J. Microbiol. Biotechnol. (2001), 11(6), 1106-1110

J O U
MICROBIOLOGY

AND
BIOTECHNOLOGY

© The Korean Society for Applied Microbiology

R N A L O F

Electron Microscopic Evidence of Parasporal Crystal Inclusion Biogenesis

in Bacillus sphaericus Strain 1593

LEE, YOUNG JU AND HYUNG HOAN LEE*

Department of Biological Sciences, Konkuk University, Seoul 143-701, Korea

Received: May 10, 2001
Accepted: September 10, 2001

Abstract The parasporal biogenesis of crystal inclusion during
the sporulation of Bacillus sphaericus strain 1593 was observed
using transmission electron microscopy. The crystal biogenesis
and sporulation process involved a sequence of events taking
about 10h. The sporulation processes were found to be
similar to previous findings. The crystal biogenesis of B.
sphaericus was initiated at the start of engulfiment and nearly
completed by the time of exosporium formation. The crystal
formation was clearly associated with the outer forespore
membrane from stages III through VI, and the crystals grew
from polypeptide-like chains originated from the outer forespore
membrane. These observations are different from previous
findings, which report no association with the forespore
membrane. The crystals were located adjacent to the outer
membrane of the spore until the release stage. The axes size
of the bipyramidal crystal was approximately 0.25 umx0.42 pm.
During crystal biogenesis, the crystal development could be

classified into four stages; initiation stage C1 (sporulation stage

11I), growth stage C2 (sporulation III to V), envelopment and
maturation C3 (sporulation V to VI), and finally release stage
C4 (sporulation VII).
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Bacillus sphaericus with larvicidal activity against several
mosquito species was first reported by Kellen et al. [21].
The strains of B. sphaericus exhibit various spectra of
activity toward larvae of three major genera of mosquitoes,
Culex, Anopheles, and Aedes [1,34]. The mosquito
pathogeneses of B. sphaericus SSII-1 [28, 30, 34], B.
sphaericus 1593 [5, 7,12, 23, 24, 29, 30, 32], B. sphaericus
strain 2362 [12, 20], and B. sphaericus strain 2297 [6, 37]
have already been extensively investigated and found to
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include insecticidal activity mediated through a proteinaceous
parasporal crystal. The larvicidal crystal is found in close
proximity to the spore enclosed within the exosporium [36,
37], and the crystal formation and sporulation would
appear to be associated processes [9, 19, 37]. The crystals
of B. sphaericus, which are separated from the spores, are
composed of toxic precursor proteins, 110 and 125 kDa [3,
7, 10], and the precursors are activated into approximately
40 kDa to 56 kDa during sporulation [2, 8, 13]. In addition,
there have been several electron microscopic observations
of crystal formations in B. sphaericus strains [5, 11, 13],
however, the detailed continuity of the parasporal crystal
development has not yet been observed. Accordingly, the
current study undertook an electron microscopic visualization
of the parasporal crystal inclusion biogenesis during the
sporulation of B. sphaericus strain 1593. The initial crystal
formation appeared at sporulation stage III, thereafter, the
incipient crystals grew, enveloped, matured, and were then
released from the outercoat of the spore into the cytoplasm
of the cells. During the process of sporulation, the cell
underwent a complete transformation, and the parasporal
events of the crystal development during the sporulation
of the B. sphaericus strain 1593 were studied using
transmission electron microscopy.

B. sphaericus strain 1593 (D. H. Dean, Ohio State
University, U.S.A.) was used in this study. The bacteria
were grown in a nutrient broth (Gibco, Gaithersburg, MD,
U.S.A) for 24 h at 30°C, and 20 ml of the culture was
transferred and cultured in a NYSM broth (nutrient broth
0.9%, yeast extract 0.05%, 0.05mM MnCl,, 0.07 mM
CaCl,, 1.0mM MgClL) [37] for 2days at 30°C with
shaking at 150 rpm. Next, the cultured cells were heated at
80°C in a water bath for 30 min with slight shaking and
then stored at 4°C as a spore stock [22].

