7® ROYAL SOCIETY
P OF CHEMISTRY

Analyst

View Article Online

View Journal | View Issue

Monitoring bacterial spore metabolic activity using

{ M) Check for updates ‘
heavy water-induced Raman peak evolutiont

Cite this: Analyst, 2023, 148, 2141

@ Tobias Dahlberg,® Dmitry Malyshev (2 *® and

*a,b

Rasmus Oberg,
Magnus Andersson

Endospore-forming bacteria are associated with food spoilage, food poisoning, and infection in hospitals.
Therefore, methods to monitor spore metabolic activity and verify sterilization are of great interest.
However, current methods for tracking metabolic activity are time-consuming and resource intensive.
This work investigates isotope labeling and Raman microscopy as a low-cost rapid alternative. Specifically,
we monitor the Raman spectrum of enterotoxic B. cereus spores undergoing germination and cell divi-
sion in D,O-infused broth. During germination and cell division, water is metabolized and deuterium from
the broth is incorporated into proteins and lipids, resulting in the appearance of a Raman peak related to
C-D bonds at 2190 cm™ We find that a significant C-D peak appears after 2 h of incubation at 37 °C.
Further, we found that the peak appearance coincides with the observed first cell division indicating little
metabolic activity during germination. Lastly, the germination and cell growth rate of spores were not
affected by adding 30% heavy water to the broth. This shows the potential for real-time monitoring of
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metabolic activity from a bacterial spore to a dividing cell. In conclusion, our work proposes tracking the
evolution of the C—D Raman peak in spores incubated with D,O-infused broth as an effective and time-,
and cost-efficient method to monitor the outgrowth of a spore population, simultaneously allowing us to
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1. Introduction

Bacterial spores are a metabolically dormant form of bacteria
that are very resilient to natural deterioration and decontamina-
tion methods such as heat, cold, electromagnetic radiation, and
chemical treatment."” Under favourable conditions, however,
spores germinate (turn back into metabolically active vegetative
cells) and start dividing. Because of their inherent resilience,
pathogenic spore-forming bacterial strains cause problems in
food production, healthcare, and homeland security.>”

To understand the mechanisms behind spore resilience,
and evaluate spore response to chemicals, robust methods for
monitoring spore metabolic activity are needed. Cell metabolo-
mics can be used to exactly identify particular metabolites,®”
but this method is very time-, and resource intensive and
requires making mutant strains of the studied bacterial
species.® Fluorescent dyes such as DAPI can be used to
monitor the viability of cells and spores, however, they can be
toxic to cells in the process.® Also, monitoring metabolic
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track for how long the bacteria have grown and divided.

activity is of importance in decontamination and spore viabi-
lity determination as spores that appear “dead” may, in fact,
be viable and merely have delayed or disrupted germination
and therefore fully recover in the presence of nutrients.’
Conversely, a spore may be able to germinate but be non-
viable and unable to proceed to cell division.'® Currently, the
most widespread technique to determine spore viability is
culture growth on agar plates with rich media,""""* which is a
very robust but time-consuming process needing 48 hours of
incubation for clinically relevant species like C. difficile."
Furthermore, tracking spore metabolic activity during out-
growth is important in understanding germination and growth
rate in different environments.

A novel method for tracking the metabolic activity of micro-
organisms has recently emerged, utilizing deuterium oxide
and micro-Raman spectroscopy. Deuterium oxide (D,0O), also
called heavy water, is a heavier isotopic form of water with its
hydrogen atoms replaced with deuterium. The additional
neutron in deuterium compared to its single proton counter-
part results in different chemical and physical properties in
D,O compared to H,0."* The heavier weight of the deuterium
atoms shifts the vibrational frequencies of formed bonds invol-
ving deuterium, compared to hydrogen."® If H,O is switched to
D,O during cell growth, deuterium is incorporated into the
cell through metabolic reactions such as the NADP" redox reac-
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Fig. 1 Uptake of deuterium in D,O by spore forming bacteria. (A) A spore starts largely dehydrated, with no D,O. As it germinates and proceeds to
cell division, D,O is taken up by the cells. These cells incorporate deuterium into their amino acids, such as alanine (B), replacing the hydrogen
isotope. (C) The resulting C—D bond has a characteristic band in the 2100-2300 range, centered at ~2190 cm™, that increases in peak area over

time in growing bacterial cultures.

