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ABSTRACT: Heavy water (D2O) has a distinct molecular vibration spectrum,
and this has been used to analyze the water content, distribution, and movement
in single dormant Bacillus cereus spores using confocal Raman microspectroscopy
and Raman imaging. These methods have been used to measure the kinetics of
D2O release from spores suspended in H2O, the spatial distribution of D2O in
spores, and the kinetics of D2O release from spores during dehydration in air at
room temperature. The results obtained were as follows. (1) The Raman
spectrum of single D2O-loaded dormant spores suggests that D2O in spores is in
a relatively weak hydrogen-bonded mode, compared to the strong hydrogen-
bonded mode in pure D2O. (2) The D2O content of individual spores in a
population was somewhat heterogeneous. (3) The spatial distribution of D2O in
single dormant spores is uneven, and is less dense in the central core region.
Raman images of different molecular components indicate that the water
distribution is somewhat different from those of proteins and Ca-dipicolinic acid. (4) Exchange of spore D2O with external H2O
took place in less than 1 s. (5) However, release of spore D2O during air dehydration at room temperature was slow and
heterogeneous and took 2−3 h for complete D2O release.

When starved, bacteria of various Bacillus species can form
endospores that can survive in a metabolically dormant

state for many years.1,2 These dormant spores are also very
resistant to a variety of harsh conditions.3,4 The remarkably low
water content in the central spore core, 25−50% of wet weight
depending on the species, is believed to be a major factor in
spores’ dormancy and resistance.5 Consequently, studies of the
properties and dynamics of water in spores, in particular core
water, are important for understanding the mechanisms leading
to spores’ remarkable properties. A number of studies have
demonstrated that dormant spores are permeable to water and
that water in spores has high mobility.6−16 Indeed, water can
diffuse between the spore core and the environment, as using
deuterated water (D2O), > 97% of the water in spores was
found to exchange with the environment.10 Similarly, a nuclear
magnetic relaxation technique measured the speed of water
permeation into the spore core or external water exchange with
water contained within the spore as on a time scale of <1 min.16

Dipicolinic acid (DPA) comprises a large amount (10−20%) of
the dry weight of bacterial spores and is located in the spore’s
central core as a 1:1 chelate with divalent cations,
predominantly Ca2+ (CaDPA); this latter compound plays a
key role in reducing the spore core water content.17−21 CaDPA
has been demonstrated to have minimal if any mobility in
hydrated dormant spores,13 and at least one normally freely
mobile spore core protein is also immobilized.22 Given the

relatively high mobility of water in the spore core, spore
dormancy has been suggested to be due to dehydration-
induced conformational changes in key enzymes.16

Although water in bacterial spores and water permeability of
spores has been extensively studied,6−16,23,24 most of these
studies were performed on spore populations. However, direct
information on water content and permeability in individual
spores under physiological conditions is still limited. A deeper
understanding of spore properties can often be obtained by
analysis of the behavior of individual spores. Raman spectros-
copy is a powerful technique for noninvasive molecular analysis
of living cells and has been used to analyze various molecular
components in and the dynamics of single bacterial spores.26−32

Using this technique, we have recently characterized the
amount of water surrounding CaDPA molecules in spores by
measuring changes in CaDPA Raman bands in the core of
single spores exposed to hydrated and dehydrated environ-
ments.33 High-resolution secondary ion mass spectrometry
(nano-SIMS) has also been used to spatially characterize water
and ion incorporation in individual bacterial spores and to
obtain images of D2O and ions taken up by single spores.25
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However, the spore samples had to be placed in an ultrahigh
vacuum (UHV) in order to do the nano-SIMS analysis, and this
vacuum removed the majority of unbound water, caused spore
damage, and precluded direct analysis under spores’ normal
physiological condition. In addition, this study did not provide
information on water distribution relative to that of other
intrinsic spore molecules, nor any kinetic analyses of water
movement into and out of spores.
In this paper, we have used Raman microspectroscopy and

