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Outline of the Thesis

This PhD Thesis reports the results of my research work in the laboratory of Prof. Racheal Isticato at the
Department of Biology of the Federico Il University of Naples, Italy. This Thesis is organized in four

parts as follows:

General Introduction

Chapter 1
Chapter 2
Enitl . How does the temperature of sporulation affect structure and function of Bacillus subtilis
Structural and functional —» spores?
study of spore coat )
Chapter 3
Part 2 * Localization of adsorbed proteins on B. subtilis spore surface;
Biotechnology Applications » | Chapter 4
of Bacterial spores *  Other Bacillus’s spores as an adsorption platform: B. megaterium;

Chapter 5
*  B. subtilis spores as drug delivery system of an antioxidant enzyme

Part 3 Chapter 6
Bacterial Spores as —* | » How do B. subtilis spores exert their antioxidant activity?
Probiotics Chapter 7
* Even B. megaterium spores have an antioxidant activity. Could this strain be a
probiotic?

*  Fluorescent peptide as a sensor for environmental monitoring of mercury

Conclusions
Chapter 9

During these three years, | focused on two bacteria of the same genus, Bacillus subtilis and Bacillus
megaterium. These organisms are Gram-positive, aerobic, spore formers and, therefore, share the ability
to undergo a complex developmental cell differentiation process and produce highly resistant spores [Tan
IS and Ramamurthi KS, 2014]. As reported in the Introduction, the process is induced by unfavorable
environmental conditions and starts with an asymmetric cell division that produces a large mother cell
and a small forespore. The mother cell contributes to forespore maturation and undergoes autolysis at the
end of the process, allowing the release of the mature spore into the environment. The peculiar structure
of the spore, characterized by a dehydrated cytoplasm surrounded by various protective layers, is

responsible for the resistance of the spore to extremes of heat and pH, to UV radiations, and to the


https://www.ncbi.nlm.nih.gov/pubmed/?term=Ramamurthi%20KS%5BAuthor%5D&cauthor=true&cauthor_uid=24983526

presence of solvents, hydrogen peroxide and lytic enzymes. In the presence of water, nutrients and
favorable environmental conditions the mature spore can germinate generating a cell able to grow and,
eventually, to re-sporulate [Setlow P., 2003].

Spore resistance is in part due to the presence of the spore coat, a multi-layered structure composed of
more than 70 proteins that surrounds the spore [McKenney et al. 2013]. The biogenesis of the spore coat
is finely regulated at multiple levels as reported in chapter 1 (paragraph 1.6 of the Introduction) and
represents an interesting model system to study mechanisms of gene expression and of protein-protein
interaction in bacteria.

The spore surface of the two bacterial species | used for my PhD work, substantially differs from each
other for the presence around the spore of B.megaterium of an exosporium, a poorly characterized
outermost spore layer not present around the B. subtilis spore. The large dimension of B.megaterium
spores that are 2.5- fold larger than that of B. subtilis is another difference between the two bacteria.

The Part | focuses on the investigation of the sporulation temperature consequences on the ultrastructure
and the protein composition of the spore surface layers and on the functional properties of spores
produced at growth temperature (25 and 42°C), in comparison to an optimal growth temperature (37°C).
The changes in resistance properties, ultrastructure and protein composition, were greater in spores
formed at 25°C than at 37 and 42°C. Moreover, | observed that CotH and a series of CotH-dependent coat
proteins were more abundantly present in the coat of 25°C than 37 and 42°C spores, suggesting that CotH
played a more relevant role at low temperature. To gain further insight into the role of CotH, | have
analyzed the protein stability and activity and then the transcriptional levels of cotH at the three
temperatures.

Understanding the spore assembly mechanisms under different environmental conditions may help to
assess the structure and properties of spores existing in the natural environment and the development of
optimized industrial treatments, particularly in the food chain, to limit the survival and germination of
contaminating spores.

The Part Il (chapter 3-4-5) includes studies about the use of bacterial spores as Drug Delivery system.
The bacterial spore has been proposed as a platform to display heterologous proteins, with potential
applications ranging from the development of mucosal vaccine to re-usable biocatalysts, diagnostic tools
and bioremediation devices for field use [Cutting et al., 2009; Knecht et al., 2011; Hinc et al., 2010;
Isticato R, Ricca E. 2014]. Furthermore, various reasons support the use of the spore as a display system:
(i) the remarkable and well documented resistance of the spore [McKenney et al., 2013] that ensures high
stability of the display system; (ii) the availability of genetic tools [ Harwood C, Cutting S.1990] that
allows an easy manipulation; (iii) the safety record of several endospore-forming species [Cutting SM.
2011, Baccigalupi et al., 2015], that makes spores of those species ideal candidates also to deliver
displayed molecules to mucosal surfaces [Cutting et al., 2009;Isticato R, Ricca E. 2014]. Two strategies
have been developed to display heterologous proteins on the spore surface. A recombinant strategy based
on the construction of gene fusions between the gene coding for a selected spore surface protein (carrier)
and the heterologous DNA coding for the protein to be displayed. Instead, the non-recombinant approach
is based on the spontaneous adsorption between purified spores and purified proteins. The molecular

details controlling spore adsorption have not been fully elucidated but hydrophobic and electrostatic



interactions seem to be involved. An interesting challenge for future work will be to establish the
mechanism or route of infiltration in the spore surface of adsorbed heterologous proteins. These
challenges are partially addressed in this part of thesis.

