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Abstract

Bacillus thuringiensis (Bt) and Lysinibacillus sphaericus (Ls) are the most widely used microbial insecticides. Both
encounter unfavorable environmental factors and pesticides in the field. Here, the responses of Bt and Ls spores to glu-
taraldehyde were characterized using Raman spectroscopy and differential interference contrast imaging at the single-cell
level. Bt spores were more sensitive to glutaraldehyde than Ls spores under prolonged exposure: <1.0% of Bt spores
were viable after 10 min of 0.5% (v/v) glutaraldehyde treatment, compared to ~20% of Ls spores. The Raman spectra
of glutaraldehyde-treated Bt and Ls spores were almost identical to those of untreated spores; however, the germination
process of individual spores was significantly altered. The time to onset of germination, the period of rapid Ca>*—2,6-pyr-
idinedicarboxylic acid (CaDPA) release, and the period of cortex hydrolysis of treated Bt spores were significantly longer
than those of untreated spores, with dodecylamine germination being particularly affected. Similarly, the germination of
treated Ls spores was significantly prolonged, although the prolongation was less than that of Bt spores. Although the
interiors of Bt and Ls spores were undamaged and CaDPA did not leak, proteins and structures involved in spore ger-
mination could be severely damaged, resulting in slower and significantly prolonged germination. This study provides
insights into the impact of glutaraldehyde on bacterial spores at the single cell level and the variability in spore response
to glutaraldehyde across species and populations.

Keywords Raman spectroscopy - Differential interference contrast imaging - Spore germination - Glutaraldehyde -
Bacillus thuringiensis - Lysinibacillus sphaericus - Single-cell analysis

Introduction

Bacillus thuringiensis (Bt) and Lysinibacillus sphaericus
(Ls), both spore-producing bacilli, are two of the most
widely used microbial insecticides (Guidi et al. 2013; Zhang
et al. 2023). Bt is the most widely produced and used live
microbial pesticide worldwide, especially for green and
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organic food production. Bt spore formation is accompanied
by the production of specific proteins, which lepidopteran
larvae ingest and are then converted into toxic peptides by
the action of proteases within the insect midgut’s alkaline
environment. Toxic peptides bind specific receptors on
the epithelial cell membrane of the larval intestine, caus-
ing membrane perforation and leading to general paralysis,
spasm, and death in the insect (Azizoglu et al. 2023; Crick-
more 2006). Ls is a safe and effective biocontrol agent for
mosquitoes. Ls forms protein crystals consisting of binary
toxins (BinA and BinB proteins), along with spore forma-
tion, which serve as its primary virulence factor targeting
Culex spp. and Anopheles spp. larvae (Ahsan and Shimizu
2021; Hernandez-Santana et al. 2016; Hu et al. 2008).
Although the crystal protein is the primary function of Bt
and Ls pesticides, it is worth noting that Bt spores, either on
their own or in conjunction with crystals, can also have toxic
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effects on insects (Crickmore 2006) and even increase viru-
lence (Bulla et al. 1975). Ls spores, meanwhile, are capable
of producing virulence proteins in deceased larvae under
certain circumstances. However, both Bt and Ls formula-
tions are living microbial preparations and may encounter
unfavorable conditions, such as aldehyde pesticides, which
affect their activity and therefore spore germination and
cell growth, as well as recirculation in infected insects,
which in turn affects the biocontrol effect and persistence
of insecticides.

Bacterial spores are dormant bodies that form in vegeta-
tive cells when bacteria are exposed to unfavorable growth
conditions. Spores are resistant to extreme conditions
because of their extremely low water content and are rich
in Ca*™-2,6-pyridinedicarboxylic acid (CaDPA, ~10% dry
weight) (Leggett et al. 2012; Setlow 2006, 2014b). Bacterial
spores are commonly inactivated by radiation (UV, gamma
radiation, etc.), thermal treatment (dry heat, moist heat,
etc., alone or in combination with ultrahigh pressure), and
chemical agents (Liang et al. 2023; McDonnell and Russell
1999; Pérez-Diaz et al. 2023; Russell 1990). Glutaraldehyde
is an important chemical disinfectant with high efficiency,
low toxicity, wide range of applications, and stable perfor-
mance. Glutaraldehyde alkylates the carboxyl, hydroxyl,
amino, and sulfhydryl groups of proteins, causing protein
coagulation and the death of microorganisms (Lasemi et
al. 2017; Retta and Sagripanti 2008; Russell 1994). Studies
on B. subtilis spores have shown that glutaraldehyde does
not damage spore DNA, but the treated spores are unable
to grow into vegetative cells (Tennen et al. 2000). Glutaral-
dehyde probably inactivates germinant receptors (GRs) and
blocks spore germination (Power and Russell 1990a, b), or
affects the outer membrane, possibly the spore cortex, form-
ing a dense outer shell and preventing germination (Ten-
nen et al. 2000). Previous studies have only been conducted
at the population level, and details at the single-cell level
remain unclear. Studies on the effects of glutaraldehyde on
Bt and Ls spores are limited. Additionally, the viability and
reproduction of Bt and Ls formulations after application are
crucial factors in assessing the environmental safety and
efficacy of biological agents. However, knowledge of the
response of Bt and Ls spores to external factors is limited.
Therefore, it is crucial to recognize the response of biocides
to environmental factors, particularly glutaraldehyde, at the
single-cell level. This recognition has significant implica-
tions for the development of novel biopesticides and insect
disease control.

Optical technology approaches, including Raman spec-
troscopy, differential interference contrast (DIC) micros-
copy, fluorescence imaging, and Raman imaging combined
with single-cell analysis have played an important role
in life science research (Cordero et al. 2018; Laine et al.
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2016; Maxmen 2011; Puig and Kaltenbach 2018). Raman
spectroscopy is insensitive to water and requires no special
sample preparation; Raman signals are specific, providing
rich information about the molecular structure and compo-
sition, and therefore, they are widely used in biomedical
fields (Casabella et al. 2016; Cordero et al. 2018; Ember et
al. 2017; Germond et al. 2017; Smith et al. 2016). Single-
cell analysis based on Raman spectroscopy is an exciting
and rapidly expanding field for understanding complex bio-
logical systems at the cellular level (Chan 2013; Jayan et al.
2022). Multicellular real-time DIC microscopy allows high-
throughput, real-time monitoring of physiological processes
and dynamic activities of a large number of several individ-
ual cells at the single-cell level, which has greatly contrib-
uted to our understanding of cell physiology and the roles
of biotic and abiotic factors (Chen et al. 2015; Qiu et al.
2023; Setlow 2013, 2014a; Sundaresan and Cheong 2024;
Wang et al. 2011b; Xing and Harper Jr 2020). Therefore, in
this study, we used single-cell optical approaches to moni-
tor the response of Bt and Ls spores to glutaraldehyde and
investigated the effects of glutaraldehyde on spore structure
and spore germination-related proteins. We found that Ls
spores were more sensitive to glutaraldehyde than Bt spores
at short exposure times, but showed more resistance to glu-
taraldehyde at long exposure times. Glutaraldehyde may not
only have damaged spore GRs, but also inactivated cortex
lytic enzymes (CLEs) and CaDPA release channels. Glutar-
aldehyde may have severely affected the proteins associ-
ated with important stages of germination in both Bt and Ls
spores. These findings provide insights into the mechanism
of glutaraldehyde-mediated killing of bacterial spores at the
single-cell level as well as the heterogeneity of the response
to glutaraldehyde in spores from different species or within
the same population.

