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Endospore formation is a survival strategy found among some bacteria from the phylum Firmicutes. During endospore formation, these bacteria
enter a morpho-physiological resting state that enhances survival under adverse environmental conditions. Even though endospore-forming
Firmicutes are one of the most frequently enriched and isolated bacterial groups in culturing studies, they are often absent from diversity studies
based on molecular methods. The resistance of the spore core is considered one of the factors limiting the recovery of DNA from endospores.
We developed a method that takes advantage of the higher resistance of endospores to separate them from other cells in a complex microbial
community using physical, enzymatic and chemical lysis methods. The endospore-only preparation thus obtained can be used for re-culturing
or to perform downstream analysis such as tailored DNA extraction optimized for endospores and subsequent DNA sequencing. This method,
applied to sediment samples, has allowed the enrichment of endospores and after sequencing, has revealed a large diversity of endospore-
formers in freshwater lake sediments. We expect that the application of this method to other samples will yield a similar outcome.

Video Link

The video component of this article can be found at https://www.jove.com/video/53411/

Introduction

The goal of this work is to provide a protocol for the separation of bacterial endospores from vegetative bacterial cells in environmental samples.
The formation of bacterial endospores is a survival strategy, usually triggered by starvation, found in a number of bacterial groups belonging to
the phylum Firmicutes'. Endospore-forming bacteria are well studied, mainly because a number of strains are pathogens and hence of medical
importance (e.g., Bacillus anthracis or Clostridium difficile). Environmental strains of endospore-formlng bacteria have been isolated from virtually
every environment (soil, water sediment, air, ice, human gut, animals gut, and more) Therefore Firmicutes are the second most abundant
phylum in culture collections®.

Because of their hardy outer cortex and protective core proteins, endospores can survive extreme environmental conditions ranging from
desiccation to h|gh radiation, extreme temperatures and harmful chemicals®. This remarkable resistance makes |t a challenge to extract DNA
from endospores 8. This likely explains why they have been overlooked in enwronmental sequencing studies®'. Other methods such as
targeting of endospores in environmental samples by quorescent antibodies’ , quantification of dipicolinic acid (DPA) in soil'? and sediment™
flow cytometry “or pasteurization and subsequent cultivation''® have been used to retrieve or quantify endospores in environmental samples
In recent years, ooptlmlzed DNA extraction methods as well as specific molecular primers to target endospore-specific gene sequences have
been developed 720 This has helped to reveal more biodiversity among this group of bacteria®’ and has also led to applications in industry
and medicine for the detection of endospores, for example in milk powder .

The protocol presented here is based on the difference in resistance to harmful physicochemical conditions (such as heat and detergents)

of bacterial endospores relative to vegetative cells. To destroy vegetative cells in a sample, we consecutively apply heat, lysozyme and low
concentrations of detergents. The time and strength of these treatments have been optimized so as not to destroy spores, but to lyse all
vegetative cells. Some cells in an environmental cell pool are more resistant than others, so in order to increase the probability of destroying all
vegetative cells, we apply three different treatments. The advantage and novelty of this method is that the endospores after the treatment are still
intact and can be used for further downstream analyses. These include DNA extraction, quantitative PCR (qPCR) and amplicon or metagenomic
sequencing (targeting specifically the group of endospores and thus reducing diversity, while increasing coverage). The endospores could also
be used for downstream cultivation or quantification by fluorescence microscopy, flow cytometry, or detection of DPA. An important feature of
this method is that by comparing an untreated sample with a treated sample, one can deduce the quantity and diversity of endospores in an
environmental sample in addition to the component corresponding to vegetative cells.
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1. Preparation of Chemicals and Equipment

a0 =

o

7.

Make 500 ml of a 1% sodium hexametaphosphate (SHMP) (NaPOj3), solution and sterilize by autoclaving.

Sterilize nitrocellulose (NC) filters (pore size 0.22 ym, diameter 47 mm) by autoclaving in closed glass Petri dishes.

Sterilize NC filters (pore size 0.22 ym, diameter 25 mm) by autoclaving in closed glass Petri dishes.