Six milliliters of the spore stock solution of B. sphaericus
was inoculated into 194 ml of the NYSM broth, which was
adjusted to an optical density (0.D.) of 0.2 at 600 nm, and
then cultured at 30°C for 17 h with shaking at 150 rpm. At



one-hour intervals, 10 ml of the culture was sampled, the
growth of the cells measured at 600 nm, and the sample
cultures were pelleted at 3,000 xg for 30 min. The supernatants
were discarded and the pellets were fixed in a 2%
glutaraldehyde buffer.

Transmission electron microscopic visualization was carried
out using the modified procedure described by Lee and
Miller [26], Lee et al. [27], and Oh and Lee [31]. The
samples were fixed in 2 ml of 2% glutaraldehyde in a
0.1 M phosphate buffer (pH 7.5) at room temperature for
1 h and then postfixed in 1% osmium tetroxide for another
2h at 4°C. The samples were dehydrated, embedded, and
sectioned. Finally, thin sections were examined using a
Hitachi H-5000 transmission electron microscope at an
accelerating voltage of 75 kV, and micrographs were made
with Agfapan ISO100 film.

The morphological changes occurring during sporulation
in the genera Bacillus have already been observed using
electron microscopy and are conventionally subdivided into
seven stages, 1-VII [4, 15]. The spores of B. sphaericus
1593 were grown in the NYSM medium, and then sampled
cells were measured by a spectrophotometer at an optical
density of 0.2 at 600 nm every hour. The beginning of the
stationary phase of the cell growth started 7 h post-culture
(p.c.), and this time point was determined as the starting
time of sporulation stage 1. Thin sections of the samples
were prepared to determine the crystal development in the
cells during each sporulation stage, and the sequences of
spore development and parasporal crystal biogenesis in the
cells are shown in Figs. 1 to 6.

Sporulation; Certain sporogenic events and the biogenesis
of crystal formation were found to be unique to B.
sphaericus strain 1593, although the overall pattern of
sporulation in the bacteria was similar to that of other
bacilli [16, 17]. The sequence of spore development and
biogenesis of parasporal. crystal development in the
bacteria is summarized in Table 1. In sporulation stage 1
(7 h), the formation of an axial chromatin filament took
place. This observation is consistent with other reports
[4, 5, 10,17,37]. In sporulation stage II (7 to 8h), the
subpolar forespore septum was formed by an invagination
of the cell membrane near one of the ends of the cells, and
the chromatin filament was separated into two chromosomes.
The synthesis of the primary peptidoglycan layers between

Table 1. Sporulation and crystal biogenesis stages of B,
sphaericus 1593.

Events at culture hours

Culwrehours 7 8 9 10 11 12 13 14 15 17

Sporulation IO miIvIVY V VI VI
stages

Crystal biogenesis Cl C2 C2 C2 C2 C3 C3 C4
stages
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Fig. 1. Formatlon of the transverse cell wall during sporulation
and first appearance of the crystalline protein matrix (CM)
during engulfihent of the forespore septum in sporulation stage
III (9-10 h).
The crystalline proteins were attached to the outer forespore membrane on
only one side. CW, cell wall; FS, forespore; IM, inner forespore membrane;
OM, outer forespore membrane; N, nucleoid; PG, peptidoglycan layer. The
size of the crystal matrix was 0.2 pmx0.13 um. Bar indicates 0.4 jum.

