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Under proper conditions, Bdellovibrio sp. strain W cells develop into bdello-
cysts in appropriate prey bacteria. After attachment and penetration of the prey
cell, the encysting bdellovibrio began to accumulate inclusion material and
increase in size, and was surrounded by an outer layer of amorphous electron-
dense material. The cytoplasm of the encysting cell appeared more electron
dense, and the nuclear areas appeared more compact. During germination of
bdellocysts, the outer wall was uniformly broken down, the inclusion material
changed shape and affinity for the heavy metal stain, and the nuclear areas

expanded. As the outer wall was dissolved, outgrowth began with the elongation
of the germinant as it emerged from the prey ghost as an actively motile cell.

Bdellovibrio sp. strain W is an obligately
predacious bacterium which, under proper con-
ditions, will develop into a resting cell. We
have designated these r-esting bodies bdello-
cysts based on their cystlike appearance (2, 8),
reduced rate of respiration, and increased re-
sistance to various physical and chemical
stresses (19). Bdellocysts are capable of germi-
nation and outgrowth under suitable condi-
tions. The resultant germinants are highly mo-
tile and predacious toward susceptible prey
(19).
A brief account of ultrastructural changes

occurring during encystment has been reported
(8), but no study has been made of the ultra-
structural events accompanying the germina-
tion process. This paper presents the ultra-
structure ofBdellovibrio sp. strain W undergo-
ing its complete morphogenetic cycle of encyst-
ment, germination, and outgrowth.

MATERIALS AND METHODS

Bacteria and cultural conditions. Bdellovibrio sp.
strain W was obtained from G. Drews, University of
Freiburg, Freiburg, Germany. The prey organism
used was Rhodospirillum rubrum Hughes (obtained
from G. Sojka, Indiana University, Bloomington,
Ind.).
R. rubrum was grown in tryptic soy broth (Difco)

and maintained on tryptic soy agar (Difco). Trans-
fers to broth cultures were made from single colo-
nies. For vegetative growth of the bdellovibrios, R.
rubrum was grown to late exponential phase in
tryptic soy broth, harvested by centrifugation at
5,000 x g, washed once by centrifugation in dilute
nutrient broth (17) supplemented with 0.002 M
CaCl2 and 0.003 M MgCl2, and suspended in dilute
nutrient broth. The washed suspension of R. rub-

rum in dilute nutrient broth was inoculated with a
10% (vol/vol) inoculum of a Bdellovibrio sp. strain
W lysate and incubated at 30°C in a shaker incu-
bator at 150 rpm for 12 to 18 h until lysis of the prey
was complete. Bdellovibrio sp. strain W was main-
tained as lysates at 4°C or as plaques f6rmed when
plated by the double-layer agar overlay method (4)
onto peptone-yeast extract agar (1) supplemented
with R. rubrum.
Encystment. For encystment of the bdellovibrios,

R. rubrum was grown in tryptic soy broth to station-
ary phase, harvested by centrifugation at 5,000 x g
and resuspended in 0.05 M potassium phosphate
buffer, pH 7.5. Encystment conditions were as de-
scribed previously (19). Cultures containing 2 x 109
cells per ml each ofR. rubrum and Bdellovibrio sp.
strain W in 0.05 M potassium phosphate buffer (pH
7.5) were incubated at 30°C in a shaker incubator at
150 rpm for 24 h. The resulting bdellocysts were
purified by treatment with 0.02% Triton X-100 for 30
min at room temperature (22 to 25°C) to lyse vegeta-
tive bdellovibrios. This treatment resulted in no
noticeable effect on either the morphology or viabil-
ity of bdellocysts. Bdellocysts were harvested by
centrifugation at 5,000 x g, washed five times by
centrifugation with distilled water, and resus-
pended in distilled water. Bdellocyst suspensions
were stored at 4°C until needed. Extended storage
(up to 4 months) under these conditions had little,
if any, effect on germinability or viability of bdello-
cysts.
Germination. Bdellocysts were germinated in

peptone-yeast extract broth (pH 8.0) at 35°C.
Preparation of cells for electron microscopy. For