Weigh and note the empty weight of sterile 50 ml tubes (with cap on) (one tube per sample).

Prepare Tris-EDTA-buffer (TE-buffer) 1x: make solution of 10 mM Tris (tris(hydroxymethyl)aminomethane) and 1 mM EDTA buffer. Adjust pH
to 8 and sterilize by autoclaving.

Prepare lysozyme solution (20 mg/ml) by dissolving 0.02 g of lysozyme in 1 ml TE-buffer. Ideally, make fresh every time. Store at 4 °C for no
more than 1 week.

Prepare physiological solution by dissolving 8 g/L sodium chloride (NaCl) in distilled water. Sterilize by autoclaving.

2. Separation of Biomass from Sediment

Add 3 g of sediment sample to pre-weighed sterile 50 ml tubes using ethanol-flamed metal scoops. Perform this in a clean, UV sterilized
biosafety cabinet to avoid contamination.

Add 15 ml of a 1% sterile (autoclaved) SHMP solution to the sample using a sterile graduated burette. The SHMP solution can also be filtered
to avoid contamination.

Homogenize the sediment and SHMP solution with a liquid disperser/homogenizer (e.g., Ultra-Turrax homogenizer). 70% ethanol-sterilize

or autoclave the dispersion rotor prior to use. Run the homogenization for 1 min at 17,500 rpm. Let the sample rest for 2 min and repeat the
homogenization for 1 min at the same rotor speed.

Let the sample stand for 10 min. At this step, the heaviest particles (minerals) will settle. The cells and any organic components of the sample
however will remain in solution. Afterwards, transfer the supernatant solution (containing cell biomass) into a clean 50 ml tube, while taking
care not to disturb the sediment pellet.

To the sediment pellet add again 15 ml of a 1% sterile (autoclaved) SHMP solution using a sterile graduated burette. Then repeat steps 2.3
and 2.4. This repetition ensures the separation of the maximum amount of cells and organic particles from the mineral component of the
sediment. The supernatant of this second separation can be merged with the supernatant from the first separation.

Note: The following steps are all done on the supernatant (containing cell biomass). The mineral component (sediment pellet) can be
discarded.

Centrifuge the sample at 20 x g for 1 min. This step increases the g-force enough to settle small mineral particles while the biological cell
material still remains in solution. After centrifugation, transfer the supernatant solution (containing cell biomass) into a clean 50 ml tube.
Discard the mineral pellet.

Determine the final volume of the solution containing biomass by weighing the sample. The weight determination avoids having to transfer the
sample to a graduated cylinder and reduces risk of contamination.

3. Collection of Biomass on Filter Membrane

Prepare filtration unit (for 47 mm diameter membranes) and vacuum pump. Sterilize the filtration unit either by autoclaving or (if Pyrex glass)

by spraying it with 70% ethanol and flaming it with a Bunsen burner. Let it cool down before continuing with the protocol.

Add sterile NC membrane to the filtration unit using ethanol-flamed sterilized forceps.

Add half of the supernatant sample (from step 2.6) onto the membrane filtration unit and collect cells on the membrane using the vacuum

pump.

When the liquid has fully passed through the filter, stop the vacuum pump and carefully remove the membrane using ethanol-flame sterilized

forceps. Place the membrane into a sterile Petri dish.

1. Cut the membrane in half using ethanol-flamed sterilized scissors. Add each half of the membrane to a separate 2 ml tube. One half of

the membrane will be used for DNA extraction and analysis of the entire bacterial community. The other half of filter will be stored at -80
°C and serves as a backup.

Place new NC membrane onto the filtration unit and collect biomass from the second half of sample volume (from step 2.6) using the vacuum
pump.

When the liquid has fully passed through the filter, stop the vacuum pump and carefully remove the membrane using ethanol-flamed sterilized
forceps. Place the entire membrane into a separate 2 ml tube. This sample will be used for the treatment to separate endospores from
vegetative cells. The sample can be stored at -20 °C until use.

