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Abstract

Bacillus spore surface morphology was imaged with atomic force microscopy (AFM) to determine if characteristic surface features could be
used to distinguish between four closely related species; Bacillus anthracis Sterne strain, Bacillus thuringiensis var. kurstaki, Bacillus cereus
strain 569, and Bacillus globigii var. niger. AFM surface height images showed an irregular topography across the curved upper surface of the
spores. Phase images showed a superficial grain structure with different levels of phase contrast and significant differences in average surface
morphologies among the four species. Although spores of the same species showed similarities, there was significant variability within each
species. Overall, AFM revealed that spore surface morphology is rich with information, which can be used to distinguish a sample of about 20
spores from a similar number of spores of closely related species. Statistical analysis of spore morphology from a combination of amplitude and

phase images for a small sample allows differentiation between, B. anthracis and its close relatives.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

It is difficult to rapidly identify and discriminate the
pathogenic B. anthracis from its ubiquitous close relatives
B. cereus and B. thuringiensis. Principally distinguished
genetically by plasmids, it has been suggested that B. cereus,
B. thuringiensis, and B. anthracis could be considered one
species (Daffonchio et al., 2000; Helgason et al., 2000), or at
least, are very closely related (Vilas-Boas et al., 2002). These
organisms may even occupy overlapping ecological niches. A
DNA sequence-based study has shown close matching between
pathogenic strains of the three species (Ticknor et al., 2001).

B. cereus, a common soil microorganism is a causative
agent of food poisoning and many human infections (Rosovitz
et al.,, 1998). B. thuringiensis forms insecticidal parasporal
protein crystals during sporulation and is produced commer-
cially as an insecticide (Schnepf et al., 1998). B. anthracis, the
causative agent of anthrax (Thorne, 1993), has recently been
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the object of much attention (Higgins et al., 2003). B. globigii
is not closely related to these three species, and its taxonomic
status has been disputed. However, it is now thought to be a
subspecies of B. subtilis. Because this organism has been used
as simulant for B. anthracis in microbial dispersion exper-
iments, it was used to contrast the other three, more closely
related organisms. Methods to rapidly distinguish small
numbers of B. anthracis spores from spores of its less
pathogenic cousins are currently of interest.

Invented in 1986, atomic force microscopy (AFM) has
developed into a powerful tool for studying the natural surfaces
of biological materials (Binnig et al., 1986; Radmacher et al.,
1992), providing both topographic information and local
mechanical and biochemical property characterization (Jandt,
2001). AFM produces images by raster scanning across the
sample surface a sharp, pyramid-shaped tip at the end of a
small, flexible cantilever. In tapping mode, oscillating the
probe cantilever limits the tip-sample interaction and reduces
contact time and lateral forces experienced by the sample
during scanning (Hansma, 1999). Capturing amplitude changes
of probe movement during a scan produces a topographic
image. Phase images are generated by mapping the phase lag of
the cantilever oscillation resulting from local tip-surface
interaction, relative to the phase of the drive oscillation.

This article is a U.S. government work, and is not subject to copyright in the United States.
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Phase lag measures increasing time-delay of the AFM probe
cantilever oscillation relative to the piezo-electric driver
resulting from tip-sample interactions. The phase lag is
produced by energy dissipation at the sample surface, which
depends on material properties such as adhesion, stiffness, and
viscoelasticity (Babcock and Prater, 1995; Bar et al., 2000).

Although the surface properties of living bacteria and fungal
spores have been studied, AFM has only recently been applied
to detailed morphological investigation of bacterial spores
(Chada et al., 2003; Dufrene, 2000, 2002; Dufrene et al., 1999;
Muller et al., 1996; Sokolov et al., 1996; Umeda et al., 1998;
van der Mei et al., 2000).

Several protective layers surround a core of DNA and
enzymes in Bacillus spores. For B. cereus, B. thuringiensis, and
B. anthracis, the outermost integument is the exosporium.
Transmission electron microscopy (TEM) revealed the
exosporium to be a thin, layered structure (Gerhardt and
Ribi, 1964; Liu et al., 2004). The exosporium influences spore
hydrophobicity and organism pathogenicity (Charlton et al.,
1999). Enzymes associated with the exosporium surface may
limit premature germination (Todd et al., 2003). However,
recent studies have shown the exosporium to be nearly
featureless when imaged by AFM (Chada et al., 2003).