In the CHAPTER 3, | used the monomeric Red Fluorescent Protein (mRFP) of the coral Discosoma sp.
and B. subtilis spores of a wild type and an isogenic mutant strain ( with a strongly altered coat) lacking
the CotH protein to clarify the adsorption process. For this purpose, | constructed some isogenic strains
carrying GFP fused to proteins restricted in different compartments of the B. subtilis spore. This system
allowed me to localize adsorbed mRFP molecules and demonstrate that in wild type spores mRFP
infiltrated through crust and outer coat, localized in the inner coat and was not surface exposed. Instead,
in the mutant spores mMRFP was present in all surface layers, inner, outer coat and crust and was exposed
on the spore surface. These findings shed light on the mechanism of spore adsorption and indicate that
different spores, wild type or mutant, can potentially have different applications. As a carrier of enzymes
to be re-used several times a surface display of the enzyme may be not strictly required while a tight
adhesion to the carrier could desirable making wild type spores preferable over the mutant spores. On the
contrary, as a drug/vaccine delivery vehicle a surface display could be essential and the release of the
drug/antigen in some cases an useful property, making mutant spores preferable over the wild type. Data

reported in Chapter 3 have been published in 2016:

Giuliana Donadio,” Mariamichela Lanzilli,” Teja Sirec Ezio Ricca, and Rachele Isticato. Localization of

a red fluorescence protein adsorbed on wild type and mutant spores of Bacillus subtilis. Microb Cell Fact
15(1): 153.

In the CHAPTER 4, | shifted my attention on spores of B.megaterium display system. The spores of
B.megaterium (strain QMB1551) have aroused this interest at least for two reasons: the large dimensions
of its spore ( 2.5 larger than that B.subtilis spore) that allow to adsorb a greater amount of heterologous
proteins , and the presence of the exosporium, a poorly characterized structure composed of proteins and
carbohydrates [Di Luccia et al. 2016] lacking in B. subtilis spores. Since so far only spores of species
that lack an exosporium have been considered as adsorption platforms, no data are available on the impact
of the exosporium in the interaction with heterologous proteins. Therefore, | verified whether spores
surrounded by an exosporium were able to display heterologous proteins like spores that do not have such
additional surface layer (B. subtilis spores). To this focus, | followed the non-recombinant display
approach and used the monomeric form of the Red Fluorescent Protein (mRFP) of the coral Discosoma
sp. [Campbell et al., 2002] as a model heterologous protein. Non-recombinant adsorption of mRFP to
spores was monitored by western- and dot-blotting and by fluorescence microscopy. My results showed
that B.megaterium spores were more efficient than B. subtilis spores in tightly adsorbing mRFP with over
100 pg of mRFP adsorbed. | found that the exosporium of B.megaterium is permeable to mRFP
molecules that infiltrates through it and fill up the space between the outercoat and the exosporium.
Furthermore, the B.megaterium spore could be an ideal vehicle to bind and deliver heterologous proteins.

Data reported in Chapter 4 have been published in 2016:


https://www.ncbi.nlm.nih.gov/pubmed/?term=Donadio%20G%5BAuthor%5D&cauthor=true&cauthor_uid=27609116
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lanzilli%20M%5BAuthor%5D&cauthor=true&cauthor_uid=27609116
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sirec%20T%5BAuthor%5D&cauthor=true&cauthor_uid=27609116
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ricca%20E%5BAuthor%5D&cauthor=true&cauthor_uid=27609116
https://www.ncbi.nlm.nih.gov/pubmed/?term=Isticato%20R%5BAuthor%5D&cauthor=true&cauthor_uid=27609116
https://www.ncbi.nlm.nih.gov/pubmed/27609116

Lanzilli M., Donadio G., Addevico R., Saggese A., Cangiano G., Baccigalupi L., Christie G., Ricca E.
and Isticato R. 2016. The exosporium of Bacillus megaterium QM B1551 is permeable to the red

fluorescence protein of the coral Discosoma sp. Front. Microbiol. 7:1752.

In the CHAPTER 5, | used B.megaterium spores as delivery system to bind Bcpl (bacterioferritin
comigratory protein 1), a peroxiredoxin of the archaeon Sulfolobus solfataricus, known to have an
antioxidant activity. Here, the idea is to use B.megaterium spores for the delivery of therapeutic
molecules to the gastrointestinal mucosa. The delivery of drugs and antigens by the oral or nasal routes
offers several advantages over parenteral administration and is gaining increasing relevance for the
treatment of human and animal diseases. For instance, the high vascularization of the mucosal surfaces
allows the direct transfer of molecules into the systemic circulation, making the mucosal routes a
promising alternative to delivery by injection [Zhang et al., 2002]. However, the successful development
of mucosal therapeutic molecules relies on efficient delivery systems, able to stabilize and protect the
molecules from degradation and to reduce or avoid completely the loss of biological activity. First of all, |
verified that the spores were highly efficient in adsorbing Bcpl and that the adsorbed enzyme localized
beneath the exosporium, filling the space between the outer coat and the exosporium.

Then, | checked the stability and the protection of the adsorbed enzyme to the gastro-intestinal conditions
demonstrating that the enzyme retained its activity in all conditions. In addition, | observed by this report
that B.megaterium spores have an endogenous antioxidant activity. Data reported in Chapter 5 have been
published in 2018:

Mariamichela Lanzilli, Giuliana Donadio, Francesca Anna Fusco, Carmen Sarcinelli, Danila Limauro,

Ezio Ricca, Rachele Isticato. Display of the peroxiredoxin Bcpl of Sulfolobus solfataricus on probiotic
spores of Bacillus megaterium. New BIOTECHNOLOGY 46 (2018) 38—44.

The antioxidant activity, the safety and resistence of spores encouraged the topics covered in the Part 111
(chapter 6-7) of this Thesis. The oxidative stress is defined as a disturbance in the balance between the
production of reactive oxygen species (ROS-free radicals) and antioxidant defences. [Betteridge DJ,
2000]. These ROS are common products of the cells” metabolism, in fact low and moderate amounts of
ROS have beneficial effects on several physiological processes [Ames et al., 1993]. On the other hand,
an excessive production of ROS, due to stress factors, damages DNA, protein, and lipids, leading to a
variety of chronic diseases such as atherosclerosis, cardiovascular problems, inflammatory bowel diseases
and so on [Eftekharzadeh et al., 2010; Harrison et al., 2003; Ostrakhovitch et al., 2001; Griendling et al.,
2003; Ceriello et al., 2004 ]. Our cells are normally equipped with an array of antioxidant systems
(catalase, superoxide dismutase, glutathione peroxidase and glutathione reductase) and there are a lot of
natural antioxidants; however, these systems are not enough for complete scavenging of ROS. For this
reason, a continuous search for new products able to prevent or retard stress induced damages is still
needed. Here, | proposed the use of bacterial spores to counteract the damage due to oxidative stress. In
particular, in the CHAPTER 6, | analysed the effects of B. subtilis spores, widely studied and used ,on

