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A comprehensive ultrastructural analysis of sporulation and parasporal crys-
tal development is described for Bacillus thuringiensis. The insecticidal crystal
of B. thuringiensis is initiated at the start of engulfment and is nearly complete
by the time the exosporium forms. The crystal and a heretofore unobserved
ovoid inclusion develop without any clear association with the forespore septum,

P

ium, or - These observations contradict previous hypotheses

that the crystal is synthesized on the forespore membrane, exosporium, or
mesosomes. Formation of forespore septa involves densely staining, double-

brane-bound, vesicular mesosomes that have a bridged appearance. Fore-
spore engulfment is subpolar and also involves mesosomes. Upon completion of
engulfment the following cytoplasmic changes occur: decrease in electron den-
sity of the incipient forespore brane; loss of bridged appearance of incipient
forespore membrane; change in stainability of incipient forespore, forespore, and
mother cell cytoplasms; and alteration in staining quality of plasma membrane.
These changes are involved in the conversion of the incipient forespore into a
forespore and reflect “commitment” to sporulation.

Bacillus thuringiensis is a rod-shaped, aero-
bic, sporeforming bacterium uniquely charac-
terized by the production, during the sporula-
tion cycle, of one or more proteinaceous para-
sporal crystals. The organism is distinguished
from other bacilli such as B. cereus by its patho-
genicity for larvae of Lepidoptera, which is at-
tributed to the proteinaceous crystal (2). In ad-
dition to insecticidal properties, the protein ap-
parently is capable of regressing tumors (26)
and enhancing the overall immune response in
mammals (27).

Found to be glycoprotein (L. A. Bulla, Jr.,
K. J. Kramer, D. B. Bechtel, and L. I. David-
son, in D. Schlessinger [ed.], Microbiology —
1976, in press), the crystal is formed outside
the exosporium during stages III to VI of sporu-
lation. Electron microscope studies of the pro-
teinaceous crystal primarily have been con-
cerned with its physical arrangement. The sur-
face was examined using metal-shadowed prep-
arations (11) and carbon replicas (18). X-ray
diffractograms provided the crystal unit cell di-
mensions (15), and thin sections revealed the
internal structure (24) from which Norris (23)
constructed a hypothetical crystal model. Nega-
tively stained and freeze-etched samples pre-
pared by Norris (23) corroborated the crystal
model originally proposed by Holmes and
Monro (15).

Although there have been several develop-
mental studies of B. thuringiensis reported (1,
29, 32), a comprehensive ultrastructural analy-
sis of the sporulation cycle involving parasporal
crystal formation in this organism has not been
published. Our study provides an overview of
B. thuringiensis spore and crystal morphogene-
sis and describes certain aspects of the sporula-
tion process that are unique to this organism.
Particularly, evidence is presented for involve-
ment of vesicular mesosomes in the formation
of forespore septa and of forespore membrane.
Also, our data contradict the hypotheses that
the crystal is synthesized and assembled on
forespore membrane (8) or on the exosporium
(33, 34).

MATERIALS AND METHODS

Organism and cultural conditions. B. thuringien-
sis strain HD-1 was isolated from Dipel, a commer-
cial ingecticide manufactured by Abbott Laborato-
ries, North Chicago, Ill. The strain (HD-1) used in
this study has been identified as B. thuringiensis
subsp. kurstaki by H. de Barjac, Institut Pasteur,
Paris, France, and is the most toxic for lepidopteran
insects. Spore stocks of HD-1 were maintained on
modified GYS (21) agar slants at 4°C. Spores, heat-
shocked for 30 min at 80°C as previously described
(22), were used to inoculate 50 m) of prewarmed
(28°C) modified GYS medium contained in a 260-ml
Erlenmeyer flask aerated by rotary agitation at 200
rpm. Midexponential cells (10% inoculum) were
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transferred three times in the GYS medium main-
tained at 28°C to obtain. synchronously dividing
cells. The cells were harvested at midexponential
phase by centrifugation at 4°C, and the pellet was
suspended in 50 ml of cold GYS medium. The sus-
pension was then equally distributed among five
250-m] Erl yer flasks taining 50 mi of pre-
warmed (28°C) GYS medium. The cells were incu-
bated in this medium at 28°C with rotary agitation
at 200 rpm. Samples (10 ml) of the 50-ml cultures
were removed at 30-min intervals, quickly chilled,
and centrifuged at 4°C. Sporulation was monitored
by phase-contrast and electron microscopy. Greater
than 85% of the cells reached stages 1l and IV
synchronously.

