. bacteriovorus growth, it is
not sufficient to promote ex vivo growth of WT cells.

Discussion
In this study we present a novel ex vivo system in which WT
B. bacteriovorus grows in a medium supplemented with intact
prey cell envelopes and prey extract. We show that the system
successfully mimics predation on live prey, because the ex vivo GP
is morphologically, genetically, and physiologically indistinguish-
able from the genuine GP. Based on our data, we define a step-
wise sensory-based AP-to-GP phase transition that defines an
intermediate uncharacterized transitory phase. This transitory
phase exhibits a third, distinct gene-expression profile, making
B. bacteriovorus’ cell cycle triphasic, and constitutes a previously
unidentified checkpoint that we posit is set to determine the
availability of prey-derived nutrients before the predator cell is
committed to growth.
Previous studies suggested that prey extracts might elicit prey-

independent growth of WT B. bacteriovorus (40, 41). However, we
were unable to replicate these results. Follow-up studies found that
although prey extracts sustained extracellular filamentous growth
and DNA replication, they could not promote the differentiation of
the nonreproductive AP cell to the GP (32–35). This result sug-
gested that two separate prey-derived cues, one in the soluble prey
extract fraction and the other hitherto undefined, were necessary
for the AP-to-GP transition to occur (33). We therefore hypothe-
sized that (i) the undefined cue is associated with the prey cell
envelope and is absent from the prey extract (this cue therefore is
detected during the interaction between the predator and the prey
cell) and (ii) because both cues are required for phase transition,
they act differentially upon the AP cell. The cues and their effects

cannot be differentiated in live prey, but they can be put in evi-
dence using the ex vivo cultivation system for WT B. bacteriovorus.
Upon encounter of BALO with prey, nonspecific, transient

attachment is followed by stable binding, suggesting that the latter
is coupled to recognition. It has been proposed that components
of the outer membrane (components of the prey envelope) are

Fig. 4. Prey cues control gene expression in AP B. bacteriovorus HD100. (A) Total RNA was purified from fresh AP cells before (AP, lane 1) and after 6 h of
incubation with ghost cells and prey extract [G(H)+E, lane 2], with ghosts and PYE-rich medium [G(H)+P, lane 3], or with prey extract alone (E, lane 4).
Transcript levels of selected genes were assessed by semiquantitative RT-PCR. (B) Visual grading of the band intensity of the transcription profile shown in A:
−, no band; +, low intensity; ++, medium intensity; +++, high intensity. (C) Phase-dependent induction of the genes shown in A obtained by transcriptomic
analysis of AP and GP B. bacteriovorus growing with E. coli prey (46). (D) Combinatorial effects of ghost cells and prey extract on B. bacteriovorus gene
expression. Specific effect: G(H), ghosts (bd0108, pilA); E, prey extract (ftsZ, groES1). Additive effect: G(H)+E (merRNA). Synergistic effect: G(H)+E (fliA, filC1).
Nonadditive effect: G(H),E (pcnB, dgcB, rpoD, and rpoH). Antagonistic effect: G/PE (bd0816, bd3459). No effect: - (lon).