Materials and methods
Experimental strains and spore preparation

B. thuringiensis HD-1 was purchased from the China
General Microbiological Culture Collection Center (AS
1.1014). L. sphaericus 2362 was kindly provided by Dr.
Xiaomin Hu (Wuhan Institute of Virology, Chinese Acad-
emy of Sciences).

Stock cultures of the Bt and Ls strains were grown on
Luria—Bertani pH 7.4-7.6 (LB; peptone 10 g/L, yeast extract
5 g/L, NaCl 10 g/L) plates for 24-36 h. A single colony was
transferred to liquid LB medium and incubated overnight
with shaking at 200 rpm. Then, 1% Bt broth was trans-
ferred to sporulation medium (CCY) (Stewart et al. 1981)
and incubated for 48—60 h with shaking at 200 rpm, and 2%
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Ls broth was transferred to NYSM medium (g/L; nutrient
broth 19, yeast extract 0.5, MnCl,-4H,0 0.009895, CaCl,
0.0777, MgCl,-6H,0 0.2033) and incubated for 48-60 h
with shaking at 250 rpm. The incubation temperature was
set at 30 °C. The spores were collected by centrifugation at
3000 x g and washed 10 times with sterile water. Purified
spores were free (99%) of growing and sporulating cells,
germinated spores, and cell debris, as verified by phase-
contrast microscopy and stored at 4 °C.

Glutaraldehyde treatment

Glutaraldehyde (0.2% and 0.5%; v/v) was prepared in 0.3%
(w/v) NaHCO;, and 2.0% (w/v; pH 6.0) glycine was pre-
pared in sterile water. Next, 0.2 mL of spore suspension
(ODgy=10.0) was centrifuged in a 2-mL centrifuge tube at
3000 x g for 6 min to remove the supernatant. The spores
were incubated with 0.2% (or 0.5%) glutaraldehyde (0.2
mL) at 25 °C for the time needed, and then treated with 1.8
mL of 2.0% glycine for 10 min to inactivate glutaraldehyde.
The supernatant was removed by centrifugation at 3000 X g
for 6 min, washed twice with sterile deionized water, resus-
pended in 0.2 mL sterile deionized water, and stored at 4 °C.
Untreated spores were used as controls.

Measurement of spore viability

The treated and untreated spores were serially diluted to
obtain 107%- to 107%- fold gradients. Then 0.1 mL of the
spore solution of each gradient was evenly spread on LB
Petri dishes. Each gradient was repeated three times. The
plates were incubated at 30 °C for 24-36 h, and the number
of colonies formed on LB agar was counted. Spore viability
was calculated as the number of colonies that grew after
glutaraldehyde treatment. Untreated spores were used as
controls.

Raman setup and measurement

Raman spectroscopy was setup as described (Xie et al.
2002). Briefly, a 780 nm laser beam was introduced into
an inverted microscope (TE2000-U, Nikon) and focused
by a 100x objective (N.A. = 1.30) to form an optical
trap that captured spores suspended in water. Raman
scattering excited by the same laser beam was collected
with the same objective and focused on a spectrometer
(LS785, Acton), and imaged on a CCD (PIXIS 400BR,
Princeton Instruments, Inc.). Polystyrene microspheres
(2.0-um diameter) were used to calibrate the system.
Then 0.2 mL of treated or untreated spore suspension
was loaded into a homemade chamber. Individual spores
were randomly trapped by the laser beam and Raman

spectra were acquired with an acquisition time of 20 s.
Spectra acquired without spores in the trap were used as
the background. In total, 50 spectra and 5 background
spectra were collected for each treatment.

The acquired spectra of individual spores were sub-
tracted from the background prior to 5-point adjacent
smoothing and baseline correction using polynomial fit-
ting. The total area under the peaks at 783, 1017, and
16501670 cm™! were calculated and used as the signal
intensity of these peaks.

Germination of individual spores

In total, 10® spores were suspended in 1 mL of sterile
water and heat-shocked in a water bath (70 °C for Bt,
80 °C for Ls) for 30 min and then put in an ice bath at
0 °C for 15 min. Bt spores were germinated under the
following conditions: (i) 50 mmol/L L-alanine in 25
mmol/L HEPES buffer (pH 7.4) at 37 °C, (ii) 45 mmol/L
CaDPA at 37 °C, and (iii) 0.8 mmol/L dodecylamine in
25 mmol/L HEPES buffer (pH 8.3) at 45 °C. Spores with
CaDPA- and dodecylamine-triggered germination were
not heat-shocked.

Ls spores were triggered by (i) 50 mmol/L L-alanine
in 25 mmol/L HEPES buffer (pH 7.4) at 30 °C; (ii) 60
mmol/L. CaDPA at 30 °C; and (iii) 0.8 mmol/L dodecy-
lamine in 25 mmol/L HEPES buffer (pH 8.3) at 45 °C.

A DIC microscope (Nikon Ti-U) was equipped with a
CCD, and the germination of individual spores was mon-
itored in real time, as previously described (Chen et al.
2015). Spore images were acquired every 3—6 s, with an
exposure time of 200 ms, for 120 min. The brightness of
individual spores was read, imported into Origin 8.5, and
plotted as a DIC brightness variation curve for germina-
tion versus time. Germination parameters were read as
described in previous reports (Chen et al. 2015).