human normal keratinocytes ( in vitro) in presence of an oxidative stress. | found that the spores exert



their protective effect against stress injury, as oxidative stress markers (ROS, GSH and lipid peroxidation)
were reported to physiological levels both when cells were stressed before incubating them with spores
and when cells were pre- treated with spores. Interestingly, | also found that spores exert their protective
effect by the nuclear translocation of Nrf-2, involved in the activation of stress response genes. Therefore,
the activation of the antioxidant system, through the up-regulation of Nrf-2, is critical for the protection of
cells from oxidative stress-induced damage. These findings suggest that spores can be an effective

component in the treatment of cell damage. Data reported in Chapter 6 have been published in 2018:

Ganna Petruk, Giuliana Donadio, Mariamichela Lanzilli, Rachele lIsticato, and Daria Maria Monti.

Alternative use of Bacillus subtilis spores: protection against environmental oxidative stress in human

normal keratinocytes. Sci Rep. 2018; 8: 1745.

In the CHAPTER 7, | focused on the antioxidant activity in vitro and in vivo of both B.megaterium
spores wild type strain, QMB 1551 and a human isolate of B.megaterium, SF185. Both strains were
characterized by similar antioxidant activities in vitro. Based on this and on human origin of strain, |
decided to perform all further experiments using only spores of the strain SF185. Then , the antioxidant
effects of SF185 spores were tested in vitro on Caco-2 cells measuring the ability of spores to reduce the
toxicity of hydrogen peroxide and in vivo in a murine model of dextran sodium sulfate (DSS) -induced
oxidative stress. The human origin of SF185, its strong antioxidant activity, and its protective effects both
in vitro and in vivo led to propose the spore of this strain as a new probiotic for gut health.

A manuscript reporting these results is in preparation.

The results of chapters 6 and 7 allowed me to conclude that the consumption of spores-based products

could prevent or reduce the damages caused by oxidative stress.

In the last part, Part 1V, | have dealt with a different topic (Collaboration).In particular in the
CHAPTER 8, | developed a fluorescent peptide as a sensor for environmental monitoring of mercury.

Heavy metal ions when present in excess are toxic for all organisms [De Silva et al., 2002]. They are
difficult to remove from the environment and unlike many other pollutants cannot be chemically or
biologically degraded, therefore, heavy metals constitute a global environmental hazard [ Tchounwou et
al., 2003]. Mercury and its compounds, in particular, are regarded as “priority hazardous substances” by
the Agency for Toxic Substances and Disease Registry (ATSDR) because of its toxicity, mobility, long
residence time, and biomagnification in food chains [ Singh et al., 2004]. For examples, Hg?" is highly
toxic even at low levels [ Talanova et al., 1999] and in humans it can affect liver, kidneys and the
cardiovascular, gastro-intestinal and neurological systems [ Rasheed et al.,2018]. It has been previously
developed a fluorescent peptidyl sensor, dH3w, for monitoring Zn* in living cells. This probe, designed
on the base on the internal repeats of the human histidine rich glycoprotein, shows a turn on response to
Zn** and a turn off response to Cu®*. Other heavy metals (Mn?*, Fe?*, Ni?*, Co®, Pb?* and Cd**) do not
interfere with the detection of Zn®* and Cu®*. Here, | demonstrated that dH3w has an affinity for Hg**

considerably higher than that for Zn*" or Cu®*, therefore the strong fluorescence of the Zn**/dH3w
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complex is quenched when it is exposed to aqueous solutions of Hg?, allowing the detection of sub-
micromolar levels of Hg?*. Fluorescence of the Zn?*/dH3w complex is also quenched by Cu®* whereas
other heavy metals (Mn?*, Fe?*, Ni**, Co?*, Cd*, Pb*, Sn?* and Cr®") have no effect. The high affinity
and selectivity suggest that dH3w and the Zn®*/dH3w complex are suited as fluorescent sensor for the
detection of Hg?* and Cu® in environmental as well as biological samples. Data reported in Chapter 9 have
been published in 2018:

Marialuisa Siepi, Rosario Oliva, Luigi Petraccone, Pompea Del Vecchio, Ezio Ricca, Rachele Isticato,
Mariamichela Lanzilli, Ornella Maglio, Angela Lombardi, Linda Leone , Eugenio Notomista and
Giuliana Donadio . Fluorescent peptide dH3w: a sensor for environmental monitoring of mercury (Il).
PLoS One. 2018 Oct 10;13(10):e0204164.

In addition, a collaboration with Dott. Angelo Fontana’s group of CNR of Pozzuoli allowed me to work
with a hyperthermophilic marine bacterium: Thermotoga neapolitana. It is having a significant
achievement in the field of bioenergy development with the production of H, which is due to its particular
metabolic pathway. The process is hamed capnophilic (CO,-requiring) lactic fermentation (CLF) and is
mostly based on CO,- induced recycling of acetate deriving from glycolysis [d’Ippolito et al., 2014] by
coupling with H, production. Furthermore, the process offers the potential advantage of combining
carbon capture with the production of energy from a renewable source and the synthesis of highly added
value products such as lactic acid. The mechanism behind the high H, and lactic acid yields achieved by
T. neapolitana are likely related to the unique characteristic of the heterotrimeric [FeFe]-hydrogenase
(H,ase) and the reversible activity of the Pyruvate ferredoxin oxido-reductase (PFOR) that are present in
the bacterium [Prahdan et al., 2015].

In order to promote the production of H, or lactic acid, | have analyzed the localization of the CLF
pathway’s key enzymes at different times in cells grown on different carbon sources (glucose or
starch). By different methods of protein extraction and by immunofluorescence technique, I found a
cytoplasmic PFOR at the beginning of fermentation and then a periplasmic PFOR suggesting a reversible
activity of the enzyme in cells grown on glucose. Instead, in cells grown on starch, I found a
predominantly cytoplasmic PFOR. In both cases, PFOR is coupled with a cytoplasmic membrane-
associated H-ase.