Fig. 5. pcnB deletion mutant bypasses the requirement for prey extract.
Approximately 2 × 107 pfu/mL of B. bacteriovorus HD100 AP cells and of
B. bacteriovorus HD100 ΔpcnB AP cells were incubated separately for 24 h with
ghost cells and prey extract [G(H)+E], with ghosts and PYE medium [G(H)+P], or
with prey extract alone (E). The number of progeny was determined by viable
counts. In contrast to the WT strain that was unable to proliferate, the ΔpcnB
mutant replicated when cultured with ghost cells and PYE medium. Values are
averages of three independent experiments, each performed in triplicate. Error
bars indicate SE.
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recognized by the predator (49, 50), bringing about the initial
stages of the interaction. Here, prey envelopes altered by the ex-
pression of the pore-forming lysis E gene encoded by bacterio-
phage PhiX174 (40, 51) did not enable stable attachment, and
bacterial cell lysates containing debris of the cell envelope did not
promote growth, indicating that the integrity of the prey cell enve-
lope is an important determinant of recognition and/or attachment.
In contrast, B. bacteriovorus stably attached to and penetrated intact
prey envelopes (Figs. 1 A, a–e and 2A and Fig. S4 A–D) that enabled
ex vivo growth when supplemented with prey extract. This finding
locates the initial elicitor(s) for recognition to an intact prey enve-
lope, spatially and temporally separated from the second soluble
component(s) that controls growth initiation and also sustains it (34).
Thus the first interaction between the predator and the prey requires
cell–cell contact; the requirement for cell–cell contact is abrogated in
type I HI mutants defective in bd0108, an AP-expressed gene that is
turned off rapidly with attachment and penetration (32, 37), effec-
tively relieving the need for the prey envelope.
It was proposed recently that Bd0108 controls the extrusion/

retraction of a type IVa pilus in B. bacteriovorus (52) that is essential
for predation and prey entry but is not involved in prey attachment
(53–55). Recognition thus includes signaling and stable attachment,
and both processes are sustained by prey ghosts. The pilus is an-
chored to the prey inner membrane before prey penetration and
during the GP (54), suggesting that sensing and transduction of the
first cue is continuous during growth rather than relevant only to
prey penetration. The interaction with the inner membrane is
maintained with ghosts during ex vivo growth (Fig. 1 A, e and Fig.
S4D). Inactivation of the type IVa pilin-coding gene pilA in HI
mutants results in apiliated cells (53). Therefore, the interaction
with the ghost inner membrane probably is mediated similarly by
type IVa pili (Fig. 1 A, a).
AP cells incubated with ghost preparations and nutrients but

without prey extract were not altered in their morphology but
showed changes in gene expression: bd0108 was silenced, and
merRNA [a highly expressed putative cyclic di-GMP riboswitch
(47)] and pilA were down-regulated, whereas genes involved in
bdelloplast formation through the remodeling of the prey pep-
tidoglycan were up-regulated, i.e., the specific peptidocarbox-
ylase-coding genes bd0816 and bd3459 (48). In parallel, some GP
genes (pcnB, dgcB, rpoD, and rpoH) were induced, priming the
cell for growth. Importantly, ftsZ, encoding for a major septation
protein that probably is required toward the end of the GP (39),
was not induced under these conditions. Moreover, the core of
AP genes, as determined by fliC1 and fliA [the latter encoding
for the central AP regulator σ28 (47)], was not affected and
remained expressed, extending the span of the σ28 regulon beyond
the AP to the early stages of predation, when flagellar motility is
evidently still functional (Movie S1). These conditions, which are
not attainable when using live prey, reveal a transitory phase
during which the predatory cell still appears morphologically as an
AP cell but actually expresses a different gene set and is capable of
shaping and probably consuming prey but remains nonreplicative.
Strikingly, a different gene-expression profile was obtained in

AP cells incubated with prey extract without ghosts: bd0108 and
pilA were not silenced, and groES1 and ftsZ, both strongly en-
hanced in the GP (40, 56), were specifically induced. The other
GP marker genes (pcnB, dgcB, rpoD, and rpoH) as well as the
bdelloplast formation genes (bd0816 and bd3459) and merRNA
responded similarly as when incubated with the ghost prepara-
tion. Thus, the complement of GP genes (47) is composed of
subsets that respond differentially to the prey cues: GP-initiation
genes are elicited at the prey-sensing and penetration stage upon
detection of the cell envelope-borne cue, whereas core GP genes
are up-regulated by the soluble prey-derived cues. Finally, the
presence of both cues, i.e., prey ghosts and prey extracts, led to
the repression of genes that are differentially controlled during
the AP and during prey penetration, i.e., the central AP gene

