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ABSTRACT Deinococcus radiodurans is a potent radiation resistant bacterium with immense potential in nuclear waste
treatment. In this investigation, the translational and rotational dynamics of dilute suspensions of D. radiodurans cultured under
controlled growth conditions was studied by the polarized and depolarized dynamic light-scattering (DLS) techniques.
Additionally, confocal laser scanning microscopy was used for characterizing the cultured samples and also for identification of
D. radiodurans dimer, tetramer, and multimer morphologies. The data obtained showed translational diffusion coefficients (Dr)
of 1.2 x 1079 1.97 X 1079 and 2.12 x 10°° cm? /s, corresponding to an average size of 3.61, 2.22, and 2.06 um,
respectively, for live multimer, tetramer, and dimer forms of D. radiodurans. Depolarized DLS experiments showed very slow
rotational diffusion coefficients (Dg) of 0.182/s for dimer and 0.098/s for tetramer morphologies. No measurable rotational
diffusion was observed for multimer form. Polarized DLS measurements on live D. radiodurans confirmed that the bacterium is
nonmotile in nature. The dynamics of the dead dimer and tetramer D. radiodurans were also studied using polarized and
depolarized DLS experiments and compared with the dynamics of live species. The dead cells were slightly smaller in size
when compared to the live cells. However, no additional information could be obtained for dead cells from the polarized and

depolarized dynamic light-scattering studies.

INTRODUCTION

Light scattering measurements have found many applica-
tions in biology, ranging from the assessment of bacterial
concentration in a suspension to the resolution of the fine
structure of the cells and also to determine the size and shape
of the molecules (1). Among the various methods, dynamic
light scattering (DLS) is one of the most powerful techniques
used extensively for studying the dynamics of macromole-
cules in solutions/suspensions. This technique basically deals
with particles, which undergo Brownian motion in the solu-
tions. The average translational motion of particles depends
on the particle size, thermal energy, viscosity of the medium,
and particle geometry. Conventional DLS (2) probes the
translational motion of the particles, from which information
about the particles dimensions can be obtained, whereas
depolarized dynamic light scattering (3) (DDLS) probes both
the rotational and translational motion of the particles. The
depolarized component of the scattered light is produced
either by geometrically or optically anisotropic particles. The
depolarized DLS can provide information about the shape of
the particles along with its dimensions. The depolarized DLS
experiment is also much more sensitive to small changes in
particle size, because of a much stronger size (d) dependence
of (1/d*) compared to the (1/d) dependence for DLS. Confocal
laser scanning microscopy is another technique, where imag-
ing is used to study large particles with respect to the particle
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size and shape. DLS, DDLS combining with confocal micros-
copy can be used to study the dynamics of macromolecules,
vis-a-vis can be applied to bacteria.

Managing nuclear waste is one of the challenges faced by
the nuclear industry worldwide (4,5). Among several physi-
cochemical technologies used for the treatment of active
waste, bioremediation is developing as an alternative tech-
nology (6). We have applied DLS, DDLS, and confocal
microscopy to study the dynamics of Deinococcus radio-
durans, a bacterium that can resist up to 18 KGy of radiation
dose and is emerging as a promising candidate for bioreme-
diation of nuclear waste (7,8). D. radiodurans can be isolated
from locations rich in organic nutrients like; soil, animal
feces, and processed meats, as well as from dry and nutrient
poor environments (9,10). Tremendous effort has been made
by several groups to understand the radiation resistance
of this bacterium (11,12). The common morphology of
D. radiodurans bacteria cells is tetrameric (13,14). This
bacterium grows and divides in a dimer/tetramer (designated
as 2/4) fashion under normal growth conditions (14).
D. radiodurans has extraordinary resistance to the lethal
and mutagenic effects of many DNA damaging agents, viz.
ultraviolet, ionizing radiation, and chemical mutagens. All
the strains of this genus are radiation and desiccation
resistant (12). This unusual bacterium survives in extreme
conditions of environments because of its ability to repair
damaged DNA quickly (12). Studies on varied morphologies
(dimer, tetramer, and multimer) of D. radiodurans have lot
of relevance in their mode of growth on different substrates
(which aids in better understanding of the biofilm formation
property) with respect to surface decontamination. Moreover,
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morphological variants can show disparate radiation resis-
tance property. Also, the different forms of this bacterium
can aid in better gene manipulation, thereby enhancing the
bioremediation potential of this bacteria.

