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ABSTRACT 

 

We have utilized atomic force microscopy (AFM) to visualize the native surface topology 

and ultrastructure of Bacillus thuringiensis and Bacillus cereus spores in water and in air. 

AFM was able to resolve the nanostructure of the exosporium and three distinctive 

classes of appendages. Removal of the exosporium exposed either a hexagonal 

honeycomb layer (B. thuringiensis) or a rodlet outer spore coat layer (B. cereus). 

Removal of the rodlet structure from B. cereus spores revealed an underlying honeycomb 

layer similar to that observed with B. thuringiensis spores. The periodicity of the rodlet 

structure on  the outer spore coat of B. cereus was ~8 nm, and the length of the rodlets 

was limited to the cross-patched domain structure of this layer to ~ 200 nm. The lattice 

constant of the honeycomb structures was ~ 9 nm for both B. cereus and B. thuringiensis 

spores. Both honeycomb structures were composed of multiple, disoriented domains with 

distinct boundaries. Our results demonstrate that variations in storage and preparation 

procedures result in architectural changes in individual spore surfaces, which establish 

AFM as a useful tool for evaluation of preparation and processing “fingerprints” of 

bacterial spores.  These results establish that high-resolution AFM has the capacity to 

reveal species-specific assembly and nanometer scale structure of spore surfaces. These 

species-specific spore surface structural variations are correlated with sequence 

divergences in a spore core structural protein SspE. 
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INTRODUCTION 

 

Atomic force microscopy (AFM) 
1,2

 has emerged as a powerful technique to probe 

structural and physical properties of macromolecular ensembles 
3-10

 and pathogen 

surfaces
11-19

. AFM allows in vitro visualization of high-resolution native spore surface 

structures and their dynamic responses to changes in the environment. We have recently 

applied high-resolution in vitro AFM to the characterization of the surface architecture 

and structure of several species of Bacillus spores 
20,21

. We have characterized the high-

resolution spore coat structure of both fully hydrated and air-dried spores of B. 

atrophaeus 
21

. We have also determined the structural dynamics associated with a change 

in the environment from fully hydrated to an air-dried state 
21

. 

In the present study, we have utilized AFM to characterize the architectural and 

structural features of Bacillus thuringiensis and Bacillus cereus spores. Previous electron 

microscopic studies have identified B. cereus exosporial appendages, spore surface cross-

patched and underlying spore coat honeycomb structures
22-27

. B. thuringiensis contains a 

similar exosporium and honeycomb coat structure, yet lacks the cross patched rodlet 

layer 
22,23,25,26

. These pioneering studies suggested the possibility of species-specific 

spore surface architecture
23

. However, the effects of sample preparation, freeze-etching 

and sectioning on native spore surface structures is unknown, and the described structural 

variations were not correlated with molecular phylogeny. 

We have utilized high-resolution AFM to examine the crystalline layers of native 

B. thuringiensis and B. cereus spore surfaces from both fully hydrated and air-dried 

spores. The B. cereus species is environmentally ubiquitous and can cause bacterimia and 

septicemia, central nervous and respiratory system infections, endocarditis and food 
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poisoning
28

. The insect pathogenic B. thuringiensis species harbors extrachromosomal 

plasmids that encode insecticidal Cry proteins, which are localized in parasporal 

inclusions
29,30

. B. cereus, B. thuringiensis and B. anthracis have been considered by some 

workers to be a single species
31

. Other workers
29 

have suggested that the single species 

concept does not account for the fact that cry gene plasmids have not been found in 

naturally occurring B. anthracis strains and that the natural genetic structure of sympatric 

B. cereus and B. thuringiensis populations were not considered. We demonstrate here that 

there are qualitative differences between the native spore coat surface structures of these 

two “species” that are consistent with previous observations
23

. In addition, we show that 

these ultrastructural variations are correlated with DNA and protein sequence variations 

in a spore structural protein gene sspE 
32

 which has been used to develop a high-

specificity DNA-based assay for B. anthracis that is able to discriminate this species from 

near-neighbor B. cereus and B. thuringiensis strains.  