negative staining, 1-ml samples of either encysting
or germinating cultures were withdrawn at inter-
vals, and aqueous glutaraldehyde (Polysciences)
was added to a final concentration of 1%. Samples
were placed on carbon-stabilized Formvar-coated
300-mesh copper grids (Ernest F. Fullam, Inc.) for 1
to 2 min, and excess liquid was removed with filter
paper. Grids were allowed to air-dry and then were
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negatively stained with 0.5% aqueous uranyl ace-
tate (pH 4.0) for 1 min. The stain was absorbed to
dryness with filter paper.
To prepare cells for thin sectioning, 10-ml sam-

ples were taken at intervals, prefixed by addition of
1 ml ofaqueous 1% OsO4, and harvested by centrifu-
gation. Samples were then fixed according to a mod-
ification of the method of Kellenberger et al. in
Veronal buffer (pH 6.1) containing 1% OsO4 and 1%
tryptone (10) for 2 h at room temperature. Samples
were postfixed in 0.5% aqueous uranyl acetate for 2
h, dehydrated in a graded acetone series, embedded
in a mixture of Epon 812 and 815 (3), and polymer-
ized at 60°C for 22 h.
Thin sections were cut with an LKB Ultrotome

(Stockholm, Sweden) with a diamond knife,
mounted on 400-mesh copper grids and stained with
lead citrate (13) for 30 s. All preparations for elec-
tron microscopy were observed through a Philips
EM 200 electron microscope operated at 60 kV.

RESULTS
Encystment. Under the proper conditions,

Bdellovibrio sp. strain W will attack and pene-
trate its prey, but instead of growing vegeta-
tively, it will develop into a dormant cell,
termed a bdellocyst (19). Ultrastructural
changes that occurred during encystment are
shown in Fig. 1. Samples for electron micros-
copy were taken at hourly intervals after mix-
ing bdellovibrios and prey. By 2 h after mixing,
the bdellovibrio had penetrated the prey cell
wall and was positioned in the periplasmic
space between the prey cell wall and cytoplas-
mic membrane (Fig. la). It was noted that the
prey cell did not become swollen upon infection
by the bdellovibrio; this was usually the case
during bdellovibrio vegetative growth. At this
stage, the bdellovibrio cell measured approxi-
mately 0.25 ,um in diameter and 0.8 am in
length (comparable to the size of most vegeta-
tive bdellovibrios prior to infection).

Inclusion material was present at this early
stage of encystment. These inclusion bodies
were rarely observed in vegetatively growing
bdellovibrios. After 3 to 4 h postinfection (Fig.
lb), the encysting bdellovibrio protoplast had
increased in diameter, and a thin layer of elec-
tron-dense material had been deposited outside
the bdellovibrio cell wall (Fig. lc). This outer
layer was approximately 5 to 10 nm thick. As
encystment progressed, the outer layer in-
creased in thickness, becoming 25 to 30 nm
thick after S h (Fig. Id). During encystment
there was an invagination of the original bdel-
lovibrio wall and of the adjacent cytoplasmic
membrane on the concave side of the kidney-
shaped bdellocyst (Fig. lb and d). During the
latter stages of encystment, the outer layer of
the encysted bdellovibrio appeared to be inti-

mately associated with the prey cell wall (Fig.
Id). Even after mild sonic treatmnent to remove
the prey ghost from the mature bdellocysts,
remnants ofthe prey wall remained attached to
the outer bdellocyst layer.
The cytoplasm of the encysting cell began to

increase in electron opacity 4 to 5 h after infec-
tion (Fig. Id), and by 11 h the cytoplasm was
considerably more electron dense, and the nu-
clear area was more compact than in vegetative
cells (Fig. 2).
Germination. Ultrastructural changes oc-