Inspired by the extraordinary properties of this bacterium,
we have successfully grown D. radiodurans cultures with
predominantly dimer, tetramer, and multimer forms, using
controlled growth conditions. To the best of our knowledge,
this is the first time D. radioduran bacterium with predom-
inantly dimer and multimer forms were cultured under a
controlled nutrient condition. It is important to characterize
the grown culture of D. radiodurans for a), their predom-
inance of a particular form, and for b), their size and shape
relationship with change in morphologies. Further, we are
also interested in verifying the motility of the live bacteria
cells. DLS is the appropriate tool for characterizing these
quantities of the microorganism. Hence, we employ both
polarized and depolarized DLS technique for measuring
the translational and rotational diffusion coefficients of D.
radiodurans of different morphologies in dilute suspensions
as well as the motility of the live D. radiodurans cells. The
measurement of translational and rotational diffusion coef-
ficient of different forms of D. radiodurans can provide an
insight into dissimilarities in their size and shape. Additional
information about the predominance of a particular form in
respective culture samples can be obtained via polydispersity
index parameter. We also confirm the results of DLS data by
performing fluorescence confocal laser scanning microscopy
on the cultured samples. Further, we report polarized and
depolarized DLS results on the dead dimer and tetramer
samples of D. radiodurans to differentiate any change in
dynamics with that of the live samples.

MATERIALS AND METHODS
Bacterial culture

D. radiodurans R1 (B2906, NRRLB) was cultured in TGY (tryptone 1.0%,
glucose 0.1%, yeast extract 0.5%) medium and incubated at 37°C for 24 h.
This culture medium and conditions lead to the formation of the multimer
form of D. radiodurans. By using a similar procedure with controlled
growth conditions, i.e., primarily by varying the nutrient concentration, we
could culture predominantly dimer and tetramer forms of the bacterium.
After the growth, the D. radiodurans culture was centrifuged at 8000 rpm in
a refrigerated centrifuge. The cell pellet obtained was washed twice in ultra-
pure phosphate saline buffer (PBS) to remove any debris.

For DLS measurements, the pellet was further washed twice with 0.2 um
filtered PBS buffer. The washed pellet was resuspended directly into the light-
scattering cell (quartz) of 8 mm inner diameter with 1 ml of ultra-filtered PBS
buffer. Further dilutions were made with the same ultra-filtered buffer to the
required concentrations before DLS measurements were carried out.

Confocal microscopy

The confocal microscopy (15) measurements on D. radiodurans cells were
performed using Leica TCS-SP2-RS (Wetzlar, Germany) confocal laser
scanning microscope (CLSM) system operating in fluorescence mode. The
CLSM is interfaced with a Leica DMIRE2 inverted microscope and the
images were taken using a 63X/1.2 numerical aperture, water immersed
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objective lens. The D. radiodurans cells are stained with acridine orange and
excited using an Ar" ion laser operating at 488 nm. The emitted fluorescence
signal was collected with a wavelength window of 500-550 nm using a
photo multiplier tube (PMT) for imaging the bacteria cells. For these
experiments, 50 ul of D. radiodurans suspension was spread on to a glass
slide and air-dried. The smear was stained with 20 ul of 0.02% of acridine
orange (absorption maximum ~490 nm, emission maximum ~520 nm) for
a few minutes. Excess stain was washed with ultra-pure water, and the
stained sample was air-dried. A thin coverslip was placed on the smear and
the slide was mounted on to the microscope stage for observation using
CLSM. Acridine orange is an intercalating dye that binds to the double-
stranded DNA inside the bacteria cells, and these dye-tagged molecules of
double-stranded DNA emit fluorescence signal in green (16) when excited
with an Ar™ ion laser operating at 488 nm, and helps in imaging the D.
radiodurans cells. Dead bacteria were confirmed after staining with live/
dead staining technique (Molecular Probes, Eugene, OR), wherein the dead
cells fluoresce red. All the images were taken by scanning a frame of 512 X
512 pixels with the laser beam in the x, y plane, and each image was
averaged over 40 frames for a better signal/noise ratio.