 

MATERIALS AND METHODS 

Bacterial strains and sporulation conditions. B. cereus T (6A1) and B. thuringiensis 

israelensis (ATCC 35646) were obtained from the Bacillus Genetic Stock Center and the 

American Type Culture Center respectively. Spore preparation and purification was 

performed as previously described
33,34

. For solid phase sporulation 1.5% agar was added 

to Schaeffer’s sporulation medium
35

 and the plates were incubated at 37ºC for B. cereus 

or 30ºC for B. thuringiensis israelensis, until confluent sporulation was achieved.  

DNA preparation and sspE PCR conditions. Genomic DNA was prepared and purified 

using the Easy DNA kit (Invitrogen, CA, USA). PCR primers were designed using the 
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Primer3 algorithm (S. Lincoln, M.J. Daly, E.S. Lander, Whitehead Institute) and their 

sequences are shown in Table 1. The primers were designed to amplify a fragment of 

approximately 340 base pairs containing the entire sspE coding and surrounding 

regulatory sequences. Each 50 µl PCR reaction mixture contained 5 µl 10X Buffer (w/15 

mM MgCl2) (Qiagen), 200 µM of each dNTP (Invitrogen), 25 pm/µl of each primer 

(MWG Biotech), 1.25U AmpliTaq enzyme (Qiagen), and approximately 100 ng of 

template DNA. Amplicons were obtained with a PCR cycling program (Applied 

Biosystems GeneAmp® PCR System 9700) of 94°C for 5 minutes, 35 cycles at 94°C for 

30 seconds, 55°C for 30 seconds and 72°C for 30 seconds.  At the end of thermocycling, 

PCR reactions were incubated at 72°C for 7 minutes. Amplicons were visualized by 

electrophoretic separation on 2% (w/v) agarose (Invitrogen UltraPure™ Agarose) gels 

stained with ethidium bromide (Sigma) at a final concentration of 5x10
-4

 mg EtBr/ml gel 

solution. 

sspE DNA sequence and data analysis.  PCR fragments were purified from 

amplification reactions with QIAquick PCR purification reagents (QIAGEN). DNA 

sequences were obtained from Elim Biopharmaceuticals (Hayward, CA).  The sspE 

sequence data obtained in this work have been deposited in the GenBank nucleotide 

sequence database with accession numbers AF359764-AF359938. Computational 

analysis of DNA sequence data, sequence editing and multisequence alignment were 

performed using DNAstar and Biology WorkBench programs (CLUSTALW alignment 

and TEXSHADE).  

Table 1. PCR primer sequences 
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Primer Sequence (5' to 3')  

Fc2 
AAGTGAATTGGTTACATTATTGATTGT 

Rt2 ATTGGAGAAGTGTTTTTCTTTCA 

 

 

Spore nano-dissection methods and AFM measurements. Removal of the spore 

exosporium and the outer spore coat was conducted using a 20kHz 130W Vibra-cell VC 

130 (Sonics & Materials, Newtown, CT) sonicator with a 3 mm probe. Spore suspensions 

were sonicated in an Eppendorf tube for 5 seconds, interspersed with 20-second cooling 

intervals (4ºC) to prevent excessive heating of the sample. Typically spore samples were 

treated for 10-20 cycles of sonication. During each cycle the sonication amplitude was 

increased from 0 to 30% and subsequently decreased to 0% for the removal of the 

exosporium. For the removal of both the exosporium and the outer spore coat sonication 

amplitudes were typically increased to 50%.  

For AFM imaging droplets of spore suspension (0.5 – 3 µl) were deposited 

directly onto a substrate and were allowed ~5 minutes to settle, after which the sample 

substrate was carefully rinsed with double distilled water. For imaging of air-dried and 

fully hydrated spore samples, freshly cleaved mica and polycoated vinyl plastic 

respectively were utilized as a substrate. For imaging in air, the samples were dried and 

imaged.   For imaging in water, the substrates with deposited spore samples were 

transferred to the AFM fluid cell, which was subsequently filled with water.  