The release of CaDPA during spore germination
involves two phases: slow and rapid release (Wang et al.
2015). Statistical analysis revealed that the rapid release
phase of germnation lasted approximately 1 min and was
similar across species and under different germinants
(unpublished data). Differences between spores were
observed mainly in the slow-release phase. Therefore, we
considered the two phases of CaDPA release as one phase
and defined the times of CaDPA release onset, CaDPA
release completion, and completion of peptidoglycan cor-
tex hydrolysis as T},,, 7, and T}y, respectively. Thus,

release?

the time to complete the release of CaDPA was AT, ...
= Trelcase — Ilag> and the time to complete peptidoglycan
cortex hydrolysis was AT\ = Tjy — Tiejease-
The germination of treated Bt spores was extremely

slow in response to dodecylamine, making it challenging
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to determine the time of complete CaDPA release by DIC
imaging. Therefore, population germination was moni-
tored by measuring the ODg, of spore cultures using a
spectrophotometer, and germination of individual spores
was monitored using single-cell Raman spectroscopy as
described by (Zhang et al. 2018).

Statistical analysis

The results for the average means and standard devia-
tions of the germination parameters were compared to
the untreated control using a one-way ANOVA. P-val-
ues of * (p=0.05) and ** (p=0.01) indicate statistical
significance.

Results

Spore viability and Raman spectra of individual
spores

Figure 1-a illustrates the viability of Bt and Ls spores
after treatment with 0.2% or 0.5% glutaraldehyde for
different periods of time. After exposure to 0.2% (v/v)
glutaraldehyde for 5~30 min, the viability of Bt spores
was 34% ~ 0.07%. When exposed to 0.5% (v/v) glutaral-
dehyde for the same duration, the viability of Bt spores
decreased to approximately 20% ~ 0.06%. The viability
of Ls spores subjected to 0.2% (v/v) glutaraldehyde treat-
ment for 5~30 min was 34% ~ 16%. In contrast, spores
exposed to 0.5% (v/v) glutaraldehyde for the same period
showed a viability of approximately 26% ~ 0.7%. Ls
spores showed increased sensitivity to glutaraldehyde
during short exposures, but greater resistance during lon-
ger exposures.

The average Raman spectra of the Bt spores before
and after 0.5% glutaraldehyde treatment are shown in
Fig. 1-b. The peaks at 661, 824, 1017, 1397, 1449, and
1573 em™! are characteristic of CaDPA. Peaks at 1220~
1290 cm~! and 1630-1680 cm™! are assigned to the
protein secondary structure, 1260-1300 cm™' and 1645—
1655 cm™! to the protein a-helix secondary structure, and
1245-1270 cm™~! and 1655-1665 cm™! to B-folding and
irregular (random) folding (Puppels et al. 1990; Talaria et
al. 2015). The average Raman spectra of Bt spores treated
for 20—-30 min were similar to those of untreated spores,
and there were no significant differences in the charac-
teristic peaks of protein secondary structure or in the
Raman intensities of nucleic acids (783 cm™!), CaDPA
(1017 em™1), and proteins (1660 cm™') (Fig. 1-c). Simi-
lar results were obtained for the Ls spores treated in the
same manner (data not shown).
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Effect of glutaraldehyde on the germination of
individual spores

Nutrient germination

Small nutrient molecules can awaken and germinate dor-
mant spores. Figure 2-a shows Bt spore germination after
treatment with 0.2% glutaraldehyde and induction with
L-alanine. Untreated spores germinated more rapidly, with
90% of the spores germinating within 60 min. After glutar-
aldehyde treatment for 3, 5, and 10 min, the spore germina-
tion was approximately 76%, 52%, and 41%, respectively,
after 120 min. The germination dynamics of individual
spores showed that the time to initiate rapid release of
CaDPA (T},,), time to complete release of CaDPA (AT jqsc),
and time to complete hydrolysis of peptidoglycan cortex
(AT) were significantly higher in treated spores (Fig. 2-b,
-¢). After 3, 5, and 10 min of treatment, the average T},, val-
ues of individual spores were increased approximately 1-,
3-, and 3.4-fold, AT, ... Values were increased 1.7-, 7-, and
27-fold, and AT, values were approximately 0.6-, 1-, and
1.6-fold higher than those of the control (Fig. 2-¢). Nota-
bly, biphasic release of DPA was observed after 5 min of
treatment (Fig. 2-c). Additionally, the relative brightness at
T}, of the treated spores was significantly lower than that of
the untreated spores (approximately 0.85) after 5—10 min of
treatment. Extrapolating from the relative brightness (Wang
et al. 2011), approximately 19% of CaDPA was released at
T},g, compared to approximately 6% in untreated spores.
These findings are similar to those reported for moist heat-
treated B. subtilis spores (Wang et al. 2011).

Inosine is a nutrient that triggers Bt spore germination
(Fig. 2-a). Most untreated spores germinated within 10 min.
Treatment with 0.2% glutaraldehyde for 3 and 5 min resulted
in 38% and 16% germination at 120 min, respectively,
whereas no spores germinated at 120 min after 10 min of
treatment. The release of DPA was biphasic (Fig. 2-d). Tj,,
values were approximately 2- and 3-fold higher, AT, ..
values were approximately 11- and 46-fold higher, and AT}
values were approximately 1- and 1.3-fold higher than those
of the control after 3 and 5 min of treatment, respectively
(Fig. 2-).

L-Alanine germination of Ls spores after treatment
with the same concentration of glutaraldehyde showed that
untreated spores germinated faster, with 94% of the spores
germinating within 60 min; however, after 3—10 min of
treatment, spore germination became significantly slower,
and the germination rate decreased, with 74—19% spores
germinating within 120 min (Supplementary Fig. S1-a).
Similar to the germination of Bt spores in L-alanine, the
Tag> AT jease> and AT values of Ls spores after 3—10 min of
treatment were 3.1-7.6-, 1.1-1.5-, and 0.6-0.7-fold higher
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than those of untreated spores, respectively (Supplementary
Fig. S1-b—d).

Non-nutrient germination

Exogenous CaDPA induces germination by activating the
cortical hydrolase (CwlJ) in spores’ outer levels (Paidhungat

783

1017
Peaks (cm™)

et al. 2001). Bt spores are extremely susceptible to exog-
enous CaDPA: >99% of untreated spores germinated com-
pletely within 10 min, spores treated for 3 min began to
germinate only after 20 min of exogenous CaDPA stimu-
lation, approximately 24% of the spores treated for 5 min
germinated during the 120-min observation period, and
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Fig. 2 Germination of Bacillus thuringiensis spores after 0.2% glu-
taraldehyde treatment. Germination was induced with L-alanine or
inosine and monitored as described in the Materials and Methods. (a)
Spore germination (%) induced with L-alanine (closed symbols) or
inosine (open symbols); (b—d) Germination dynamics of 10 individual
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spores, (b) untreated spores induced by L-alanine, (¢) 5-min-treated
spores induced by L-alanine, (d) 3-min-treated spores induced by ino-
sine; (e, f) germination parameters induced by (e) L-alanine or (f) ino-
sine, shown as the mean and standard deviation (** p=0.01; n=50)
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spores lost their germination ability after 10 min of treat-
ment (Fig. 3-a).