Electron microscopy. The pellets were suspended
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on a Porter-Blum MT-2b ultramicrotome, stained
with lead citrate (28), and examined in a Philips
EM 201 electron microscope operated at 60 kV. Se-
rial sections, 150 nm thick, were placed on slotted
grids previously coated with Formvar and carbon
and examined in the microscope at 100 kV.

RESULTS

Overview of sporulation. There are certain
sporogenic events, excluding crystal formation,
that are unique to B. thuringiensis subsp. kur-
staki although the overall pattern of sporula-
tion in this organism is similar to that of other
bacilli (4, 6, 16, 25). The sequence of spore de-

lop t and parasporal erystal formation in

in 4% glutaraldehyde in 0.01 M phosphate-buffered
saline at pH 7.2 for 5 min at 4°C. The bacteria were
pelleted at 2,000 rpm and suspended in warm (55°C)
2% water agar. The agar was immediately cooled to
4°C, cut into 1-mm cubes, and placed into fresh cold
fixative for 1 h. Samples were washed four times in
cold buffer for a total of 80 min. After washing, the
bacteria were postfixed in buffered 1% 030, at 4°C
for 1 h. Samples were washed in double-distilled
water for 30 min and stained overnight in 0.5%
aqueous uranyl acetate. The bacteria were dehy-
drated by passing them through a graded acetone
series and embedded in either Epon 812 (20) or Spurr
resin (35). Samples were cut with a diamond knife

B. thuringiensis is diagramed in Fig. 1 and is
summarized here according to the conventional
sporulation stages: stage I (7 h), axial filament
formation in which there is no apparent in-
volvement of mesosomes with the nucleoid;
stage II (7 to 8 h), forespore septum formation
involving mesosomes; stage III (8 to 9 h), en-
gulfment with mesosome involvement, first ap-
pearance of ovoid inclusion and parasporal
crystal, change in stainability of membranes
and cytoplasm, and formation of forespore;
stages IV to VI(9 to 12 h), formation of exospo-

Fic. 1. Diagramatic sch of sporuli

in B. thuringiensi: bbreviati

; CW, cell

. ) M,
wall; PM, plasma membrane; AF, axial filament; FS, forespore septum; IF, incipient forespore; Ol, ovoid
inclusion; PC, parasporal crystal; F, forespore; IM, inner membrane; OM, outer membrane; PW, primordial
cell wall; E, exosporium; LC, lamellar spore coat; OC, outer spore coat; C, cortex; IMC, incorporated mother
cell cytoplasm; S, mature spore in an unlysed sporangium.
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rium, primordial cell wall, cortex, and spore
coats accompanied by transformation of the
spore nucleoid; stage VII (post-12 h), spore mat-
uration.

Forespore septum formation — stage 11 (7 to
8 h). The forespore septa were initiated imme-
diately after stage I and were recognizable as
invaginations of the plasma membrane at sub-
polar regions of the cell (stage II, 7 to 8 h; see
arrowhead, Fig. 2a). M were as
ated with the invaginations and were preva-

forespore membrane also lost its mesosome-like
appearance and was transformed into the inner
and outer forespore membranes (compare Fig.
3b and c). A second significant change was in
the staining qualities of the mother cell (spor-
angial) and forespore cytoplasms. The sporan-
gial cytoplasm of cells that had completed en-
gulfment stained more heavily and appeared
more granular than either the cytoplasm of
forespores or cells not having completed the
process (compare cells in Fig. 3a). A third, less

lent throughout forespore septum devel

(Fig. 2a and b). Upon completion of the septum

the area of cytoplasm destined to be incorpo-
rated into the forespore was termed the incipi-
ent forespore (Fig. 2b and c). The forespore
septum was easily distinguished from the vege-
tative division septum because the former
lacked visible cell wall material and was simi-
lar in appearance to mesosomal membranes.

Engulfment —stage III (8 to 9 h). Once the
forespore septum was complete, engulfment of
the incipient forespore commenced. The septum
characteristically formed an apex pointed to-
ward the mother cell cytoplasm (see arrow, Fig.
2¢). This phenomenon was followed by the
movement of the junction of the forespore sep-
tum and plasma membrane toward one pole of
the cell. The movement was generally greater
on one side and resulted in subpolar rather
than polar engulfment. Mesosomes were pres-
ent at the junction of the septum and plasma
membrane during engulfment (Fig. 2d). Subpo-
lar engulfment by B. thuringiensis is typified
in both cross- and longitudinally sectioned cells
(Fig. 2e and f).