curring during germination were observed in
both negatively stained preparations and thin
sections. Samples were taken 0, 15, 30, 45, 60,
75, and 90 min after germination was initiated
by suspending the bdellocysts in peptone-yeast
extract broth. The first noticeable morphologi-
cal change occurred after 15 to 30 min, when
the outer bdellocyst layer began to expand and
appeared fibrous and less dense (Fig. 3). During
these initial stages of germination, the inclu-
sion bodies assumed an irregular shape and
possessed an increased affinity for the heavy
metal stain. The gerninating cell also ap-
peared to have expanded somewhat, due to the
disappearance of the cell wall invaginations
present in mature bdellocysts. At this stage of
germination, the cytoplasm was still electron
dense, and the nuclear areas remained com-
pact. At 45 to 60 min, the bdellocyst outer layer
was further broken down, becoming less dense
and appearing looser and more fibrous in struc-
ture (Fig. 4), and the prey cell wall became
separated from the gerninating cell (Fig. 4).
The nuclear regions expanded, occupying a
large portion of the cell, and the inclusion bod-
ies assumed a highly irregular, multilobed ap-
pearance.
Subsequent to these gernination events, out-

growth began with the cell increasing in length
and producing an "S"-shaped cell, and finally
emerging from the ghost of the prey (Fig. 5).
After exposure to germination conditions for 90
min, most of the germinants gained motility
and emerged from the prey ghost as highly
motile vegetative bdellovibrios. Figure 6 shows
a thin section of a fully germinated bdellocyst;
essentially all of the bdellocyst outer layer ma-
terial is gone. The ultrastructural appearance
was similar to that of most free-living bdellovi-
brios, except that some inclusion material was
still present.

Stages of germination and outgrowth as seen
with negatively stained preparations corrobo-
rated the sequence of events deduced from thin
sections (Fig. 7). A mature bdellocyst sur-
rounded by its prey ghost is shown in Fig. 7a.
As germination and outgrowth took place, the
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FIG. 1. Electron micrographs ofthin sections ofBdellovibrio sp. strain W during encystment in R. rubrum.
(a) After penetration of the prey (2 h after mixing), the bdellovibrio is positioned in the periplasmic space
between the prey cell wall (PCW) and prey cytoplasmic membrane (PCM). Inclusion bodies (In) are present in
the bdellovibrio. (b) At 3 to 4 h after mixing bdellovibrios and prey, a thin layer ofamorphous electron-dense
material was laid down around the encysting cell (arrow). (c) Higher magnification of a portion of (b)
showing the outer layer (OL), which lies just outside the bdellovibrio cell wall (CW). (d) At 5 to 6 h after
mixing, the outer layer (OL) has increased in thickness and is intimately associated with the prey cell wall
(PCW). Bar represents 0.1 pm.
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FIG. 2. Electron micrograph ofa thin
mature bdellocyst taken from a culture o
bdellovibrios 11 h after mixing bdellov
prey. Prior to fixation for electron micr4
bdellocysts were sonically treated briefly
the prey ghost. The cell wall (CW) of
surrounded by a thick amorphous elec
outer layer (OL). Inclusions (In) are pre
bdellocyst. Bar represents 0.1 pm.

cell elongated (Fig. 7b) inside the p
and finally emerged as a freely moti
tive bdellovibrio (Fig. 7c). This seqi
also been observed by phase-contra:
copy (19). The outer layer from whic
minant emerged is the remains of th4
(Fig. 5).

DISCUSSION
Our observations of the mor

changes accompanying encystmenti
vibrio sp. strain W agree with those
Hoeniger et al. (8). After penetratio:
periplasmic space of its prey, the
Bdellovibrio accumulated inclusion

This inclusion material was not observed in
Bdellovibrio sp. strain W grown vegetatively.
In addition, the encysting cell increased in size
as an outer layer of amorphous electron-dense
material was laid down outside the cell. This
outer layer increased in thickness, reaching a
maximum thickness of about 30 nm 5 h postin-
fection. During this time, the cytoplasm ap-
peared more electron dense, the nuclear areas
appeared more compact than in vegetative
cells, and the inner wall and adjacent cytoplas-

I mic membrane invaginated.
During germination of bdellocysts, the outer

layer is uniformly broken down followed by
c outgrowth of the cell. As the outer layer is
C W dissolved, the germinant emerges from its prey

ghost as an actively motile cell. During the
initial germination events, the inclusion mate-
rial also appears to be changing. As suggested
by Hoeniger et al. (8), these inclusion bodies
may be storage granules, which are being mo-
bilized for germination and outgrowth. How-
ever, neither the chemical composition nor the
function(s) of these inclusions is known at this
time.