multifocus Raman imaging techniques to study D2O water
content, spatial distribution, and movement in individual
dormant Bacillus cereus spores. Comparison of the D2O
Raman band of individual D2O-loaded spores with that of
pure D2O indicates that the state of water in dormant spores is
different from that of pure water. Quantitative analysis of
Raman spectra of single D2O-loaded spores also enabled
measurement of the weight of D2O in single dormant spores.
Raman images of CaDPA, protein, and D2O bands in single
dormant B. cereus spores were measured simultaneously to
reveal the relative spatial distribution of these molecules inside
spores. Finally, the kinetics of exchange of external H2O with
spore D2O and the loss of D2O during air-drying of single
dormant spores were investigated by analysis of Raman images
and spectral intensity. The advantages of these analytical
methods include (1) the spores can be noninvasively analyzed
in their native environment at room temperature,32,33 (2) the
time scale of Raman spectroscopic analysis can be decreased to
∼1 s,30 (3) multiple individual spores can be analyzed
simultaneously in one experiment,34 and multiple molecular
components can be analyzed simultaneously by spontaneous
Raman imaging.31

■ METHODS
Bacterial Strain and Spore Preparation. The Bacillus

species used in this work is B. cereus T (originally obtained from
H.O. Halvorson). Spores were prepared at 30 °C in liquid
defined sporulation medium, harvested by centrifugation,
purified, and stored in water (H2O) at 4 °C, as described
previously.35 Purified spores were free (>98%) of vegetative or
sporulating cells, cell debris, and germinated spores, as observed
by phase contrast microscopy.
Removal of H2O from Spores and D2O Uptake. Spores

suspended in H2O were dehydrated, using low-vacuum
drying.33 A drop of spore suspension (1 μL) was placed on a
quartz coverslip. The coverslip was placed in a small vacuum
chamber with a vacuum pressure of 1.0 Pa for more than 3 h
under continuous pumping. After removal of H2O, 20 μL D2O
liquid (Acros Organics, 99.8 atom % D) was added over the
spores on the coverslip, and the coverslip was incubated for >30
min at room temperature to allow D2O uptake. Spores
incubated in this manner in liquid D2O were kept at 4 °C
for several days.
Confocal Raman micospectroscopy and multifocus

Raman imaging. Raman microspectroscopy was carried out
using a multifocus confocal Raman system constructed on an
external phase contrast microscope.31,32,34 A near-infrared high-
power external cavity diode laser at 780 nm (Sacher
Lasertecknik, TEC-300-0780-0500) served as the Raman
excitation source. The laser source had a frequency bandwidth
<1 MHz with the wavelength stabilized (<0.1 nm). An
objective with high numerical aperture (Plan Apo 60×, NA =
1.4) equipped on an inverted microscope (Ti−S, Nikon) was
used to focus the laser beam. A 50 μm confocal pinhole was

used in the Raman optical route giving a diffraction limited
resolution of 0.46 and 1.2 μm in the lateral and axial directions,
respectively.31 This limited spatial resolution would affect the
analysis for small B. cereus spores of ∼1.5 μm in average size
(see Discussion). Phase contrast microscopy allows the
selection of dormant spores that appear phase bright. Raman
spectra were collected with WINSPEC/32 software and
spectral data analysis was carried out with MATLAB code. A
pair of galvo mirrors (Cambridge Technology, 6220H) were
used to steer the incident laser beam for multifocus scans and
Raman image scans. Another galvo mirror (GVS001, Thorlabs
Inc.) in front of the spectrograph (LS-785, Princeton
Instruments) synchronously steered the backward Raman
scattering light from each focus point onto different vertical
positions of a multichannel CCD detector (PIXIS 400BR,
Princeton Instruments). This multifocus confocal Raman
microspectroscopy system allows parallel measurements on
multiple individual bacterial spores in random positions on a
quartz coverslip.34 Raman image measurement was also based
on this multifocus confocal Raman system.31 Raman images of
individual spores were obtained by scanning a one-dimension
foci array (30 foci) across the specimen, and the Raman spectra
of all 30 foci could be collected simultaneously. In this paper, a
single spore was covered by a total of 30 × 30 foci generating a
Raman image of 30 × 30 pixels with a step size of 127 nm per
pixel. The typical time-averaged laser power was 2.5 mW per
focus at 780 nm.