regulator coding gene fliA and consequently the flagellar marker
gene fliC1, merRNA, the expression of which decreased below
detection level (47), and the bdelloplast niche construction genes
(48). Thus, the combined sensing of the two cues has a general
effect on gene expression and is required to bring about a full,
genuine GP, the B. bacteriovorus equivalent of the exponential
growth phase.
To interpret these data and integrate them with current

knowledge, we propose the following model for B. bacteriovorus’
growth control (Fig. 6): Being an obligate predator, B. bacteriovorus
must reach and exploit a spatially and temporally discontinuous
food source (prey cells). To do so, the bacterium must (i) distin-
guish between prey vs. nonprey cells, because only the prey cell
represents a potential source of nutrition and (ii) assess avail-
ability of nutrients, because only when nutrients are available does
commitment to the GP become fruitful. We thus propose that this
scheme constitutes a control on the quality of the interaction, i.e.,
prey nutritional value. During the AP, prey sensing is down-reg-
ulated: Early transduction of the first, envelope-borne cue via the
type IVa pilus (52) is inhibited by Bd0108 (Fig. 6A2). The second,
prey extract-derived cue is transduced by a late signaling pathway
through an unknown receptor. This pathway is repressed by the
RNA degradosome subunits RhlB or PcnB (Fig. 6A2). The AP
cell expresses a default transcriptional profile, the AP program,
during whichmerRNA is massively transcribed and bd0108 and the
σ28 regulon are expressed, but bdelloplast-formation genes and
GP genes are silent. When an AP cell stably binds to a prey cell
through a still unknown mechanism, concomitant sensing of the
first cue, located in the cytoplasmic membrane (54), alleviates
Bd0108 inhibition, altering the extrusion/retraction state of the
type IVa pilus found at the nonflagellated, invasive pole with
which Bd0108 is associated (52), leading to signal transduction.
This process may be mediated, at least in part, through CdgA, a
cyclic di-GMP effector required for efficient penetration of the
prey cell (57) that interacts with the pilus’ regulatory protein
complex (55). The cyclic di-GMP machinery is essential for both
prey entry and progeny escape at the end of the predator’s rep-
licative cycle (57), indicating that this second messenger is in-
volved in transducing the first cue. The second, late signal
transduction remains inactive (Fig. 6B2). Early sensing then shifts
the transcriptional profile from an AP program to a recognition
program (the transition phase), reflected by complete bd0108 si-
lencing and partial merRNA repression, possibly releasing cyclic
di-GMP (47); bdelloplast-construction genes (e.g., peptidoglycan-
shaping genes) and early GP genes are induced, enabling pene-
tration and bdelloplast formation as well as the expression of
growth-related functions. However, the σ28 regulon remains ac-
tive (Fig. 6B2). At this stage, the predatory cell does not commit
to entering the GP, and, although morphologically it still re-
sembles an AP cell, it is in an intermediary state and, in fact, is
stopped at a checkpoint (Fig. 4 and Movie S1). This transitory
phase can be maintained for 1 h, the time that elapses between
prey entry and initiation of growth (34), during which the bdel-
loplast’s cytoplasmic membrane becomes completely permeable to
small molecules (58). Relief from this point and progress into the GP
requires that the second, soluble cue, probably originating from the
prey cytosol (35), be released into the periplasm of the bdelloplast,
where the predator can sense it. Thus, consequent to spatial sepa-
ration, the sensing of the first, envelope-borne cue is temporally
separated from the sensing of the second, cytosolic cue, bringing
about successive waves of change in gene expression. While the
predator remains attached to the cytoplasmic membrane, both cues
are sensed concomitantly, resulting in shutting off the σ28 regulon
and the bdelloplast-formation genes, in total silencing ofmerRNA,
and in the up-regulation of core GP genes, thus yielding a full-
fledged GP cell (Fig. 6C2).
The growth-promoting activity induced by the second cue is