Completion of engulfment occurred when the
septum became detached from the plasma
membrane, isolating the incipient forespore
from the mother cell cytoplasm. Immediately
after septum detachment, several changes oc-
curred which lead to development of the fore-
spore. One of the most noticeable changes was
the decrease in electron density of the incipient
forespore membrane (Fig. 3a). The incipient

ge occurred in the appearance
of the plasma membrane. Prior to engulfment
the plasma membrane was irregular and not
distinctly trilaminar (see cell A, Fig. 3d), After
engulfment, however, the membrane was dis-
tinctly trilaminar, with the outer electron-
dense portion being thicker than the inner one
(see cell B, Fig. 3d).

Spore wall development—stages IVte VI(8
to 13 h). Spore wall d t is
rized diagrammatically i in Flg 4 and is detailed
in Fig. 3e to i and 5d. The primordial cell wall
was the first part of the spore wall to form and
was secreted between the inner and outer fore-
spore membranes (stage IV, 8 to 9 h; Fig. 3e and
f). Concomitant to primordial cell wall appear-
ance, electron-d fibrous appe:
with the spore nucleoid (Fig. 3e and g); also the
mother cell nucleoid began to fragment (Fig. 3g
and 5b and c). As the primordial cell wall was
secreted, ribosome-like spherical particles be-
came aligned along the lateral sides of the spore
where the lamellar spore coat was: initiated
(arrowheads, Fig. 3h) and remained attached
during develop t of the lamellar coat (stage
V, 11 to 13 h; arrowheads, Fig. 3i and 5d). While
the lamellar coat was being formed, three other
modifications also occurred: (i) the electron-
dense, fibrous spore nucleoid (Fig 3e and g)
became an electron-transp h
structure (Fig. 5d); (i) the pnmordml cell wall
thickened (Fig. 4); and (iii) the exosporium en-

" gulfed the spore (Fig. 5d).

After the primordial cell wall had attained

F1a. 2. Forespore se; di t and engulfy

in B. thuringiensis. (a) Forespore septum develop-
(M) closely associated, whereas upper

ment during stage Il. Lower sep (FS) has

g

(arrowhead) is still repr as an i i
P 8

campleled forespore septa (FS) that have isolated the i

ti x67,500. Bar = 0.25 pm. (b} Two newly
ient forespore cytopl (IF) from the mother cell

b (MC). Note (M) still conti

with septa. x54,000. Bar = 0.25 pm. (c) Initiation of

engulfmznl (stage III). Forespore septum extends (arrow) toward mother cell center (MC) forming oval
incipient forespore (IF). x61,500. Bar = 0.25 um. (d) Stage I cell showing pr of M)

at one junction of engulfment membrane. Note that

Ifi b are 1 with p

b at several locations (arrows). IF, Incipient fo;:pon x61 ,500 Bar = 0.25 pm. (e) Cross section

of engulfment membranes on lateral side

through cell containing incipient forespore (IF) sh

itudinal section through subpolar engulfment (stage

of cell (arrowheads). x67,500. Bar = 0.25 um. (f) L

1) of incipient forespore (IF). Note subpolar attachment of engulfment membmne to plasma membrane

(arrowheads). x38,200. Bar = 0.5 um.
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maximum thickness, the cortex developed
(stages IV to VI, 11 to 12 h) between the primor-
dial cell wall and the outer forespore membrane
(Fig. 4). After cortex and lamellar spore coat
development, the outer fibrous spore coat
formed. The mature lysed spore (stage VII) has
several distinct layers. Beginning with the in-
ner membrane (see Fig. 4) they are as follows:
primordial cell wall, cortex, outer membrane,
incorporated mother cell cytoplasm, lamellar
spore coat, outer fibrous spore coat, and the
exosporium,

Parasporal crystal development —stages I11
to VI (8 to 12 h). The parasporal crystal of B.
thuringiensis was observed first during engulf-
ment (stage III, 8 h; Fig. 5a) and possessed
crystal lattice fringes at this early stage of de-
velopment. The crystal was almost full-sized by
the time the exosporium appears (stage IV, 9 h;
Fig. 1 and 5b and c). An ovoid inclusion devel-
oped simultaneously to crystal appearance
(Fig. 3e and 5b and c). Some cells lacked this
inclusion, however, as evidenced in Fig. 5a.
The ovoid inclusion was easily distinguished
from the diamond-shaped parasporal crystal in
that it lacked crystal lattice fringes and always
appeared oveid. More than one crystal can de-
velop within a cell, but only one ovoid inclusion
per sporangium was ever observed. Several dif-
ferent types of crystal lattice shapes were seen;
many parasporal crystals lacked lattice fringes.
The distance between the parallel lattice
fringes is 8.9 nm. Both the parasporal crystal
and ovoid inclusion were not consistently asso-
ciated with a specific structure. Serial sections
(not shown) reveal that the crystal was not

ted to nes or to branes of the
incipient forespore, forespore, or exosporium.
Although in some micrographs there appears to

. be an association of the crystal with the fore-

spore membrane, serial sections revealed that
the parasporal crystal and forespore were al-
ways separated by cytoplasm.