Images were collected using a Digital Instruments Multimode Nanoscope IIIa and IV 

atomic force microscopes (Digital Instruments, Santa Barbara, CA) operated in tapping 

mode. Height, amplitude and phase images
36 

were typically recorded simultaneously.  
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Commercially available etched silicon tips (force constants of ~40 N/m and 

resonance frequencies of ~ 300 kHz) and oxide-sharpened silicon nitride tips (force 

constants of approximately 0.1 N/m and resonance frequencies of ~ 9 kHz) were 

employed for imaging in air and fluid, respectively. 

 

RESULTS AND DISCUSSION 

 

Size distribution of air-dried spores of Bacillus thuringiensis and B. cereus. AFM 

images of air-dried B. thuringiensis and B. cereus spores are presented in Fig. 1. Length 

and width measurements of solution-grown and plate-grown B. thuringiensis air-dried 

spores were based on samples of 50 spores and 150 spores, respectively 
20

. For solution-

grown spores, length ranged between 1.6 – 2.5 µm with an average Lav of 2.0 µm 

(absolute deviation AD =7.8%) and width ranged within 750 – 1000 nm, width an 

average width Wav of 872 nm (AD =5.4%). For plate-grown spores, length varied from 

1.7 – 2.7 µm (Lav = 2.17 µm, AD =8.3 %), and height varied between 740 – 1080 nm 

(Hav = 937 nm, AD =5.3%). 

The differences in size between the smallest and largest spores within a single 

population were ~1.3x for width and ~1.6x for length in case of solution-grown spores, 

and ~1.5x for width and ~1.6x for length in case of plate-grown spores. The differences 

in average spore dimensions for the same species grown by two different methods were 

in the range of 7-8%. Spore size variations were much more pronounced when compared 

among different spore-forming species. The average dimensions of B. thuringiensis 

spores were 30-50% larger than the dimensions of B. atrophaeus spores
20

. Extensive 

size/height distribution measurements are not reported here for B. cereus spores; however 
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average spore height and size measurements of 25 spores were similar to the distributions 

observed for B. thuringiensis spores (data not shown). 

Exosporium As illustrated in Fig.1, both B. thuringiensis and B. cereus native spores 

were enclosed within an exosporium sacculus (indicated with the letter E in Fig. 1), 

which was larger than the dimensions of the spore body. All B. cereus spores studied and 

many B. thuringiensis spores exhibited ridges (indicated with white arrows in Fig. 1). 

These ridges extended along the long axis of the spore and had heights of 20-50 nm. 

Similar ridges were previously noted in electron microscopy 
23,27 

and AFM studies of 

bacterial spores 
18,20

. We have previously demonstrated that B. atrophaeus spores 

decreased in size by ~12% during a transition from a fully hydrated  to an air-dried state 

20
. This shrinkage was apparently due to a contraction of the spore core and cortex

20,37
. In 

a desiccated state, the decreased spore core/cortex dimensions resulted in the formation 

of spore surface ridges
20

. This strongly suggests that the major ridges found on 

exosporium-encapsulated  air-dried spores, e.g. B. thuringiensis, B. cereus and B. 

anthracis (not shown here) are formed due to the folding of the spore coat rather than the 

much more flexible exosporium.  The outer coat of B. thuringiensis spores typically 

exhibited considerably less ridge formation when compared with B. atrophaeus and B. 

cereus spores. This finding suggests that the outer spore coat elastic properties may vary 

among spore-forming species.  Apart from ridge formations on the coat, numerous 

shallow wrinkles with a height of 2-8 nm were also seen on the surface of the 

exosporium, which was patchily associated with the spore coat.  

In addition to significant amounts of lipid (18%) and carbohydrate (20%), and 

smaller amounts of other components including amino sugars
38,39

, the major part of the 
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exposporium is reported to consist of two glycoprotein components
40,41

. It is constructed 

out of an inner part with 3 – 4 thin hexagonal crystalline layers, and an amorphous, 

hirsute layer on the outside 
22,27

. The B. thuringiensis crystalline lattice structure belongs 

to the p 6 hexagonal space group with a repeat of 8.0 nm 
27

. 