Dynamic light scattering

Polarized (VV, vertical/vertical) and depolarized (VH, vertical/horizontal)
DLS measurements on dilute suspensions of D. radiodurans were per-
formed using a Malvern 4700 (Malvern Instruments, Malvern, UK) light-
scattering setup equipped with a Malvern made goniometer, a multi-tau
correlator, and a 2.5 W (Ar* + Kr™") ion laser (Spectra-Physics (Mountain
View, CA), model No. 2018-RM) operating at 514.5 nm. For polarized and
depolarized DLS measurements, the incident laser beam was vertically
polarized and the scattered intensity was collected using a Glan-Thompson
prism (Melles Griot, Rochester, NY), placed in front of the PMT in the
vertical and horizontal polarization respectively. The normalized intensity-
intensity autocorrelation function (ICF), g? (g, r)measured directly using a
multi-tau correlator at a given scattering wave vector, ¢ = (47n/A)sin(6/2)
is given by (2),

{(q,0)1(q,t+ 7))
d(g, 0y

where 7 is the refractive index of the medium, A is the wavelength of the
incident laser beam, and 6 is the scattering angle.

For a scattered electric field obeying Gaussian statistics, the ICF is related
to g)(g,7), the normalized electric field correlation function, {(E* (g, t+7)
E(q,1))/KE(q, t))|2by the Siegert relation (17)

§?(q, 1) =1+flg" (g, )], )

where f is an instrumental parameter 0 < f < [,related to the spatial
coherence (2). In general, the field correlation function, g“)(q, T), can be
expressed as a distribution function of decay rates T',

() (

q,7) = (D

©

189, = / GM)exp(-Trdl,  (3)

where G(I')dI" is the contribution to the total scattering from the decay
process with decay constants between I and T'+dT. The form of g(!)(g, 7)
depends on the system under study and for a dilute solution of mono-
dispersed particles, it can be represented by a single exponential,

g"(q,7) = exp(-T'), “4)

where I is the decay constant related to translational diffusion coefficient by,
I'=Dg>.

In the case of isotropic particles, translational motion alone contributes to
the field correlation function, g“)(q7 7). For a dilute solution of spherical,
monodispersed, and optically isotropic particles, g'") (¢, 7) can be described
by Eq. 4, whereas in the case of geometrically or optically anisotropic
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particles, both translational and rotational motions contribute to the cor-
relation function, g!)(¢, 7). Anisotropic particles depolarize the incident
light, and the scattered electric field can be decomposed into parallel and
perpendicular components with respect to the incident polarization. The
polarized electric field correlation function, gi,]‘),(q, 7), in its normalized form
can be written as (18,2)

(1) 45a2 2
gwlg,T) = ( exp(—¢q Dr7)

450° + 48°)
4p° 2
+ ————-exp|—(¢"Dt + 6Dg)7] (5)
(45012 +4BZ) p[—(¢ Dr R)7]
and the depolarized electric field correlation function, g%(q,r),in its
normalized form can be written as (18,2)

g\n(q,7) = exp[—(¢’Dr + 6Dg)1], (6)

