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Quasielastic light scattering (QLS) and laser diffractometry (LD) are relatively novel nondestructive pro-
cedures for estimating the sizes of bacterial spores in suspension. This study for the first time directly
compared the two with a destructive procedure, namely, scanning electron microscopy (SEM), for quasispheri-
cal spores of Bacillus sphaericus. Because of the different physical aspect measured, the sizes derived by QLS
and LD are, as could be expected for spores with an exosporium, significantly different. The larger estimates
obtained by QLS (1.70, 1.58, and 1.14 mm for spores produced at 15&C [BS15], 20&C [BS20], and 30&C [BS30],
respectively) than by LD (0.56 [BS15], 0.58 [BS20], and 0.52 [BS30] mm) and SEM (0.64 [BS15], 0.58 [BS20],
and 0.70 [BS30] mm) are explained in terms of the detection by QLS, LD, and SEM of different spore layers
and the degree of nonsphericity of the latter.

Two light scattering-based techniques have been relatively
recently described as nondestructive probes for the gross mor-
phology and internal structure of bacterial spores in suspen-
sion. These are quasielastic light scattering (QLS), otherwise
known as photon correlation spectroscopy or simply dynamic
light scattering (9–12, 19, 20), and laser diffractometry (LD),
otherwise known as single-particle total-intensity light scatter-
ing (6, 25, 26). These techniques have the major advantage
over others, such as scanning electron microscopy (SEM), of
being noninvasive and nondestructive, whereby the structural
integrity of the spores is not affected by the measurement
procedure.
Despite having the interaction of visible electromagnetic

radiation with a material as a common feature, QLS and LD
are quite different procedures having intrinsically different
characteristics, as Table 1 shows, and indeed measure different
aspects of the spores under investigation. Since both tech-
niques ultimately provide a route to obtaining size parameters
of spores, the purpose of this study was to give, for the first
time, a comparative examination of a specific spore system and
explain how differences between the estimates produced by the
two techniques, as well as by SEM, may arise.
The spores of Bacillus sphaericus provide an interesting test

system as they combine their overall spherical shape, which
allows the application of LD (and even easier application of
QLS), with the presence of several concentric layers with dif-
ferent optical and hydrodynamic properties. The external
cover, the exosporium, is a loose membrane that is semiper-
meable to the solvent. It is detected by QLS, as the solvent
therein contained moves in association with the spore, but not
by LD, as the refractive index of this region is the same as that
of the solvent. Additionally, it has been observed in other

bacteria (e.g., in B. cereus [20]) that spores produced at differ-
ent temperatures differ in size and resistance to heat and dis-
infectants. In a similar way, B. sphaericus provides a range of
spore sizes, depending on the sporulation temperature, appro-
priate for comparison of the performance of the two light
scattering techniques considered here.
QLS versus LD versus SEM and optical microscopy. QLS

studies on suspensions of bacterial spores can provide, in prin-
ciple, estimates of the size of the spores. The apparent (z
average) translational diffusion coefficient (D), Dz, can be ob-
tained by interpretation of the fluctuations in the scattering
light intensity arising from the mobility of the spores. Hence,
from Dz we can obtain the equivalent hydrodynamic or Stokes
radius, rH, of the spores in a suspension. (From Dz is obtained
an average of the hydrodynamic radius, a z average, which
implies that the largest particles in the suspension have a
greater effect, on average.) In addition, it can also give us an
idea of the internal homogeneity of the spore via autocorrela-
tion scaling profiles (9).
Single-particle total-intensity laser light scattering or LD, on

the other hand, can provide us with an estimate of the size and
refractive index of a single spore, if the spore is assumed to be
spherical and modelled as two concentric compartments by
model fitting the observed angular scattered intensity enve-
lopes from single particles by using a spherical-shell model.
From the refractive indices, the water contents of the core (or
protoplast) and surrounding integument (coats and cortices)
can be estimated as shown in reference 26. Both of these light
scattering techniques therefore give us an indirect visualization
of spore size by converting either autocorrelation data or total-
intensity versus angle data into size-related parameters.
SEM, on the other hand, after appropriate sample prepara-

tion, can give us a direct visualization of the structure and
morphological details of the surface of single spores. This
technique, like other electron microscopical techniques (such
as critical-point drying, freeze fracture, negative staining, plat-
inum shadowing after air drying onto mica, and glycerol tech-
niques), involves subjecting the spores to extremely harsh en-
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vironmental conditions as part of the preparation conditions
and hence is deemed destructive. Sadly, despite early opti-
mism, the relatively new technique of scanning tunnelling mi-
croscopy also falls under this latter category (5).
The resolution of optical microscopy is about 200 nm, de-