The reported thickness of B. thuringiensis exosporium, as derived from EM thin 

sections, is 20 nm for 4 crystalline layers and 30 mn for the hirsute layer, for a total of 50 

nm 
22

. In the same study, B.anthracis exosporium thickness was measured to be 10 nm 

(crystalline layers) and 62 nm (hairy layer), for a total of 72 nm
22

. From EM freeze 

fractured B. thuringiensis and B. cereus spores, a thickness of 5 nm for the crystalline 

layers and 40 – 50 for the hirsute layer (total 45-55 nm) was estimated
27

. From images of 

thin sections of B.anthracis spores
44

, we estimated the crystalline layers to be 5 – 15 nm 

thick, while the hirsute layer varied between 15 -20 nm (total 20 -.45 nm).  

The thickness of substrate-bound exosporium patches as measured from the AFM 

height data varied in the range of 30-50 -nm. Note, that the accuracy of AFM height 

measurements is ~ 0.5 nm 
1,2,36

 . Since these exosporium patches (see e.g. fig. 2a) consist 

of a top and bottom layer of a folded sacculum, this corresponds to an exosporium 

thickness of 15-25 nm. Furthermore, the estimate of the hirsute layer thickness can be 

done by measuring the width of the ‘footstep’ seen at the edge of substrate-bound 

exosporium. This footstep, indicated with black arrows in Fig. 2a, represents the hairy 

layer protruding at the point were the solid, crystalline exosporium sacculus is folded flat. 

From this, the hirsute layer is measured to have a thickness of 30-35 nm, which 

corresponds with earlier EM measurements 
22,27

. We could not discern the crystalline 
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layers along the edge of the exosporium patches to estimate their thickness in a similar 

way. 

 Apart from the 30-35 nm hirsute layer, the exosporium surface is frequently 

decorated with surface appendages
26,45-47

.  These structures are most often described as 

hollow tubular filamentous extensions similar to pili of enterobacteria.  The reported 

dimensions are variable but are in the range of 0.03 to 0.6 µm in width and 1.5 to 3.0 µm 

in length.  These structures are most frequently described in the closely related B. cereus, 

B. anthracis and B. thuringiensis group.  The appendages appear to be composed of 

highly acidic monomeric subunits of 2-5 kDa.  The number of appendages per spore 

varies from three to more than twenty.  These filaments could be of importance for spore 

attachment to surfaces or ligands.  Spores containing surface appendages are able to 

aggregate at lower ionic strength and to attach more avidly to surfaces than pili-less 

spores.  Spores can be detached from surfaces by treatment with Ba
2+

 or EDTA, which 

disrupts the organization of surface appendages
48

. As illustrated in Fig. 2a, the 

filamentous exosporial appendages appeared to be attached to the outer surface of the 

exosporium. Two types of appendages were typically observed. The first type (indicated 

with a white arrow in Fig. 2a and seen at higher magnification in b) appeared to be 

tubular with a diameter and length in the range of 8-12 nm and 400 –1200 nm 

respectively. Other appendages, such as those indicated with a grey arrow in Fig. 2a, 

were 2.5-3.5 nm thick and typically 200-1600 nm long. Six to ten appendages were seen 

on the exosporium surface. Filamentous spore appendages have been reported in the 

electron microscopic studies of fungal and bacterial spores, including B. thuringiensis 

and B. cereus
45

. In the case of B. cereus spores, it was reported that the main component 
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(> 70%) of the filamentous appendages was protein
47

. It is reasonable to suggest that the 

appendages on the bacterial spores play a role in the attachment of spores to a substrate, 

as was established for appendages of fungal spores
45

. 

High-resolution exosporium images, as illustrated in Fig. 2c, revealed that the B. 

thuringiensis exosporium outer surface is comprised of ~ 8-10 nm beads/granules with a 

beads-on-a-string appearance. These subunits could represent exosporium proteins or 

their oligomers. The high-resolution structures of B. cereus spore exosporium, as 

illustrated in Figs. 2 d,e, were comprised of subunits with diameters of 12 –14 nm. The 

exosporium fine structures of these two species of bacterial spores appear to be distinctly 

different.  