Quantitative Analysis of D2O Raman Signal in Single
Spores. The laser focus was scanned by a pair of galvo mirrors
at a frequency of 500 Hz to form a small square laser spot with
an area of 2.5 × 2.5 μm2 on a quartz coverslip. Before Raman
measurements on D2O-loaded spores adhered on the quartz
coverslip prepared as described below, residual liquid D2O was
removed by a micropipet leaving a thin film of D2O−spore
mixture on the surface of the coverslip. After exposure to air,
the thin film of liquid D2O disappeared in a few min. Under
phase contrast microscopy, images of spores with no
surrounding liquid D2O look much brighter than spores
surrounded by liquid D2O due to the difference in the index of
refraction. The absence of liquid D2O around spores was also
confirmed by Raman measurements; as for every spore
examined in addition to each spore’s Raman spectrum, a
background spectrum from an adjacent spore-free area (2−3
μm away from the spore) on the coverslip was also measured.
Checking the background’s Raman spectrum ensured that all
the liquid D2O around spores was gone. After spores were
adhered on the coverslip and no residual liquid D2O remained,
a phase contrast image of a spore was recorded by a digital
camera and analyzed with the Matlab program to locate the
central position of the spore. The 2.5 × 2.5 μm2 laser scanning
area was then guided by the galvo mirrors through the Matlab
program to cover the single spore for measurement of Raman
spectra.
Polystyrene beads of 1 μm in diameter (Bangs Laboratories

Inc., with a standard deviation of 0.02 μm) were deposited on
the surface of a quartz coverslip and mixed with pure D2O. The
Raman spectrum of D2O with no polystyrene beads in the
square laser scanning area was measured first. A second Raman
spectrum was also measured with two closely adjacent
polystyrene beads covered by the square laser scanning area.
Subtracting the second Raman spectrum from the first gives the
difference in the intensity of the D2O Raman band (between
2200 and 2700 cm−1, Figure 1), resulting from D2O displaced
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by the polystyrene beads. This number was then used to
quantify weights of D2O from measured D2O Raman spectral
intensities (Supporting Information).
Raman Measurement of Kinetics of D2O−H2O Ex-

change in Spores. The laser focus was scanned by a pair of
galvo mirrors at a frequency of 500 Hz to form a small square
laser spot with an area of 1 × 1 μm2 on the quartz coverslip. A
thin film of a spore−D2O mixture (spores were prepared with
full D2O uptake) was placed on the quartz coverslip. After
spores were adhered on the coverslip and no residual liquid
D2O remained as observed by phase contrast microscopy, a
phase contrast image of one single spore was recorded by a
digital camera and analyzed with the Matlab program to locate
the central position of the spore. The 1 × 1 μm2 laser scanning
area was then guided by the galvo mirrors through the Matlab
program to cover the single spore for a continuous measure-
ment of Raman spectra with a time resolution of 1 s. To initiate
the Raman measurements, 40 μL distilled H2O was added to
the sample holder by a micropipet, and all the spores attached
on the coverslip were immediately exposed to the liquid H2O.
The D2O level in the measured spores before and after adding
H2O was calculated from the recorded Raman spectra.
Real-Time Raman Measurements of Loss of D2O from

Single Spores during Air-Drying. A D2O-spore mixture on
a quartz coverslip was air-dried at room temperature as
described above until residual liquid D2O had disappeared
around the spores as observed by phase contrast microscopy;
this time was defined as 0 min and the Raman measurement
began. Raman spectra of 5−10 single spores were measured
simultaneously34 with a time resolution of 30 s, or the Raman
image of one spore was acquired with 10 min per frame. Five to
ten single spores were continuously monitored by Raman
spectroscopy, or a single spore was monitored by Raman
imaging for 3 h. For long Raman measurements, an active
locking system was used to lock the distance between the piezo-
driven objective and the spore sample to stabilize the focusing
drift in the Z direction. The long-term stability of the locking
along the Z direction was ∼10 nm, and the autolocking could

last for more than 12 h.33 An image analysis program was
developed to analyze the phase contrast image to allow
relocating of the center positions of spores under study to
compensate for any drifts in the xy directions due to horizontal
position changes of the spore sample holder.33 These efforts in
controlling microscope stability enabled us to successfully
measure the Raman signal from the 1−2 μm single spores for
several hours. The average error of measured Raman band
intensity was ∼5% in our Raman system.

