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Introduction

Raman spectroscopy as a comprehensive tool for
profiling endospore-forming bacteriat
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Accurate and reliable bacterial identification at the genus and species levels is essential for effective clini-
cal diagnostics. Pathogens such as Clostridium perfringens, Bacillus cereus, Clostridioides difficile, and
Paraclostridium sordellii pose significant challenges due to their unique cultivation requirements and
developmental traits. Building on our previous work demonstrating the differentiation of vegetative
Clostridium cells from non-Clostridium genera, we now aim to extend this approach to distinguish endo-
spores of the same species. Raman spectroscopy was utilized to develop a comprehensive library of
endospore spectra, encompassing both pathogenic and non-pathogenic species. This extensive dataset
forms the foundation for advanced analytical capabilities. Chemometric analysis of single-endospore
Raman spectra revealed significant discriminatory power across multiple hierarchical levels, facilitating the
distinction between vegetative cells and endospores. Furthermore, this method enabled precise genus-
and species-level classification of endospores, underscoring its potential for high-resolution bacterial
endospore identification. These results highlight the versatility and efficacy of Raman spectroscopy in
addressing the challenges associated with the identification of bacterial endospores in diverse clinical and
environmental contexts. These findings present the first comprehensive library of endospore Raman
spectra, demonstrating that Raman spectroscopy combined with chemometric analysis is a robust and
reliable method for differentiating endospores of Clostridium species from those of Bacillus,
Clostridioides, and Paraclostridium. This approach holds significant promise as a precise diagnostic tool
for bacterial endospore identification in clinical settings.

nate (Ca-DPA) gel.® The Ca-DPA gel is enclosed by a semi-crys-
talline inner spore membrane, which gives the metabolically

Under unfavourable conditions such as high temperatures,
drought, exposure to chemicals, radiation, or scarcity of nutri-
ents, vegetative cells of the bacilli and clostridia possess the
ability to undergo a transformative process known as sporula-
tion." This unique mechanism results in the production of the
endospore, a dormant and extremely resistant phase that
allows the bacteria to live for thousands of years.> Endospores
develop high resilience by embedding core macromolecules,
enzymes, and metabolites in a dehydrated calcium dipicoli-
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inactive spore the ability to withstand external factors includ-
ing heat, UV and solvents. However, endospores maintain a
sensory mechanism, which is triggered by favourable environ-
mental conditions and converts the spore back into a vegeta-
tive cell.m*?

Spores from Clostridium perfringens, Clostridioides difficile
(formerly known as Clostridium difficile®), Paraclostridium sor-
dellii (formerly known as Clostridium sordellii’), and Bacillus
cereus can be isolated from diverse environments, including
animal gastrointestinal tracts and carcasses, wastewater,
lawns, hospital rooms, and soil.® Infections by these patho-
gens typically are initiated upon ingestion of spores, although
C. perfringens can also enter the body via contaminating
wounds. Upon sensing small-molecule germinants, spores
from these pathogens germinate and outgrow into toxin-secret-
ing vegetative cells.® C. perfringens is the second most prevalent
bacterial cause of foodborne disease in the US and the most
common Clostridium species linked to gas gangrene.” " Other
pathogenic Clostridium species include the tetanus causing
agent C. tetani and C. botulinum, which causes botulism.

This journal is © The Royal Society of Chemistry 2025
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Furthermore, medical interest has increased in the designated
“superbug” C. difficile in the past two decades, which is pri-
marily linked to antibiotic-associated diarrhea.">"® P. sordellii
has been associated with rare postabortion infections, pneu-
monia, endocarditis, arthritis, peritonitis, and
myonecrosis."*'®> As a result, innovative techniques must be
explored and developed for a rapid and reliable detection of
endospores of pathogenic bacteria such as Clostridium.

One such novel approach is Raman spectroscopy (RS). This
method converts the target’s vibrational information into spec-
tral information, allowing for identification and characteris-
ation of the microorganism. RS is a cost-effective, quick, and
easy-to-use identification approach that is non-destructive,
culture- and label-free.'® RS records a sample’s whole bio-
chemical makeup (“spectroscopic molecular fingerprint”),
allowing for chemometric evaluation. This allows for the
characterisation, differentiation, and identification of bacteria
at the species and subspecies levels.'””'® In a clinical environ-
ment, this would be extremely useful for identifying the causal
pathogen and making a quick diagnosis.'®

However, due to their widespread existence in nature,
spore-forming bacteria have received increased attention in
terms of sporulation,'®?*® germination,”'* the structure and
content of endospores,'®*"**> and the evaluation of various
inactivation strategies.>*>° Setlow et al. found that the water
content of the core, the presence of small acid-soluble proteins
(SASPs) associated to the DNA, spore coat proteins, core
mineral ions, and dipicolinic acid (DPA) can all impact endo-
spore resilience.*® Raman spectroscopy has already been used
to detect specific cell components, with various research
groups focusing on the Raman bands of DPA’s calcium
complex. Surface enhanced Raman spectroscopy (SERS) has
been shown to be a reliable method to detect varying concen-
trations of Ca-DPA in single spores®'* as well as pure Ca-
DPA.** Raman spectroscopy has also been applied to detect
DPA in bacterial samples®* and to determine the Ca-DPA con-
centration in single spore samples.?”