where Dt andDy are the translational and rotational diffusion coefficients,
respectively, and «, B are the isotropic and anisotropic parts of the polar-
izibility tensor respectively. For large rod-shaped particles (gL > 5), more
exponential terms containing both translational and rotational diffusion
coefficients should be added (19) to Egs. 5 and 6. But these additional terms,
including the second term on the right-hand side of Eq. 5, are negligible in
the limit of gL — O or for spherical particles. In the study presented here,
although all forms of D. radiodurans are large in size, their aspect ratio is
quite small and also is not rigid in nature. Hence all forms of D. radiodurans
can be approximated to nearly spherical in shape. This can be seen clearly in
the Results and Discussion section, as all the polarized and depolarized field
correlation functions could be fitted to third-order Cumulant expression (22)
with a good accuracy. Further, the fluorescence confocal laser scanning
microscope pictures discussed in the next section reveals that different forms
of D. radiodurans used in this study are nearly spherical. Hence Eqs. 5 and 6
can be approximated to

g\n(q,7) = Aexp(~Tyy7) )

and
gn(q,7) = exp(—T'yy7) 8)

with
Ty = D’ )

and
T'vy = Drq” + 6Dy (10)

and

A =450 /(450" + 48°).

So polarized DLS experiments performed on our optically anisotropic,
but nearly spherical in shape particles, sense mostly the translational
diffusion, whereas the depolarized DLS experiments will have contributions
from both the translational and rotational diffusion. In this case, the decay
rate, I'vy,is only amplitude modulated by the rotational diffusion coefficient
(3,18,20,21). Equation 10 rests on the assumption that there is no coupling
between translational and rotational motion. The validity of this assumption
can be evaluated through the rotational-translational coupling parameter,
vy = ¢*AD1/Dg,, where ADt(= Dy — D ; Dy and D are the translational
diffusion coefficient parallel and perpendicular to the rod’s axis) is the
anisotropy in the translational diffusion coefficient and Dgis the rotational
diffusion coefficient (20,21). Equation 10 is valid for small values of y and
for nearly spherical particles; 7 is generally very small because ADris small.

The DLS and DDLS experiments were performed by placing the
sample cell at the center of an optical vat filled with an index matching liquid
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(toluene) in the goniometer. The index matching liquid is used to suppress
the reflection from the sample cell walls to the PMT. Experiments were
performed at a constant temperature of 25 * 0.1°C. The field correlation
function,g(‘)(q, 7) was obtained from the measured ICF by using Eq. 2 and
fitted to the third-order Cumulant expression (22) Ing()(g,7) = —T'7+
I,72/2! —T373 /314 ..., to extract the decay rate, I, and polydispersity
parameter, P = (I'; /%) corresponding to particle size distribution.

RESULTS AND DISCUSSION
Fluorescence confocal laser scanning microscopy

One of the goals of this investigation is to grow different
forms of D. radiodurans bacteria cells by controlling the
nutrient concentration, and characterize their shape and size.
The double-stranded DNA inside the D. radiodurans cells
are tagged with the fluorescent dye molecule of acridine
orange, which helps in imaging the cells using CLSM. Fig. 1,
a—c, show the typical CLSM images containing several
bacteria cell units with predominantly dimer, tetramer, and

FIGURE 1 CLSM images of samples with predominantly (@) dimer,
(b) tetramer, and (c) multimer of D. radioduran species. The images were
taken using a 63X/1.2 numerical aperture water immersed objective lens and
averaging over 40 frames. The scale bar is 5 um.
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multimer form of D. radiodurans species, respectively. The
dimer and tetramer cells are found to be present in more than
90% in the respective samples, when the images were
captured and analyzed over several frames. In the case of the
multimer sample, tetramers in groups of four (16-cell cluster)
were found to dominate in numbers in comparison to other
combinations. All samples including the predominantly
multimer sample are grown without the presence of any salt.
This predominant culture of multimer form of D. radiodurans
was achieved by controlling the nutrient concentration alone.
However, in an earlier report by Chou et al. (23), the multimer
form of D. radiodurans was grown by controlling the salt
concentration. Cell lengths of dimer, tetramer, and multimer
(16-cell cluster) form of D. radiodurans are obtained by
performing image analysis on several frames containing
predominantly dimers, tetramers, and multimers of D. radio-
durans, respectively. Fig. 2, a—c, depict a single unit of dimer,
tetramer, and multimer bacteria cell, respectively, imaged
using 63X/1.2 numerical aperture water immersed objective
lens. The aspect ratio (length/breadth) for dimer, tetramer,
and multimer forms of D. radiodurans are obtained by image
analysis on the monographs. The results obtained from CLSM
studies are summarized in Table 1. These results were sub-
stantiated with light scattering data, which is presented in the
following section.