4. Lysis of Vegetative Cells

1.

2.

3.

Perform the treatment to separate endospores from vegetative cells on the biomass previously collected on a NC membrane (step 3.6).
1. If the membrane was frozen, leave it at RT for 10 min to thaw. Then place the membrane in a sterile Petri dish and cut it (approximately
4 times) into smaller pieces using ethanol-flamed sterilized scissors. Then place all membrane filter pieces into a sterile 2 ml tube.

Add 900 pl of 1x TE (Tris-EDTA) buffer (see 1.5) to the tube containing the sample membrane and mix thoroughly by vortex. At this step, the
biomass is removed from the membrane into the TE-buffer solution.
Place the tube in an incubator at 65 °C for 10 min and 80 rpm. Afterwards remove the tube from the incubator and let it cool down for 15 min.
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4. Add 100 pl of freshly prepared lysozyme (see 1.5) to reach a final concentration of 2 mg/ml. Do not add the lysozyme before the sample has

cooled down to 37 °C, as this could degrade the enzyme.

Incubate the sample at 37 °C for 60 min and 80 rpm, the optimal conditions for the lysozyme to lyse vegetative cells.

After lysis is complete, add 250 pl of 3 N sodium hydroxide (NaOH) and 250 pl of 6% sodium dodecyl sulfate (SDS) solution to the sample.

By adding this, the sample volume reaches 1.5 ml and there is a final concentration of 0.5 N NaOH and final concentration of 1% SDS.

7. Incubate this mix at RT for 60 min and 80 rpm. Adding the base and detergents will help in final cell lysis. The concentration of these
detergents has been optimized as to not harm the endospores, while lysing vegetative cells.

8. Prepare a sterile filtration unit that holds 25 mm diameter membranes by autoclaving, or (if Pyrex glass) spraying it with 70% ethanol and
flaming it with a Bunsen burner. Let it cool down.

. Place a 0.2 um NC membrane (25 mm diameter) on the filtration unit using ethanol-flame sterilized forceps.

10. Add the sample from step 4.7 onto the membrane and filter the liquid using the vacuum pump. When liquid has passed through, turn off
vacuum pump. At this step, the lysed vegetative cell material is removed, as it is not retained on the membrane. Only endospores will remain
on the membrane.

11. Add 2 ml of sterile physiological solution to wash off residual detergents and filter the liquid using the vacuum pump.

12. When liquid has fully filtered, turn off the vacuum pump. Leave the membrane on the filtration unit.

oo

5. DNase Treatment

Note: Perform the DNase treatment directly on the filter membrane. It is important that the filtration unit does not leak and the vacuum pump is
turned off.

1. Add 450 pl of sterile water, 50 pl of DNase reaction buffer (1x) and 0.5 yl DNase enzyme directly onto the filter membrane and let it stand for
15 min. If possible, do this digestion in a room that is slightly warmer than average RT, since the enzyme works better at temperatures of 25
°C and above.

Note: Keeping the Bunsen burner aside the filtration unit also increases the temperature and has the added benefit of keeping the
surroundings sterile, therefore reduced risk of contamination of the samples.

When the DNase digestion is finished, turn on vacuum pump to remove the enzyme from the sample.

Wash off residual enzyme by adding and filtering 1 ml of physiological solution.

If liquid has fully passed, turn off vacuum pump and remove the filter membrane containing endospores using sterile forceps and place it into
a sterile Petri dish.

Note: The sample of separated endospores is now ready for downstream analysis. Store at -20 °C if used for DNA extraction or alternatively
at 4°C if used for germination and cultivation.

Representative Results

10,21

PoN

The results presented here have been published earlier ~“ . Please refer to those articles for the environmental interpretation and discussion of

the data.