Data Analysis. A custom-built Matlab program was used to
analyze the Raman spectral data. For each single spore that was
attached on the quartz coverslip, its Raman spectrum was
measured and a background Raman spectrum was also
measured at an empty region of the quartz coverslip (∼3 μm
away from the target spore) (see Figure S1 of the Supporting
Information). Standard data processing procedures were used
to obtain a single spore’s Raman spectrum (such as Figures 1,
4b and 6a): (1) the background spectrum was subtracted from
spore’s raw Raman spectrum, (2) the subtracted spectrum was
then smoothed using the Savitzky−Golay filter method, (3) a
baseline was generated and subtracted to obtain a single spore’s
Raman spectrum (Figure S2 of the Supporting Information).
From the processed spectrum of a single B. cereus spore
containing D2O (Figure 1c), a very clean spectral feature in
2000 cm−1 and 2800 cm−1 was shown, which was the Raman
O−D stretch band of D2O.
For quantitative evaluation of D2O levels in single spores, we

calculated the intensity values of the O−D band between 2200
and 2700 cm−1 as follows: (1) the raw spore’s spectrum was
background-removed and smoothed as stated above, (2) the
average baseline value was calculated by averaging all intensity
values from 2000 to 2200 cm−1 and from 2700 to 2740 cm−1,
(3) the intensity values between 2200 and 2700 cm−1 were
summed and the average baseline value was subtracted to
obtain the summed intensity value of the O−D band from
single spores.
Another custom-built Matlab program was used to generate

the Raman image (30 × 30 pixels). For each single spore
attached on the quartz coverslip, Raman spectra at 30 × 30 foci
that cover the spore were acquired. The background Raman
spectra were also acquired at a region of the same size with no
spore, and these background spectra were identical for a quartz
coverslip. The first step of the data processing was to get the
averaged background spectrum by averaging the measured
background spectra. The second step was to subtract the
averaged background spectrum from each of the 30 × 30
Raman spectra. The third step was to reduce the noise of the
Raman image data set by using the singular value decom-
position (SVD) method. The intensities of selected Raman
bands were then calculated to form the Raman image.

■ RESULTS
Raman Spectra of Pure D2O and Single Dormant

Spores with H2O or D2O. The Raman spectrum of pure D2O
is shown in in Figure 1a. The band at 1200 cm−1 is assigned to
a D−O−D bend, and a broad envelope band around 2500 cm−1

(between 2200 and 2700 cm−1) is assigned to an O−D
stretch.36,37 The O−D stretch vibration is very sensitive to
hydrogen-bonding and can be decomposed into four modes:37

the peak at 2370 cm−1 is assigned to the νs(O−D) of water in a
strongly hydrogen-bonded environment called the icelike
mode, the peak at 2505 cm−1 is assigned to symmetrically
and asymmetrically hydrogen-bonded water [νs(O−D) and

Figure 1. Raman spectra of (a) pure D2O, (b) single dormant D2O-
loaded B. cereus spores, and (c) single dormant H2O-loaded B. cereus
spores. The Raman spectra of single spores with D2O or H2O were
averaged over 20 individual dormant spores. The insert in (b) is the
magnified view of the D2O bands in the ∼2500 cm−1 region. The
intensities of the CaDPA band at 1017 cm−1 were normalized to the
same level in the spectra of single spores.
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νas(O−D)] that is often called the liquidlike mode, and two
peaks at 2607 and 2675 cm−1 are assigned to weakly hydrogen-
bonded modes which do not contribute significantly to the
network structure of water.37 Figure 1a shows that the peaks at
2370 and 2505 cm−1 are dominant, indicating the strong
hydrogen-bonded environment in pure D2O. Figure 1c shows
the Raman spectrum of a single dormant B. cereus spores
containing H2O with notable bands at 1017, 1395, and 1575
cm−1 that are assigned to CaDPA’s symmetric ring “breathing”,
the O−C−O symmetric stretch and ring stretch, respec-
tively.33,38 Another notable band at 1445 cm−1 includes
contributions from CaDPA as well as from spore proteins
and lipids, and the band at 1665 cm−1 corresponds to protein
amide I.39 Figure 1b shows the average Raman spectrum of
single D2O-loaded dormant B. cereus spores that contain the
same CaDPA bands, as well as a predominant O−D stretch
band of D2O at ∼2500 cm−1, which does not appear in the
spectrum of a spore with H2O (Figure 1c). The clean Raman
spectral feature of the O−D stretch band at ∼2500 cm−1

allowed a good quantitative analysis of D2O in single spores.
The Raman spectra in Figure 1b were measured for the spores
containing D2O attached on the quartz coverslide when no
liquid D2O is surrounding them. Note that background spectra
from an empty area of the quartz coverslip near the target
spores had been subtracted, and thus the great majority of the
D2O seen in such spectra of single spores is actually in the
spores (Supporting Information).
The details of the Raman spectrum of the D2O bands in the