Dynamic light scattering

The same batch of cultured samples with different forms of
D. radiodurans was used for both polarized and depolarized
DLS experiments, on which fluorescence CLSM measure-
ments were performed. DLS experiments are quite suscep-
tible to fine dust particles. Extreme care was taken to clean
the D. radiodurans pellet obtained from the TGY media by
thoroughly washing them with 0.22 um filtered buffer of
PBS. The washed pellet was directly resuspended into
the light scattering cell with the same filtered buffer of
PBS. Experiments were carried out on dilute solutions of D.
radiodurans, so as to measure the self-diffusion coefficients
of the species, while having enough number of cells in the
scattering volume to have a proper statistics. ICFs for all the
samples were accumulated both in the VV and VH scattering
geometry for the scattering angles, 8 = 20-50° with 5°
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interval, except at 50° for the live tetramer sample in the VH
geometry, where the signal was very weak to measure.

The dynamic light-scattering technique can be effectively
used to differentiate between motile and nonmotile living
organisms (2). Brownian motion generally governs the motion
of nonmotile organisms in dilute solutions, where the distance
the organism travels before changing its direction due to
collision with solvent molecules is much less than the probing
length, ¢~ '. However, in the case of motile microorganisms,
in addition to the Brownian motion, the organism can move
in a particular direction up to a distance v#, where v is the
speed of the organism. Generally, motile organisms tend to
move in a particular direction for long distances, once they
start moving. When the distance becomes much longer than
g~ ', then its motion is no longer governed by Brownian
motion alone. If the velocity, rather than Brownian motion,
controls their movements, the scattered-field correlation
function should depend on g7, whereas if Brownian motion
alone controls their movements, the scattered field correlation
function should depend on ¢*7 (24,25). In the study presented
here, the suspension concentrations were such that the mean
free path is much larger compared to the probing length, ¢~ ',
ie., Ag > 1. In Fig. 3, we have plotted the normalized
scattered-field correlation function in the VV geometry as a
function of time at different scattering angles, 6 = 20-50° for
the live dimer species. It is observed from the figure that the
scattered-field correlation function for higher angles relaxes
faster than those for lower angles. In Fig. 4, the same data is
replotted as a function of ¢*7. This shows a complete collapse
of scattered-field correlation function measured at all the
angles, indicating that Brownian motion solely governs the
movements of dimer cells in dilute solutions. This result cor-
roborates with the microscopy study (26) wherein the live
organism of D. radiodurans is observed to be nonmotile in
nature. Similar results are observed for the live tetramer and
multimer forms of D. radiodurans. Henceforth, all the trans-
port properties of D. radiodurans are analyzed, as Brownian
motion is the only mechanism that governs their movements.

Fig. 5 represents the normalized field correlation function
in the VV geometry for predominantly live dimer, tetramer,
and multimer forms of D. radiodurans at the scattering
angle, 6§ = 50°. This shows that the correlation function for
dimer species decays faster than that for tetramer species,

FIGURE 2 CLSM images of single
(a) dimer, (b) tetramer, and (c¢) multimer
of D. radiodurans species. The images
were taken using a 63X/1.2 numerical
aperture water immersed objective lens
and averaging over 40 frames. The scale
baris 1 wm.
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which in turn decays faster than that for multimer species.
This type of behavior is a consequence of the dimer cell
being smaller in size compared to the tetramer cell, which in
turn is smaller when compared to the multimer cell. Measure-
ments performed at different scattering angles (not shown
here) showed similar results. Normalized field correlation
functions for all the samples were fitted to a good accuracy to
third order Cumulant expression (22). From the analysis,
polydispersity values ranging between 0.1 and 0.15 are ob-
tained for the predominantly dimer, tetramer, and multimer
form of D. radiodurans samples. This low value of poly-
dispersity index suggests each sample is chiefly populated
with the same form of D. radiodurans only. The DLS results
are in accordance with the CLSM observations.