Several studies of spore surface properties suggest that the
closely related species could be differentiated on the basis of
their surface structures. First, the spores exhibit different
degrees of hydrophobicity (Doyle et al., 1984; Koshikawa
et al., 1989). B. cereus is the most hydrophobic, followed by
B. thuringiensis, and B. anthracis (Doyle et al., 1984). High
hydrophobicity implies a capability to strongly adhere to non-
polar substrates that are in contact with water (Ronner et al.,
1990).

In spite of decades of work, there is little indication of the
true surface morphology of the spores. Although spore sections
and freeze-etch surface images have been examined exten-
sively (Aronson and Fitz-James, 1976) only recently has work
been done on spore surface morphology of unmodified or
untreated spores (Chada et al., 2003). We report investigations
of the surface morphology of B. cereus, B. thuringiensis,
B. anthracis, and B. globigii spores using intermittent contact
(tapping mode) AFM in a reduced humidity environment.

2. Materials and methods
2.1. Microorganisms

B. cereus strain 569, B. thuringiensis var. kurstaki,
B. anthracis Sterne strain (Thraxol-2, Code 235-23), and
B. globigii var. niger spores were obtained from the Air Force
Research Laboratories, Biomechanisms and Modeling Branch,
Brooks Air Force Base, Texas. Bacterial cultures were grown
from lyophilized spores, on Bacto® nutrient agar (23 g/l;
Difco), for 7 days at 37 °C. Spore cultures were washed with,
and resuspended in, cold deionized sterile water. Suspensions
were triple filtered using cellulose filter paper (Whatman®1) to
remove cell debris, and centrifuged at 3000X g at 4 °C for
10 min after each filtration to concentrate spores. A Petroff

Hausser Counting Chamber was used to quantify spores in the
final suspension (~ 10® spores/ml for each culture).

2.2. Sample preparation

One sample of each species was prepared for examination
with the AFM. Spores were mounted on freshly cleaved,
Highly Ordered Pyrolytic Graphite (HOPG, ZYH Grade SPI-3,
SPI Supplies®) by spin-coating. A 100 pl droplet of the spore
suspension was placed on the middle of the graphite substrate
and allowed to sit undisturbed for 5 min. The sample was then
spun at 2000 rpm for 1 min.

2.3. Atomic force microscopy

All imaging was done in tapping mode using a Nanoscope
IITa Scanning Probe Microscope (Digital Instruments, Santa
Barbara, California, USA) with a ‘J’ scanner (AS-130, Digital
Instruments). Silicon probes of resonant frequency 200-
400 kHz were used (Model TESP, Digital Instruments). New
cantilevers were used for each sample to prevent cross-
contamination. Seven to ten spores of each species, selected
randomly, were imaged by AFM (Zolock, 2002). Both height
and phase images were captured. The scan rate was 0.5 Hz. The
drive frequency was adjusted lower than the resonant peak of
the cantilever so that it coincided with an approximate 10
percent decrease in the vibration amplitude.

A humidity control chamber minimized the effects of
naturally occurring water vapor on the sample surface.
Nitrogen gas (from a liquid N, tank), introduced at <5 psi,
purged the imaging system for several minutes. Gas flow was
then reduced to maintain a low positive pressure in the chamber
throughout the scanning period.

2.4. Statistical analyses

To further characterize and distinguish the spore surfaces,
AFM phase data from several sub-samples of spore surface
configurations were analyzed with descriptive statistics. A total
of 74 spore-image subsamples were analyzed in detail: 26 for
B. anthracis (Ba), 12 for B. cereus (Bc), and 18 for B. globigii
(Bg). The 18 phase images of B. thuringiensis were divided
into two groups, protein crystals (Bfc) and spores (Bf). The
distinctive Bfc images were readily distinguished from other
images by the regularity in height and phase images for the
protein crystals. Generally, the more complex, phase images
were more useful to distinguish between spore surfaces than
the relatively simple height information.