Untreated Ls spores began to germinate after 20 min of
exogenous CaDPA challenge, and 97% of the spores ger-
minated after 120 min. After treatment with 0.2% glutar-
aldehyde, most spores began to germinate after ~30 min.
The germination percentages after 1, 2, 3, and 5 min of
treatment were 89%, 81%, 76%, and 22%, respectively.
Spores lost their germination ability after 10 min of treat-
ment (Supplementary Fig. S2). The germination parameters
of individual spores showed that the average 7,5, AT ¢jeqses
and Ales values of spores after 1, 2, and 3 min of treatment
were 1.5-2.3-, 1-1.6-, and 1.1-1.2-fold those of the control,
respectively.

Dodecylamine germination

Dodecylamine is a cationic surfactant that induces non-
nutrient germination of spores, presumably by opening the
release channels on the inner spore membrane, leading to
CaDPA release (Setlow et al. 2003). In contrast to nutrient
germination, dodecylamine germination shows no obvious
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Fig. 3 CaDPA germination of Bacillus thuringiensis spores after 0.2%
glutaraldehyde treatment. Germination was triggered by exogenous
CaDPA and followed as described in the Materials and Methods. (a)
Spore germination (%); (b, ¢) germination dynamics of 10 individual

course of cortical hydrolysis (Tennen et al. 2000). Glutaral-
dehyde treatment severely affected dodecylamine-triggered
germination of Bt and Ls spores. The germination percent-
ages of Bt spores were 47.3% and 35% after 3 and 5 min of
treatment, respectively, compared with 99% for untreated
spores (Fig. 4). CaDPA release from treated Bt spores was
extremely slow, resembling the nutrient germination of B.
subtilis spores that lack CLEs (Peng et al. 2009). After 3
and 5 min of treatment, the average 7},, and AT, ., values
were 0.75-, 1.5-, and 4-fold higher than those of the control,
respectively.

Dodecylamine germination of untreated Ls spores was
95% within 120 min and 64%, 51%, and 30% after 3, 5,
and 10 min of treatment with 0.2% glutaraldehyde, respec-
tively (Supplementary Fig. S3). The T},, and AT ., values
of treated individual spores increased significantly; after
3-10 min of treatment, the 7j,, and AT, values were
3.1-5.7- and 2-3-fold higher, respectively, than those of
untreated spores (Supplementary Fig. S3-d).
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Fig.4 Dodecylamine germination

of Bacillus thuringiensis spores <
after 0.2% glutaraldehyde treat- a 2\,1 00
ment. Germination was triggered c
by 0.8 mmol/L dodecylamine and i) 80
followed by spectrophotometry "(-U'
and Raman tweezers as described c 60
in the Materials and Methods. é
(a) Spore germination (%); (b, ¢) = 40
germination dynamics of 6 indi- ()
vidual (b) 3-min-treated or (c) o 2 O
untreated spores; (d) germination q,_’
parameters of individual spores, (@) 0
Tag> and AT, ey, Shown as the Q
mean and standard deviation (** 2
p=0.0; n=20)
b —~
5 1.0
©
N
<
a
8 0.5
Y— release
o -
E 0.0
e ™ h vy
0 20 30 40 50 60 70
~~
C 5 1.0
L)
< 30
5
8 05¢
— 15
o
[
o 0.0 0
O 10 20 30 Tla (mln) ATreIease(min)
Time (min) ¢
Discussion and Ahmad 2022), such as plant growth promotion, biore-

Bt is a widely used and successful microbial insecticide
(Zhang et al. 2023). It is genetically close to B. cereus and
B. anthracis and is the surrogate strain of B. anthracis for
field release (Park et al. 2017). Recent studies have shown
that Bt strains can potentially biodegrade residual pollut-
ants in the environment. Additionally, Ls have a wide range
of potential applications (Ahsan and Shimizu 2021; Jamal
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mediation of heavy metal or chemical contamination, food
preservation, biological disease control, wastewater treat-
ment (Lin et al. 2023), and even mortar surface treatment
and crack healing in the construction industry. Therefore,
exploring the response of Bt and Ls spores to external fac-
tors is of practical significance.

The responses of B. subtilis spores to glutaraldehyde
have been studied at the population level (Lasemi et al.
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2017; Power and Russell 1990a, b; Tennen et al. 2000), but
details at the single-cell level are unclear. Glutaraldehyde is
an effective sporicidal agent, with spores of different species
showing different responses. Only 0.2% of Bt spores were
culturable after 10 min of treatment with 0.5% glutaralde-
hyde, whereas 20% of Ls spores were culturable, indicat-
ing that Ls spores are more tolerant to glutaraldehyde under
prolonged exposure. However, even after 20 and 30 min of
treatment, no obvious change was observed in the position
and intensity of the characteristic peaks, particularly in the
1220-1290 cm™ ' and 1620-1680 cm™' regions, which are
associated with the protein secondary structure (Fig. 1).
This indicated that the effect of glutaraldehyde on Bt and Ls
spores was significantly different from that of other disin-
fectants; glutaraldehyde did not break the spore barrier, and
the main components of spores, such as CaDPA, proteins,
and nucleic acids, did not leak.