tions resulting in a H-D exchange during, for example, acetyl-
CoA fatty acid synthesis. Deuterium thereby accumulates in
the cell as it is incorporated into proteins and lipids with the
C-D bonds replacing the C-H bonds (Fig. 1A and B).'® These
C-D bonds express a broad Raman band around 2190 cm™,
an otherwise quiet spectral region, allowing for easy quantifi-
cation of the Raman band. Therefore, the incorporation of
D,0 in the growth medium enables the assessment of cellular
metabolic activity at the individual cell level using Raman
spectroscopy as demonstrated by previous studies'®'® and as
illustrated in Fig. 1C.

This technique presents an advantage in screening for
viable cells, as it can identify seemingly inactivated cells, as
long as they are still metabolically capable.'® Previous studies
have utilized the characteristic Raman bands from C-D bonds
to study, among other things, cell activity, antimicrobial sus-
ceptibility, and cancer cell detection.'®?°>> However, this tech-
nique has not yet been applied to spores, raising the question
of whether it can be used to monitor the metabolic activity of
spores’ germination and growth.

2142 | Analyst, 2023, 148, 2141-2148

In this paper, we present an evaluation of the potential of
micro-Raman spectroscopy using C-D vibrational bands to
determine and quantify spore germination and growth. We
utilize a laser tweezer Raman setup to monitor the appearance
and intensity development of D,0O-induced Raman peaks of
B. cereus spores at approximately 2190 cm™". Our study aims to
determine the point after germination when metabolism can
be detected by monitoring individual spores during their ger-
mination and initial divisions. Additionally, we assess the
potential toxic effect of D,O to ensure that D,O does not
impact spore germination and growth at the utilized
concentrations.”®

2. Materials and methods
2.1. Raman- and absorption spectroscopy systems

To acquire Raman spectra from single spores, we use a laser
tweezer Raman spectroscopy (LTRS) setup (Fig. S1f) built
around an inverted microscope (IX71, Olympus), described in

This journal is © The Royal Society of Chemistry 2023
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greater detail in previous works.”**> We couple a 785 nm
Gaussian laser beam with a maximum power of 120 mW
(08-NLD, Cobolt) into our microscope system using a dichroic
short pass mirror with cut-off wavelength of 650 nm
(DMSP650, Thorlabs). We focus the beam using a 60x water
immersion objective with a numerical aperture of 1.2
(UPlanSApo, Olympus) and working distance of 0.28 mm. To
gather Raman spectra, we collect the backscattered light through
the microscope objective. Rayleigh scattered light is filtered out
using a 785 nm notch filter (NF785-33, Thorlabs) and then fil-
tered using a 150 pm diameter pinhole in the focal point of the
telescope. The light is then coupled into a spectrometer (Model
207, McPherson) and dispersed using its 600 grooves per mm
holographic grating with an 800 nm blaze. Lastly, the Raman
spectra are captured with a Peltier cooled CCD detector (Newton
920N-BR-DDXW-RECR, Andor) operated at —95 °C and we use
Solis (Solis v4.30, Andor) software to control the detector and
acquire spectra. The spectral resolution of our instrument is
<3 em™ . Optical microscopy images were taken using PH3 phase
contrast and using a 100x, numerical aperture 1.35 oil immer-
sion objective (UPlanApo, Olympus).

We acquire the optical density of bacterial suspensions
using the absorption module of a UV-VIS spectrophotometer
(Lambda 1050+, PerkinElmer) by measuring on suspensions in
1 ml polystyrene cuvettes (No. 67.742, Sarstedt).