Oberg et al. showed that spore metabolic activity and germi-
nation of spores of B. cereus can be tracked using heavy water
and micro-Raman spectroscopy.”® Calcium dipicolinate, due to
its high concentration in bacterial spores, has been effectively
detected in single spores using Raman spectroscopy,’®>®
SERS,*'?97*2 UV resonance Raman,*>*® coherent anti-Stokes
Raman spectroscopy’®*®> and confocal Raman spectroscopy
coupled with laser tweezers (LTRS).*®™® LTRS allows for the
quantitative assessment of Ca-DPA levels in individual
spores,”” the detection of single spores in aqueous solution
without the need for reagents,*® as well as the monitoring of
the kinetics of germination processes.*® SERS was used to not
only monitor the germination kinetics of Bacillus subtilis endo-
spores®® but was also used to monitor the DPA release.>
Raman imaging has also been employed to monitor, detect
and identify spore-forming bacteria and spores.**>°

Our previous study demonstrated the ability to accurately
differentiate vegetative cells of Clostridium from non-
Clostridium genera, including Bacillus, Clostridioides, and
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Paraclostridium, across multiple hierarchical levels using
Raman spectroscopy combined with chemometric evaluation.
Additionally, we demonstrated that cultivation conditions—
whether aerobic or anaerobic—significantly influence both the
Raman spectra and the subsequent chemometric evaluation.
These findings underscore the importance of accounting for
cultivation methods when analysing bacterial samples, as they
can impact the accuracy and reliability of spectral differen-
tiation and classification.>*

Building on this foundation, the current study extends the
scope by focusing on the same bacterial species while exploit-
ing a key physiological feature—their ability to produce endo-
spores. Endospores, known for their resilience and unique
structural properties, present additional challenges and oppor-
tunities for precise classification. Previous studies have
addressed the question of whether bacterial spores can be
detected or monitored. They have identified specific biomarker
bands in the Raman spectrum and the germination kinetics
from spore to vegetative cell. However, to the best of our knowl-
edge, no one has researched anaerobic spore-forming
Clostridia, nor has a comprehensive endospore database been
established based on Bacillus and Clostridium Raman spectra.
To address this, Raman spectroscopy, with its sensitivity to
molecular composition, is employed to analyse and dis-
tinguish the endospores of Bacillus and Clostridium species, as
well as representative strains of Paraclostridium and
Clostridioides. We then used Raman spectroscopy to compile
an extensive database of Raman spectra from both pathogenic
and non-pathogenic bacterial endospores. Once we had gath-
ered our data, we proceeded to assemble it, carry out chemo-
metric analysis, and create a computed model. Finally, we
challenged our model using an independent validation
process. This approach not only deepens our understanding of
bacterial endospore differentiation but also highlights the
potential of Raman spectroscopy in expanding the toolkit for
advanced microbial diagnostics.

Materials and methods
Strains and cultivation conditions

A detailed description of each species/strain as well as cultiva-
tion condition used within this study is provided in Table S1.7
Most of the pathogenic and apathogenic bacteria were either
obtained from the German Collection of Microorganisms and
Cell Culture GmbH (DSMZ), Braunschweig, Germany, the
University Hospital Jena (UKJ), Germany, and the American
Type Culture Collection (ATCC), Manassas, Virginia, USA.

All Bacillus strains were grown either at 30 °C or at 37 °C (B.
cereus DSM345 and DSM351) on modified nutrient agar (NA)
for 8 to 10 days to promote sporulation. Briefly, the modified
nutrient agar was prepared with peptone from meat 5.0 g 177,
yeast extract 2.0 g 17!, meat extract 1.0 g 17%, agar 15 g 1", and
MgSO,-7H,0 500 mg L™" at pH 7.0.>?