Bacterial spores can be awakened by sensing extracel-
lular nutrients, peptidoglycan fragments, or exogenous
CaDPA, surfactants (dodecylamine), and high pressure
(Setlow 2013; Xing and Harper Jr 2020). The binding of
nutrients, such as L-alanine, inosine, and L-valine, triggers
spore germination and initiates a series of events, includ-
ing the release of monovalent cations (H, K*, Na*, Zn?*,
etc.) in the very early stages, as well as CaDPA, a key sub-
stance in the spore core (Gao et al. 2024; Moir 2023). This
is followed by the hydrolysis of peptidoglycans in the spore
cortex, water uptake by the spore core, and expansion of the
cell wall. Proteins in the spore core gain mobility, enzymes
become active, and the spores lose dormancy characteristics
(Christie and Setlow 2020; Fan et al. 2023; Lyu et al. 2023;
Setlow 2013). Exogenous CaDPA activates cortical hydro-
lases to hydrolyze the spore cortex, triggering the release of
CaDPA from the spore core to the outside through channels
in the inner pore membrane (Setlow 2013). Surfactants such
as dodecylamine can induce spore germination by opening
CaDPA release channels in the inner spore membrane, either
directly or indirectly (Setlow et al. 2003). Several proteins
are involved in germination, such as GRs and GerP, GerD
proteins in nutrient sensing; related proteins in transducing
the germination signal, channel proteins on the spore enve-
lope, such as the SpoVA membrane complex, in regulating
CaDPA release, and CLEs, such as SleB and CwlJ, as well
as other ancillary proteins, such as those in the spore enve-
lope, GerQ, and YpeB, which are involved in cortex degra-
dation (Paredes-Sabja et al. 2011; Setlow 2014a; Xing and
Harper Jr 2020). Receptor proteins are involved in nutrient
germination, but not in germination induced by nonnutrient
germinants such as exogenous CaDPA and dodecylamine.
Impairment of the function of any of these protein compo-
nents affects spore germination. Therefore, the response of
spores to physical or chemical agents can be determined by

analyzing the germination dynamics of individual spores
under different germination conditions.

The T},, value of L-alanine or inosine for the germination
of treated Bt spores was 1-3- or 3—4-fold higher than that
of untreated spores (Fig. 2); for Ls spores, the correspond-
ing value was 3.1—to 7.6-fold higher than that of untreated
spores (Fig. S1). The onset of rapid CaDPA release (i.e.,
T}, values) is affected by heat activation, germinants, the
number of GRs (Zhang et al. 2010), and related proteins
(GerP, YlaJ, and YhcN) that contribute to germination. The
number of GRs and related proteins that can sense the ger-
minants may be a factor affecting the 7),, value, since heat
activation and germinant concentration were constant dur-
ing nutrient germination. Therefore, we speculated that the
T}, values of Bt and Ls spores increased because GRs and
complementary proteins were partially damaged by glutar-
aldehyde, rendering them nonfunctional.

Upon receiving the germination signal, channels on the
inner membrane open and CaDPA begins to rapidly release,
a process that is independent of heat shock, number of GRs,
and concentration of germinants (Setlow et al. 2006). The
SpoVA membrane complex is crucial in CaDPA uptake
during spore formation and in CaDPA release during spore
germination (Gao et al. 2022, 2024; Vepachedu and Set-
low 2007; Wang et al. 2011a). When the release channel is
impaired, the release of CaDPA slows. The AT ., values of
the nutrients (Fig. 2 and Fig. S1) and non-nutrient germina-
tion (Figs. 3 and 4, S2, and S3) significantly increased after
glutaraldehyde treatment. In particular, in the nutrient ger-
mination of Bt spores, the average AT}, Value of spores
after 10 min of treatment increased 26-fold compared with
that of the control. Biphasic release of CaDPA appeared
with increasing treatment intensity (Fig. 2-c, -d). In dodecy-
lamine germination, the AT, values of Ls spores after
3—10 min of treatment increased significantly and were 2—3-
fold higher than those of untreated spores (Fig. 4-d). These
results suggest that glutaraldehyde severely affects the inner
spore membrane, leading to the impairment of CaDPA
release channels and related proteins.

Functionally impaired proteins may also incude CLEs,
such as CwlJ, SleB, and the adjacent GerQ and YpeB. CLEs
hydrolyze the spore cortex and expand the spore core via
water uptake. Cortical hydrolysis causes the release of
CaDPA from the core, which triggers spore germination
(Paidhungat et al. 2001). When the activity or number of
CLE:s is reduced, cortex hydrolysis slows, and hydrolysis
is prolonged. CaDPA germination, which depends on the
action of CLEs, is greatly affected. The cortical hydrolysis
time for nutrient germination for Bt and Ls spores (AT)
was 1.6-2.6- and 1.6—1.7-fold that of the control, respec-
tively, after 3—10 min of treatment (Fig. 2 and S1). In con-
trast, in exogenous CaDPA germination, the hydrolysis time
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of Bt and Ls spores increased 4- and 0.2-fold, respectively,
after 3 min of treatment (Fig. 3 and S2). Thus, glutaralde-
hyde caused more severe damage to the CLEs of Bt spores
than to those of the Ls spores.

Inactivation of GRs by glutaraldehyde may inhibit B.
subtilis spore germination (Power and Russell 1990a, b).
However, by comparing the changes in the germination
dynamics of individual spores before and after treatment,
we speculate that glutaraldehyde may not only damage and
inactivate spore GRs but also inactivate CLEs and CaDPA
release channels and have severe effects on proteins asso-
ciated with several important stages of Bt and Ls spore
germination. Scanning electron microscopy revealed no
obvious changes in the morphology after high-intensity
glutaraldehyde treatment (data not shown). Comparison of
germination data revealed that the culturable percentages
of Bt spores treated with 0.2% (v/v) glutaraldehyde for 5
and 10 min were 34% and 17%, respectively (Fig. 1), which
were significantly lower than those induced by L-alanine
for the 120-min observation period (52% and 41%, respec-
tively; Fig. 2), indicating that although some of the treated
spores could germinate, they did not grow into vegetative
cells. Similar results were obtained for the treated Ls spores
(Fig. 1 and S1). This may be due to the cross-linking of
glutaraldehyde with the spore envelope and cortex, which
causes the spores to form a dense shell that prevents germi-
nated spores from growing into vegetative cells and forming
colonies (Tennen et al. 2000).

Microorganisms exhibit genetic and phenotypic hetero-
geneity, which is important for their survival (Ackermann
2015). There was considerable variability in the responses
of Bt and Ls spores to glutaraldehyde. Ls spores were more
responsive to glutaraldehyde at short exposures but showed
greater resistance to glutaraldehyde at longer exposures
(Fig. 1). The standard deviation of germination parameters
among spores from the same population increased with the
intensity of glutaraldehyde treatment (Fig. 2e, f ; Fig. S1-
d; Fig. 3-d), indicating increased intercellular variation and
significant differences in the responses of different spores
to the same concentration of glutaraldehyde. Thus, Bt or Ls
spores from the same population show significant hetero-
geneity in their resistance to disinfectants, and incomplete
disinfection or inappropriate treatment may allow highly
resistant individual spores to survive and reproduce.