concentration dependent (35) but does not contribute directly to
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nutrition (34, 35). We propose that its occurrence may signal that
enough prey-derived nutrients are present in the intracellular
medium to support growth, thereby acting as a marker of prey
quality and enabling growth initiation. Unlike free-living bacteria
that adjust their growth rates according to nutrient concentra-
tions, BALOs meet discrete food packets that are sufficient or
insufficient to sustain their growth and replication. Thus, the
predator may need to assess the quantity rather than the con-
centration of the available nutrients. Nutrient concentration may
affect BALO’s growth decisions otherwise: it had been pre-
viously shown that under oligotrophic conditions, the bdello-
plasts of Bdellovibrio strain W and of marine BALOs enter a
nonreplicative dormant state, and that the predator is resusci-
tated upon addition of nutrients to the external medium. Hence,
nutrient availability serves as a proxy for the presence of enough
prey for the resuscitated predatory cell upon its release from the
bdelloplast (45, 59). It is noteworthy that the two schemes may
not be mutually exclusive.
We posit that the stepwise growth control illustrated here

decouples predation from growth. This scheme restricts the in-
vestment made by the AP cell under uncertain growth-enabling
conditions to a limited and possibly reversible expression profile,
while conserving an AP-like status, uncommitted to growth, until
the environment provides the adequate second cue for growth.
In effect, this scheme represents a prudent betting strategy. In
contrast to the successful recognition of the carefully produced
prey ghosts, in nature B. bacteriovorus, an effective predator of

biofilms (56, 60), encounters prey remains from which the first
cue is hypothesized to be easily lost, as observed with prey lysate
and perforated envelopes (Results).
Interestingly, small E. coli cells are preyed upon without support-

ing B. bacteriovorus’ growth and replication (31). In soil and water,
where B. bacteriovorus is found, a very large fraction of the bacterial
community consists of small cells, <0.5 μm in width (58, 61, 62), not
larger than B. bacteriovorus AP cells themselves (12). Our model
predicts that B. bacteriovorus would prey successfully on such poorly
nutritious prey cells, which may be too small to accommodate a full
intracellular growth cycle but do have a limited nutritional value.
Prey quality is an important parameter in animals because it

affects behaviors and ultimately fitness (63, 64). In bacteria,
fitness (generation time), cell growth, and division are tightly
coupled to feeding. The ability to separate the different cues and
determine their effects through the ex vivo system helped un-
cover how predatory bacteria assess the internal nutritional sta-
tus of their prey to inform cell-cycle decisions.

Materials and Methods
Bacterial Strains and Growth Conditions. B. bacteriovorus strains HD100-S1
and 109J-S1 were grown in two-membered suspension cultures with ∼2 ×
109 pfu/mL of E. coli ML35 (ATCC no. 43827) in Hepes buffer (25 mM Hepes,
2 mM CaCl2·2H2O, 3 mMMgCl2·6H2O, pH 7.4–7.6) supplemented with 50 μg/mL
streptomycin at 28 °C and 180 rpm. Fresh AP cells were obtained from
overnight cultures and used for ex vivo cultivation experiments. Plaques,
used for viable counts and isolation, were achieved by double-layer agar
plating: 100 μL of serially diluted predator and 7 × 108 E. coliML35 cells were