Fig. 6 shows the variation of the decay rate in the VV
geometry, I'yy, as function of ¢* for the live dimer, tetramer,
and multimer forms of D. radiodurans. A linear fit to the
curves results in a slope of 2.12 * 0.024 X 10~° cmz/s,
1.97 £ 0.015 X 10”7 ecm?/s, and 1.21 * 0.013 X 10~” cm’/s
for the dimer, tetramer, and multimer form of D. radio-
durans, respectively, and all the lines pass through the origin.
According to Eq. 9, the slope of these lines is equal to the
average translational diffusion coefficient, Dy, for the
respective forms. From the measured average translational
diffusion coefficient, the bacteria cell size can be calculated
using Stokes-Einstein relation (27)
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FIGURE 3 Normalized field autocorrelation function of D. radiodurans

dimer species measured in the polarized (VV) geometry at scattering angles
0 = 20° (), 25° (+), 30° (), 40° (A), 45° (@), and 50° (m).
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FIGURE 4 Normalized field autocorrelation function of D. radiodurans
dimer species measured in the polarized (VV) geometry at scattering angles
0 =20° (%), 25° (+), 30° (%), 40° (A ), 45° (@), and 50° (M), plotted against
¢*7. All the curves measured at different scattering angles collapse into each
other.

where kg is the Boltzmann constant, T is the temperature in
kelvin, m is the viscosity of the medium, and dy is the
particle hydrodynamic diameter. The average cell size of
dimer, tetramer, and multimer form of D. radiodurans
obtained using Eq. 12 is presented in Table 1. The Stokes-
Einstein equation was used to calculate the cell sizes, because
all forms of D. radiodurans cells, i.e., dimer, tetramer, and
multimer were of low aspect ratio (see Table 1), and can be
treated as spherical particles. The cell size obtained from the
polarized DLS experiments are found to be in good agreement
with the corresponding length obtained from the CLSM study.
The large size of 3.61 um obtained for the predominantly
multimer sample compared to 2.05 wm obtained for the
predominantly dimer sample from polarized DLS experiments
confirms that the CLSM image of the multimer form of
D. radiodurans (Fig. 1 ¢) is for real, and not due to any
artifacts of clumping of dimer or tetramer species during the
spreading of the samples on to the glass slide. The inset of Fig.
6 shows the average size of dimer, tetramer, and multimer
form of D. radiodurans as a function of the scattering angle, 6.
This independence of average size with 6 suggests that there is
no interaction among the species.

Depolarized dynamic light scattering

Optically or geometrically anisotropic particles depolarize
the incident light. The strength of the depolarized scattering
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FIGURE 5 Normalized field autocorrelation function for the dimer (m),
tetramer (@), and multimer (A ) form of D. radiodurans measured in the
polarized (VV) geometry at a scattering angle 6 = 50°.

signal depends on the optical anisotropy of the particles
building blocks (2). Generally, the depolarized signal is so
weak that it is a very tedious and time-consuming experiment
to perform. In the study presented here, we have carried out
depolarized DLS experiments on both predominantly dimer
and tetramer forms of D. radiodurans samples. We observed
a small but finite measurable depolarized signal. The depo-
larized signal is very weak, particularly for higher angles and
because of this the total experimental accumulation time was
as high as 45-60 min to get proper photon statistics. Fig. 7
shows the field correlation function for the predominantly
live dimer species both in the VV and VH geometry at the
scattering angle, 6 = 50°. The correlation function for the
VH geometry relaxes faster than that for the VV geometry.
This implies that a depolarized DLS experiment, which mea-
sures both the rotational and translational diffusion coeffi-
cient, occurs in a faster timescale compared to a polarized
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FIGURE 6 Dependence of the polarized decay rates, I'yy, on the square
of the scattering wave vector q2 for the dimer (W), tetramer (@), and multimer
D. radiodurans (A) species. Inset shows the average sizes of dimer,
tetramer, and multimer species as a function of the scattering angles.