Conclusion

The response of spores to glutaraldehyde has been exten-
sively examined at the population level. However, indi-
vidual spore responses to glutaraldehyde have rarely been
reported. This study used single-cell optical techniques to
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monitor the spore response to glutaraldehyde in two biopes-
ticides. Our findings revealed noticeable variations in the
response of Bt and Ls spores to glutaraldehyde. Ls spores
showed increased sensitivity to glutaraldehyde during short
exposure times but greater resistance during longer expo-
sures. Analysis of single-cell Raman spectra showed no dis-
cernible impact on the internal architecture and composition
of the spores. However, the germination dynamics of indi-
vidual spores under nutrient and non-nutrient germinants
revealed that glutaraldehyde may damage spore GRs and
disrupt CLEs and CaDPA release channels. Aldehyde disin-
fectants should not be used on live microbial preparations as
they can have serious effects on the proteins associated with
important stages of germination in both Bt and Ls spores.

Supplementary Information The online version  contains
supplementary material available at https://doi.org/10.1007/s00203-
024-03941-5.

Author contributions Guiwen Wang conceptualized the study and
analyzed the data. Huanjun Chen, Xiaochun Wang and Cuimei Li
conducted the experiments and analyzed the data. Guiwen Wang and
Xiaoling Xu wrote the manuscript. All authors reviewed the final man-
uscript.

Funding This work was supported by National Natural Science Foun-
dation of China (grant numbers 12264005 and 11264004) and Guangxi
Natural Science Foundation (2017GXNSFAA198029).

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations
Competing interests The authors declare no competing interests.
Conflict of interest The authors declare no conflicts of interest.

Ethical approval and consent to participate This study involved two
spore-forming bacterial species, neither of which requires ethical ap-
proval.

Consent for publication All authors read and approved the manuscript.

References

Ackermann M (2015) A functional perspective on phenotypic hetero-
geneity in microorganisms. Nat Rev Microbiol 13(8):497-508

Ahsan N, Shimizu M (2021) Lysinibacillus species: their potential as
effective bioremediation, biostimulant, and biocontrol agents.
Reviews Agricultural Sci 9:103-116

Azizoglu U, Salehi Jouzani G, Sansinenea E, Sanchis-Borja V (2023)
Biotechnological advances in Bacillus thuringiensis and its tox-
ins: recent updates. Reviews Environ Sci Bio/Technology, 1-30

Bulla LA Jr., Rhodes RA, Julian GS (1975) Bacteria as insect patho-
gens. Annu Rev Microbiol 29:163-190


https://doi.org/10.1007/s00203-024-03941-5
https://doi.org/10.1007/s00203-024-03941-5

Archives of Microbiology (2024) 206:227

Page 11 0of 12 227

Casabella S, Scully P, Goddard N, Gardner P (2016) Automated analy-
sis of single cells using laser tweezers Raman spectroscopy. Ana-
lyst 141(2):689—696. https://doi.org/10.1039/c5an01851j

Chan JW (2013) Recent advances in laser tweezers Raman spectros-
copy (LTRS) for label-free analysis of single cells. J Biophotonics
6(1):36-48. https://doi.org/10.1002/jbi0.201200143

Chen Y, Peng L, Wang X, Li Y-Q, Liu J-X, Wang G (2015) High-
throughput investigation of germination of individual Bacillus
thuringiensis HD-1 spores by differential interference contrast
microscopy imaging. Chin J Anal Chem 43(12):1787-1793

Christie G, Setlow P (2020) Bacillus spore germination: knowns,
unknowns and what we need to learn. Cell Signal 74:109729

Cordero E, Latka I, Matthaus C, Schie I, Popp J (2018) In-vivo Raman
spectroscopy: from basics to applications. J Biomed Opt 23(7):1—
23. https://doi.org/10.1117/1.JB0O.23.7.071210

Crickmore N (2006) Beyond the spore—past and future developments
of Bacillus thuringiensis as a biopesticide. J Appl Microbiol
101(3):616-619

Ember KJI, Hoeve MA, McAughtrie SL, Bergholt MS, Dwyer BJ,
Stevens MM, Campbell CJ (2017) Raman spectroscopy and
regenerative medicine: a review. NPJ Regen Med 2:12. https://
doi.org/10.1038/s41536-017-0014-3

Fan L, Zhang Y, Ismail BB, Muhammad AL, Li G, Liu D (2023) Bacil-
lus spore germination: mechanisms, identification, and antibacte-
rial strategies. Crit Rev Food Sci Nutr, 1-15

Gao Y, Barajas-Ornelas RDC, Amon JD, Ramirez-Guadiana FH, Alon
A, Brock KP, Rudner DZ (2022) The SpoVA membrane com-
plex is required for dipicolinic acid import during sporulation
and export during germination. Genes Dev 36(9-10):634-646.
https://doi.org/10.1101/gad.349488.122

Gao Y, Amon JD, Brogan AP, Artzi L, Ramirez-Guadiana FH, Cofsky
JC, Rudner DZ (2024) SpoVAF and FigP assemble into oligo-
meric ion channels that enhance spore germination. Genes Dev
38(1-2):31-45. https://doi.org/10.1101/gad.351353.123

Germond A, Kumar V, Ichimura T, Moreau J, Furusawa C, Fujita H,
Watanabe TM (2017) Raman spectroscopy as a tool for ecology
and evolution. J R Soc Interface 14(131):20170174. https://doi.
org/10.1098/rsif.2017.0174

Guidi V, Lehner A, Liithy P, Tonolla M (2013) Dynamics of Bacil-
lus thuringiensis var. Israelensis and Lysinibacillus sphaeri-
cus spores in urban catch basins after simultaneous application
against mosquito larvae. PLoS ONE, 8(2), 55658

Hernandez-Santana A, Gomez-Garzon C, Dussan J (2016) Complete
genome sequence of Lysinibacillus sphaericus WHO reference
strain 2362. Genome Announc 4(3):e00545—e00516. https://doi.
org/10.1128/genomeA.00545-16

Hu X, Fan W, Han B, Liu H, Zheng D, Li Q, Yuan Z (2008) Com-
plete genome sequence of the mosquitocidal bacterium Bacillus
sphaericus C3-41 and comparison with those of closely related
Bacillus species. J Bacteriol 190(8):2892-2902. https://doi.
org/10.1128/JB.01652-07

Jamal QMS, Ahmad V (2022) Lysinibacilli: a biological factories
intended for bio-insecticidal, bio-control, and bioremediation
activities. J Fungi 8(12):1288