pending on the numerical aperture, while for SEM it is less
than 20 nm (1). For LD, the resolution depends on electrical
noise and the laser light wavelength used. In the current study,
in which we used an argon ion laser with a wavelength set at
514.5 nm, the resolution was ;20 nm. The term resolution,
defined as the minimum distance that can be detected between
two objects, is not applicable for QLS. Nevertheless, a param-
eter of a similar meaning would be the uncertainty on the rH
derived from this technique. For a system of the kind repre-
sented by B. sphaericus suspensions (relatively free of dust and
contaminants, nonaggregating, nearly spherical particles in this
size range), it also lies around 20 nm (see below for a definition
of this uncertainty).
With respect to the range of sizes and shapes of spores and

spore components that can be analyzed by these techniques,
LD can analyze only spherical particles ranging from 100 nm
(i.e., l/5) to 6,000 (i.e., about 10 l) nm, where l is the wave-
length (in this case, that of an argon ion laser emitting at l 5
514.5 nm). Moreover, it detects only concentric regions of the
spore as long as their refractive indices differ.
The reported range for QLS, expressed in terms of rH, is

from 3 to 1,200 nm (9). By changing the working wavelength of
the laser, the size range of the particles which can be analyzed
can also be varied (10). Both spherical and nonspherical spores
have been studied by QLS (11, 12, 20), although an extremely
elongated shape requires the consideration also of rotational
diffusion coefficients. QLS yields the size of the particle plus
whatever is moving along with the particle. This includes sol-
vation layers and solvent trapped inside the exosporium.
Sample preparation time varies from hours to days for LD

and from minutes to hours for QLS and SEM. Sample prep-
aration time reflects the nature of the measurement: for LD,
the sample and the immediate areas surrounding the scattering
chamber must be free from contaminating particles that could,
at the least, increase the background scattering and, at the
worst, be accidentally mistaken for the particle under exami-
nation. QLS data are less affected than LD data by the pres-
ence of a small number of contaminating small particles.
(However, even a small quantity of large contaminants can
strongly alter the Dz and rH obtained because of their accen-
tuated influence on the z average.) However, when LD is
applicable, it yields potentially more information about the
characteristics of the particle than QLS does.
In this study, spores of B. sphaericus grown at 158C (BS15),

208C (BS20), and 308C (BS30) were analyzed by QLS, LD, and
SEM. This report presents the findings of the comparison of
these techniques and discusses how potential difficulties caused
by the presence of an exosporium in B. sphaericus can be
resolved from both experimental and theoretical points of
view.
Structure of B. sphaericus spores. Structural studies have

already been carried out on B. sphaericus with SEM, optical
microscopy, and LD (25, 26). They yielded a model of the
complete spore structure consisting of (i) a highly refractile
spherical protoplast with a radius of .0.55 mm, (ii) a low-
refractility spherical coat or integument with a thickness of
.0.15 mm (making a radius of up to .0.7 mm for the spore
core), and (iii) a loose membrane (exosporium) with an exter-
nal radius of .1.2 mm, containing the two inner regions of the
spore, named here the spore core.
The presence of a parasporal structure around the B. sphae-

ricus spore makes it a particularly interesting case for study by
QLS and LD. These techniques rely on different principles of
operation, and the parameters they measure are not equiva-
lent. For this system, the sizes determined by QLS and LD are
expected to be significantly different. In LD studies, only the
highly refractile parts of the cell contribute to the scattering
pattern. Thus, the protoplast and integument of the spore are
detected but the exosporium or sporangium is not. QLS also
detects the scattered light from the spore, but information is
extracted by time correlation. This essentially measures the
movement of spores due to Brownian motion, which is affected
by the presence of the parasporal structure. Such motion de-
pends on whether the spore is free or attached to the mem-
brane and on the size and shape of the cell components.