3. Results

The AFM images of the spore surface morphology were
reproducible. The filtration step of sample preparation likely
removed the relatively fragile exosporium leaving the surface
of the endospore for imaging (Chada et al., 2003). There was
no indication of damage to the spore surface by the imaging
process in spite of repeated scans of the AFM tip over the same
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area over long time periods (up to five hours). Images appeared
stable over scan sizes ranging from 2 pm? to 500 nm?. Spores
were generally ellipsoidal, 1.5-2 pm long and 750 nm—1 pm
wide. The B. cereus sample had the largest population of spores
adhering to the smooth graphite surface, followed by the B.
anthracis, B. globigii, and B. thuringiensis samples. The
differences in adherence reflect expected differences in surface
hydrophobicity, and thus spore-graphite adhesion.

Individual spores were easily resolved from the graphite
substrate by their characteristic size and shape. Some irregular
features, believed to be vegetative or incompletely sporulated
cells were also observed. Typical spore images are shown in
Fig. 1. Only the top surface of spores was imaged reliably.
Images of the vertical edges of the spores were distorted by tip-
sample interaction.

Fig. 2 shows a 750 nm? portion of the surface of a spore of
each of the four species studied. The images on the left (A, C,
E, G) are surface images (height data), presented without
digital manipulation. The curvature shows the natural arc of the
upper surface of the spore. In this imaging mode, spores of all
four species showed similar topography—shallow grooves,
steps, and bumps. Surface features were generally subtle, not
extending more than 30 nm above or below the average
surface. There was no obvious periodicity or order in the
surface features.

Fig. 2, phase images (B, D, F, and H), for the same areas
shown in the surface images described above, are the result of
probe-spore surface interactions. A non-homogenous surface
with a non-regular, grain-like appearance showed no regular
pattern or periodicity.

Less than half of the B. thuringiensis spores appeared with
parasporal crystals. The structures of these parasporal crystals,
which exhibited 111 and 100 faces of a cubic lattice, were
consistent with the structure of Cry 2 toxin (Schnepf et al.,
1998). Fig. 3 shows a phase image of a B. thuringiensis
parasporal crystal accounting for the regular shape of the upper
surface.

Phase images (right-side images in Fig. 2) reflect the relative
adhesion of the AFM probe tip and spore surface particles.
Statistical analyses of the vertical phase data show consistent
differences between spore surface properties of the various
species (Fig. 4). Spore surface-grain diameter, aspect ratio,
width of phase lag distribution, and mean phase-lag were
characterized. Although there was no simple correlation
between AFM phase contrast and a single material property,
phase imaging mapped variations in sample properties at
resolution of ~ 10 nm.

Fig. 4 provides visual summaries of the statistical summary
of data from spore images, both from different spores and
different parts of the same spore. Box and whisker plots
provide a graphical summary of the analyses—horizontal lines
show lower, median, and upper quartile values. Skewness is
indicated if the median line is not centered in the box.
Whiskers, lines extending above and below the box, show the
extent of the rest of the data. Outliers, data with values beyond
the ends of the whiskers, values more than 1.5 times the
interquartile range away from the top or bottom of the box, are
indicated by plus signs. The notches in the box are a graphic
confidence interval about the median of a sample. A side-by-
side comparison of two notched box plots is the graphical

Fig. 1. AFM images of Bacillus spores. Left image, edge enhanced height data; right image, phase data. Scale bar=500 nm; A. B. cereus; B. B. globigii; C. B.
thuringiensis; D. B. thuringiensis, parasporal crystal; E. B. anthracis with vein-like structures; F. B. anthracis without vein-like structures.
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B. cereus

B. thuringiensis

B. anthracis

B. globigii

e 500nm

Fig. 2. Tapping mode height and phase images scanned at 750 nm?. The images
on the left are line graphs of the height data with the y-axis pitched at 60°. The
phase images are on the right. The vertical scale of the line images is from 0 to
100 nm.

equivalent of a r-test. Surface features analyzed included
surface grain diameter (Fig. 4A), the aspect ratio (length to
width) (Fig. 4B), width of phase lag distribution (vertical to the
surface) (Fig. 4C), and phase-lag center position (vertical to
surface from the top reference zero) (Fig. 4D).