DISCUSSION

One of the most striking aspects of B. thurin-
giensis sporogenesis is the synthesis of the par-
asporal crystal. Our study reveals that the crys-
tal is initiated during engulfment and is vir-
tually full sized by the completion of this proc-
ess. The lattice fringes observed during its for-
mation support the view that this body is pro-
gressively assembled from subunits to ulti-
mately produce a crystal that refracts light
(30). The absence of crystal lattice images in
some crystals and the variation of images in
others are probably the result of the angle of
the crystal axis to the electron beam (17). Ka-
neko and Matsushima (17) demonstrated that
by changing the axis of B. subtilis crystals in
the electron beam, they were able to show var-
ious lattice shapes within the same crystal. We
observed a similar phenomenon with B. thurin-
giensis crystals (micrographs not shown). The
ovoid inclusion observed in this study has not
been reported before for B. thuringiensis. Its
general appearance suggests that it is not of the
same composition as the crystal because it does
not display crystal lattice fringes and usually
stains differently from the crystal. Whether the
ovoid inclusion possesses insecticidal properties
is not known,

F16. 3. Forespore and spore wall formation in B. thuringiensis. (a) Comparison of cells undergoing
engulfment (A) and those that have completed engulfment (B). Note that incipient forespore cytoplasm (IF)
and mother cell cytoplasm (MC) of cell A stain differently than the cytoplasms of either the forespore (F) or

membranes. x34,000. Bar = 0.5 wm. (b) High

mother cell of cell B. Also observe the change in stainability of forespore membranes and engulfment

If membranes (G). Note dense

of engulf
staining and bridged appearance. IF, Incipient forespore. x235,000. Bar = 0.05 um. (c) High magnification
of forespore membranes (IM, inner membrane; OM, outer membrane) after engulfment (stage I1I). Note
trilaminar appearance of each membrane. Also, there is a decrease in electron density and a loss of bridged
appearance. F, Forespore. x 225,000. Bar = 0.05 um. (d) High-magnification comparison of cell undergoing
engulfment (A) and one that has completed engulfment (B}, Note differences between plasma membranes
(PM) and staining qualiti of cytopl %93,000. Bar = 0.10 um. (e) Early stage IV cell showing inner (IM)
and outer (OM) membranes with innerspaced primordial cell wall (PW). Observe fibrous regions (Fr) with
the spore nucleoid (SN). Ol, Ovoid inclusion; E, exosporium. x72,500. Bar = 0.1 um. (f) High magnification
of spore (8) showing developing primordial cell wall (PW) between inner (IM) and outer (OM) membranes.

PM, Plasma membrane; CW, cell wall. x120,000. Bar

= 0.10 pm. (g) Low magnification of sporulating cell

(stage IV). Observe nucleoid completely transformed into fibrous region (Fr) and fragmentation of mother cell
nucleoid (N). Note well-devel, ped parasporal crystal (PC) near newly initiated exosporium (E). x22,500. Bar
: o,

= 0.5 um. (h) High magnifi

ping spore (S) showing thickened primordial cell wall (PW)

between inner (IM) and outer (OM) membranes. Note ribosome-like particles lined up in region where
lamellar spore coat will develop (arrowheads). x215,000. Bar = 0.05 pm. (i) High magnification of spore (S)
as lamellar spore coat (LC) develops. Note ribosome-like particles (arrowheads) on outer surface of lamellar
spore coat (LC). Outer membrane (OM) is observed in oblique section. IM, Inner membrane; PW, primordial
cell wall; PM, plasma membrane; CW, cell wall. x170,000. Bar = (.10 um.
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The unique subpolar type of engulfment ex-
hibited by B. thuringiensis is in contrast to the
polar kind described for other sporeforming ba-
cilli (4, 7, 13, 16, 25, 37). Moreover, the large
numbers of vesicular mesosomes accompanying
the engulfing membrane is unlike the single
large mesosome (usually morphological type II
or IX according to the categorization of Ghosh
[10]) associated with engulfment of some other
bacilli (4, 7, 12-14, 16, 25). We also observed the
vesicular mesosomes (type VIII after Ghosh) of
B. thuringiensis in cloge association with cell
division septa (unpublished data) as well as
with sporulation septa. They stain densely, are
double layered, and are not distinctly trilami-
nar. Ellar and Lundgren (6) described vesicular
areasinB. cereus that apparently functioned in
forespore septum formation.