MATERIALS AND METHODS

Abbreviations. D1 and D2, D values for motion along and perpendicular to the
rotational axis, respectively. Dz(20,w), Dz under standard conditions (in water at
208C). Dz(T,b), Dz in buffer b at temperature T (absolute temperature); g2(t),
normalized intensity correlation function; k, Boltzmann constant; K, scattering
vector; PF, polydispersity factor; r1 and r2 effective hydrodynamic semiaxes of an
ellipsoid; t, time; a, angle formed by the rotational symmetry axis of the spheroid
and the scattering vector; ε function, guide to the best fit for the Dz extraction
procedure; h, viscosity coefficient; h20,w, h of water at 208C; hT,b, h of buffer b at
T; t, delay time.
Bacterial strain. Suspensions of B. sphaericus ATCC 9602 were prepared and

purified as described in reference 26.
Growth conditions and spore production. B. sphaericus was grown in modified

SP medium (23) at 158C (BS15), 208C (BS20), and 308C (BS30). The spores were
produced, harvested, cleaned, and stored as described in reference 7.
QLS. Spores for QLS analysis were suspended in sodium and potassium

phosphate buffer (50 mM, pH 7.5) to a concentration of 2.6 3 107 spores per ml,
corresponding to an A450 of 0.35 as measured by an LKB Ultraspec 4050 spec-
trophotometer. All spore suspensions were ultrasonicated by a Sonicleaner (Ul-

TABLE 1. Comparison of characteristics of QLS, LD, and microscopy as tools for the study of bacterial spores

Method
No. of spores
analyzed in
1 expt

Parameters
measured Resolution Wavelength Single range Spore shape

limitation

Range of sample
preparation
times

QLS 106–107 Dz, rH, PF, scaling NAa (error, .20 nm)b 632.8 nmb 3–1,200 nm Nonec Min–h
LD 1 Size, RI,d r, H2O

contents of 2
compartments

.20 nm 514.5 nmb 100–6,000 nm Spherical H–days

Microscopy 1–.100 Size, shape .200 nm (OMe),
,20 nm (SEM)

Visible (OM), electrons
(SEM)

.Resolution None Min–h

a NA, not applicable.
b In this study.
c Study is more complicated when deviation from sphericity is significant.
d RI, refractive index.
e OM, optical microscopy.
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trasonic Ltd.) bath filled with deionized water, for 2 min prior to analysis to
reduce the effect of spore aggregation (12, 20).
QLS measurements of B. sphaericus spores were performed with a Malvern

4700 light scattering apparatus equipped with a Siemens 40-mW He-Ne laser
(wavelength l 5 632.8 nm) essentially as described in reference 20.
All measurements were performed at 25.08C, thermal control being facilitated

by an ultrafiltered water index-matching bath in which the optical-quality square
(1 by 1 cm) measuring cell was immersed. Thermal equilibration times (1 to 5
min, approximately) were allowed after introduction of the sample and measur-
ing cell into the index-matching bath and before the start of an experiment.
Sample times ranging from 150 to 270 ms were employed. No dependence of

D on sample time was observed, so correction to zero sample time was not
necessary (8). The experimental duration time explored ranged from 10 to 300 s.
Finally, times from 60 to 180 s were used to ensure that an optimal number of
counts was stored in the autocorrelator channels. It was also checked that
sedimentation of spores in the measurement cell during the experiment was
negligible.
The digital autocorrelator output was analyzed by a routine that produced an

accurate plot of ln[g(2)(t) 2 1] versus t, where g(2)(t) is the normalized intensity
correlation function (22). The routine also yielded the best least-squares fit of
this plot to a linear, quadratic, or cubic equation and also PF, which is the
normalized z-averaged variance of the distribution of D values (22). A guide to
the best fit was provided by the ε function, also given by the routine employed.
This is essentially a sum of squares of residual function normalized for the
number of degrees of freedom (see, e.g., reference 24, p. 375).
The data given in Table 2 are average results of 10 experiments carried out

under the same conditions, excluding occasional erratic results (as detected by a
high ε function). The uncertainty quoted is the Student error (95% confidence).
rH values were determined from the Dz values via the Stokes relationship:

rH 5
kT

6phT,bDz
(1)

Dz values obtained in buffer at T (in this study, 298.15 K) were normalized to
standard conditions (water as a solvent at 208C) in accordance with the formula
(see, e.g., reference 13):

Dz(20,w) 5
293.15
T

z
hT,b
h20,w

z Dz(T,b) (2)