2.2. Spore strain and stock preparation

We measure Raman spectra on B. cereus NVH 0075/95 spores
prepared as follows. Spores were prepared on blood agar plates
stored at 37 °C for approximately three weeks or until the spor-
ulation rate was 95%. We harvested the spores by scraping
them off the agar surface and suspending them in autoclaved
distilled water. The spore suspension was washed three times
in distilled water (centrifugation at 4500 rpm for 5 minutes).
The pellet was resuspended in 20% nycodenz (Axis-Shield) and
added to a 50% and 45% (w/v) Nycodenz gradient (1:1 v/v
ratio) before subjected to centrifugation at 4500 rpm for
45 minutes. The pelleted spores were then washed once, and
stored in autoclaved distilled water at 4 °C until use. Before
use, the concentration of the spore suspensions was adjusted
to 10° spores per ml, followed by vortexing at 2800 rpm (VM3
Vortex, M. Zipperer GmBH) for 15 seconds.

2.3. D,O-substituted growth media preparation

Increased concentration tryptic soy broth stock (icTSB) was pre-
pared by mixing TSB powder (Bacto™, BD) with a reduced
amount of water (70 ml instead of 100 ml). We incubate a
sample for LTRS by mixing 70 pl of icTSB, 30 pl D,0O, and 2 pl of
a 10° spores per ml suspension. The spores are then left to incu-
bate at 22 °C or 37 °C (room temperature and optimal growth
temperature respectively), depending on the experiment.

2.4. Sample preparation and measurement

We prepare a sample for Raman spectroscopy by taking 1 pl of
the previously incubated spore or cell suspension (depending
on incubation time) and mixing it with 9 pl deionised water to

This journal is © The Royal Society of Chemistry 2023
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limit the background signal from the broth. We place the 10 pl
drop on a 24 x 60 mm glass coverslip (no. 1, Paul Marienfeld
GmbH & Co., Lauda-Konigshofen, Germany). We apply a
vacuum grease ring (Dow Corning, Midland, MI) around the
drop and then place a 20 x 20 mm coverslip (no. 1, Paul
Marienfeld GmbH & Co., Lauda-Koénigshofen, Germany) on
top to seal the sample to prevent evaporation. Raman spectra
are recorded by trapping a single spore or cell using optical
tweezers with a laser power of 60 mW on the sample. We use
10 accumulations of 10 seconds in the spectral range of
1900-2300 cm™ to acquire spectra and carry out measure-
ments on at least 10 individual spores in three separate solu-
tions for each incubation time. Thus, we acquire data from 30
spores for each experiment and the results of this study are
based on 30 technical replicates and 3 biological replicates.
The laser power and accumulation times result in a total
applied energy of ~6 J on the spores, well below the 20 ]
shown to cause spore damage,® with previous studies
suggesting extensive laser light exposure may inhibit spore ger-
mination and growth via generation of reactive oxygen
species.”” We keep the spores trapped at a consistent height of
100 pm above the glass surface to maintain a consistent base-
line for the spectra with minimal influence from the coverslip.
Furthermore, we acquire a background spectrum of the solu-
tion (3 technical replicates) at a height of 100 pm above the
glass surface to be used for background subtraction.

To track the Raman signal during germination and early
divisions, we use a similar methodology. However, we replace the
glass coverslips with two 0.25 mm thick relatively Raman-inactive
quartz coverslips (43210 Series, Alfa Aesar) to lower the back-
ground signal from the glass. This is necessary as spores/cells
must be settled on the surface to maintain visual control of
specific spore germination, outgrowth and division. We perform
Raman measurements on spores deposited on the surface of the
slide. Additionally, to limit noise from the growth media we use a
lighter mixture consisting of 60 pl PBS, 10 ul icTSB, 30 pl D,O,
and 2 pl of a 10° spores per ml solution. This lighter media
further helps Raman measurements by making germination and
divisions slower and easier to measure.

We incubate samples for optical density measuring by
mixing 700 pl icTSB, 300 pl D,O/H,0, and 20 pl of 10° spores
per ml solution and leaving the samples to incubate in cuv-
ettes at 22 °C and 37 °C. Wemix reference cuvettes containing
70 pl icTSB and 30 pl D,O/H,0.