This study could explain the different H, yield and lactic acid production reported in literature [Pradhan et
al., 2016a].

During these three years, I visited for three months the “Laboratoire de Chemie Bacterienne” of Dott.ssa
Emilia Mauriello of CNRS in Marseille, France. In particular, | worked with Myxococcus xanthus, a soil
bacterium capable of saprophytic feeding on products derived from predation of other bacteria. An
important part of M. xanthus behavior is its ability to move on soft and solid surfaces by two forms of
motility [Faure et al., 2016; Islam et al., 2018; Islam and Mignot, 2015].

Upon local nutrient depletion, cells initiate a developmental cycle resulting in aggregation and fruiting
body formation within 72h, generating three differentiated cell subpopulations: (i) cells that form

desiccation-resistant myxospores in the centre of the fruiting body, (ii) those that remain at the base of the
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fruiting body, termed “peripheral rods”, and (iii) forager cells that continue their outward motility away
from the fruiting body. Moreover, M. xanthus produces a specific secreted exopolysaccharide (EPS) that
is crucial for biofilm formation [Berleman et al., 2016; Li et al., 2003; Palsdottir et al., 2009; Smaldone et
al., 2014].

The secreted bacterial polysaccharides are produced by three biosynthesis schemes in which many
proteins are involved. The M. xanthus genome encodes proteins, yet incompletely annotated, associated
with the polysaccharide assembly pathways [Lu et al., 2005; Holkenbrink et al., 2014; Miiller et al.,
2012]. In this context, | monitored the spatial and temporal distribution of EPS pathway gene expression
by construction of various transcriptional fusions between a selected promoter and a gene reporter (gfp,
mcherry), then followed within the biofilm via fluorescence microscopy. The differential spatial
modulation of EPS production within M. xanthus communities was found to be important for migration,
development, and predation. Moreover, | have used an innovative approach to spatiotemporally resolve
protein interactions in living cells [Braden T. et al., 2017]. A manuscript reporting these results is in

preparation.
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1 Introduction

1.1 Bacterial spore

The bacterial spore is a dormant, highly resistant cell type, which allows spore-forming organisms to
survive adverse conditions, such as starvation, high temperatures, ionizing radiations, mechanical
abrasion, chemical solvents, detergents, hydrolytic enzymes, desiccation, pH extremes and antibiotics
[Nicholson et al., 2000]. Spore formers mainly belong to the Bacillus and Clostridium genera. The
most studied species of these two genera is B. subtilis, a model system for gram-positive bacteria. In
both cases the process of spore formation (sporulation) is induced by a variety of environmental
conditions that limit cell growth and/or block DNA replication and occurs through a series of generally
similar morphological changes. However, substantial differences in the regulation of the process and in
the structure of the protective layers of the mature spore have been observed between various species
[Onyenwoke et al., 2004; Paredes et al., 2005; De Hoon et al., 2010; Galperin et al., 2012]. Genomic
analysis have shown that a common set of 56 key sporulation genes are present in the genomes of all
spore formers while an approximately additional 60 genes are found in all Bacilli but are absent in all
Clostridia [Galperin et al., 2012].

1.2 Sporulation

The mechanism of spore formation has been finely characterized in the model species Bacillus subtilis.
In response to nutritional starvation or a variety of environmental conditions that limit cell growth
and/or block DNA replication, the intracellular levels of the master regulator SpoOA-P increase and the
sporulation pathway is activated. The first morphological evidence of the induction of sporulation is
the formation of an asymmetrically cell division septum that produces a large mother cell and a small
forespore (Fig. 1). The mother cell contributes to the spore development and at the end of sporulation
process will lyse releasing the spore in the environment. Soon after the asymmetric cell division, the
septum membrane migrates around the forespore, that results surrounded by a double membrane as
result of the engulfment process (Fig. 1). A series of protective layers (cortex, coat, crust and in some
species, exosporium) are then synthesized in the mother cell cytoplasm and assembled around the
forming spore. The cortex is a peptidoglycan layer chemically different from that of the vegetative cells
that is deposited between the two membranes and is essential for the attainment and maintenance of the
dehydrated state of the spore core, for spore mineralization and for dormancy [Henriques and Moran,
2007]. Concomitantly with cortex formation, the proteinaceous coat is deposited around the outer
surface of the outer membrane. Two major coat layers can be observed by electron microscope
analysis: a darkly stained outer coat and a more lightly stained lamellar inner coat. At the end of the
development process the mature spore is characterized by a dehydrated cytoplasm containing a
condensed and inactive chromosome and surrounded by various protective layers. The final step is the
lysis of the mother cell and the release of the formed spore. Because of such a peculiar structure, the
spore can survive in the absence of water and nutrients and in the presence of unfavorable conditions

(extremes of heat and pH, UV radiations, solvents, hydrogen peroxide and lytic enzymes) for very long
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periods. When environmental conditions are suitable, the spore can germinate and there by convert
back into a growing cell. When this occurs, first the spore core rehydrates and swells and then cortex
and coat crack, releasing the nascent cell that can eventually, re-sporulate (Fig. 1). The processes of
sporulation and germination have been recently reviewed [Higgins and Dworkin, 2012; Dworkin and
Shah, 2010].

Stage VI
Cell wall Stage Vil
Release of the
spore
Cytoplasmic <=
membrane

DNA Free spore

' Maturation
Stage V

©

Stages of Sporulation

Figure 1: Schematic representation of sporulation and germination in Bacillus subtilis.

1.3 Genetic control of sporulation

The sporulation represents an example of cell differentiation in bacteria because two cells with an
identical chromosome, the forespore and the mother cell, follow different gene expression
programmes. The main mechanisms responsible for the establishment of cell-specific and time specific
gene is due to sequential appearance of four transcription factors, called sigma factors, alternate to ¢
factor active during vegetative life (¢", 6%, 6%, o), which bind to core of RNA polymerase and direct it
to transcribe only from promoters of sporulation genes (spo genes), [Losick and Stragier, 1992].