The Clostridium, Paraclostridium and Clostridioides strains
were grown at 37 °C under anaerobic conditions within an
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anaerobic incubation system by Anaerocult and using
Anaerocult A pads for the generation of an oxygen-deprived
environment in an anaerobic jar (VWR, Darmstadt, Germany)
for 10 to 14 days to promote endospore production. The BHI
agar was prepared with HM infusion powder 12.5 g L™, brain
heart infusion powder 5 g L™, proteose peptone 10 g L™, dex-
trose (glucose) 2 g L™, sodium chloride 5 g L', disodium
phosphate 2.5 ¢ L™ and agar 15 g L™" at pH 7.4 + 0.2.
Alternatively, 52 g L™" of completed BHI agar can be dissolved
and distributed in Petri dishes after autoclaving at 121 °C for
15 min. Most of the anaerobic strains had to be pre-cultured
on Columbia Sheep Blood Agar (VWR, Darmstadt, Germany)
before being able to efficiently grow and produce the desired
number of endospores on BHI agar.

Furthermore, certain clostridial species such as
C. butyricum and C. tertium were grown on modified nutrient
agar (NA) containing 100 mg 17" CaCl,-2H,0 rather than
MgS0,-7H,0.%> Moreover, C. perfringens was grown on tryptose
sulfite cycloserine (TSC) agar containing enzymatic digest of
casein 15 g 17!, soy peptone 5 g 17!, yeast extract 5 g 17,
sodium meta-bisulfite 1 g 17", ferric ammonium citrate 1 g 17,
cycloserine 0.4 g 17', egg yolk emulsion 50 ml, and 18 g 17"
agar (VWR, Darmstadt, Germany). Alternatively, pre-made Petri
dishes are commercially available (VWR, Darmstadt,
Germany). All the chemicals used for the media production
were bought through VWR (Darmstadt, Germany) and Merck
(Darmstadt, Germany).

Sample preparation

The cultured strains were scraped from the plate and put into
1 ml sterile dH,O-filled Eppendorf tubes (VWR, Darmstadt,
Germany). On a case-by-case basis, some strains were sus-
pended for one to three days in 1 ml sterile dH,O for vegetative
cells to lyse and/or release endospores from their mother cells.
The cell suspension was then rinsed and centrifuged three
times with 1 ml sterile dH,O at 10000 rcf for 5 minutes at
4 °C. Next, the pellet was resuspended in 200 pl dH,O. After
taking 10 pl of the solution with an Eppendorf pipette, small
droplets were deposited on nickel foil. If the sample was too
turbid or the cell count was too high to assess single cells or
spores, serial dilutions were used. After the suspension dro-
plets were dried at room temperature on the nickel foil, they
were measured by Raman spectroscopy.

Raman measurements

The BioParticleExplorer (BPE4, rap.ID, Berlin, Germany) with a
frequency-doubled (532 nm), solid-state diode pumped Nd:
YAG laser (LCM-S-11-NNP25, Laser-export Co. Ltd, Moscow,
Russia) and an Olympus MPL-FLN-BD 100x objective
(Olympus Corporation, Tokyo, Japan) was used to perform
Raman spectroscopic measurements of single endospores. The
100x objective focuses Raman excitation light onto the sample
with a spot size of less than 1 pm and a laser power of 10 mW.
The backscattered Raman light is diffracted using a single-
stage monochromator with a 920 lines per mm grating
(HE532, Horiba Jobin Yvon, Bensheim, Germany) before being
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detected using a thermoelectrically cooled CCD (DV 401 BV;
Andor Technology, Belfast, UK). As a result, a spectral resolu-
tion of about 8 cm™" is provided.

Before measuring the endospore samples, 4-acetamidophe-
nol (4-AAP) was measured for the calibration of the wavenum-
ber axis at 50% laser intensity for 5 s. For each sample 50-60
spectra were obtained in three biological replicates. To make
sure that the signal-to-noise ratios are comparable between the
bacteria, most of the endospores were measured at 10% laser
intensity with an exposure time of 5 s to ensure that the spores
do not burst. Moreover, the B. cereus spores were more robust
and were measured for 5 s with a 25% laser intensity.
Additionally, some of the samples had to be measured slightly
out of focus to not rupture the spores. Notably, some of the
endospores appeared “coffee bean”-shaped.

Data pre-processing

The data analysis of the raw Raman spectra is a critical step
since it removes unwanted artefacts and variation within the
different spectra, while also enhancing certain key differences
between the various bacterial spore spectra. The data pre-pro-
cessing was performed using the Ramanmetrix software for
Raman data analysis containing a vast array of different
steps.>® The first step is the removal of artefacts such as
cosmic interferences in form of spikes by cutting off below 350
and above 3150 cm™' as well as the wavenumber axis cali-
bration with the measured spectra of the 4-AAP to correct the
peak position and make measurements of different days
comparable.’”®® A sensitive nonlinear iterative peak (SNIP)
clipping algorithm was used to make a baseline correction and
to remove the fluorescent background.’® Finally, the silent
region from 1800 to 2600 cm™* was cropped and vector nor-
malization was applied before the pre-processed mean spectra
were calculated.