Fig. 6. Model for the stepwise phase transition in B. bacteriovorus. For simplicity, only the prey cell is portrayed with outer and cytoplasmic membranes. A2,
B2, and C2 are magnifications of the predatory pole enclosed by red rectangles in A1, A2, and A3, respectively. (A1) A nonreplicative B. bacteriovorus AP cell
searches for a prey. (A2) During AP there is no prey sensing. Early signal transduction, mediated by the type IVa pilus and assembled at the nonflagellated
pole, is inhibited by Bd0108. Late signal transduction, introduced by an unknown receptor, is repressed by the RNA degradosome subunits RhlB or PcnB. The
AP cell expresses a default transcriptional profile, the AP program, in whichmerRNA is massively expressed, bd0108 and the σ28 regulon are up-regulated, and
bdelloplast-formation genes and GP genes are silenced. (B1) The AP cell stably attaches to and recognizes a prey cell. (B2) Recognition, but not attachment, is
mediated by a change in the extrusion/retraction state of the type IVa pilus (shown here as a retraction), achieved after sensing of the first cue located in the
cytoplasmic membrane. As a result, the inhibition by Bd0108 is alleviated, setting off signal transduction, possibly in part through CdgA, a cyclic di-GMP
effector required for efficient penetration to the prey cell. CdgA interacts with the pilus’ regulatory protein complex (55). Early sensing induces the rec-
ognition program: bd0108 is completely silenced, andmerRNA levels decline, but the σ28 regulon remains active, and the bdelloplast-formation genes and the
early GP genes are induced, enabling penetration and bdelloplast formation as well as the production of growth-related functions. (C1) Inside the bdelloplast
periplasm the predator remains attached to the cytoplasmic membrane, consumes the prey, and initiates growth. (C2) Perforation of the cytoplasmic
membrane (58, 61, 62) leads to the release of the second cue from the cytosol. Sensing of the two cues promotes a second, timely alteration of the tran-
scriptional profile to the GP program in which all active AP genes (merRNA and the σ28 regulon) as well as the bdelloplast-formation genes are down-
regulated and genuine GP genes are induced to enable de novo DNA replication and growth.
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resuspended in 3 mL of soft dilute nutrient broth (DNB) agar [0.7 g/L nu-
trient broth, 2 mM CaCl2·2H2O, 3 mM MgCl2·6H2O, pH 7.4–7.6 and 0.7%
agar) and overlaid on DNB agar (0.7 g/L nutrient broth, 2 mM CaCl2·2H2O,
3 mM MgCl2·6H2O (pH 7.4–7.6), and 1.5% agar]. E. coli strains were cultured
at 37 °C and 180 rpm in LB broth supplemented, when stated, with 100 μg/mL
ampicillin, 50 μg/mL diaminopimelic acid (DAP), and 50 μg/mL kanamycin or
20 μg/mL tetracycline. Strains and their origins are listed in Table S2.

Plasmids and Primers. Plasmids used in this study are listed in Table S2. Oli-
gonucleotides used in this study are listed in Table S3.

Prey Extracts. E. coli ML35 was cultured overnight in LB broth at 37 °C and
180 rpm. The culture was resuspended in Hepes buffer, concentrated
50-fold, and lysed by sonication. The soluble fraction of the crude lysate was
centrifuged twice (20,000 × g for 30 min at 4 °C) and filtered through 0.2-μm
syringe filters (Whatman). Protein concentration was determined by the
Bradford protein assay (Quick Start Bradford ×1 protein dye reagent; Bio-
Rad), and the debris-free extract was divided to aliquots, flash-frozen in
liquid nitrogen, and kept at −20 °C until use.

pcnB Deletion Mutant Strain. The pcnB deletion procedure is based on the
protocol described in refs. 65 and 66. The suicide vector pSSK10:ΔpcnB,
harboring the pcnB knockout cassette, i.e., pcnB CDS flanking regions (each
1-kb long) ligated to each other, was constructed following the restriction-free
cloning procedure for multicomponents assembly (66). The vector was in-
troduced into B. bacteriovorus HD100-S1 by conjugation in which an E. coli S17-1
transformant, cultivated with 50 μg/mL kanamycin, was used as a donor.
Exconjugants were inoculated into a predation culture (Hepes buffer and 2 ×
109 cfu/mL E. coli ML35), and recombinants were selected for with 50 μg/mL
kanamycin. After three subsequent rounds of predation without kanamycin,
leading to plasmid excision, 5% sucrose was added as a substrate for the vector-
encoded levansucrase (SacB) to select against remaining recombinants. Predator
cells were isolated on semisolid double-agar plates and screened, first for plas-
mid excision via loss of kanamycin resistance, and next for pcnB deletion by PCR.