Some variation in morphological types of
mesosomes has been shown to be greatly af-
fected by fixation procedures (10). Aldehyde fix-
ation (used in this study) tends to reveal meso-
somal membranes as being “bridged”; such a
structural arrangement usually is not retained
with osmium tetroxide fixation (10). For B. thu-
ringiensis fixed in aldehyde, the mesosomes,
the terminal ends of cell division septa, the
forespore septa, and the engulfment mem-
branes all appeared as bridged. Holt et a). (16)
fixed B. sphaericus in aldehydes and observed
lamellar mesosomes without the bridged ap-

4

F1c. 4. Diagrammatic scheme of spore wall elaboration in B. thuringiensis. Symbols same as for Fig. 1.

pearance. Presumably, the difference in alde- |
hyde fixation qualities between the mesosomes |
of B. thuringiensis and B. sphaericus indicates i
that the mesosomal membranes of these two
organisms are different. Whether the meso-
somes of B. thuringiensis are morphologically |
distinct from those of the other bacilli reported i
will probably be resolved by freeze-etching. Be- .
cause the mesosomes and the septa and engulf- |
ment membranes of B. thuringiensis all |
stained similarly and because of the close asso- |
ciation of mesosomes and septa, we believe that

there is a direct involvement of mesosomes in

the synthesis of membrane during cell division

and sporulation. However, our studies showed

no physical relationship between mesosomes |
and developing crystals as did Kaneko and i

Matsushima (17) for B. subtilis.

The ultrastructural changes that occurred
within the sporulating cell after completion of

engulfment could not be related to crystal for-
mation. The dramatic loss of electron density in
the incipient forespore membrane probably re-
sulted from its transformation into two distinct
trilaminar layers (see Fig. 3atoc). Highton (14)
observed a similar reduction in electron density
of the forespore membrane of B. cereus 569H/
24. We have observed that B. thuringiensis

cells that have reached this particular stage of

sporulation are incapable of returning to vege-
tative growth (unpublished data) and, there-

4
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Fia. 5. Crystal development in B. thuringiensis. (a) Sporulating cell (atasge "II{u u'uth mmo:“h

(PC) at opposite end of incipient forespore (IF). x34,800. Bar = 0.5 am. %) § porlé - la"lelhe e ) e

eosportum (B)ane frgmentior abore (F)z o leoid ?A?)"d 5’;0‘33’ '3.,',’""3’2’ :ni (c) Sporulating cell (stage

i fre i other cell nucleoi . X22,000. =0.5 pm. (c ‘

) ;ut;l.;:r(ubz)ao::l ’ciy:ml (PC; :: the opposite end of forespore (F) and ovonz:‘r'wlum;ln ((.Ouze Ei‘f}’::aml; ‘

N, fragmenting mother cell nucleoid. x2.‘:,?00. Bm ??o r‘-‘:uli;nédc)mslp:t:r‘u . l‘r:ge :eof g (8): Nete that

e o (53 hoa, Iamellar apare coot (arrou id (SN) has been transformed into an
) i 1 the spore and that the spore nycl'emd (S 4 o

mﬁ:ﬁ:ﬁ;ﬁzﬁz&f%ﬁr;ﬁmsmml crystal (PC) and ovoid inclusion (OI) are near their maximum

size. %29,500. Bar = 0.5 um.

h in the mol structurg of the mebr_r;-
branz, which consequently alters its permeabil-
ity (14). Freeze et al. (9) demonstrated diminu-
tion of the membrane-associated glucodé-phos-
phoenolpyruvate tramfergge system aftér vege-
tative growth of B. subtilis. Lang and Lund-

fore, we conclude that the decrease in electron
density of the forespore membrane reﬂe?ts
“commitment” to sporulation. Whether the in-
creaged electron density and granulation of the
mother cell (sporangial) cytoplasm is character-

isti or reflects a change in beili -
mlgsm:f r::;el?:::zepermeability or both is not gren ( 19) Fhowed qu.a.nht:]hvg ch:nges h:l i;l:l’:f
ll: The increase in density of the outer brane lipid composition during spoi o of

n:tv'":n. of the pl brane upon pl B. cereus. Also, Bulla et al. (3) om:vactivi-
ri?)nlzf engulfrrnent has been interpreted as a  repression of membrane-bound enzym
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