Jayan H, Pu H, Sun D-W (2022) Recent developments in Raman spec-
tral analysis of microbial single cells: techniques and applica-
tions. Crit Rev Food Sci Nutr 62(16):4294-4308

Laine RF, Schierle K, van de Linde GS, S., Kaminski CF (2016) From
single-molecule spectroscopy to super-resolution imaging of the
neuron: a review. Methods Appl Fluoresc 4(2):022004. https://
doi.org/10.1088/2050-6120/4/2/022004

Lasemi E, Kalantar Motamedi MH, Navi F, Rezae M, Homay Nikfar
N, Danial Z, Azizpour R (2017) Effects of different times of glu-
taraldehyde 2% on bacillus subtilis spores (in vitro). Hosp Prac-
tices Res 2(4):118-121

Leggett MJ, McDonnell G, Denyer SP, Setlow P, Maillard JY (2012)
Bacterial spore structures and their protective role in bio-
cide resistance. J Appl Microbiol 113(3):485-498. https://doi.
org/10.1111/j.1365-2672.2012.05336.x

Liang D, Liu S, Li M, Zhu Y, Zhao L, Sun L, Zhao G (2023) Effects of
different bacteriostats on the dynamic germination of Clostridium
perfringens spores. Foods 12(9):1834

Lin X, Gan L, Owens G, Chen Z (2023) Removal of cadmium from
wastewater using biofunctional reduced graphene oxide synthe-
sized by Lysinibacillus sphaericus. J Clean Prod 383:135369

Lyu F, Zhang T, Gui M, Wang Y, Zhao L, Wu X, Liao X (2023) The
underlying mechanism of bacterial spore germination: an update
review. Compr Rev Food Sci Food Saf 22(4):2728-2746

Maxmen A (2011) Single-cell analysis: imaging is everything. Nature
480:139—141. https://doi.org/10.1038/nj7375-1139a

McDonnell G, Russell AD (1999) Antiseptics and disinfectants: activ-
ity, action, and resistance. Clin Microbiol Rev 12(1):147-179

Moir A (2023) Spore germination receptors—a new paradigm. Trends
Microbiol 31(8):767-768.

Paidhungat M, Ragkousi K, Setlow P (2001) Genetic requirements
for induction of germination of spores of Bacillus subtilis by
ca(2+)-dipicolinate. J Bacteriol 183(16):4886—4893. https://doi.
org/10.1128/JB.183.16.4886-4893.2001

Paredes-Sabja D, Setlow P, Sarker MR (2011) Germination of spores
of Bacillales and Clostridiales species: mechanisms and pro-
teins involved. Trends Microbiol 19(2):85-94. https:/doi.
org/10.1016/j.tim.2010.10.004

Park S, Kim CH, Jeong ST, Lee SY (2017) Surrogate strains of human
pathogens for field release. Bioengineered 9(1):17-24. https://
doi.org/10.1080/21655979.2017.1349044

Peng L, Chen D, Setlow P, Li YQ (2009) Elastic and inelastic light
scattering from single bacterial spores in an optical trap allows
the monitoring of spore germination dynamics. Anal Chem
81(10):4035-4042. https://doi.org/10.1021/ac900250x

Pérez-Diaz JL, Martin-Pérez T, del Alamo C, Sanchez-Garcia-Casar-
rubios J, Copa-Patifio JL, Soliveri J, Llerena-Aguilar FJ (2023)
Optimal fast integral decontamination of Bacillus thuringiensis
aerosols and fast disinfection of contaminated surfaces. Microor-
ganisms 11(4):1021

Power EG, Russell AD (1990a) Sporicidal action of alkaline glutaral-
dehyde: factors influencing activity and a comparison with other
aldehydes. J Appl Bacteriol 69(2):261-268

Power EG, Russell AD (1990b) Uptake of L-[14 C]-alanine by glutar-
aldehyde-treated and untreated spores of Bacillus subtilis. FEMS
Microbiol Lett 54(1-3):271-276

Puig I, Kaltenbach T (2018) Optical diagnosis for colorectal polyps: a
useful technique now or in the future? Gut Liver 12(4):385-392.
https://doi.org/10.5009/gnl17137

Puppels GJ, de Mul FF, Otto C, Greve J, Robert-Nicoud M, Arndt-
Jovin DJ, Jovin TM (1990) Studying single living cells and
chromosomes by confocal Raman microspectroscopy. Nature
347(6290):301-303. https://doi.org/10.1038/347301a0

Qiu S, Fan H, He L (2023) Single-cell analysis reveals microbial spore
responses to microwave radiation. J Innovative Opt Health Sci
16(02):2244004

Retta S, Sagripanti JL (2008) Modeling the inactivation kinet-
ics of bacillus spores by glutaraldehyde. Lett Appl Microbiol
46(5):568-574

Russell AD (1990) The bacterial spore and chemical sporicidal agents.
Clin Microbiol Rev 3:99-111

Russell AD (1994) Glutaraldehyde: current status and uses. Infect
Control Hosp Epidemiol 15(11):724-733

Setlow P (2006) Spores of Bacillus subtilis: their resistance to and
killing by radiation, heat and chemicals. J Appl Microbiol
101(3):514-525

@ Springer


https://doi.org/10.1111/j.1365-2672.2012.05336.x
https://doi.org/10.1111/j.1365-2672.2012.05336.x
https://doi.org/10.1038/nj7375-1139a
https://doi.org/10.1128/JB.183.16.4886-4893.2001
https://doi.org/10.1128/JB.183.16.4886-4893.2001
https://doi.org/10.1016/j.tim.2010.10.004
https://doi.org/10.1016/j.tim.2010.10.004
https://doi.org/10.1080/21655979.2017.1349044
https://doi.org/10.1080/21655979.2017.1349044
https://doi.org/10.1021/ac900250x
https://doi.org/10.5009/gnl17137
https://doi.org/10.1038/347301a0
https://doi.org/10.1039/c5an01851j
https://doi.org/10.1002/jbio.201200143
https://doi.org/10.1117/1.JBO.23.7.071210
https://doi.org/10.1038/s41536-017-0014-3
https://doi.org/10.1038/s41536-017-0014-3
https://doi.org/10.1101/gad.349488.122
https://doi.org/10.1101/gad.351353.123
https://doi.org/10.1098/rsif.2017.0174
https://doi.org/10.1098/rsif.2017.0174
https://doi.org/10.1128/genomeA.00545-16
https://doi.org/10.1128/genomeA.00545-16
https://doi.org/10.1128/JB.01652-07
https://doi.org/10.1128/JB.01652-07
https://doi.org/10.1088/2050-6120/4/2/022004
https://doi.org/10.1088/2050-6120/4/2/022004