LD. A spore suspension (concentration, 109 spores per ml) was centrifuged at
approximately 700 3 g for 13 min in a swing-out centrifuge (Centrifuge 2000;
Gallenkamp, Loughborough, United Kingdom) and resuspended in deionized
water which had been filtered through a 0.2-mm-pore-size filter and spun at the
above-described setting. This operation was repeated four times. After the last
centrifugation, the spores were resuspended in deionized water that had been
previously filtered through 0.2- and 0.05-mm-pore-size Millipore filters. Just prior
to being used, a spore suspension of 100 to 1,000 spores per ml was made with
a hemocytometer (for details, see reference 6).
Differential light scattering (27) patterns were obtained with the laser diffrac-

tometer developed and built at Hatfield Polytechnic (15, 16, 18)—now the
University of Hertfordshire. The method used was essentially that described in
reference 26, with the difference that the database of theoretical light scattering
patterns was increased to 8 3 104 patterns, which allowed a wider range of spore
sizes and refractive indices to be modelled. The algorithm used to match the
experimental and theoretical light scattering patterns was developed by Ul-
anowski (25). This algorithm is based on the least-squares method, and it reduces
the number of possible solutions.
The final matching stage was carried out by visually comparing the experimen-

tal pattern with 40 of the best-fitting theoretical ones. This procedure allowed the
number of theoretical patterns to be reduced from 8 3 104 to a maximum of 15
solutions. For each of the patterns, the inner (or protoplast) and outer (or
integument) refractive indices and inner radius and integument thickness were
calculated. The mean bias towards the best fit for each of the four parameters of
the isolated spores was used in reaching a final identification of the best fit for
each experimental pattern. The process was carried out for 23, 28, and 15
experimental patterns of B. sphaericus spores produced, respectively, at 15, 20,
and 308C.
Water contents and densities of protoplast and integument were determined

from the values of the refractive index by using the numerical method described
in reference 26.
SEM. Suspensions of spores at a concentration of 109/ml were air dried on a

glass coverslip and coated with a 20-nm layer of gold in a Nanotech Sam prep 2
apparatus (Cambridge Scanning Company, Cambridge, United Kingdom). The
spores were then observed and photographed by SEM (Can Scan Model 3/30;
Cambridge Scanning Company) at the following settings: angle, 458; magnifica-
tion, 310,000; acceleration voltage, 25 kV; micrograph exposure time, 160 s.
Preliminary work on drying methods showed that air drying was preferable, as it
gave better boundary resolution than acetone drying (6). The diameters of 48
BS15, 36 BS20, and 26 BS30 spores were estimated by accurate expansion of
photographed images.

RESULTS AND DISCUSSION

QLS, LD, and SEM measurements were performed on
spores of the three cultures of B. sphaericus (BS15, BS20, and
BS30).
Analysis of QLS data was carried out by the cumulant

method (3, 4, 17), as it gave consistent results for bacterial
spores (9, 11, 12, 19). Apparent D values and corresponding rH
values were evaluated at a scattering angle of 908. At this
scattering angle and for particles in this size range, complicat-
ing effects caused by rotational diffusion phenomena were con-
sidered negligible because of the relatively large size of the
spores (2, 12). Nevertheless, experiments were performed at
different angles to check for any possible significant angular
dependence, which was not found.
The spore suspensions proved to be strongly scattering in

QLS experiments, and highly reproducible curves of the inten-
sity correlation function against channel number were ob-
tained. Nearly linear plots of the logarithm of [g2(t) 2 1] with
respect to t were found for B. sphaericus spores (Fig. 1). These
plots are similar to those previously reported by Harding and
Johnson (9, 11, 12) for their work on B. subtilis and B. mega-
terium. Sonication of the samples prior to QLS experiments
ensured the dispersion of possible spore aggregates and does
not have a significant effect on the physical integrity and via-
bility of the spores (12).
The Dz(20, w) values, the PFs, and the rH values of B. sphae-

ricus sonicated spores are shown in Table 2. PFs are reasonably
equivalent for BS15, BS20, and BS30 and not too large for a
sample of this type; although grown under the same conditions,
not all of the spores can be expected to have exactly the same
size.
A representative comparison of experimental and theoreti-

cal LD patterns for a single spore is shown in Fig. 2. The
size-related parameters derived from this technique are pre-
sented in Table 2. Refractive indices, water contents, and spore
densities of the spore layers appear in Table 3. SEM-derived
spore radii are also given in Table 2. Representative micro-
graphs of the three spore types considered are shown in Fig. 3.
All of the data shown are high in quality and reproducible, as
expressed by the small uncertainty quoted.
From LD data, it was found that the radii of the spores (both

the total dimension and the protoplast and integument dimen-
sions) were fairly constant at different growth temperatures. A