2500 cm−1 region in single dormant spores containing D2O
(Figure 1a) are slightly different from those in pure D2O
(Figure 1b). The peak at 2505 cm−1 showed a higher intensity,
and the peak at 2370 cm−1 [νs(O−D) mode in a strong
hydrogen-bonded environment] showed a lower intensity in
the spores containing D2O (Figure 1b). These differences
indicate that the strong hydrogen-bonded environment in pure
D2O has been weakened for the D2O in bacterial spores. This
suggests that D2O in dormant spores is not in a bulk water
environment and demonstrates that the state of D2O in
dormant bacterial spores is different from that in pure liquid
D2O.
Weight of D2O in Single Dormant B. cereus Spores.

The average weight of D2O in a single dormant B. cereus spores
was measured by quantitative analysis of Raman spectra. Spores
were first dehydrated by vacuum drying to fully remove H2O,
then exposed to pure D2O, briefly air-dried to remove liquid
D2O, and the Raman spectra of multiple single spores were
measured in ∼1 min after the removal of the surrounding D2O.
This short measurement time should minimize loss of D2O
from within spores. The intensity of the D2O Raman band
between 2200 and 2700 cm−1 was then used to calculate the
weight of D2O in each individual spore (Figure 2). The average
weight of D2O in a single dormant B. cereus spore was 4.8 ×
10−13 g with a standard deviation of 18% (a minimum weight of
3.2 × 10−13 g and a maximum weight of 6.1 × 10−13 g).
Raman images of D2O, CaDPA, and Protein in Single

Dormant B. cereus Spores. Phase-contrast images and
Raman images of two single dormant B. cereus spores with
D2O are shown in Figure 3 (panels a and b, respectively). The
outer edges of ellipses from phase-contrast images were used as
a reference to show the spore’s outer edge in their Raman
images. Since CaDPA is only in the spore core while proteins
are found throughout the spore, the size of the CaDPA Raman
images (Figure 3, panels a2 and b2) is slightly smaller than the

size of protein Raman images (Figure 3, panels a3 and b3).
D2O Raman images (Figure 3, panels a4 and b4) have almost
the same size as protein Raman images, which suggests that
D2O distributes throughout the whole spore. In contrast to the
CaDPA and protein Raman images showing a high
concentration in the core or an even distribution, respectively,
the D2O Raman image showed a high concentration at the edge
of the spore core, and a very low D2O concentration in the core
where there is the highest concentration of CaDPA. This
pattern of D2O distribution throughout the spore is the first
direct measurement of water distribution in spores, and the
results are consistent with indirect assessments of H2O
distribution in spores.1

Kinetics of Exchange of External H2O with D2O within
the Spore. Single D2O-loaded dormant B. cereus spores were
also used to measure D2O exchange with external H2O. Figure
4 (panels a and b) show the kinetics of the change in D2O level
and sequential Raman spectra, respectively, of a single D2O-
loaded dormant spore before and after the addition of liquid
H2O. Before the addition of liquid H2O, Raman spectra of the
single spore were acquired sequentially with a time interval of 1
s, showing that the spore initially contained D2O molecules.
After the addition of liquid H2O, the spore was immediately
exposed to and exchanged with liquid H2O while its Raman
spectra were measured continuously. The results from
measurements on 5−10 individual spores indicate that all
D2O in the dormant spore exchanges rapidly with external
H2O, with a time scale for full water exchange of 1−2 s. Note
that the time resolution of our Raman measurements was 1 s,
so the timing difference between individual spores was limited
by this time resolution. The actual exchange of spore D2O with
external H2O took place in less than 1 s in individual spores.

Raman Analysis of Loss of D2O by Single Dormant B.
cereus Spores during Air-Drying. The air-drying of single
D2O loaded dormant B. cereus spores was also studied using
Raman image analysis at room temperature. At 0 min, the size
of the D2O image was slightly larger than the size of the
CaDPA image (Figure 5, panels a1 and b1), indicating that the
D2O molecules initially distributed both inside and outside the
spore core. After 30 min of air drying, a comparison of Figure 5
(panels a2 or c2) with Figure 5 (panels a1 or c1) indicated

Figure 2. Measured weight of D2O in 26 individual dormant B. cereus
spores.
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there was only an ∼10% decrease in total spore D2O and no
reduction in the area of D2O distribution. After 1 h (Figure
5a3), the total D2O level decreased by ∼20%, as calculated

from the corresponding D2O Raman images, and the area with
D2O had decreased slightly in size. After 80−90 min (Figure 5,
panels a4 and c3), the total D2O level had decreased by ∼45%,

Figure 3. Phase-contrast images (a1 and b1) and Raman images (a2−a4 and b2−b4) of two individual dormant D2O-loaded B. cereus spores. The
ellipses in the phase-contrast images (a1 and b1) were used as a reference to mark the outer edge of the corresponding spores in Raman images (a2−
a4) and (b2−b4).