Evaluation of the endospores

To compare the mean spectra of the bacterial endospores, a
combination of principal component analysis (PCA) and linear
discriminant analysis (LDA) was chosen. PCA-LDA models
have already been proven to be highly effective models suited
for classifying and identifying different bacterial species based
on their Raman spectra. Hereby, the number of principal com-
ponents was optimized to a certain amount and a random
N-fold cross validation was performed. For species-level differ-
entiation, principal component analysis (PCA) was combined
with a support vector machine (SVM). SVM is a supervised
learning algorithm designed for classification, which deter-
mines the optimal margin or hyperplane in an n-dimensional
space (where n represents the number of features) to effectively
separate data points into distinct categories. To enhance
classification performance, the number of features was
adjusted according to the specific classification task. The
same model was then applied for the validation of the inde-
pendent test data and identification of independent bacterial
strains which were previously not included in the main data
set.

This journal is © The Royal Society of Chemistry 2025
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Results and discussion

In this study, the bacteria were chosen based upon their ability
to produce endospores, phylogenetic relatedness and clinical
relevance. Raman spectra of six Bacillus and eight Clostridium
species as well as ten C. difficile and one P. sordellii strains
were acquired. As already mentioned in the materials and
methods section, each species was cultivated either aerobically
(Bacillus) or anaerobically (Clostridium, Paraclostridium and
Clostridioides), whereas individual species were -cultivated
using different media compositions. Additionally, Raman
spectra of pure substances relevant to the Raman spectra of
the endospores were measured as reference spectra. These
reference spectra can be found in the ESI Fig. S1.7

Raman band assignment

The mean Raman spectra from single vegetative cells and
endospores of Bacillus and Clostridium are presented in Fig. 1.
The Raman spectra of vegetative cells exhibit the characteristic
spectral pattern found in bacterial spectra, exhibiting the
whole spectrum of biomolecules."®'”””  Bacillus and
Clostridium spectra are comparable in terms of the typical bac-
terial spectral signals: the C-H stretching vibrations are
located at 2933 cm™',*® whereas the CH,/CH, deformation
vibrations are found at 1451 cm™",>°*" which are primarily
found in lipids and proteins. Furthermore, the Raman signals
at 1664 cm ™" (ref. 62 and 63) and 1250 em™" (ref. 64) corres-
pond to amide I and amide III vibrations of proteins.
Additionally, the ring breathing vibration of phenylalanine is
located at 1004 cm™",*" while the out of plane ring defor-

mation vibration and the second ring breathing mode of tyro-

View Article Online

Paper

sine give rise to bands at 854 cm™' (ref. 64 and 65) and
824 cm™',* respectively. Moreover, nucleic acids can be seen
at 1583 cm™".°>% Finally, Bacillus vegetative cells have unique
Raman signals at 1583, 1397, 1313, 1127, and 749 cm ™" (ref.
66-68) that correspond to cytochrome vibrations but are
absent in Clostridium spectra.

In contrast, the endospore spectra revealed unique Raman
signals at 1574, 1445, 1397, 1016, 821 and 659 cm™" (ref. 69
and 70) which correspond to the calcium dipicolinate content
in the spore core. At 1574 cm™ ' the skeletal vibration of the
pyridine ring is observed, whereas 821 cm™" corresponds to
the C-COO- stretching vibration.®®”° The pyridine ring breath-
ing vibrations can be detected at 1445 cm™' and 1016 cm ™,
while 1397 em™' represents the OCO symmetric stretching
vibration.®®”® Additionally, the aromatic C-H stretching
vibration at 3080 cm™" can be attributed to Ca-DPA.®>”° Ca-
DPA also superimposes signals from different biomolecules
such as the ring breathing mode of tyrosine at 821 cm™*,%%%°
the CH,/CH; deformation mode of proteins and lipids at
1450 ecm™',>°®" as well as the ring vibrations of adenine and
guanine at 1574 cm™*.%%°°

Additionally, the difference spectra in Fig. 2 were derived by
subtracting the pre-processed vegetative cell mean spectra
from the endospore mean spectra. This was performed once
for Bacillus and once for Clostridium. Both spectra show the
unique Ca-DPA Raman signals at 1574, 1445, 1397, 1016, 821,
and 659 cm™" on the positive side,’>”® emphasising the fact
that Ca-DPA can only be found in endospores and not in vege-
tative cells. In addition to the Ca-DPA bands, Bacillus vegetative
cells exhibited distinct cytochrome marker bands at 1313,
1127, and 749 cm™".°¢°® However, the cytochrome signals at
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Fig.1 Mean spectra of endospores of Bacillus (A), Clostridium (B), Paraclostridium and Clostridioides (C) species: (Bt) B. thuringiensis, (Bs)
B. spizizenii, (Ls) L. sphaericus, (Bm) B. mycoides, (Bl) B. licheniformis, (Bc) B. cereus, (Ct) C. tertium, (Csp) C. sporogenes, (Cse) C. septicum, (Cp)
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Fig. 2 Mean Raman spectra of endospores and vegetative cells of
Bacillus (A) and Clostridium (B) as well as difference spectra calculated
with the mean spectra (endospore — vegetative cell).