The Mean Surface Grain Diameters (Fig. 4A) increased
from Ba (8.24 nm), Bc (8.61 nm), Bt (9.79), Bg (12.29 nm) and
Btc (12.91). Ba and Bc spore surface-grain diameters are very
similar, with a narrower distribution for Ba than for Bc. The
median grain diameters of Bg and Btfc spore surfaces are
significantly larger than for the other spores. (The probability
value of the ANOVA for this group was 5.11~°, suggesting
that the probability of observing this diameter range by chance,
given no difference in the means, is less than ~5/1,000,000.)
Differences in Bg morphology, such as larger grain diameter
for Bg compared to the more closely related organisms Ba, Bc,
and Bt, is not unexpected.

Aspect, or length-to-width, ratios for the surface grains
(Fig. 4B) were very close for all of the organisms, 2.49 for Ba,
2.70 for Bc, 2.45 for Bg, 2.53 for Bt, and 2.23 for Btc. The Btc

500nm

Fig. 3. Phase image of a B. thuringiensis parasporal crystal. The crystal faces
intersect at an angle of ~ 148°.

crystals exhibited flat surfaces and linear intersections, which
are easily distinguished. The surface grains of Bfc crystals were
statistically different from those of the other spores (larger and
more symmetrical). Bc spore surface structures showed the
most asymmetrical and broadest particle aspect distribution.
Difference in particle symmetry combined with the very
different phase signature of Bc, suggests that the materials in
Bc spore surfaces are also qualitatively different from those Ba
and Bt.

The phase variance and mean for Bc were significantly
smaller than all others (Fig. 4C). Bt had the largest phase lag
variation over the surface, with a mean separation of 40
degrees between the 5%- and the 95%-histogram surface. A
wide phase distribution indicates regions of high and low
phase-lag, or strong and weak adhesion to the spore surface. Ba
(28.33 deg) and Bc (12.89 deg) had relatively uniform, non-
interactive surfaces. This suggests that the Bc surface consists
mainly of a uniform, low-adherent material. The other spores
had larger contributions of other phases, reflected by the
distribution width. Ba spore images can be distinguished from
Bc and Btc merely by the mean and width of the phase
distributions. The asymmetry of the Bt and Bg phase
distributions suggests another way to distinguish them
from Ba.

Fig. 4D shows the means of the phase-lag distributions.
These means generally reflect the differences in distribution
width, another indicator of phase-lag distribution over the
spore surface. Distribution of phase means show that Bg and Bt
materials are more heterogeneous than those of Ba and Bc.
Although the means of the phase distributions overlap, the
ranges are much narrower for Bc and Btfc than for the other
spores, suggesting that a more homogenous phase dominates
these spore surfaces (Fig. 4D) as is obviously the case for Bzc.
Comparison of the Ba phase distribution to the other
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Fig. 4. Spore surface grain analyses ANOVA results. Box upper and lower lines represent samples 25th and 75th percentiles, midline is sample median, distance of
midline from center indicates skewness. Whiskers show extent of data, + indicates outliers. Data from 26 Ba images, 12 Bc, 18 Bg, and 18 Bt images. See text for

descriptions statistical analyses.

distributions using the non-parametric Wilcoxon/Kruskal-
Wallis rank-sum test shows that Bc, Bt, and Btc distributions
are not centered at the same location as the Ba distribution.
We also compared variances of Ba phase distribution with
Bt, Bc, and Bg. The O’Brien variance test shows that the Ba
distribution has variance significantly different from Bt and Bg
(null probability of 0.0073 and 0.0199, respectively), while
variances of Ba and Bc were not significantly different (null
probability of 0.9968). This analysis is consistent with
expectation by inspecting Fig. 5, which shows average
phase-lag distributions for spores, normalized to the Ba

maximum. The shapes of the phase spectra contain qualitative
information not captured by only the mean and width of these
distributions. In addition to the differences in the mean and
widths, these distributions have differently shaped wings.
Some of the features in the differently shaped wings are
significant distinguishing differences. An intensity of about 3
on Fig. 5 corresponds to a minimum of ten times variance in the
phase spectrum noise at 95% confidence; larger features can be
used to distinguish the spectra. As expected, the spectra for Bt
and Btc spores for which the only difference is visible
parasporal crystals, show qualitative similarities and