To verify that no Raman peak evolution occurs in inacti-
vated spores we mix 90 pl of spore suspension with 10 pl of
1500 ppm chlorine dioxide (DK-DOX 1500, Dr Kiike GmbH.)
and leave the mixture for 10 minutes. Chlorine dioxide in the
suspension is then neutralised with 0.5% sodium thiosul-
phate. The inactivated spores are then washed by centrifuging
in deionised water, discarding the supernatant, and then incu-
bated in the same way as other spores at 37 °C for 24 hours.

2.5. Data processing and statistical analysis

To process our Raman spectra, we use an open-source Matlab
(Matlab2018b, Mathworks) script provided by the Vibrational
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Spectroscopy Core Facility at Umea University.”® We subtract
the background and then baseline-correct the spectra using an
asymmetrical least squares algorithm®® and with the algorithm
parameters set to 4 = 10° and p = 107°. We then smooth the
spectra using Savitzky-Golay filtering®® (polynomial order 1
and frame rate 45). We evaluate peak intensity by calculating
the area under the curve between 2100 and 2300 cm ™" on the
baseline-corrected spectra.

Statistical data analysis is performed using Prism 9 (Prism
9.3, GraphPad Software). Optical densities were compared
using Wilcoxon matched-pairs test. We made an ANOVA test to
compare the distribution of the values, followed by the appli-
cation of Dunn’s multiple comparisons test to make compari-
sons with the control group. Peak deconvolutions were per-
formed using Origin 2020 (OriginLab). Optical density data
were fitted to a non-linear curve fit (Boltzmann). We plot our
figures using Prism and Origin 2020.
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3. Results and discussion

3.1. C-D Raman peak intensity indicates metabolic activity
in growing cells

~1 can

To determine whether the C-D Raman peak at 2190 cm
be used to evaluate germination and cell growth, we measure
the Raman signal of spores incubated in TSB with 30% D,O
over 24 h at 22 °C. The Raman signal of these spores after
incubation shows a significant peak evolution over time as
observed in Fig. 2A and B. After 3 h we observe Raman activity
significantly higher than spores that were not incubated (p <
0.05), and after 24 h the Raman peak has further grown con-
siderably compared to its non-incubated counterpart (p <
0.0001). By contrast, control spores incubated in D,0O-infused
broth for 24 h at 4 °C, a temperature at which the spores
should not germinate, did not show a significant change in
their Raman spectra compared to their non-incubated counter-
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Fig. 2 The evolution of the C—D Raman peak over 24 h for B. cereus, incubated at 22 °C and 37 °C (n = 30 for each time point). Each spectrum (A
and C) is an average of the 30 spectra for the respective time point. The peak is not present at the start but becomes more prominent over time. The
distribution of peak areas between measurements is shown in the violin plots in B and D. The dashed lines show the median and the upper and
lower quartiles in the peak area distribution. In both data sets, one cell had a significantly higher peak prominence than all others after 24 hours
(outside the shown scale). Other smaller peaks in the spectrum are static and not growing.
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part as shown in Fig. S21 (p = 0.41). A peak deconvolution of
our data (not shown) suggests that the C-D peak consists of
component peaks at 2154, 2198, and 2232 cm™'. These com-
ponent peaks do not entirely coincide with those reported in
works on the C-D peak in other biological contexts.’® This is
expected as relevant proteins and lipids may experience slight
differences in Raman frequency in different contexts, as well
as the established uncertainty in accurately deconvoluting
Raman peaks.**%?

To determine whether the Raman peak intensity evolution
is proportional to B. cereus growth rate, we perform further
Raman measurements on spores incubated at 37 °C, a more
optimal temperature for growth of B. cereus. As seen in Fig. 2C
and D, we observe that the Raman peak intensity evolution of
spores incubated at 37 °C is faster compared to spores incu-
bated at 22 °C. Statistically significant Raman peak evolution
(p < 0.05) compared to the non-incubated spores occurs
already after 2 h. Furthermore, after 24 h we observe an

Peak area (arbitrary units) >

View Article Online

Paper

increase in Raman intensity almost twice of that observed over
the same time span when incubating at 22 °C. This suggests it
is possible to use the evolution of the C-D Raman peak to
measure whether a spore population has germinated and
grown, as well as, how long the germinated spores have been
allowed to grow.