Cry protoxin crystal structure. Sporulation B. thuringiensis cells lyse and release both 

endospores and toxin crystals, which have a bipyramidal shape
49

. For some spore 

preparations these crystals were visualized by AFM (Fig. 3a, black arrow in Fig. 1a). The 

high-resolution crystalline structure of the surface layer is presented in Fig. 3b.  The 

somewhat irregular appearance of the crystal surface layer rows is was possibly probably 

a result of dehydration, however, fine structures comprising ~8 nm-diameter subunits 

(indicated with an arrow in Fig. 3b) could be discerned within the rows. The size of these 

subunits corresponds to the diameter of the Cry protein protoxin with a molecular mass of 

130-140 kDa, which is known to form protoxin crystals
49

. 

Fully hydrated B. thuringiensis spore size. Upon hydration of air-dried spores (Fig.4a), 

the width of solution- and plate-grown B. thuringiensis spores increased by ~ 16 % and 

10% respectively. The average width of fully hydrated B. thuringiensis spores was ~ 

1.04 µm (standard deviation 12.4%).  
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An image of a fully hydrated B. thuringiensis spore attached to the substrate is 

presented in Fig. 4b, showing numerous folds and wrinkles on the surface of the 

exosporium sacculus.  A high-resolution image of the hydrated B. thuringiensis 

exosporium is presented in Fig. 4c. It shows a distinctive granular appearance with 

subunit sizes of 8-11 nm. 

In addition to imaging of freshly prepared (i.e. imaged within weeks) spore 

preparations, we studied a preparation of lyophilized spores that was hydrated, deposited 

and subsequently imaged. In this preparation, occasionally, “open” exosporium saccula 

of B. thuringiensis spores were visualized, including “empty”’ saccula (Fig. 5a), as well 

as saccula in which the spore coat was exposed (Fig 5b). Additionally, spores completely 

devoid of exosporium were observed (Figs. 5c, d), which showed distinctive 

morphological differences. In some cases, the spore coat appears to be tightly attached to 

the underlying cortex, as illustrated in Fig. 5c. However, we observed a substantial 

number of spores that contained spore coats that appeared to be “oversized” compared to 

the core/cortex (Fig. 5d). The attachment of the spore coat to the cortex was inconsistent 

and resulted in the formation of folds (arrow in Fig. 5d). This lyophilized spore sample 

was kept for a several years in a vacuum desiccator with a reduced-pressure of ~ 25" Hg, 

which likely resulted in the damage of spore exosporium. The ability of AFM to visualize 

morphological changes in individual spores associated with their storage and preparation 

procedures suggests that this method could be used to establish biological signatures or 

“fingerprints” of microbial preparations. The ability of AFM to assist in reconstructing 

agent production and storage regimes provides a new microbial forensics capability.  
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High-resolution structure of the B. thuringiensis spore coat. Imaging of intact spores 

lacking the exosporium allowed, as is illustrated in Fig. 6, the first direct high-resolution 

visualization of the native outer coat structure of fully hydrated B. thuringiensis spores. 

The outer spore coat surface had a crystalline honeycomb structure composed of 

numerous domains. The lattice constant for the honeycomb structure was ~ 9 nm. The 

diameter of the holes/pits was 5 - 6 nm. Honeycomb crystalline structures having similar 

lattice parameters, were observed in freeze-fracture electron microscopic studies of B. 

cereus and B. thuringiensis spores
23,27

. These crystalline structures were identified 

previously as pitted (P) layers. 

In addition, in vitro AFM native spore imaging has revealed high-resolution 

structural features that were not previously reported. As illustrated in Fig. 6, the 

crystalline honeycomb structure is composed of numerous domains with varying 

orientations. Height information is preserved in AFM measurements allowing a detailed 

characterization of the crystalline layer surface topography. This structure had height 

variations of ~20 nm (seen in Fig. 6b as lighter and darker areas) which could reflect the 

underlying layer structure and may be one of the determinants of the domain structure. 