1583 and 1397 cm™" (ref. 66-68) can not be seen in the differ-
ence spectrum for the vegetative cells because they are super-
imposed by the Ca-DPA signals that arise.’>”°

Endospore development

Endospore formation, or sporulation, is a tightly regulated
developmental process employed by Bacillus and Clostridium
species to endure adverse environmental conditions. This
process allows these bacteria to transit from a vegetative state
to a metabolically dormant and structurally robust endospore,
capable of withstanding extreme stressors such as heat, desic-
cation, UV radiation, and chemical exposure.

The specific Raman bands associated with calcium dipicoli-
nate (Ca-DPA) arise from the skeletal vibrations of the pyridine
ring (659, 1016, 1445, and 3065 cm™ ') and the vibrational
modes of the carboxylate group (821, 1397, and 1574 cm™%).
These characteristic Raman signals serve not only as specific
biomarkers for endospores but also as tools to monitor the
process of endospore formation, from the initial stages within
the mother cell to the release of the mature endospore. It is
evident that the mean Raman spectra of different bacterial
species exhibit significant similarities, with no distinct marker
bands readily identifiable as species-specific (Fig. 1). This
highlights the conserved nature of Ca-DPA-related spectral fea-
tures among endospore-forming species.

Fig. 3 presents individual Raman spectra obtained from
different bacterial cells within the same sample, capturing dis-
tinct stages of endospore development. These spectra
highlight the dynamic changes in both band positions and
relative intensities as the bacterial cells transit from a vegeta-
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Fig. 3 Raman spectra of single endospore development with increasing
Ca-DPA concentration in C. difficile.

tive state (mother cell) to a maturing endospore. Notably, the
spectra reveal that the spectral features associated with the
vegetative cell differ significantly from those observed in the
developing endospore, reflecting the biochemical and struc-
tural changes occurring during sporulation. As the endospore
matures, there is a marked increase in the incorporation of Ca-
DPA, which leads to an enhanced concentration of this com-
pound within the developing endospore. This, in turn, results
in a significant intensification of the Raman signal, further
emphasizing the key role of Ca-DPA in the maturation process.
The progressive evolution of the Raman spectra thus provides
a valuable tool for tracking the temporal dynamics of endo-
spore formation, offering insights into the molecular mecha-
nisms underlying bacterial survival in response to environ-
mental stresses.

It is essential to clarify that the Raman spectra presented in
Fig. 3 correspond to individually acquired spectra from distinct
vegetative cells and endospores, rather than capturing the con-
tinuous transition of a single vegetative cell into an endospore.
Furthermore, to the best of our knowledge, previous studies
have only conducted germination experiments that track the
transition from an endospore to a vegetative cell.>' >

To determine whether the addition of calcium, manganese,
or magnesium during the sporulation process influences the
Raman spectra of endospores to a significant extent, Bacillus
cereus and Clostridium butyricum were cultivated on nutrient
agar plates enriched with calcium, manganese, and mag-
nesium salts (Fig. 4). This approach allowed for the evaluation
of how an addition of these metal ions might affect the bio-
chemical composition and structural properties of the result-

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Bacillus cereus (A) and Clostridium butyricum (B) were cultured
on nutrient agar (NA) supplemented with either CaCl,, MnSO,, or

ing endospores. By comparing the spectra of endospores
formed under these enriched conditions to those formed
under standard conditions, the aim was to assess any notable
alterations in the spectral features that could be attributed to
the presence of these additional ions.

A study by Stockel et al.>* demonstrated the specific effects
of supplementary manganese and calcium ions on the Raman
spectra of Bacillus endospores. In all strains examined, endo-
spores cultivated on manganese-rich agar exhibited a
reduction in the intensity of the characteristic Ca-DPA-associ-
ated Raman signals at 1016, 1400, and 1572 cm .
Additionally, band broadening was observed, attributed to
the emergence of new bands at 1030, 1390, and 1592 cm™".
This wavenumber repositioning indicates a partial substitution
of intracellular Ca-DPA with Mn-DPA, which occurs when
spore-forming bacteria are exposed to manganese concen-
trations significantly exceeding the levels required for vegeta-
tive growth.>*