Two of these sigma factors (¢" and ¢®) are specifically expressed in the forespore and two (c* and )
are only expressed in the mother cell determining a differentiated gene expression in the two cell
compartments. Anyway, the gene expression in one cell is coordinated with the gene expression in the
other one. According to the criss-cross model (Fig. 2), ¢" in the prespore is responsible of the

activation of the gene coding for ¢®

in the same compartment but also of & in the mother cell.
Similarly % in the mother cell, is responsible of the expression of ok but also activates ¢® in the
prespore that in turn activates the last sigma factor, ¢* in the mother cell. This model, confirmed by
several experimental data, ensures the spatially and temporary controlled activation of the four sigma

factors that causes the formation of a cascade of gene expression that guides the spore development.
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Figure 2: Criss-cross regulation. The thin arrows indicate the transcriptional control in the two
different cells, while the thick arrows indicate the three checkpoints that coordinate the gene expression
of one cell with the morphological changes of the other.

1.4 Germination and outgrowth

The spore is a metabolically inactive cell but remains able to sense the presence of nutrient thanks to
the presence of specific sensors recognizing mainly amino acids and sugars, located in the inner
membrane [Hornstra et al., 2005].

When the environmental conditions became favorable to the vegetative growth, the spore is able to
germinate, returning to active growth. The process is called germination and is an irreversible process
[Parker et al., 1996] that involves a series of morphological and biochemical changes that lead to
degradation of the spore layers, cytoplasm rehydration and loss of spore dormancy and resistance. The
germination takes few min. to complete and is followed by the cell enlargement process termed
outgrowth. The amino acids necessary for the protein synthesis during the outgrowth are provided by
the degradation of the coat components and of the SASP (Small Acid Soluble Proteins, DNA binding
proteins responsible for UV resistance). In laboratory conditions, the germination is efficiently induced
by L-alanine or L-asparagine and a mixture of molecules known as GFK (glucose, fructose and KCI).

The correct assembly of the coat is important to guarantee proper germination efficiency.

1.5 Spore Structure

The bacterial spore is characterized by a core surrounded by several layer that in sequence are: the
inner membrane, the cortex, the outer membrane, the spore coat and the spore crust (Fig. 3). The core
is the innermost part of the spore. It contains the spore cytoplasm with all cellular components, such as
cytoplasmic proteins, ribosomes and DNA associated to a large amount of Small Acid Soluble Proteins
(SASPs) which protects the DNA against many types of damage. The core cytoplasm has a water
content of only 30 — 50 % instead of the 70 — 88 % of the vegetative cytoplasm [Setlow, 1994]. This
dehydrated state plays an important role in spore longevity, dormancy and resistance. The core is

surrounded by the inner membrane, containing the germination receptors, that in turn is surrounded by
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the cortex, a modified peptidoglycan layer. The cortex is important for the maintenance of spore core
dehydration, resistance and dormancy. The outer membrane, the second membrane layer that derives
from the engulfment process and that has opposite polarity with respect to the inner membrane. The
most external structure of the spore is the coat, a complex multilayered structure composed of more
than 70 proteins, which plays roles in spore resistance, germination, and apparently possesses
enzymatic functions that may possibly permit interactions with other organisms in the environment. It
consists of two main layers (Fig. 3): the inner layer (IC, thick 20 - 40 nm) is formed by the
juxtaposition of three to six lamellae aligned along the periphery of the spore, and the outer layer (OC,
thick 40 - 90 nm) that appears more electrons dense. Another recently characterized layer is the crust

(Cr) mainly composed by glycoproteins [McKenney et al., 2010].

Figure 3: Bacillus subtilis spore ultrastructure. The figure shows the spore core (Co), the cortex
peptidoglycan layer (Cx), the inner coat (IC) and the outer coat (OC) and the crust (Cr) [McKenney et
al, 2010].

It has been proposed that the crust could represent a rudimentary exosporium, a layer found in other
Bacillus species such as B.antracis and B.megaterium. This glycosylated layer is intimately connected
to the rest of the coat and both coat layers are packed closely together and appear thicker at the spore
poles and thinner along its sides [Driks, 1999]. Till date it was shown that CgeA, CotZ and CotY are
major structural components of the crust [Imamura et al., 2011].

About the exosporium, some features have been elucidated in the species of the Bacillus cereus group,
B.cereus, B. anthracis, and B. thuringiensis [Terry et al, 2017; Maes et al, 2016]. It is composed of an
external hair-like nap and a paracrystalline basal layer and it contains approximately 20 different
proteins [Steichen et al, 2003; Steichen et al 2005; Redmond et al., 2004), which are deposited around
the spore in a progressive encasement process [Qi Peng et al. 2016] . The exosporium acts as the outer

permeability barrier of the spore and contributes to spore survival and virulence.

1.6 Regulation of coat assembly

Analysis of localization of various coat proteins and their timing of appearance, suggest that the
assembly of the layers does not occur from inner to outer, but that it is under a complex control
mechanism acting at two levels: the transcriptional level, controlling the temporal synthesis of the
various proteins; and at the post-translational level, with the involvement of a series of morphogenetic

proteins controlling the assembly of other coat components. Moreover a series of post-translational
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madifications, including phosphorylation and glycosylation, have been reported to occur [Driks et al.,
1994; Ricca et al., 1997].