Bdellocysts are structurally distinct from
resting forms of other bacteria in that they are
not surrounded by an impermeable barrier,
such as a spore coat, in addition to the amor-
phous outer layer. Instead, they are surrounded
by the prey cell wall and remain quite permea-
ble. It appears that the prey cell wall is tightly
bound to the bdellocyst outer layer, since it is
not entirely removed with the rest of the prey

section ofa ghost upon sonic treatment. The function, if
1f encysting any, of this residual prey wall is not known at
)ibrios and this time. However, the sequence of gross mor-
topreymotve phological changes that occurrs during both en-

the cyst is cystment and germination parallels that found
ctron-dense in most other spore- and cyst-forming bacteria.
?sent in the During development of the dormant cell, these

morphological changes include: (i) the deposi-
tion ofa thick layer of amorphous material just
external to the dormant cell wall (e.g., the

irey ghost cortex of endospores [9, 12, 14, 18, 20] and the
le vegeta- intine of Azotobacter cysts [5, 15, 21]); (ii) the
uence has appearance of inclusion material (5, 15); and
st micros- (iii) the increase in electron density of the cyto-
h the ger- plasm and decrease in size ofthe nuclear region
e prey cell (9, 14, 18, 20, 21). During germination, the

events of development of the resting bodies are
essentially reversed: the amorphous material
surrounding the core of the dormant cell ex-

phological pands, becoming fibrous and less dense and
of Bdello- appearing to be uniformly broken down; and
made by the germinating cell swells with the concomi-

n into the tant expansion ofthe nuclear material (6, 7, 11,
encysting 14, 16, 18, 20, 21). Any storage material present
material. also appears to be mobilized during germina-

J. BACTERIOL.
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FIG. 3. Section through a germinating bdellocyst exposed to germination conditions for 30 min. The outer
layer (OL) has expanded and has become fibrous and less dense. Inclusion material (In) has become irregular
in shape and has retained some of the lead citrate stain. Bar represents 0.1 pm.
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FIG. 4. Thin section through germinating bdellocyst after exposure to germination conditions for 45 to 60
min. The outer layer (OL) has continued to break down and appears loose and fibrous in structure. The prey
cell wall (PCW) is separated from the germinating cell. The cytoplasm is less dense, and the nuclear material
(N) has expanded. Bar represents 01 pm.
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FIG. 5. Thin section through a germinated bdellocyst during outgrowth and emergence from the prey
ghost. The samples were taken from electron microscopy after bdellocysts had been exposed to germination
conditions for 75 min. Small amounts ofouter layer (OL) material still cling to the germinant. PCW, Prey cell
wall; In, inclusion; BCW, bdellovibrio cell wall. Bar represents 0.1 pm.

FIG. 6. Section through a fully germinated bdellocyst. The samples were taken for electron microscopy
after bdellocysts had been exposed to germination conditions for 90 min. BCW, Bdellovibrio cell wall; BCM,
bdellovibrio cytoplasmic membrane; In, inclusion. Bar represents 0.1 pm.
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FIG. 7. (a) Negatively stained mature bdellocyst surrounded by its prey ghost. (b) Negatively stained
germinating bdellocyst after exposure to germination conditions for 60 min. PG, Prey ghost. (c) Negatively
stained fully germinated bdellovibrio showing the typical convoluted surface and a single-sheathed polar
flagellum. Bar represents 0.1 pm.
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tion (21). The germinant then continues to out-
grow and emerges from an outer layer (e.g., the
spore coat of endospores [6, 7, 11, 14, 16, 18, 20]
and the exine ofAzotobacter cysts [15, 21]).
That these general changes occur during en-

cystment and germination of bdellocysts is
strongly supported by the electron microscopic
observations reported here. We do not propose
that events during the formation and germina-
tion of "resting bodies" are analogous in all
bacterial cryptobiotic systems, but simply that
ultrastructural changes during bdellocyst de-
velopment and germination do not differ signif-
icantly from those found in other, better known
systems.
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