DLS experiment, which measures only the translational
diffusion coefficient.

Fig. 8 represents the decay rates in VH geometry, I'vy, for
predominantly live dimer and tetramer species as a function
of ¢*. The linear dependence of I'vy with ¢ suggests a
decoupling between rotational and translational motion.
Linear fits to both the curves result in a slope and an intercept
of 2.08 = 0.02 X 10~° cm?/s and 1.09/s and 1.94 = 0.026 X
107 cm?/s and 0.587/s for the predominantly live dimer and
tetramer species, respectively. The slope of the curve is equal
to the average translational diffusion coefficient, D, and the
intercept is proportional to the rotational diffusion coeffi-
cient, DR, according to Eq. 10. It can be seen that the average
translational diffusion coefficients obtained using depolarized
DLS experiments is the same as that obtained in the polarized

TABLE 1 Size distribution of different forms of D. radiodurans bacteria cells as obtained from the polarized and depolarized

DLS and CLSM measurements

DLS
CLSM Polarized Depolarized
D. radiodurans form L (um) Aspect Ratio dy(um)/Dr* dy(um)/Dyt dy(um)/Dr*
Dimer 1.86 = 0.09 1.7 2.06 * 0.023 2.09 = 0.02 1.92
Tetramer 2.11 = 0.08 1.4 222 + 0.017 2.25 + 0.03 2.37
Multimer 3.45 * 0.14 135 3.61 = 0.039 @) “)

*dy, is calculated using Eqs. 9 and 11.
td, is calculated using Eqgs. 10 and 11.
¥4, is calculated using Eqgs. 10 and 12.
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FIGURE 7 Normalized field autocorrelation function of D. radiodurans
dimer species measured in the polarized (VV) (®) and depolarized (VH) (OJ)
geometry at the scattering angle 6 = 50°.

DLS experiments. From the y-intercept, a very small ro-
tational diffusion coefficient of 0.182/s for the live dimer
species and an even smaller rotational diffusion coefficient of
0.098/s for the live tetramer species are obtained. This small
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FIGURE 8 Dependence of the depolarized decay rates, I'yy, on the
square of the scattering wave vector qz for dimer (OJ) and tetramer D.
radiodurans (O) species. The inset shows the expanded version of the dotted
portion showing the y-intercept clearly.
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rotational diffusion coefficient is due to the large cell size of
the dimer and tetramer forms of D. radiodurans. We failed to
measure any noticeable rotational diffusion coefficient for
the multimer form of D. radiodurans, which could be due to a
larger average size and a smaller size anisotropy compared to
the dimer and tetramer forms of D. radiodurans. From the
average rotational diffusion coefficient measured using depo-
larized DLS experiments, the bacteria cell size can be calcu-
lated using the Stokes-Einstein-Debye relation given by (27)

ke T
D=—""0 (12)
Tndy,

From the depolarized DLS experiments, an average cell
size of 1.92 and 2.37 um are obtained from the measured
rotational diffusion coefficient (using Eq. 12) compared to
2.09 and 2.25 um obtained from the measured translational
diffusion coefficient (using Eq. 11) for the dimer and tetra-
mer forms of D. radiodurans, respectively. The cell size ob-
tained from the translational diffusion coefficient measured
independently with polarized and depolarized DLS experi-
ments are essentially the same. All the size information for
the dimer, tetramer, and multimer forms of D. radiodurans
obtained from CLSM and polarized and depolarized DLS
experiments are presented in Table 1 for comparison.