1.6.1 Transcriptional regulation of cot genes

Coat assembly is mainly a function of the mother cell and covers a period of about 6 hours, beginning
with asymmetric division of the sporangial cell. Thus, the expression of genes coding for coat
components (cot genes) is under the control of the two sigma factors that regulate the mother cell gene
expression: oF and ¥ in addiction, three DNA binding proteins, SpollID, GerR and GerE, act as
transcriptional regulators, activating and/or repressing the gene expression in the mother cell. Due to
the action of these transcriptional factors it is possible to identify four classes of cot genes (Fig. 4). The
gene expression program in the mother cell compartment involves the activation of 383 genes that
represent about 9% of Bacillus subtilis genome. The first transcription factor acting in the mother cell
is oF that is responsible of the expression of genes coding for the coat morphogenetic proteins SpolVA
and SpoVID, and for the transcriptional factors SpollID and GerR. SpollID acts together with oF to
repress or to activate the gene expression while GerR, seems to work only as a repressor of o —
activated genes [Eichenberger et al., 2004]. After engulfment, o is activated and directs the expression
of a large group genes coding for the other coat proteins (Fig. 4). The X -controlled regulon is
composed of cotA, cotD, cotF, cotH, cotM, cotP, cotT, cotV, cotW, cotY, and cotZ. The transcription
factor gene gerE is also part of this regulon. GerE works in conjunction with o"to activate a final
regulon comprising the genes cotB, cotC, cotG, cotV, cotW, cotX, cotY, and cotZ. GerE can act as
repressor or activator of the expression some o —controlled genes. It down regulates cotA and cotM
and activates cotD,cotG, cotV, cotW, cotX, cotY, and cotZ. A further level of complexity in the control
of mother cell gene expression comes from a feedback-like regulation in which late regulatory events
modulate ones that were initiated earlier.

For example, ¢ down regulates transcription of the gene encoding o, thereby helping to terminate
expression of c=—directed genes. GerE is also able to down regulate the activity of ¢ [Zhang et al.
1999].

The production of the spore coat proteins in the correct cellular compartment and at the proper time is
critical to the formation of the coat. Mutants in which the timing of o" activation is altered and the coat
components of classes Il and 1V, are synthesized one hour earlier than in the wild type cells, produce

spores impaired in their germination efficiency [Cutting et al., 1991; Ricca et al., 1992].
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Figure 4: Program of mother cell gene expression

1.6.2 Post-translational regulation of Cot proteins assembly

The coat assembly is also regulated by the action of proteins with morphogenetic activity, i.e. structural
coat components that control the assembly of other coat components within the coat layers without
influencing their structural gene expression. The most important morphogenetic proteins are: SpolVA,
SpoVID, CotE and CotH and are all produced in the mother cell compartment [Driks et al., 1994;
Ricca et al., 1997]. SpolVA is produced in the mother cell early in sporulation, under the control of &
and is essential for the assembly of both the spore cortex and the coat layers. SpolVA localizes at near
to the mother cell surface of the septum and at later stages, following engulfment of the forespore by
the mother cell, the protein forms a shell that surrounds the forespore. Studies from Ramamurthi and
Losick [2008] have demonstrated that SpolVA is an ATPase and that this activity allows itself
assembly. It has been proposed that two interaction sites are involved in SpolVA assembly: one is used
for ATP-dependent polymerization, and the second for lateral interactions between the polymers.
Localization of SpolVA marks the forespore outer membrane for its use both in the synthesis of the
cortex (below) and as the site of coat attachment (above). Mutants carrying a spolVA null allele, show a
coat correctly formed with inner and outer parts but dispersed in the mother cell cytoplasm and not
assembled around the forespore [Roels et al., 1992; Stevens et al., 1992]. So its role is probably to
attach the coat to the forespore surface from the mother cell side [Driks et al., 1994]. SpolVA is also
required for the proper localization of another key morphogenetic protein, SpoVID [Beall et al., 1993],
to the surface of the developing spore. SpoVID governs a morphogenetic transition, called spore
encasement, using a N-terminal that seems to be essential to form multimeric structures [Wang et al.,
2009]. spoVID mutants like spolVA mutants, have a spore coat dispersed in the cytoplasm. The proper
localization of SpolVA to the forespore outer membrane is a prerequisite also for the localization of
another morphogenetic protein, CotE [Zheng et al., 1990]. CotE is a 24 kDa protein found in several
Bacillus species and also in a Geobacillus and an Oceanobacillus [Henriques and Moran, 2007].
Expression of cotE relies on two promoters, designed P1 and P2. Transcription from P1 initiates soon

after the asymmetric division and is turned off by the repressive action of SpollID. Transcription from
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P2 appears to be under the joined control of ¢F and SpollID, but remains active also after the activation
of o, to be repressed in the final stages of sporulation by GerE [Costa, et al., 2006].. CotE localizes
about 75 nm from the forespore outer membrane and then encircles the engulfed forespore. Electron
microscope analysis has shown that cotE mutants totally lack the outer coat layer [Zheng et al., 1990].
The region delimited by the SpolVVA and the CotE rings is referred as matrix or precoat. The precoat is
of unknown composition, but it most likely contains proteins that are synthesized early and recruited
under SpolVA control. Probably the inner coat proteins assemble in the space between CotE and the
forespore surface, forming the inner lamellar layer [Driks, et al., 1994]. Instead, the outer coat proteins
assemble simultaneously around the CotE layer to form the electron dense outer layer (Fig. 5).
Assembly of the outer coat involves the cooperation between CotE and an additional morphogenetic
protein CotH [Naclerio et al., 1996]. A mutagenesis study has revealed that CotE has a modular
structure with a C-terminal domain involved in directing the assembly of various coat proteins, an
internal domain involved in the targeting of CotE to the forespore, and the N-terminal domain that,
together with the internal domain, directs the formation of CotE homo-multimers [Little and Driks,
2001]. Also Krajcikova et al. [2009] confirmed CotE multimerization, moreover it was demonstrated
that CotE physically interacts with many other spore coat components [Kim et al., 2006, Fig. 6] and is
essential for formation of CotC-CotU hetero-oligomers [Isticato et al., 2010].