227 Page 12 of 12

Archives of Microbiology (2024) 206:227

Setlow P (2013) Summer meeting 2013—when the sleepers wake:
the germination of spores of Bacillus species. J Appl Microbiol
115(6):1251-1268. https://doi.org/10.1111/jam.12343

Setlow P (2014a) Germination of spores of Bacillus species: what we
know and do not know. J Bacteriol 196(7):1297-1305. https://doi.
org/10.1128/JB.01455-13

Setlow P (2014b) Spore resistance properties. Microbiol Spectr
2(5):TBS-0003-2012. https://doi.org/10.1128/microbiolspec.
TBS-0003-2012

Setlow B, Cowan AE, Setlow P (2003) Germination of spores of Bacil-
lus subtilis with dodecylamine. J Appl Microbiol 95(3):637-648

Setlow B, Atluri S, Kitchel R, Koziol-Dube K, Setlow P (2006) Role
of dipicolinic acid in resistance and stability of spores of Bacil-
lus subtilis with or without DNA-protective alpha/beta-type small
acid-soluble proteins. J Bacteriol 188(11):3740-3747. https://doi.
org/10.1128/JB.00212-06

Smith R, Wright KL, Ashton L (2016) Raman spectroscopy: an evolv-
ing technique for live cell studies. Analyst 141(12):3590-3600.
https://doi.org/10.1039/c6an00152a

Stewart GS, Johnstone K, Hagelberg E, Ellar DJ (1981) Commitment
of bacterial spores to germinate. A measure of the trigger reaction.
Biochem J 198(1):101-106

Sundaresan A, Cheong I (2024) Elucidating bacterial spore dynamics
through lanthanide-enhanced live imaging. ACS Sens. https://doi.
org/10.1021/acssensors.3c02083

Talaria ACS, Movasaghib Z, Rehmanc S, Rehmana Iu (2015)
Raman spectroscopy of biological tissues. Appl Spectrosc Rev
20(1):46-111

Tennen R, Setlow B, Davis KL, Loshon CA, Setlow P (2000) Mecha-
nisms of killing of spores of Bacillus subtilis by iodine, glutaral-
dehyde and nitrous acid. J Appl Microbiol 89(2):330-338

Vepachedu VR, Setlow P (2007) Role of SpoVA proteins in release
of dipicolinic acid during germination of Bacillus subtilis spores
triggered by dodecylamine or lysozyme. J Bacteriol 189(5):1565—
1572. https://doi.org/10.1128/JB.01613-06

Wang G, Yi X, Li YQ, Setlow P (2011a) Germination of individual
Bacillus subtilis spores with alterations in the GerD and SpoVA
proteins, which are important in spore germination. J Bacteriol
193(9):2301-2311. https://doi.org/10.1128/JB.00122-11

@ Springer

Wang G, Zhang P, Setlow P, Li YQ (2011b) Kinetics of germination of
wet-heat-treated individual spores of Bacillus species, monitored
by Raman spectroscopy and differential interference contrast
microscopy. Appl Environ Microbiol 77(10):3368-3379. https://
doi.org/10.1128/AEM.00046-11

Wang S, Setlow P, Li YQ (2015) Slow leakage of Ca-dipicolinic acid
from individual bacillus spores during initiation of spore germi-
nation. J Bacteriol 197(6):1095-1103. https://doi.org/10.1128/
JB.02490-14

Xie C, Dinno MA, Li YQ (2002) Near-infrared Raman spectroscopy of
single optically trapped biological cells. Opt Lett 27(4):249-251.
https://doi.org/10.1364/01.27.000249

Xing Y, Harper WF Jr (2020) Bacillus spore awakening: recent dis-
coveries and technological developments. Curr Opin Biotechnol
64:110-115

Zhang P, Garner W, Yi X, YuJ, Li YQ, Setlow P (2010) Factors affect-
ing variability in time between addition of nutrient germinants
and rapid dipicolinic acid release during germination of spores
of Bacillus species. J Bacteriol 192(14):3608-3619. https://doi.
org/10.1128/JB.00345-10

Zhang Y, Miao Z, Huang X, Wang X, Liu J, Wang G (2018) Laser
tweezers Raman Spectroscopy (LTRS) to detect effects of chlo-
rine dioxide on individual Nosema bombycis spores. Appl Spec-
trosc 73(7):774-780. https://doi.org/10.1177/0003702818817522

Zhang Y, Zang C-h, Liu H-m (2023) Research progress on the struc-
ture of crystal protein of Bacillus thuringiensis and its mecha-
nism. China Trop Med 652652

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1128/AEM.00046-11
https://doi.org/10.1128/AEM.00046-11
https://doi.org/10.1128/JB.02490-14
https://doi.org/10.1128/JB.02490-14
https://doi.org/10.1364/ol.27.000249
https://doi.org/10.1128/JB.00345-10
https://doi.org/10.1128/JB.00345-10
https://doi.org/10.1177/0003702818817522
https://doi.org/10.1111/jam.12343
https://doi.org/10.1128/JB.01455-13
https://doi.org/10.1128/JB.01455-13
https://doi.org/10.1128/microbiolspec.TBS-0003-2012
https://doi.org/10.1128/microbiolspec.TBS-0003-2012
https://doi.org/10.1128/JB.00212-06
https://doi.org/10.1128/JB.00212-06
https://doi.org/10.1039/c6an00152a
https://doi.org/10.1021/acssensors.3c02083
https://doi.org/10.1021/acssensors.3c02083
https://doi.org/10.1128/JB.01613-06
https://doi.org/10.1128/JB.00122-11

	﻿Characterization of individual spores of two biological insecticides, ﻿Bacillus thuringiensis﻿ and ﻿Lysinibacillus sphaericus﻿, in response to glutaraldehyde using single-cell optical approaches
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experimental strains and spore preparation
	﻿Glutaraldehyde treatment
	﻿Measurement of spore viability
	﻿Raman setup and measurement
	﻿Germination of individual spores
	﻿Statistical analysis

	﻿Results
	﻿Spore viability and Raman spectra of individual spores
	﻿Effect of glutaraldehyde on the germination of individual spores
	﻿Nutrient germination


	﻿Non-nutrient germination
	﻿Dodecylamine germination
	﻿Discussion
	﻿Conclusion
	﻿References