However, the expected wavenumber variations in the endo-
spore spectra of bacteria grown on calcium- or manganese-sup-
plemented nutrient agar, as reported by Stockel et al., were not
observed in this study. As illustrated in Fig. 4, neither Bacillus
cereus nor Clostridium butyricum grown on agar enriched with
calcium, manganese, or magnesium exhibited any significant
wavenumber shifts. According to the literature, the stability
and formation of metal-ion-DPA complexes are influenced by
several factors, including charge density, orbital overlap, ionic
radii, solution pH, and the competition and availability of
metal ions in the medium.”" Theoretically, DPA is expected to
preferentially bind to Mn*" and Mg*>* over Ca®>" due to their
smaller ionic radii and higher charge densities, which result
in the formation of more stable complexes compared to Ca-
DPA.”>”® However, when Ca®" is present in significantly higher
concentrations than other metal ions, DPA may bind preferen-
tially to the more abundant calcium despite the lower stability
of the resulting complex.”*”*

This journal is © The Royal Society of Chemistry 2025
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The accumulation of metal ions in endospores is primarily
influenced by their concentration in the growth medium,
though the specific amounts of individual metals can vary sig-
nificantly. These metals are also partially exchangeable.”®
Among divalent metals, calcium is most closely associated
with endospore heat resistance, and its substitution with other
metals has been shown to reduce heat resistance.”*”® The
high accumulation of Ca** in spores may be attributed to its
high hydrolytic stability, its relative abundance in standard
bacteriological media, and its nontoxic nature.”” In contrast,
Ca”" and Mg”* form chelates with lower stability, making them
more prone to dissociation or reversible binding to DPA. Mn**,
while forming more stable complexes, is less easily disso-
ciated, which can lead to biological toxicity.”"””

Classification and validation

A more comprehensive evaluation of the Raman spectra was
performed using chemometric techniques. Principal com-
ponent analysis (PCA) combined with linear discriminant ana-
lysis (LDA) was applied to distinguish between vegetative cells
and endospores, as well as among different genera. PCA is a
dimensionality-reduction technique that condenses large data
sets into a smaller set of principal components while retaining
most of the original information. LDA was then employed for
classification and validation, enabling differentiation between
the two morphological types and among the genera.

For species-level differentiation, PCA was coupled with a
support vector machine (SVM). SVM is a supervised learning
method designed for classification, which identifies the
optimal margin or hyperplane in an n-dimensional space
(where n is the number of features) to effectively separate data
points into distinct categories. The number of features was
adjusted based on the classification task to optimize perform-
ance. The validation of the training set was performed by
using an independent batch of the selected species.

Table 1 summarizes the classification and the validation
results for each level (morphology, genus, and species).
Initially, a PCA-LDA was employed to discriminate vegetative
cells from endospores with an accuracy of 92.9% and sensi-
tivity and specificity of 94.0% and 91.8%, respectively. In this
analysis, more vegetative cells were misclassified as endo-
spores (398 out of 4875) than endospores were misclassified as
vegetative cells (283 out of 4730). A plausible explanation for
this discrepancy could be the varying developmental stages of
endospore maturation. The model may struggle to classify par-
tially matured endospores, potentially identifying them as
either vegetative cells or endospores with uncertainty.

A genus-level classification was also conducted to evaluate
whether endospores from different genera could be reliably
distinguished. The dataset included spectra from eight

Clostridium species, one Paraclostridium sordellii, ten
Clostridioides difficile, and six Bacillus species. Of the 4730
endospore spectra analysed, 142 were misclassified.

Clostridium exhibited the highest misclassification rate with 67
spectra, followed by Bacillus and Clostridioides with 33 and
34 misclassifications, respectively. Paraclostridium, represented
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Table 1 Summary of the classification steps on the morphology, genus, and species level
Classification Validation
Level Name Acc./% Sens./% Spec./% Acc./% Sens./% Spec./%
Morphology Endospore (ES) 92.9 94.0 91.8 97.7 98.4 97.1
Vegetative cells (VC) 91.8 94.0 97.1 98.4
Genus Bacillus (B) 97.0 97.1 99.1 93.7 97.8 100.0
Clostridioides (CS) 97.9 99.6 79.9 99.4
Clostridium (CM) 96.0 98.6 99.1 93.0
Paraclostridium (P) 96.8 98.7 96.7 98.4
Species (Bacillus) B. cereus (Bc) 97.7 97.0 98.5 87.1 48.0 98.5
B. licheniformis (Bl) 98.0 100.0 100.0 100.0
B. mycoides (Bm) 97.1 99.7 82.4 82.8
L. sphaericus (Ls) 99.2 99.3 100.0 100.0
B. spizizenii (Bs) 97.7 100.0 100.0 97.3
B. thuringiensis (Bt) 98.0 99.6 92.0 100.0
Species (Clostridium) C. beijerinckii (Cbe) 93.2 88.4 100.0 81.8 93.1 99.8
C. butyricum (Cbu) 93.8 98.4 100.0 93.3
C. cadaveris (Cc) 98.6 97.5 100.0 100.0
C. felsineum (Cf) 90.5 98.8 88.3 93.8
C. perfringens (Cp) 94.8 99.8 98.3 93.5
C. septicum (Cse) 87.2 98.6 58.3 97.7
C. sporogenes (Csp) 97.5 99.8 100.0 100.0
C. tertium (Ct) 92.3 99.3 16.7 100.0