Production of E. coli Ghosts by Overexpression of the PhiX174 Lysis E Gene. The
production of E. coli ghosts was based on the method described in ref.
42 with minor adjustments. Briefly, E. coli S17-1 (ATCC no. 47055) trans-
formed with pRK-kPR-cI-E-SNA (courteously provided by Ki Hong Kim, De-
partment of Aquatic Life Medicine, Pukyong National University, Busan,
Korea) were cultivated to midlog phase (OD600 = 0.4) in LB broth supple-
mented with 20 μg/mL tetracycline at 30 °C and 180 rpm. Then, 1 mM MgCl2
and 10 mM CaCl2 were added, and the temperature was shifted to 42 °C,
resulting in the expression of the lysis E gene and the Staphylococcal nu-
clease A gene. After 4 h incubation bacteria were washed with double-dis-
tilled water and resuspended in Hepes buffer. The survival ratio was 10−3–10−4,
and the resultant ghosts presented porous envelopes (Fig. S2).

Production of E. coli Ghosts by Osmotic Shock. The protocol for the production
of E. coli ghosts was based on the method described in ref. 43, with modi-
fications. E. coli AT984, a DAP auxotroph (Coli Genetic Stock Center no.
4558), transformed with pBAD24sulA-FLAG (courteously provided by Eliora
Z. Ron, Department of Molecular Microbiology and Biotechnology, Tel Aviv
University, Tel Aviv, Israel and MIGAL Galil Research Center, Kiriat Shmone,
Israel), was cultured in LB broth amended with 50 μg/mL DAP and 100 μg/mL
ampicillin at 37 °C and 180 rpm to OD600 = 0.2. Then 0.2% arabinose was
added to induce sulA for 40 min, resulting in cell elongation by approxi-
mately fourfold. The culture was washed twice to remove DAP (10,000 × g for
5 min), resuspended in LB broth with 0.2% arabinose and 100 μg/mL ampicillin,
and incubated for 20 min at 37 °C, 180 rpm, to ensure complete consumption
of residual DAP. Then it was diluted 1:4 with Penassay solution (17.5 g/L an-
tibiotic medium III with 20% sucrose, 9 mM MgSO4, 0.2% arabinose, and
103 U/mL penicillin G) and incubated for 120 min at 37 °C. During that period,
bacterial envelopes were partially lysed and swelled but did not erupt because
of the high hypertonicity of the solution. Then, the culture was centrifuged
(10,000 × g for 5 min), and the pellet was resuspended in a hypotonic solution
(Hepes buffer). This treatment resulted in the opening and immediate
resealing of the envelopes, accompanied by the release of the bacterial cell
content. For encapsulation of cell extract, Hepes buffer was amended with
prey extract (3 mg/mL total protein) before resuspension. The culture was
incubated for an additional 15 min with 20 μg/mL DNase I (Sigma-Aldrich) and
then was centrifuged gently (1,000 × g for 5 min at 4 °C) to precipitate un-
affected cells. The supernatant was collected, centrifuged (10,000 × g for
15 min at 4 °C), and resuspended in Hepes buffer. Particle counting was carried

out using a Neubauer chamber and by viable counts on LB plates amended
with 100 μg/mL ampicillin and 50 μg/mL DAP.

β-Galactosidase Assay. The β-galactosidase assay, used to assess the average
loss of cytosolic content in ghosts compared with untreated bacteria, was
performed as described in ref. 67.

Protein Electrophoresis. SDS/PAGE was performed to assess the altered
protein content in ghosts compared with untreated bacteria, as described
in ref. 67.