CotH is a 42.8-kDa protein found in several Bacillus and also in some Clostridium species [Henriques
and Moran, 2007]. CotH plays a morphogenetic role in the assembly of at least 9 other coat
components: CotB, CotC, CotG, CotS, CotSA, CotQ, CotU, CotZ and YusA [Kim et al., 2006, Zilhao
et al., 2004] and in the development of the lysozyme resistance and the germination efficiency of the
mature spore [Naclerio et al., 1996, Zilhao et al., 1999]. Moreover, CotH directs deposition of a subset
of the CotE-dependent coat proteins and is itself, at least partially CotE dependent [Naclerio et al.,
1996; Zilhao et al., 1999; Little and Driks, 2001]. CotH may function in part in the mother cell
cytoplasm, perhaps as a protease inhibitor or as a chaperone [Baccigalupi et al., 2004; Isticato et al.,
2004], as far as it is required for the stabilization of CotG and CotC. Its important role in protein
assembly during late stages of sporulation was observed also in TEM images, which reveal that

absence of CotH severely affects spore surface (Fig. 6).
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Figure 5: spore coat assembly model
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The structural gene coding for CotH is clustered together with cotG on the Bacillus subtilis
chromosome that is divergently transcribed [Naclerio et al., 1996, Giglio et al, 2011]. CotG is another
morphogenetic protein important in late stages of sporulation. It is a 24 kDa protein produced in the
mother cell compartment of the sporangium around hour 8 of sporulation under the control of the

mother cell specific factor 6™ and of transcriptional regulator GerE.

Figure 6: EM analysis of spores purified from wild-type strain (A) and congenic cotH deletion mutant

(B)

The cotG expression is indirectly controlled by another transcriptional regulator GerR, through the
activation of SpoVIF, which positively acts on GerE and on GerE-dependent genes [Cangiano et al.,
2010]. CotG is assembled around the forming spore as two main forms of about 32 and 36 kDa. The
32-kDa form most likely represents the unmodified product of the cotG gene (24 kDa) whose abnormal
migration may be attributed to its unusual primary structure characterized by the presence of 7 tandem
repeats of 7 and 6 amino acids followed by 5 repeats of 7 amino acids [Giglio et al., 2011]. It has been
proposed that the modular structure of cotG is the outcome of several rounds of gene elongation events
of an ancestral module [Giglio et al., 2011]. It is interesting to note that in all CotG-containing Bacilli
CotG has a modular structure although the number and the length of the repeats differ in the various
microorganisms [Giglio et al., 2011]. The other CotG form of 36-kDa could be due to extensive cross-
linking of the protein as it is assembled into the spore coat. That CotG is able to form cross-linked
forms has been suggested based on the analysis of the coat structure in sodA mutant cells [Henriques et
al., 1998]. Spores produced by cotG mutants are not affected in their resistance to lysozyme or
germination properties [Sacco et al., 1995]. CotG strictly requires cotH expression for its assembly and
none of the CotG forms is assembled in the coat of cotH spores [Naclerio et al., 1996). CotG has also a
morphogenetic role on the assembly of CotB and controls the conversion of the CotB-46 form into the
mature form of 66 kDa (CotB-66) extracted from wild type spores [Zilhao et al., 2004]. The
interactions between various coat components, inferred only on the base of by genetic dependence,

form a complex network and are schematically reported in Fig. 7 [Kim et al., 2006].
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Figure 7: Model of the coat protein interaction network. An arc of the spore coat is indicated; E is
CotE. The interior of the spore is to the right of the diagram. The inner and outer coat layers are
indicated, as well as the outside of the spore (on the left). Directions of the arrows indicate the
assembly dependencies. In some cases, the dependencies are partial. A double line indicates that the
dependency was detected by fluorescence microscopy. A thicker line indicates that the dependency was
detected by SDS-PAGE, but not by fluorescence microscopy. A dashed line indicates that the
dependency was detected by SDS-PAGE. [Kim, et al., 2006].

1.7 New applications of spores as display system

The bacterial spore has been proposed as a platform to display heterologous proteins, with potential
applications ranging from the development of mucosal vaccines to re-usable biocatalysts, diagnostic
tools, and bioremediation devices [Knecht et al., 2011; Isticato and Ricca, 2014; Ricca et al., 2014].
The remarkable and well documented resistance of the spore [McKenney et al., 2012], the amenability
of several spore-forming species to the genetic manipulation [Harwood and Cutting, 1990] and the
safety record of several species [Cutting, 2011] support the use of the spore as a display and delivery
system.

Two strategies (recombinant and non-recombinant) have been developed to display heterologous
proteins on the spore surface and Bacillus subtilis has been used as model.

Both the recombinant and non-recombinant spore display systems have a number of advantages over
cell- or phage-based systems. The stability, safety and amenability to laboratory manipulations of
spores of several bacterial species, together with the lack of some constrains limiting the use of other

systems, make the spore a highly efficient platform to display heterologous proteins.
1.7.1 Surface display on B. subtilis spores on recombinant approach

The rigidity and compactness of the spore coat immediately suggest the possibility of using its
structural components as anchoring motifs for the expression of heterologous polypeptides on the spore
surface. A genetic system to engineer the coat of B. subtilis spores has been developed (Fig. 8) and a
model passenger efficiently displayed [lsticato et al., 2001]. The spore-based approach provides
several advantages over other display systems, such as a high stability even after a prolonged storage,

the possibility to display large multimeric proteins and the safety for a human use (Table 1). Attempts
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to expose heterologous proteins on the spore surface were focused mainly on CotB protein selected for
the surface location [lIsticato et al., 2001], CotC and CotG, for their high relative abundance in spore
coat [Mauriello et al., 2004].
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Figure 8: The image shows the way of expression of heterologous protein through genetic

manipulation.
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Bacterium Carrier | Passenger Potential application
B. subtilis CotB TTFC of C. tetani Vaccine
LTB of E. coli Vaccine
PA of B. anthracis Vaccine
CPA of C. perfringens Vaccine
UreA of H. acinonychis Vaccine
18xHis Bioremediation
CotC TTFC of C. tetani Vaccine
LTB of E. coli Vaccine
PA of B. anthracis Vaccine
Pep23 of HIV Vaccine
GP64 of B. mori Anti-viral
TcdA-TcdB of C. difficile Vaccine
HAS Clinical use
ADH of B. mori Biocatalysis
CotG Streptavidin Diagnostic tool
GFPUV Display system
a-Transaminase Biocatalysis
B-Galactosidase Biocatalysis
Phytase Animal probiotic
UreA of H. acinonychis Vaccine
OxdD Phytase Animal probiotic
SpsC plll coat protein of M13 Display system
CotA Autodisplay
B.thuringensis CrylAc | GFP Display system
Anti-PhOxscFv Diagnostic tool
InhA B-Gal Display system
B. anthracis BIcA/B GFP Display system

Table 1: List of carriers, passenger proteins and potential applications described for spore surface

display systems.