by only a single species, had the lowest misclassification rate,
with 8 out of 250 Raman spectra being incorrectly classified.
Thus, the genus-level LDA achieved an overall classification
accuracy of 97.0% for the 4730 Raman spectra. Additionally,
the model demonstrated sensitivities and specificities ranging
from 96.0% to 99.6%, respectively, indicating a robust per-
formance in distinguishing among the genera. The LDA plot
(Fig. S271) further visualizes the discriminatory power of the
model, where each dot represents an individual Raman spec-
trum of one single bacterial cell corresponding to a specific
genus.

At the species level, 97.7% of the 1153 Bacillus spectra were
correctly classified, while the 1688 Clostridium spectra were
classified with an accuracy of 93.2% (Table 1). Minor misclassi-
fications occurred within the B. cereus group (B. cereus,
B. licheniformis, and B. mycoides), which are phylogenetically
closer to one another than to other Bacillus species in the
dataset. Additionally, B. spizizenii and B. thuringiensis occasion-
ally showed misclassifications with B. Notably,
L. sphaericus achieved the highest classification accuracy, with
only one misclassified spectrum. The Raman spectra for this
species revealed signs of metabolic activity, such as the pres-
ence of cytochrome, suggesting that the endospore might still
reside within the mother cell or was not yet fully matured.
Despite these challenges, the model exhibited high sensi-
tivities and specificities at the species level, ranging from
97.0% to 100.0%.

For Clostridia, 1573 out of 1688 Raman spectra were cor-
rectly classified, resulting in an overall accuracy of 93.2%.
Minor misclassifications occurred primarily among
C. beijerinckii, C. butyricum, C. felsineum, C. sporogenes, and
C. tertium, which were occasionally misclassified as
C. cadaveris. In contrast, C. cadaveris showed only a single mis-
classification with C. felsineum, C. septicum, and C. tertium.

cereus.

1658 | Analyst, 2025, 150, 1652-1661

These errors can be attributed to the close phylogenetic
relationships among these species. A more significant mis-
classification involved C. septicum, where 16 out of the 23 mis-
classified spectra
C. felsineum.

It is important to note that the position of the endospore

(23/180) were incorrectly assigned to

within the mother cell can vary significantly between species
and even among different strains within the same species. The
endospore can either be found in a central, eccentric, subterm-
inal, or terminal position with either swelling the mother cell
or not.”® Additionally, structural variations such as the pres-
ence of appendages, an exosporium, or differences in the com-
position of the endospore cell walls can have a profound
impact.”® These structural differences may influence the
Raman spectra by altering the biochemical signals detected,
ultimately affecting classification accuracy. Such variability
highlights the need for careful consideration of these factors
when interpreting Raman spectral data and developing classi-
fication models for bacterial endospores. Despite these mis-
classifications, the results underscore the overall robustness of
the method in identifying and classifying Clostridia.

The classification
Clostridioides difficile on a species-level was not performed,

of Paraclostridium sordellii and
because only one representative of each species was used in
this dataset. Additionally, a strain-level classification of the ten
C. difficile strains was not performed. The detailed classifi-
cation results can be seen in Table 1 and Tables S3-6.F

Each finalized PCA-LDA and PCA-SVM model underwent a
validation process using independently cultivated bacterial
species previously included in the training set. The validation
dataset comprised the same eight Clostridium species, six
Bacillus species, one Paraclostridium sordellii species, and ten
strains of Clostridioides difficile. Independent batches, defined
as biological replicates separately cultivated and excluded from

This journal is © The Royal Society of Chemistry 2025
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the training phase, were used to evaluate the sensitivity of the
models. The constructed models were applied to predict the
classifications of these independent validation sets, with the
validation process performed at each classification level. For
example, the morphology of the validation set was compared
to the morphology classification model, and the same
approach was applied for genus- and species-level validation
(Table 1). However, species-level validation was not conducted
for P. sordellii, nor was strain-level validation performed for
the ten C. difficile strains. This procedure ensured the robust-
ness of the models across different hierarchical levels of
classification.