The overall procedure is summarized in Figure 1 and corresponds to three main steps: first, the separation of biomass from sediment or any
other environmental matrix; second, the destruction of vegetative cells; and third, the downstream analysis of the separated endospores.
Downstream analysis could consist, for example, of DNA extraction and amplicon sequencing to determine diversity. The DNA extraction needs
to be optimized as to guarantee lysis of endospores. In sediment samples, we have achieved this by using a forceful sequential DNA extraction
procedurem. The application of the method in sediment demonstrates a significant increase in the fraction of endospore-forming Firmicutes after
separation. In amplicon sequencing of the 16S rRNA gene, Firmicutes in the untreated samples (whole community) corresponded only to 8.0
and 19.0% of the sequences (Table 1). In contrast, after the treatment Firmicutes represented 90.6% and 83.9% of the endospore-enriched
sample. The two major orders of endospore-forming Firmicutes, Bacilliales and Clostridiales, were enriched with the method, contrasting with the
absence of orders like Lactobacilliales that are non endospore-forming Firmicutes. In order to demonstrate that the method is particularly suitable
for the enrichment of true endospores, other groups capable of producing spore-like structures were also analyzed. Accordingly, the frequency of
Actinobacteria, Cyanobacteria and Myxococcales decreased after the treatment to lyse cells.

The efficiency of the treatment was also demonstrated using pure cultures. An endospore preparation (> 95% endospores) of Paenibacillus alvei,
Bacillus subtilis and Bacillus megaterium, as well as a vegetative cell culture of Escherichia coli, were treated as described in the protocol for

the lysis of vegetative cells. All cultures were then incubated in nutrient broth at 37 °C and growth was measured using optical density at 600 nm
wavelength. Growth was observed for the endospore cultures while no growth was observed in the treated E. coli culture, proving that vegetative
cells are irreversibly damaged (Figure 2).
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Figure 1. Overview of the experimental procedure. Procedure used to enrich endospore-forming bacteria in environmental samples. The step
of separating cells and endospores from the environmental matrix can be omitted depending on the type of sample (i.e., water sample). In the
figure the downstream methods applied on the spore-enriched fraction correspond to DNA extraction and high throughput sequencing. These
steps can be replaced by culturing. Please click here to view a larger version of this figure.
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Figure 2. Verification of the treatment on pure cultures. Growth curves verifying the growth of endospore-forming bacteria from a suspension
of endospores of Bacillus subtilis, Bacillus megaterium, and Paenibacillus alvei and a cell culture of Escherichia coli treated with the method
for the lysis of cells. Treated = o. Untreated = e. Error bars from three independent cultures. Growth of control cultures and re-growth of treated
cultures was measured as optical density at 600 nm wavelength. This figure has been re-printed from Wunderlin et al. 2014 with permission.
Please click here to view a larger version of this figure.

Sediment 1 Sediment 2
whole community endospore-enriched whole community endospore-enriched
Firmicutes 8.0 90.6 19.0 83.9
Bacilli 0.5 10.0 5.7 151
Clostridia 74 76.9 12.5 63.2
Actinobacteria 24 1.0 4.4 2.1
Cyanobacteria 1.1 0.1 0.7 0.1
Myxococcales 0.7 0.0 0.2 0.0
Other bacteria 87.8 8.3 75.7 13.9

Table 1. Abundance of endospores and other spore-forming bacterial groups. Relative frequency of Firmicutes (endospore-formers) and
other bacterial groups producing spore-like structures in two sediment samples corresponding to the whole (untreated) and endospore-enriched
(treated) communities.

The resistance of endospores to external aggressive physicochemical factors (e.g., temperature or detergents) was used to devise a method

to separate bacterial endospores from vegetative cells in environmental samples. This is the first comprehensive method to isolate endospores
from environmental samples in a non-destructive manner. Previous methods to quantify, detect or analyze endospores in samples were based
on the measurement of specific proxies for endospores such as dipicolinic acid or specific marker genes. In contrast, with the protocol presented
here, sample components other than endospores are removed and so the endospores eventually remain as the sole and purified remnants of
the sample. Although other methods such as pasteurization or density gradient centrifugation have been proposed to enrich for endosporeszz,
our tests showed that density gradient centrifugation is not appropriate as a general method for environmental samples, due to physiological
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differences and different densities of various species of endospore-formers (data not shown). By contrast, our protocol can easily be applied to
all types of environmental samples and is suitable for downstream applications including molecular methods or culturing.