two inner and outer membranes of the developing spore
was observed. This gave rise to a septum separating the
forespore and the mother cell, each containing a complete
chromosome |at the end of stage IT (data not shown). In
sporulation stage II, no crystal inclusion was visible.
These results|are consistent with other reports. [4, 37]. In
sporulation stage III (9 to 10 h), the forespore and mother
cell protoplasts synthesized the peptidoglycan between
the two inner and outer membranes of the developing
spore (Fig. 1) Accordingly, at the end of stage III, the
forespore Was enclosed by two membranes. This stage was
morphologically characterized by the engulfment of the
septum, the formation of a free forespore, and primary
crystal formation. The timing of the appearance of the
primary crystz:il is consistent with findings in B. sphaericus
strain 2297 [37] and in B. thuringiensis [4,37]. It was
observed that/the crystalline matrix was parallel, in close
contact with the outer membrane, and produced from the
membrane concomitantly with the formation of the spore
membrane at one area. Yousten and Davidson [37] and
Bechtel and Bulla [4] also found such phenomenon in B.
thuringiensis, where the primary crystal was biosynthesized
at the opposite end of the spore [4]. Bechtel and Bulla [4]
described an additional ovoid inclusion matrix without a
crystalline strﬂcmre in the variety kurstaki.

In sporulatlon stage IV (11 to 12 h), the pnmord1al cell
wall and spore cortex were established between the inner
and outer merlnbranes (Fig. 2). In sporulation stage V (13
to 14 h), the [formation of the layers of the spore coat
became evident (Fig. 3). In sporulation stage VI (15 h), the
completion of ‘the exosporium and the maturation of spores
were witnessed (Figs. 4 and 5). In sporulation stage VII

(16 h), the sp\ores matured, however, they were not yet
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{?ig. 2. Growing crystal and spore in sporulation stage IV (11—
2h).

The spore cortex (CX) and forespore (FS) are formed, surrounded by inner
(IM) and outer (OM) membranes. The crystalline protein matrix (CM) is
apart from the OM at a distance of 0.1 to 0.14 um, yet linked to the outer
membrane by a long polypeptide-like chain (P) derived from the OM. Bar,
0.36 pm.

released from the cells (data not shown). Overall, the
sporulation stages were generally found to be similar to
other bacilli [14, 16, 17], however, B. sphaericus strain
1593 was unique in several points.

Crystal Biogenesis: The crystal development stages
were arbitrarily divided into four stages based on electron
microphotographic observation; C1 (8 to 9 h) ~ initiation

Fig. 3. Growing crystal and spore in sporulation stage V (13—14 h).
The primordial cell walls and cortex are formed. The crystalline protein
matrix (CM) was linked to the outer membrane of the forespore by several
polypeptide-like chains (P) derived from the OM, and partially enveloped
(CE). Abbreviations are the same as for Fig. 2. Bar, 0.3 um.

Fig. 4. Transverse section of sporulating cells in sporulation
stage VI (15 h).

The matured and striated crystals (C) are hanging on the spore outer
membrane (OC) by polypeptide chains (P) derived from the spore outer
coat, Also, the crystals are partially enveloped (CE). The exosporium (EX)
surrounding the spore (S) is completed. IC, spore inner coat; LMC,
lamellar midcoat; PCW, primordial cell wall. Bar is 0.2 um.

stage of primary crystal formation; C2 (10 to 13 h) — growth
stage of primary proteinaceous crystal matrix; C3 (14 to
15h) — enveloping and maturation stage of crystal; and C4 —
(17 h) detaching (release) stage of crystals from the spores
into the cytoplasm. In the initiation stage C1, the crystal
formation was initiated after 8 to 9h of culture and the
primary crystal matrix appeared in sporulation stage IT1
(Fig. 1). The crystalline structure was tightly attached to

g& e
Fig. 5. Matured crystal (C) and spore (S) in longitudinal section
in sporulation stage VI (15 h).
The matured crystals are enveloped (CE), connected to the outer spore

memmbrane (OC) by polypeptide-like chains (P), and regularly striated. Bar,
0.2 um.



the outer spore membrane and striated. The formation of
the crystalline proteinaceous matrix was observed during
engulfment in sporulation stage III, thereafter, the crystalline
polypeptide subunits were progressively stacked and a
matured bipyramidal crystal was finally produced in stage V1.