Intensity

o

Btc

-50 -30 -10 10

30 50 70 90

Phase Lag (degrees)

Fig. 5. Phase-lag spectra for spores normalized to Ba maximum (3912) near zero phase lag. Ba, Bc, and Bt spores show distinctly different patterns at large phase lags.
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differences. An additional feature appears at 65 degrees in the
Btc distribution, which we attribute to some material property
of the parasporal crystals. Below 50 degrees phase lag, Ba
spore distribution does not exhibit the features that are present
in Bt and Bg. Ba shows a small feature at about 60 degrees that
is present in none of the other distributions. The phase
spectrum for Bg is qualitatively different from all the others. It
shows a significant feature in the low phase wing at about —20
degrees, not observed in the more closely related spores. The
nature of the differences in spore materials that produce the
observe heterogeneity are unknown to us, but the surfaces of
Ba, Bt, Bc, and Bg spores have regions with significantly
different material properties.

We were unable to reliably classify spores using individual
AFM images; however, we were able to distinguish popu-
lations of spores of these closely related organisms by
analyzing AFM images of fewer than 20 samples of spore
surfaces of each organism. Phase image data was the most
informative about spore differences. Taken together, the data
from the comparisons of AFM images show that it is possible
to distinguish small groups of organisms by AFM analysis of
spore surface features.

4. Discussion

The larger, vein or net-like vertical features observed on
spore surfaces were thought to represent inclusions underlying
the surface rather than bona fide surface features. Commonly
observed in studies of spore sections, the ellipsoidal shape of
the spore can be distended by these features (Beaman et al.,
1972). The subtleness of the features observed on the surface of
these spores contrasts the complex, deep sculpturing observed
in early studies of Bacillus spores using relatively low
resolution TEM images of carbon replicas (Bradley and
Franklin, 1958; Bradley and Williams, 1957). TEM freeze-
etch preparations of B. sphaericus and B. megaterium (Holt and
Leadbetter, 1969) or B. cereus (Aronson and Fitz-James, 1976)
spore surfaces showed granular structures much like the
granularity seen in images in this study. Bt spores react rapidly
to changes in water availability (Chada et al., 2003; Westphal
et al., 2003) and these features may simply result from relative
dehydration of the spores. Although there was not precise
humidity control of spore samples, the dry N, purge gas
surrounding the spores during AFM measurements ensured a
consistent measurement environment with low relative
humidity.

Phase images, resulting from surface-probe interactions and
surface viscoelasticity, provided much more surface infor-
mation than did the relatively simple height images. Phase lags
are influenced by variations in interface material properties
such as adhesion, friction, and viscoelasticity (Babcock and
Prater, 1995). Primarily, phase images map stiffness variations
on a surface. A stiffer region has a more positive shift and
appears brighter (Magonov et al., 1997).

Although absolute surface morphology differences between
Ba, Bc, and Bt spores were not apparent, the spores’ diverse
surface properties, such as hydrophobicity and adhesion,

suggest that there are significant inter-specific differences in
spore surfaces. This work represents a step in linking the
behavior of the spores to specific biochemical structures
inherent to spore surfaces.

The natural surface morphology of Bacillus spores has been
revealed by AFM. The experimental protocol presented here is
a simple, effective means for studying the detailed surface
morphology of bacterial spores without the chemical or
physical pretreatment necessary for scanning or transmission
electron microscopy.

We measured variation within single strains of four species.
Each species has many known isolates or strains. Certainly,
additional investigation of variability within and between
strains of single species could be appropriate.
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