TABLE 2. Sizes and related parameters of B. sphaericus spores produced at different temperatures as measured by QLS, LD, and SEM

Spores

QLS Whole-spore
radius (mm)
determined
by SEM

LD

rH (mm)
Dz(20,w) (109

cm2 s21) PF Sample time
(ms)

Whole-spore
radius (mm)

Protoplast radius
(mm)

Integument thickness
(mm)

BS15 1.70 6 0.02 1.26 6 0.03 0.29 6 0.09 270 0.64 6 0.02 0.56 6 0.01 0.41 6 0.02 0.150 6 0.004
BS20 1.58 6 0.02 1.36 6 0.02 0 6 0.3 230 0.58 6 0.01 0.58 6 0.01 0.42 6 0.01 0.16 6 0.01
BS30 1.14 6 0.02 1.89 6 0.03 0.2 6 0.2 150 0.70 6 0.02 0.52 6 0.02 0.38 6 0.02 0.14 6 0.01
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slight reduction in those grown at 308C was observed. Con-
versely, QLS data show a strong reduction in size associated
with the increase of the sporulation temperature. The values
obtained are always much greater than those obtained by LD,
suggesting that the presence of an exosporium (detected by
QLS but not by LD) is the cause of this discrepancy. According
to this, B. sphaericus spores produced at different temperatures
maintain their protoplast and integument dimensions but
those produced at lower temperatures have a larger exospo-
rium.
It has been observed that there is a decrease in heat resis-

tance with increased B. sphaericus sporulation temperature (7),
similar to that detected for B. cereus (20). It has been suggested
that B. sphaericus should be better adapted to sporulate opti-
mally at lower temperatures (around 158C) rather than at
higher ones (308C), as in nature it is found in soil, marine, and
freshwater sediments, where the temperature seldom reaches
higher values.
Interestingly, SEM data lie between the QLS and LD data.

The SEM data may reflect the observation of the spore with
the loose exosporium cover over it (shrunken by the harsh
fixing treatments, as the micrographs shown suggest), as the
size measured is larger than that found by LD. Alternatively,
the variations with the sporulation temperature detected by
SEM may be related more to the different behavior of the
spores towards the treatments of fixing, shadowing, etc., than
real, ‘‘native’’ size diversity. Again, both effects can be present.
It must be noted that Table 3 shows a variation in the water

content and density of the spores; this can be correlated with
the SEM results if we consider that BS20—with the highest
water content—may suffer the most shrinkage and yield a
smaller radius by SEM, or, alternatively, that BS30, with the
highest density, shows the largest size by SEM. The heat re-
sistance of BS30 is also significantly lower than that of the
others, as reported earlier (7).
Influence of the exosporium on spore diffusion. The motion

of the spore within this extra membrane is somewhat different
from the simple diffusion kinetics of a spherical spore particle
which is moving in free suspension. We can quantitatively
explain the difference in the effective spore radii estimated by
LD and QLS by considering the case of a spore internally
attached to a surrounding spheroidal membrane. Only the
translational motion of the center of mass of the membrane
contents must be taken into account. Allowing for a small
degree of eccentricity in the spore shape leads to a ‘‘field’’
autocorrelation function [g1 (t)] value of the scattered light
given by:

(3) g1(t) 5 [g2(t) 2 1]1/2 5 exp[2K2(D1cos2a 1 D2sin2a)t]

for all spheroids aligned with their rotational symmetry axes at
an angle a with respect to the scattering vector. The coeffi-
cients are obtained by averaging the different spheroid sizes
and shapes present in the suspension and can be expressed in
terms of r1 and r2, where, by Einstein’s equation:

FIG. 1. Representative plot of ln[g2(t)2 1] with respect to t for B. sphaericus
spores.

FIG. 2. Representative comparison of experimental (solid line) and theoret-
ical (broken line) LD patterns for a single B. sphaericus spore. The most impor-
tant criteria for the match are the angular positions of the maxima and minima,
not the relative intensities. deg, degrees.