There are two critical steps in the protocol. The first is the separation of biomass from sample matrix (i.e., sediment particles). It is essential that
the number of cells separated from the matrix be maximized, so as not to overlook part of the diversity. For sediment samples, as used here,
one of the principal limitations of the protocol is the fact that some cells or spores may not have been detached from the sediment matrix and
therefore not included in the downstream analysis, which is a potential limitation of the method. Depending on the sample matrix (for example

if there are humic acids), cells may be tightly bound to it and therefore difficult to release. The use of ortho-phosphate buffer as well as good
homogenization with a homogenizer or blender are important at this step. To boost recovery, the procedure of homogenization and removal of
biomass is repeated twice as written in the protocol. The protocol described here has been developed and optimized for samples of freshwater
lake sediment. Some parameters may not be optimal for other types of samples. One way to analyze the community fraction that was potentially
overlooked in the process would be to subject the sediment matrix to DNA extraction and amplicon sequencing. As possible modifications to
the technique, the step of separation of biomass from sample matrix may be omitted. Particularly if the environmental sample does not contain
organic material or mineral particles that could interfere with the downstream protocol (e.g., water, other liquids or purified cultures), prior
separation may not be needed. For liquid samples the protocol can start directly at chapter 3 (Collection of biomass on filter membrane).

The second important step of the protocol is the treatment with lysozyme, heat, NaOH and SDS to destroy vegetative cells. Temperature,
duration as well as concentration of chemicals have all been optimized as not to harm endospores, while destroying the cells. These parameters
should therefore be strictly kept as they are. The use of a first step of heating the sample at 65 °C was very effective to specifically select

for endospores compared to other types of bacterial spores or spore-like structures occurring among the bacterial phyla of Actinobacteria,
Myxobacteria, Cyanobacteria, that are generally not heat-resistant. As seen in Table 1, non-spore forming bacteria are still present after the
treatment (8.3% to 14%). Some explanations for this are that sediment samples are highly complex and can also harbor resistant non-spore
cells. In addition, leftover organic material may allow certain attached cells to survive the treatment. In order to further reduce the percentage of
non-spore-forming cells in the treated samples, the method should be optimized based on individual sample type.

The method represents a novel tool for the targeted study of endospore-formers in environmental samples. The treatment to destroy vegetative
cells can be tested on pure cultures of cells and endospores and adapted to suit individual resistance of cells. The destruction of cells can be
seen in the curves of treated cultures shown in Figure 2. The delayed growth of the treated cultures can be due to the time that endospores
need to re-germinate and move into the exponential growth phase. Other possible explanations for this delay could also be a weakening of the
endospore culture or lower cell numbers after treatment. If the separated endospores are not used for DNA extraction, the last step of DNase
treatment can be omitted.

Future applications of this technique could be envisaged in industries where pathogenic endospores need to be detected. One example is in
the food industry and clinical research, where the detection and analysis (for identification) of endospores, and its differentiation from vegetative
cells (for example, from foods products such as milk or milk-based products) is vital. This might be particular relevant considering that many
standard procedures consider direct DNA extraction from a sample using lytic enzymes that are not adapted to lyse endospores, which will

thus be overlooked. With the method presented here, cells can be removed and subsequent analysis will provide answers to the presence

or absence of endospores as opposed to cells. Other applications include the analysis of endospore communities in different environmental
samples (for example ice or sediment cores) that are historical archives of environmental conditions. In many environments with relatively stable
environmental conditions (for example lake sediment surface) endospore-forming Firmicutes can thrive in the form of vegetative cells. When
conditions deteriorate (for example by nutrient depletion during sediment burial or a shift towards anaerobic conditions) the cells move into
endospore state. Therefore, the retrieved endospore communities from sediment cores can reflect the environmental conditions at time of burial
and thus be used as a paleoecological indicator of the conditions prior to burial. However, we are still gathering information to support this claim.
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