Figure 4. (a) D2O level in a single B. cereus spore before and after addition of H2O and (b) Raman spectra at 5, 25, 26, and 27 s of the single spore.
The spore was initially D2O-loaded. H2O was added to the spores at the 23rd s, while the Raman spectra were acquired from the first second and,
subsequently, every second with an acquisition time of 1 s. The inset in (b) is the expanded view of the D2O bands at 2500 cm−1.

Figure 5. Raman images of the D2O band at 2500 cm−1 (a1−a5) and the CaDPA band at 1017 cm−1 (b1−b5) of a single dormant B. cereus spore at
various times during air-drying at room temperature. (c1−c5) shows the Raman images of the D2O band at 2500 cm−1 of another individual spore
(with a larger size) during air drying. Ellipses in (a1−a5) and (b1−b5) are the same size and outline the outer edge of CaDPA Raman images of this
spore. Ellipses in (c) are the same size and outline the outer edge of the CaDPA Raman image of spore b in Figure 3b2.
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and D2O was found only in the core with the CaDPA. Note
that the ellipses in Figure 5 (panels a and b) were from the
outline of the CaDPA Raman images and were used to help in
comparing CaDPA and D2O images. After 2 h of air-drying, less
than 10% of the initial D2O remained in the spore core (Figure
5 (panels a5, c4, and c5). In contrast to the dramatic changes in
D2O distribution and level during air drying, the time-lapse
Raman images of CaDPA in single spores (Figure 4b) showed
no changes in the intensity and distribution of CaDPA over 2 h.
Figure 6a shows sequential Raman spectra of a single

dormant D2O-loaded B. cereus spore during air drying, and
Figure 6 (panels b−e) shows the intensity changes in total
spore D2O as determined from Raman spectra as a function of
the air-drying time for four individual single spores. The latter
curves show slightly faster D2O loss in the first 30−40 min and
then a subsequent more linear rate of loss. For some spores
(Figure 6, panels c and d), no D2O could be detected by
Raman spectroscopy after 150 min of air drying, while other
spores exhibited a longer slow decrease in D2O for up to 3 h
(Figure 6, panels b and e). Note that the time at which the D2O
level dropped to 50% of its initial value was different for
individual spores in the experiment, indicating that some
individual spores dehydrated slightly faster and some slower in
air at room temperature.

■ DISCUSSION

The analysis of D2O in single dormant bacterial spores by
confocal Raman microspectroscopy and Raman imaging has led
to a better understanding of a number of aspects of the state,
distribution, and mobility of water in spores. First, the D2O
Raman spectrum in bacterial spores is different from that of
pure D2O. This difference appears primarily as a decrease in the
intensity of the Raman band at 2370 cm−1 from strong
hydrogen-bonded modes of D2O, while the intensity of the
2505 cm−1 band due to relatively weak hydrogen-bonded
modes of water increase. This result suggests that water in
bacterial spores is not in a strong hydrogen-bonded state but

rather exists largely as “bound” water that is associated with
other spore molecules by weak hydrogen bonding.
Second, the weight of D2O in single dormant B. cereus spores

has been measured as 4.8 × 10−13 g, although there was
significant heterogeneity in this value between individual spores
in a population. The standard deviation of the measured
average weight of D2O in single dormant spores was 18% in
spore populations, which was much larger than the measure-
ment error (∼5%) in the determination of spore water content.
This heterogeneity in spore water content may be another
example of the heterogeneity in spore populations and might
reflect either real differences in the percentages of spores’ wet
weight as water or perhaps some other variable such as spore
size, which is known to vary significantly in spore populations.39