In the crystal growing stage C2 (sporulation III to V),
the primary crystalline protein structure (CM) grew adjacent
to the outer membrane of the forespore. One side of the
crystalline proteins was attached to the outer membrane
with several polypeptide-like chains derived from the outer
membrane (Fig. 2). The crystal matrixes (CM) were detached
and strung from the outer membrane. This would seem to
indicate that the crystalline polypeptides were produced
from the outer membrane, stacked, and then grew onto the
crystalline main matrix. Using electron microscopy, Labaw
[25] found that parasporal inclusions are constituted with a
regular fine structure, thereby suggesting that the crystals
are composed of subunits. The molecular weight of these
subunits has been estimated at 230 kDa [18]. Yousten and
Davidson [37] and Bechtel and Bull [4] also observed
crystals attached to the outer membrane at this stage,
however, they did not observe any growth of polypeptide-
like chains derived from the outer forespore membrane.

‘In the crystal enveloping and maturation stage C3
(sporulation stages V and VI), the fluffy crystalline matrixes
were mainly attached to the outer membrane of the
forespore and also connected with several polypeptide-like
chains (P) derived from the outer membrane (Fig. 3). The
crystalline matrix, as shown in Fig. 3, was surrounded by
rough edges, however, an envelope-like structure formed
underneath the crystal.

As shown in Fig. 4, B. sphaericus produced more than
one crystal in a cell, one triangular (0.15 um underline and
0:15 um height) and the other a right-angled tetragon
(0.29 umx0.12 um). The two matured crystals remained
connected to the outer coat of the mature spore by
polypeptide-like chains, and the shape of the matured
crystal had sharp edges without fuzzy materials during the
formation of the spore coat layers and the completion of
the exosporium surrounding the spore. Huber and Luthy
[18] reported that each parasporal crystal inclusion body,
surrounded by an envelope, consists of partially crystalline
and amorphous material, while the shape of the inclusions
provides stable characteristics. All crystals were located
near or attached to the outer spore coats and the crystal
matrix proteins were regularly arrayed and formed lattice
structures with envelopes (Figs. 4 and 5). These indicate
that the biogenesis of the crystalline proteins was closely
linked to sporulation. Meanwhile, the parasporal inclusions
revealed regular fine structure, suggesting that the crystals
were composed of subunits. Short ef al. [33] detected
crystal antigens in the spore coat and exosporium. This
fine structure is consistent with the reports by Yousten and
Davidson [37] and de Barjac et al. [13]. In the crystal stage
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C4 (sporulation VII), the matured crystals and: spores were
separated within the cells (data not shown). In this stage,
the cells contammg spores and crystals were not lyzed. In
the separation| stage C4, the parasporal crystal exhibited a
regular fine bipyramidal structure and was enveloped,
suggesting that the crystals were composed of subunits,
and the interior showed a crystalline lattice structure with
striations. Finally, the dimensions of the matured bipyramidal
crystal in the |cell were approximately 0.25 umXO 42 um
(data not shown), whereas the average axes size of a B.

thuringiensis crystal is 0.8%2.0 um [18].

During the ‘sporula‘ﬂon process in B. sphaerzcus strain
1593, the cellsjunderwent a complete transformation and the
developmental events showing the growth of a parasporal
crystal that Wias connected with certain polypeptide-like
chains derived from the outer coat of the spore were
observed usmg transmission electron microscopy. The crystal
was formed dprmg engulfment and was almost complete

by the end of sporulation. The exosporium was formed

during sporula‘tion stage V, therefore, it was not involvedin

the formation (l)f the crystals. The crystal was synthesized on

the outer forespore membrane during sporulation stages II1

to VI, as demonstrated by serial section and numerous

high—magniﬁca:tion micrographs. Accordingly, it is.concluded
that the parasporal crystal of B. sphaericus strain 1593

developed in :four steps; initiation stage C1 (sporulation

stages II to \III), growth stage C2 (stages III to V),
envelopment and maturation stage C3 (stage V to VI), and
finally release ‘stage C4 (stage VII).
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