Two-dimensional nucleation of the honeycomb structure could take place in multiple 

points on the surface area of the outer spore coat, with different areas having variable 

height with respect to each other. Upon growth of nuclei, because of the uneven relief of 

the underlying surface, advancing fronts cannot merge flawlessly to form a single layer of 

honeycomb crystalline structure. Merger of these misaligned domains could result in the 

formation of domain boundaries. Mechanisms of domain formation are well known from 

crystallization and self-assembly studies
50,51

. Domain boundaries (as those indicated with 
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an arrow in Fig. 6b) were observed with height differences between neighboring domains 

(Fig. 6b) as large as 3 -4 nm. 

Dissection of spore ultrastructure by sonication. Sonication of intact spores was found 

to allow the removal of consecutive structural layers revealing the internal structure of 

the spore coat. As illustrated in Fig. 7a, sonication was able to remove portions of the B. 

thuringiensis exosporium revealing the underlying spore coat surface structure. At higher 

resolution, sonicated spores displayed either partially damaged (Fig. 7b) or intact (Fig. 

7c) honeycomb structures that formed the outside layer of the spore coat.  

As illustrated in Fig. 7f, sonication was found to remove the exosporium from 

Bacillus cereus spores allowing the visualization of the outer spore coat. This surface 

layer was formed by a “quilt” of rodlet domains that were disoriented with respect to 

each other. These 50 -200 nm domains were formed by parallel, ~10 nm wide rodlets. 

Upon further removal of this rodlet structure by additional sonication, an underlying layer 

consisting of a honeycomb structure was revealed (Fig. 7g), with lattice parameters 

similar to those of B. thuringiensis spore coats (Fig. 6, 7c). 

Similar rodlet quilt structures as those seen in Fig. 7f were observed in freeze-

etching electron microscopic studies of Bacillus cereus spores
20

. We have previously 

described the high-resolution architecture of rodlet structures forming the outer coat of B. 

atrophaeus spores
21

. This B. atrophaeus rodlet layer is strikingly different from the rodlet 

structure of B. cereus spores seen in Fig. 7f. These species-specific spore outer coat 

structures appear to be caused by different mechanisms of nucleation and self-assembly 

of the rodlet crystalline layer
21

. 
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The protein composition of the rodlet structures is not known. Self-assembly of 

the rodlet layer is guided by the surface chemistry of the underlying integument as well 

as by media chemistry during the sporulation process. In case of B. thuringiensis spores, 

rodlet structures were not observed as a part of the spore coat either by freeze-etching 

EM experiments
23 

or in the AFM studies reported here.  However, as illustrated in Fig. 

7h, patches of stray rodlets were observed adsorbed to the substrate. The width and 

thickness of these rodlets (Fig. 7h) was similar to those observed for B. atrophaeus and B. 

cereus spores. These observations suggest that a similar rodlet monomer participates in 

the formation of B. atrophaeus, B. cereus and B. thuringiensis crystalline layers. Rodlet 

monomers could self-assemble and form structures during the sporulation process not 

only on the spore inner coat, as is the case for B. cereus (Fig. 7f), but also in the mother 

cell cytoplasm or in bulk media following the release of the mature spore. Stray rodlet 

structures were observed in the case of B. thuringiensis as rodlet patches associated with 

the substrate (fig. 7h).  

The AFM data reported here suggests that B. cereus and B. thuringiensis spore 

surfaces have species-specific ultrastructure and topology. These spore coat structural 

variations are mirrored in DNA and protein sequence variations in the spore core 

structural protein gene sspE (Fig.8) B. cereus T and B. thuringiensis israelensis have 

distinct sspE proteotypes and genotypes suggesting that they are divergent taxa. The 

variations in spore structural and genetic characteristic reported here, the panmictic 

genetic differentiation of B. cereus and B. thuringiensis natural populations
29

 and the 

sspE genetic separation of B. cereus and B. thuringiensis from B. anthracis
32

, are not 

fully consistent with the concept that these taxa are members of a single species
31

. 
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Figure legends 

Figure 1.  AFM images of air-dried B. thuringiensis (a) and B. cereus (b) spores. Surface 

ridges, extending along the entire spore length are indicated with white arrows in (a) and 

(b). In (a) a bipyramidal crystal is indicated with a black arrow. Scan areas are: (a) 2.8 x 

2.8 µm; (b) 1.7 x 1.7 µm. 