TABLE 3. Refractive index, water content, and density of the two concentric layers of spores of B. sphaericus produced at different
temperatures, as measured by LD

Spores
Refractive index Water content (g/ml) Density (g/ml)

Protoplast Integument Protoplast Integument Protoplast Integument

BS15 1.490 6 0.008 1.420 6 0.006 0.38 6 0.03 0.67 6 0.02 1.31 6 0.02 1.14 6 0.01
BS20 1.480 6 0.006 1.420 6 0.006 0.40 6 0.03 0.67 6 0.02 1.29 6 0.01 1.14 6 0.01
BS30 1.520 6 0.007 1.440 6 0.008 0.26 6 0.02 0.59 6 0.03 1.37 6 0.01 1.18 6 0.01

1702 MOLINA-GARCIA ET AL. APPL. ENVIRON. MICROBIOL.



D1 5
kT
6phr1

and D2 5
kT
6phr2

(4)

Three spheroidal shapes (with semiaxes r1, r2, and r3, with r2 5
r3) are of interest for this case: oblate (D1 . D2 and r1 , r2),
spherical (D1 5 D2 and r1 5 r2), and prolate (D1 , D2 and r1
. r2). A further averaging of equation 3 over all orientations of
the spheroids is required to derive the final correlation func-
tion. This yields expressions for the autocorrelation function
which depend on the shape of the spheroid (21). When the
difference between D1 and D2 is small (near sphericity), the
prolate and oblate equations reduce to the same formula
(which includes the spherical case):

g1(t) 5 e2K2(D1 1 2D2)t/3 (5)

However, for increasing eccentricity, a plot of the logarithm of
the autocorrelation function will show curvature, which would
be manifested as a positive PF for the two cases. Thus, the
initial slope of such plots gives an effective rH value of:

1
rH

5
1
3S1r1 1

2
r2
D (6)

From the QLS data obtained here, only rH is directly derived.
The PF cannot be employed, as it contains information related
not only to D1 and D2 but also to the polydispersity originating
from the intrinsic real size dispersion of the spores and, pos-
sibly, from different transient conformations of the exosporium
under the changing Brownian motion. For these reasons, it is
therefore not possible to derive unique values for r1 and r2.
What is possible is to specify the ranges of r1 and r2 (nor-

malized by rH) over a narrow spheroid axial ratio range (about
unity) that are allowed by the constraints of equation 6, and
this is illustrated in Fig. 4. Larger axial ratios appear to be
excluded on the basis of electron microscopy. The presence of
the exosporium probably makes the spores behave even more
spherically in suspension, since the high shearing and surface
tension forces during sample preparation for SEM are not
present but are replaced by the averaging or randomizing
forces of Brownian motion.

FIG. 4. Plot (solid line) of r1/rH ratios as a function of r2/rH ratios that satisfy
equation 6 (see text).

FIG. 3. Representative SEM micrographs of BS15 (A), BS20 (B), and BS30
(C). See text for details.
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By contrast to the constraints of QLS, the data derived from
LD do not provide a limit to the possible dimensions of the
external layer. The core radius, smaller than one-third of rH,
will only mean a minimum limit for either r1 or r2, but this limit
means an eccentricity ratio of 3, which implies an exaggerat-
edly large value for the larger radius and in fact falls well out
of the region of validity of equation 6.
Other models can be employed to fit the hydrodynamic data

of the spores. It is possible to consider the movement of the
free (nonattached) spore core (protoplast plus integuments)
within a spherical membrane (exosporium). This can be ex-
plained as being due to independent Brownian motions of the
center of mass of the total spore and the core. Viscous forces
on the spore may be, moreover, enhanced by the existence of
an exosporium. The low refractility of the exosporium can be
interpreted as implying that it has an open mesh structure. In
such a case, the viscous forces may be enhanced over those of
a smooth, spherical surface and would lead to an rH value
greater than the geometrical radius.
Nonetheless, we can see that despite the crudeness of our

approximations, the difference between the estimated outer
effective radii obtained by the two light scattering-based tech-
niques for this rather rare quasispherical spore can indeed be
explained on a semiquantitative basis in terms of the exospo-
rium.
Comparison of QLS with LD for other bacterial spore spe-

cies. QLS can be applied—and has already found applica-
tion—to the study of the gross conformation and changes that
occur during either germination or destruction of ellipsoidal
spores, such as those of B. subtilis (11, 12) and B. megaterium
(14). LD cannot be applied to these cases. Although Lorenz-
Mie theory is available for ellipsoidal particles, it can currently
be applied only to fixed particle orientations: unless a way is
found to fix the orientation of a spore in the laser beam, LD
applications will remain confined to spherical particles.
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