Ex Vivo Experiments. AP B. bacteriovorus cells (∼2 × 107 pfu/mL) were in-
cubated at 28 °C and 180 rpm with E. coli AT984 ghosts (∼2 × 109 particles/mL)
without additives or (i) encapsulated prey extract (3 mg/mL total protein), (ii)
supplemented with exogenous prey extract, or (iii) supplemented with PYE
(10 g/L Bacto peptone, 3 g/L yeast extract, 2 mM CaCl2·2H2O, and 3 mM
MgCl2·6H2O, pH 7.4–7.6). AP cells also were incubated with crude prey lysate
(3 mg/mL soluble protein) or prey extract.

FISH. The FISH procedure was adapted from ref. 68 to avoid aggregation of the
ghosts. Ex vivo cultures were mixed with three volumes of 4% paraformaldehyde
dissolved in PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4∙7 H2O, and
1.8 mM KH2PO4, pH 7.2) and were incubated overnight (up to 16 h) at 4 °C.
The fixed sample was pelleted and washed twice with equal volume of
cold PBS (3,500 × g for 10 min) and then resuspended in one fourth of the
volume with cold PBS. Five microliters of the fixed sample and 5 ng/μL of
the labeled oligonucleotide probe BDE525 (69) were added to 50 μL of
prewarmed (46 °C) hybridization buffer (0.9 M NaCl, 20 mM Tris/HCl, 0.1%
SDS, pH 7.2). The solution was incubated for 2 h at 46 °C and then was
pelleted (6,000 × g for 2 min) and resuspended in 100 μL hybridization
buffer. The sample was incubated further for 20 min at 48 °C and then was
pelleted (6,000 × g for 2 min), resuspended in 100 μL ice-cold PBS (pH 8.4),
and kept on ice in the dark until use.

Imaging Flow Cytometry. For ghost analysis, E. coli AT984 envelopes were
stained with the membrane dye FM4-64 (Life Technologies) and the nucleic
acid stain GelStar (Lonza). For ex vivo growth analysis, a streptomycin-
resistant derivative of B. bacteriovorus 109J (ATCC no. 43826), termed 109J-
S1, was hybridized with a Cy3-labeled probe BDE525 (as described above).
The cells were visualized using imaging flow cytometry (ImageStreamX flow
cytometer; Amnis Corporation). Approximately 104 cells were collected from
each sample, and data were analyzed using image analysis software (IDEAS
6.0; Amnis Corporation). Images were compensated for fluorescent dye
overlaps by using single-stain controls. Cells were gated for focused cells
using the Gradient RMS feature (70). Beads and debris were separated using
the area and side-scatter features. E. coli envelopes were gated based on
their membrane integrity, low maximum pixel intensity (the highest-
intensity pixel in each cell) and low pixel intensity per cell area of GelStar.
Ghosts’ cell area in square micrometers was calculated from the bright-field
image. B. bacteriovorus 109J-S1 growth was evaluated by the increase in the
quantified area of the Cy3 staining in square micrometers.

Semiquantitative PCR. A streptomycin-resistant derivative of B. bacteriovorus
HD100 (ATCC no. 15356), termed HD100-S1 (37), was incubated for 6 h with
prey ghosts and prey extract (3:1 predator:ghost ratio), prey ghosts and PYE,
or prey extract only. Predators interacting with ghosts were separated from
noninteracting AP cells via filtration and collection of 0.45-μm filters (Sartorius
AG). RNA was stabilized using RNAlater (Life Technologies) and purified with
the MasterPure kit (EpicentreBio). DNA was digested by the TURBO DNA-free
kit (Life Technologies). Reverse transcription was carried out from equal
amounts of RNA using random primers (Promega) and the ImProm-II reverse-
transcription system (Promega). Semiquantitative PCR was performed using
Taq Plus Master Mix (Lamda Biotech).