To verify that deactivated spores do not display significant
C-D Raman activity, we first inactivate spores with 150 ppm
chlorine dioxide for 10 minutes and then incubate and
measure their Raman signal. As seen in Fig. S3t, we observe
no significant peak evolution after 3 h or 24 h implying that
no metabolic activity is taking place, as expected from a spore
suspension exposed to a high chlorine dioxide concentration
known to deactivate spores.**

From these results it is clear that the C-D peak from bac-
terial spores can be used to indicate spore outgrowth and sub-
sequent divisions long before visible colonies would be estab-
lished using plate growth methods. Compared to the highly

Fig. 3

(A). The area of the C—D Raman peak in B. cereus, depending on germination stage (n = 30 for each time point). The dashed lines show the

median and the upper and lower quartiles in the distribution. There is no significant difference in peak area between spores (B) and germinated
spores (C) (p > 0.99), although there were 2 outlier spores. There was a significant difference between undivided cells and cells that have undergone
at least 1 division (D) (p = 0.0003), though there was no significant difference in peak intensities between 1, 2, or 3 divisions (p = 0.62). Panels B-D
imaged using bright field and a 60x water immersion objective. Scale bars are 1 pm.
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active spectral Raman range of approximately 600-1900 cm ™"
(Fig. S47), the C-D peak’s position in a quiet Raman region
renders it an easily detectable indicator. Compared to older
spore germination and outgrowth detection methods that are
still in use, C-D peak detection proves to be a convenient
alternative. Assays for extracting and detecting calcium dipico-
linate (CaDPA) such as those by Janssen et al., and Warth are
able to indicate germination within hours, however, the more
laborious spore treatments and use of chemicals in these
methods may make them inconvenient in many instances.**>°
Additionally staining methodologies such as the one presented
by Hamouda et al. are able to detect germination within a few
hours.*” Although rapid, this method has similar drawbacks,
and requires staining a spore sample with malachite green as
well as safranin-O under high temperatures. As such, the
preparation step is somewhat laborious, and may affect the via-
bility of the spore sample by exposing it to genotoxic sub-
stances as well as high temperatures.

3.2. Live-tracking spore germination and early cell divisions
indicate significant Raman signal alongside first division

To determine the specific stage of spore germination where
significant metabolism of D,0O occurs, and thereby an increase
in the specific Raman signature, we track the Raman peak
evolution of spores as they undergo germination and initial
divisions, as shown in Fig. 3A. These measurements are per-
formed using a lighter broth than previous measurements to
ensure a high signal-to-noise ratio, as well as to slow down ger-
mination and divisions to allow for easier tracking. In the
initial spore stage (Fig. 3B), we observe little to no Raman
signal from spores in the 2190 cm™" region. We observe little
change in the Raman signal as germination takes place, with
spores releasing their stored CaDPA and increasing in size
(Fig. 3C) compared to their earlier spore form (p > 0.99).
However, the Raman signal observed from the cells increases
during outgrowth and initial divisions (Fig. 3D). Cells that
have undergone a single division show a marked increase in
peak intensity compared to spores (p = 0.0003). Additional div-
isions with higher incubation time entail further Raman peak
intensity evolution as observed in Fig. 2. However, we do not
observe a statistically significant increase in the Raman signal
between individual divisions past the first division (p = 0.62
for the first 3 divisions). This suggests that there is significant
D,O0 metabolism in the initial cell outgrowth and first division,
and that in subsequent divisions the incorporation of deuter-
ium is largely offset by the cell division (and halving of divided
cell mass). We also observe a binary distribution in the peak
intensities after the first division. We attribute this to the het-
erogeneity of spore germination, where some spores germinate
very quickly, while others germinate after a lag time.*® Thus,
they would be in different stages of the same division cycle,
and therefore different amounts of deuterium incorporated.
These results indicate that there occurs very limited or no
water-utilising metabolic activity (such as NADP' or NAD'
redox reactions) in spore germination stages preceding vegeta-
tive cell outgrowth. The results also show that viable spores
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can be detected as long as they have undergone a single divi-
sion, even if they re-sporulate later. Metabolic activity can still
take place in spores with no visible C-D peak, using the stored
energy sources of the spore, such as malate, however, our data
precludes any significant biosynthesis of sugars or proteins.
This aligns with the detailed metabolic data on spore germina-
tion previously reported, where the full metabolic cycle (TCA
cycle) only began in the final stage of preceding vegetative cell
growth and division.*® The results highlight the flexibility of
using heavy water and Raman spectroscopy to monitor metab-
olism. We can obtain real-time data on a wild-type isolate with
no genetic modification, and we can monitor the metabolism
of the sample suspension continuously without using any
additional chemicals, and without the bleaching that occurs
when using fluorescent dyes. Thus this method presents a low-
cost and largely non-invasive way of monitoring metabolism in
spore-forming species.