Of the 1159 endospore spectra, 1140 were correctly classi-
fied, while 1214 of 1250 spectra were accurately assigned to
vegetative cells, resulting in an overall accuracy of 97.7%
(Table S77). At the genus level, validation achieved an accuracy
of 93.7%, with Clostridioides exhibiting 59 misclassifications
as Clostridium. Misclassifications among the other three
genera were minimal. Sensitivity at the genus level ranged
from 96.7% to 99.1%, except for Clostridioides, which achieved
only 79.9% due to the higher rate of misclassification.
Specificities were generally high, ranging from 93.0% to
100.0% (Table S8T). At the species level, validation accuracies
were lower, with Bacillus achieving 87.1% and Clostridium
achieving 81.8% (Tables S9-107). These results highlight chal-
lenges in species-level differentiation, likely due to overlapping
spectral features among closely related species (Table 1).

Compared to other genera, Bacillus achieved a species-level
accuracy of 87.1% during validation, which is notably lower
than the classification model’s accuracy of 97.7% (Table 1).
The primary source of misclassification was B. cereus, where 52
out of 100 spectra were incorrectly classified as B. mycoides.
This misclassification aligns with findings from our previous
study on vegetative cells of Bacillus species,”® which reported
frequent misclassification of B. cereus as B. mycoides due to
their close phylogenetic relationship within the B. cereus
group. In contrast, B. mycoides exhibited only one misclassifi-
cation as B. cereus, but eight misclassifications as B. spizizenii.
These results underscore the challenge of distinguishing
species within closely related groups, particularly the B. cereus
group.

Clostridium achieved a validation accuracy of 81.8%, nearly
identical to the validation performance of Bacillus, yet a
decreased from its classification model (Table 1). The primary
misclassifications involved C. tertium being incorrectly classi-
fied as C. butyricum and C. septicum as C. felsineum. Notably,
C. tertium and C. butyricum are relatively close in the
Clostridium sensu stricto phylogenetic tree, which likely
explains their misclassification. Consequently, the sensitivity
for C. tertium dropped significantly from 92.3% to 16.7%,
while for C. septicum, it decreased from 87.2% to 58.3%. In
contrast, C. butyricum, C. cadaveris, and C. sporogenes achieved
100.0% sensitivities, demonstrating robust validation perform-
ances for these species. Meanwhile, C. difficile and P. sordellii
were validated only at the genus level since each was rep-
resented by a single species in the dataset. Tables S7-107

This journal is © The Royal Society of Chemistry 2025
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showed more detailed validation results for each hierarchical
level of validation.

This study aimed to establish an extensive Raman spec-
troscopy dataset for endospores of Clostridium and Bacillus
species, as well as C. difficile and P. sordellii. Anaerobic bacteria
are often overlooked due to the challenges associated with
their cultivation, despite their clinical and environmental sig-
nificance. Notably, Raman spectroscopy proved highly effective
in distinguishing these four genera across multiple hierarchi-
cal levels, achieving remarkably high classification and vali-
dation accuracies.

The method demonstrated the ability to easily differentiate
between endospores and vegetative cells and yielded compar-
able species-level classification results for Bacillus
and Clostridium. This highlights that despite their close phylo-
genetic relationships, the interspecies and intraspecies
differences are pronounced enough to be resolved using
Raman spectroscopy combined with appropriate chemometric
methods. These findings underscore the critical role of
selecting suitable chemometric assessments and model types
in advancing the study of these often-underappreciated
bacteria.

Conclusion

This study aimed to construct a comprehensive endospore
Raman spectra dataset for Clostridium and Bacillus species,
alongside C. difficile and P. sordellii, which are frequently
underrepresented in research due to challenges associated
with their phylogenetic relationships, cultivation require-
ments, and pathogenicity. The dataset was meticulously devel-
oped to address these challenges, incorporating samples
grown under diverse conditions as well as applying rigorous
spectral preprocessing methods and model constructions.
Notably, Raman spectroscopy demonstrated high efficacy in
distinguishing Clostridia from the recently reclassified former
Clostridium species, C. difficile and P. sordellii, despite their
close evolutionary relationships. This distinction is critical for
both clinical diagnostics and environmental microbiology,
where accurate identification of these species can significantly
impact treatment strategies and ecological studies.

Moreover, the findings underscore the importance of
employing suitable chemometric approaches, such as princi-
pal component analysis (PCA) and machine learning classi-
fiers, to extract meaningful patterns from the spectral data.
The study also highlights how the choice of model types—
linear versus nonlinear—can influence classification accuracy,
particularly for challenging datasets with overlapping spectral
features. This research emphasizes the potential of Raman
spectroscopy as a powerful tool for robust differentiation and
classification in microbial studies, offering insights into
microbial taxonomy, pathogenicity, and environmental distri-
bution. These results pave the way for broader applications of
Raman-based techniques in microbiology, fostering advance-
ments in both fundamental and applied research.
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