Bright-Field and Epi-Fluorescence Microscopy. Microscopic observations and
image acquisitions were performed at a magnification of 1,000×with a BX51
phase-contrast and epi-fluorescence microscope (Olympus) equipped with a
Digital Sight cooled monochrome CCD camera (Nikon) and NIS-elements,
edition 3.0, software (Nikon). Cells stained with DAPI (Sigma-Aldrich) were
used to quantify the average number of daughter cells per ex vivo-cultivated
GP cell by counting concatenated DAPI-stained (Sigma-Aldrich) genomes in
GP cells after ex vivo cultivation for 16 h (Fig. 3D).
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Confocal Microscopy. AP B. bacteriovorus 109J-S1 cells were mixed with E. coli
AT984 ghosts under a high MOI (5:1 predator:ghost ratio). The culture was
stained with DAPI and FM4-64 and after 5-min incubation the culture was
visualized by confocal microscopy, performed with an IX-81 laser-scanning
confocal microscope (FV 500; Olympus) equipped with a 405-nm diode laser
and 488-nm argon-ion laser with a PlanApo60× 1.4 NA oil immersion ob-
jective. To observe DAPI fluorescence, a 405-nm laser for excitation and
BA430-460 nm barrier filter were used. For visualization of FM4-64–dyed
cells, a 488-nm excitation line and BA610IF emission filter were used.
Transmitted light images were obtained using Nomarski differential in-
terference contrast microscopy.

TEM. Fresh cultures of B. bacteriovorus 109J-S1 incubated with (i) E. coli
AT984 ghosts for 1 h and (ii) ghosts and prey extract for 16 h were con-
centrated by centrifugation (10,000 × g for 5 min 4 at °C). Pellets were
mounted on an aluminum disk with a depth of 100 μm (Engineering Office
M. Wohlwend GmbH) and covered with a flat disk. The sandwiched samples
were frozen in a HPM010 high-pressure freezing machine (Bal-Tec) and
subsequently were freeze-substituted in an AFS2 freeze substitution device
(Leica Microsystems) in anhydrous acetone containing 2% glutaraldehyde
and 0.2% tannic acid osmium tetroxide for 3 d at −90 °C. They then were
warmed to −30 °C over 24 h. Samples were washed three times with ace-
tone, incubated for 1 h at room temperature with 2% osmium tetroxide,
washed three times with acetone, and infiltrated for 5–7 d at room tem-
perature in a series of increasing concentrations of Epon (Agar Scientific) in
acetone. After polymerization at 60 °C, 60- to 80-nm sections were stained

with uranyl acetate and lead citrate and were examined in a Tecnai T12
transmission electron microscope (FEI) operating at 120 kV, using an
Erlangshen ES500W CCD camera (Gatan).

High-Throughput Sequencing and Sequence Analysis. bd0108 gene sequences
(read length 405 bp) were obtained by 454 sequencing (Mr. DNA). All reads
were cleaned using MOTHUR v1.29 (71). First, Fasta and quality data were
extracted from the raw SFF file. Sequences were grouped according to
barcode and primer, allowing one mismatch to the barcode and two mis-
matches to the primer. Denoising was achieved by the AmpliconNoise al-
gorithm (72), removing both 454 sequencing errors and PCR single-base
errors. Next, sequences were trimmed to remove barcode and primer se-
quences, all sequences with homopolymers (i.e., AAAA) longer than 8 bp,
and all sequences shorter than 300 bp. All sequences were aligned and fil-
tered so that they all overlapped perfectly with no overhang or no-data base
pairs, resulting in a 300-bp alignment. To reduce sequencing errors further,
preclustering of the sequences was performed based on the algorithm of
Huse et al. (73). Pairwise distances were calculated between all DNA reads,
which subsequently were clustered into operational taxonomic units (OTUs)
at the unique level, meaning that only sequences which were 100% identical
were considered to be the same OTU.
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