3.3.
rate

D,0 does not influence spore germination and growth

Previous studies have shown that the presence of D,O in con-
centrations of 50% may influence growth and metabolic
activity within cells and bacteria.>®*® To determine whether
the presence of D,O in any way affects the pace at which
B. cereus spores germinate and grow, we incubate a spore
sample in D,O-infused broth in a cuvette at 37 °C and
measure how the optical density at 600 nm (ODg,) in the solu-
tion develops over time. A higher ODgo implies spore out-
growth and divisions, with a larger spore concentration absorb-
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Fig. 4 Optical density of cell suspensions incubated in TSB infused with
30% H,O (black) compared to TSB infused with 30% D,O (red), with n =
3 for each, fitted with growth curves (Boltzmann). There was no signifi-
cant difference between the growth curves (p = 0.47). Error bars show
standard deviation.
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ing and scattering more light. We then compare the ODg, of the
D,O-infused sample to the ODg, of a reference sample replacing
the D,O with H,O. We observe similar growth in both samples,
with an increase in ODgyo from ~0.02 at the start to ~0.39 after
3 h (Fig. 4). After 24 h we observe an ODgy, ~1.22 in both
samples. Overall there is no statistical difference between the
growth curves (p = 0.47). This result is in line with previous
works by Zhang et al., following bacterial growth by infusing bac-
teria with D,0,'® however, it also further verifies that the D,O
does not significantly interfere with spore germination and
initial outgrowth. Thus, we conclude that our methodology of
infusing growth media with 30% D,O does not affect the germi-
nation and growth rate of B. cereus, an advantage over fluorescent
probes which can be toxic to cells.

4. Conclusions

Spore forming bacteria are problematic in society, and
methods to monitor metabolic activity in spores are useful to
both understand their biochemistry, and to track their viability
and chemical inactivation. Currently there are methods to
track spore metabolism, but the ones currently in use are both
costly and time-consuming. In this work, we investigate a
method utilizing micro-Raman spectroscopy to measure the
metabolic activity of spores grown in TSB infused with 30%
D,O. The hypothesis was that when spores metabolise D,0, a
C-D vibrational band will evolve at 2190 cm™' acting as a
marker for germination and growth. We found that it is poss-
ible to detect a strong C-D peak after only 2 h of incubation at
37 °C, indicating that the metabolic activity was initiated.
Furthermore, the data shows significant metabolic activity
starting from the first cell division, while the C-D Raman
signal immediately after germination remains mostly the
same. This suggests that spores do not metabolize large
amounts of the surrounding broth-D,O mixture during germi-
nation but rather directly after germination, during the initial
outgrowth stage. As a consequence, the C-D peak can be used
to monitor metabolic activity already at initial spore out-
growth. Lastly, we found no difference in germination and
growth rate between spores incubated with D,O and H,O,
suggesting no impact from the D,O on spore germination and
growth. Overall, we hope this method will be useful in moni-
toring spore germination and outgrowth.
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