However, analysis of Raman spectra of a number of individual
D2O-loaded spores revealed no relationship between spores’
levels of CaDPA and D2O (data not shown). It is certainly
possible that the amount of water in an individual spore will
affect that spore’s dormancy, germination, and resistance,
although to date only effects of spore water content on some
spore resistance properties have been documented.1,2 Perhaps
the ability to determine the amounts of water in single spores
will provide a technique to probe the effects of water content
on other spore properties.
Third, the D2O distribution in single dormant bacterial

spores has been determined and shows that water distributes
unevenly in the spore. This uneven distribution of water in the
dormant B. cereus spore is consistent with observations of
deuterium and hydrogen distribution by nano-SIMS in single
Bacillus thuringiensis spores in an ultrahigh vacuum.25 The
additional finding in the current study is that the distribution of
water, in particular water in the spore core, is very different
from that of CaDPA. Indeed, regions of the spore core with the
most CaDPA generally had the least water, as CaDPA was
concentrated in central regions of the core, while water was
concentrated toward the core’s edge. The D2O distribution in
the spore was also somewhat different from that of protein. The

Figure 6. (a) Time-lapse Raman spectra of a single D2O-loaded B. cereus spore during air drying at room temperature. (b−e) Changes in levels of
D2O in four individual spores as a function of time during air drying. The arrows indicate the times at which the D2O level drops to 50% of its initial
value.
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reason for the uneven distribution of water in the spore core is
not known; perhaps water is simply largely excluded from
insoluble, and likely primarily crystalline, CaDPA. Certainly, the
majority of spore core water is not associated with CaDPA. The
spatial resolution of the confocal Raman imaging system used
in the current work was diffraction-limited (0.46 μm in lateral
direction and 1.2 μm in axial direction), which is relatively large
for small B. cereus spores (∼1.5 × 0.8 μm in size). The confocal
analysis of water in the core may be overestimated since some
water above and below the core are picked up due to the axial
resolution. In fact, the water in the core is estimated to be
∼30% of the total spore water for B. cereus spores based on
electron microscopy images, and this value is much smaller than
the values observed from Figures 3 and 5. Further improvement
in the resolution of Raman mapping may provide clearer
estimations of the distribution of water and other spore
molecules in single spores.
Fourth, the exchange of external H2O with D2O in single

dormant spores has been measured by Raman microspectro-
scopy and the exchange rate is extremely fast (<1 s). The 1 s
time resolution of the current Raman measurement system is
not fast enough to give detailed information on the kinetics of
the water exchange of single spores. However, a time scale of
1−2 s for complete water exchange has been estimated.
Hopefully further improvement in the methodology will allow
faster measurement times in the future.
Fifth, measurement of D2O loss from individual D2O-loaded

spores during air-drying has also revealed details of water
mobility in spores. It is known that water in the whole spore is
“free” in the sense that it can be removed by drying.13 At the
beginning of air-drying, D2O was lost not only from spore
layers outside the core but also from the core itself. After 1 h, all
D2O was lost from outside the core, while the core retained
∼50% of its initial D2O. This result was directly obtained from
the Raman image, consistent with the previous finding that the
water content in spore core is ∼30% higher than in the outer
structures in an ultrahigh vacuum.25 Even after 2−3 h, a small
amount of D2O remained at the core’s edge. These results are
consistent with previous work that found that (1) the mobility
of spores’ core water is less than that of spore water outside the
core16 and (2) loss of a significant fraction of spore water
during drying, most likely core water, is very slow.14 This
difference in the behavior of spore core water and more
external spore water can also be seen in the D2O dehydration
curves of single individual spores, as shown in Figure 5 (panels
b−e). The slightly faster D2O loss at the beginning of the
drying is the result of the faster release of the outer water, while
the subsequent linear D2O release is the slow release of the core
water. Thus, the spores’ outer layers retain water poorly, while
at certain small areas of the spore core edge, water can be
retained for 2−3 h in air at room temperature. The relatively
slow removal of spore core water during air drying might be
due at least in part to the weak binding of water molecules with
other spore components, consistent with the finding that the
hydrogen-bonded environment inside the spores has changed
to one with a less prominent νs(D−O) vibration (Figure 1b).
Therefore, the bound water has a slow movement across the
spore’s inner membrane in air, although they can be exchanged
very rapidly by free H2O molecules upon exposure to liquid
H2O.
In summary, Raman microspectroscopy and Raman imaging

appear to provide significant advances in the analysis of the
properties and distribution of water in single spore cells.

Indeed, new results applying these techniques to single
dormant spores have provided novel information about
properties of water in spores and thus new insight into
fundamental properties of such spores.
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