 

Figure 2.  (a) AFM image of the B. thuringiensis exosporium showing a footstep with 

numerous thin hair- like appendages (indicated with black arrows) and longer and thicker 

appendages (indicated with gray and white arrows). In (b) a high-resolution image of a 

long appendage. (c-e) High-resolution images of B. thuringiensis exosporium (c) and B. 

cereus (d,e) spores. Scan areas are: (a) 1.1 x 1.1 µm; (b) 640 x 160 nm, (c) 900 x 450 nm 

and (d) 1.0 x 1.0 µm; and (e) 500 x 500 nm. 

 

Figure 3. (a) AFM image of the insecticidal protoxin crystal formed during B. 

thuringiensis sporulation. (b) Surface morphology of the protoxin crystal, ~ 8nm subunits 

are indicated with arrows. Scan areas are: (a) .4.0 x 4.0 µm and (b) 450 x 450 nm. 

 

Figure 4. (a,b) AFM images of fully hydrated B. thuringiensis spores. (c) A high-

resolution image of the exosporium. Scan areas are: (a) 5.0 x 5.0 µm; (b) 4.5 x 4.5 µm; 

and (c) 600 x 300 nm. 

 

Figure 5. AFM images of partially damaged B. thuringiensis spores recovered from 

lyophilized spore preparations. (a) An open, empty exosporium sacculus. (b-d) Spores 
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with partially (b) or completely (c,d) removed exosporium. The exosporium and spore 

coat are indicated with E and C, respectively. Scan areas are: (a) 2.0 x 1.4 µm; (b) 2.1 x 

1.6µm, (c) 2.1 x 1.05 µm and (d) 2.8 x 1.3 µm. 

 

 

Figure 6.  (a-c) AFM images showing the honeycomb outer coat crystalline structure of 

B. thuringiensis spores.  (b) High-resolution image of the area indicated with a rectangle 

in (a). Two domains with different orientations of the crystalline lattice are indicated with 

triangles. A stacking fault is indicated with an arrow; (c) High-resolution image of the 

area indicated with a rectangle in (b).  Scan areas are: (a) 1.5 x 0.75 µm; (b) 700 x 350 

nm, (c) 260 x 130 nm.  

 

Figure 7. AFM images showing crystalline structures of the spore coat of sonicated B. 

thuringiensis (a-c) and B. cereus (d-g) spores. (a,b) The B. thuringiensis exosporium (E) 

is partially removed by sonication revealing the spore coat (C). In the zoomed-in image 

(b) the high-resolution honeycomb structure of the spore coat is seen, as is in (c); (d,f) 

Complete removal of the B. cereus exosporium by sonication reveals the surface rodlet 

layer formed by multiple misoriented domains that covers the outer coat (f); (e,g) 

Removal of this exterior rodlet patchwork by further sonication reveals the underlying 

honeycomb structure in zoomed-in image (g). Two remaining rodlets are indicated with 

an arrow in (g).  (h) Networks of self-assembled extrasporal rodlet structures, that are 

seen adsorbed to the substrate during imaging of B. thuringiensis spore samples. Scan 

areas are: (a) 2.7 x 2.7 µm; (b) 400 x 400 nm, (c) 300 x 300 nm;  (d) 4.0 x 2.0  µm; ( e) 

4.0 x 2.0  µm; (f) 310 x 310 nm; (e) 310 x 310 nm; and (h) 1.6 x 1.6 µm. 

 22



 

Figure 8. (A) DNA sequence alignment of B. thuringiensis israelensis and B. cereus T 

sspE coding sequences. (B) Protein sequence alignments of B. thuringiensis israelensis 

and B. cereus T SspE amino acid sequences.  
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