Difference between live and dead
cells of D. radiodurans

Dilute solutions of predominantly live dimer and tetramer
bacteria cells used for DLS experiments were stored at 4°C
for 1 month without providing any nutrition in a buffered
solution. After 1 month, the survivability of the cells was
checked by staining them with a live/dead stain (Molecular
Probes). By this dual staining technique, it was confirmed
that the month-old D. radiodurans cells are dead because of
the lack of nutrition. Both the polarized and depolarized DLS
experiments were performed on the dead samples to find out
whether the DLS technique is capable of differentiating
between live and dead D. radiodurans. Fig. 9 shows the
decay constants, I'yy, for the predominantly dead and live
dimer and tetramer cells plotted as a function of ¢*. For
clarity, data have been plotted only up to the scattering angle,
0 = 35°. Linear fits to the curves results in a slope of 2.21 =
0.02 X 10™? ecm*s and 2.07 = 0.01 X 10~? cm*/s for the
predominantly dead dimer and tetramer cells, respectively,
and both the lines pass through the origin. Fig. 10 represents
the decay rates, I'yy, for the dead and live dimer and tetramer
cells as a function of ¢>. Linear fits to the curves for the dead
dimer and tetramer cells samples yield a slope and intercept
0f 2.16 = 0.016 X 10~° cm*/s and 1.13/s and 2.01 * 0.02 X
107° cmz/s and 0.59/s, respectively. Similar to the VV
geometry, data have been plotted only up to the scattering
angle, # = 35°. The rotational diffusion coefficient for the
dead dimer and tetramer cells is practically the same when
compared to the live dimer and tetramer cells. Similar to the
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FIGURE 9 Dependence of the polarized decay rates, I'yy, on the square
of the scattering wave vector q2 for live (W) and dead (J) dimer D.
radiodurans and live (@) and dead (A ) tetramer D. radiodurans species.

live D. radiodurans samples, the translational diffusion
coefficient measured for the dead samples using polarized
and depolarized DLS experiments is essentially the same.
The average size obtained for the dead dimer and tetramer
cells from the translational diffusion coefficient using Eq. 11
is 1.97 £ 0.018 um and 2.1 * 0.01 wm, respectively. This is
slightly smaller in size compared to the corresponding live
cells (see Table 1). This could be due to shrinkage of cells
due to the lack of nutrition/starvation.

CONCLUSIONS

D. radiodurans samples with predominantly dimer, tetramer,
and multimer forms were cultured under controlled growth
conditions. The different forms of D. radiodurans cultured,
under controlled growth conditions, were confirmed using
the fluorescence CLSM imaging technique. We have used
both the polarized and depolarized DLS experiments to study
the rotational and translational dynamics of these grown
cultures. The translational diffusion coefficients for the
dimer and tetramer forms of D. radiodurans, measured using
polarized and depolarized DLS experiments, match very
well with each other. The depolarized DLS experiments give
a very small rotational diffusion coefficient for the dimer and
even smaller rotational diffusion coefficient for the tetramer
forms of D. radiodurans, whereas no noticeable rotational
diffusion coefficient for multimer form of D. radiodurans
was observed. The average size obtained from the polarized
DLS measurements for the dimer, tetramer, and multimer
forms of D. radiodurans are in accordance with that obtained
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FIGURE 10 Dependence of the depolarized decay rates, I'yy, on the
square of the scattering wave vector ¢ for live ((J) and dead (¥) dimer D.
radiodurans and live (O) and dead (A) tetramer D. radiodurans species.
The inset shows the expanded version of the dotted portion showing the
y-intercept clearly.

by fluorescence CLSM. The D. radiodurans microorganism
is confirmed to be nonmotile using DLS experiments. The
size of dead cells of D. radiodurans is found to be marginally
smaller than the corresponding live cells size. However,
no additional differences between the dead and live cells
could be observed from the polarized and depolarized DLS
experiments.

The authors thank Dr. B. Purniah for careful reading of the manuscript and
helpful suggestions.
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