1.7.2 Surface display on non-recombinant spores

Spore-based display systems summarized above rely on the genetic engineering of the host. This is a
major drawback when the application of the display system involves the release into nature of the
recombinant host (field applications) and, in particular, when the display system is thought for human
or animal use (delivery of antigens or enzymes to mucosal surfaces). Serious concerns over the use of
live genetically modified microorganisms, their release into nature and their clearance from the host
following oral delivery have been raised [Detmer et al., 2006]. To overcome this obstacle, a non-
recombinant approaches to display heterologous proteins on the spore surface have been recently
proposed (Fig. 9). A different approach for spore adsorption was followed by Huang et al. [2010]. A
collections of antigens (the TTFC of C. tetani, PA of B. anthracis, Cpa of C. perfringens and
glutathione S transferase (Sj26GST) from Shistosomas japonica) [Dryden et al., 2007] were expressed
in E. coli and purified by affinity chromatography. Adsorbed spores were shown able to induce specific
and protective immune responses in mice immunized mucosally [Huang et al., 2010]. Spore adsorption

resulted more efficient when the pH of the binding buffer was acidic (pH 4) and less efficient or totally
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inhibited at pH values of 7 or 10 [Huang et al., 2010]. A combination of electrostatic and hydrophobic
interactions between spores and antigen were suggested to drive the adsorption that was shown to be
not dependent on specific spore coat components but rather due to the negatively charged and

hydrophobic surface of the spore [Huang et al., 2010].
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Figure 9: Schematic representation of a typical adsorption experiment. Purified spores were mixed
to the purified antigen in PBS buffer (pH 4.0) and incubated one hour at25°C. The reaction was
fractionated by centrifugation and fractions assayed independently.

In addition, the same study showed that killed or inactivated spores were equally effective as live

spores in adsorbing the various antigens [Huang et al., 2010].

1.7.3 Physicochemical properties of spores important for protein adhesion

The physicochemical properties of the spore surface have been addressed in different studies with
different approaches. A first study showed that spores of B. subtilis are negatively charged by time-
resolved micropotentiometry [Kazakov et al., 2008]. In an aqueous environment, the spore behaves
like an almost infinite ionic reservoir and is able of accumulating billions of protons (approximately 2 x
10" per spore) [Kazakov et al., 2008]. The carboxyl groups were identified as the major ionizable
groups in the spore and on the basis of the diffusion time analysis, it was found that proton diffusion is
much lower in the spore core than within the coats and cortex [Kazakov et al., 2008]. This, then,
suggested that the inner membrane, separating core from cortex and coats in a dormant spore, is
probably a major permeability barrier for protons [Kazakov et al., 2008]. The role of electrostatic
forces in spore adhesion to a planar surface has been also addressed studying spores of B. thuringiensis
[Chung et al., 2010]. The surface potentials of a spore and a mica surface were experimentally obtained
using a combined atomic force microscopy (AFM)-scanning surface potential microscopy technique
[Chung et al., 2010]. By these techniques, the surface charge density of the spores was estimated at
0.03 uC/cm2 at 20% relative humidity and decreased with increasing humidity. The electrostatic force
can be an important component in the adhesion between the spore and a planar surface [Chung et al.,
2010].
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1.7.4 Advantages of the spore surface display systems

Spore-based surface display systems provide several advantages with respect to other display
approaches using microbial cells or bacteriophages. A first advantage comes from the well documented
robustness of the Bacillus spore which grants high stability to the display system even after a prolonged
storage. This aspect has been tested with spores displaying CotB 107-TTFC. Aliquots of purified
recombinant spores were stored at -80°C, -20°C, +4°C and at room temperatures and assayed for the
amount of heterologous protein present on the spore after different storage times. The stability of the
display system is an extremely useful property for a variety of biotechnological applications. Heat-
stability is, for example, a stringent requirement in the development of new mucosal vaccine delivery
systems, mainly for those intended for use in developing countries, where poor distribution and storage
conditions are main limitations. High stability of the display system is an extremely useful property
also for industrial and environmental applications, in which cell-based systems have found so far
limited use in the field because of the inability of bacterial cells to survive long term, especially under
extreme conditions [Knecht et al., 2011]. The safety record of several Bacillus species [Cutting et al.,
2011] is another important advantage of spores over other systems. Several Bacillus species, including
B. subtilis, are widely used as probiotics and have been on the market for human or animal use for
decades in many countries [Cutting et al., 2011]. Although most of the study so far performed has been
carried out with laboratory strains of B. subtilis, in some cases intestinal isolates and strains with
probiotic properties have been also used to display heterologous proteins [Cutting et al., 2009]. The
safety of the live host is obviously an essential requirement if the display system is intended for human
or animal use, such as delivery of vaccines or therapeutic molecules to mucosal surfaces. A limitation
of cell- and phage-based display systems is the size of the heterologous protein to be exposed, since it
may affect the structure of a cell membrane-anchoring protein or of a viral capsid. In addition, cell-
based systems need a membrane translocation step in order to externally expose a protein produced in
their cytoplasm [Knecht et al., 2011]. Spore-based systems do not have such limitations. A first reason
for the successful display of those large proteins is that the coat components used as carriers are
dispensable for the formation of an apparently normal spore as well as for its germination [Henriques et
al., 2007]. Therefore, if the coat component-carrier does not behave as a wild type protein because of
the presence of the heterologous part fused to it, this is unlikely to affect coat structure and function.
Moreover, all known coat proteins are expressed in the mother cell compartment of the sporulating cell
and, as a consequence, coat-based chimera do not need to undergo a cell wall translocation step, thus
eliminating a severe limitation often encountered with cell-based display systems. Identical arguments
apply for display systems based on spore adsorption. Independently purified proteins or proteins
synthesized in the mother cell during sporulation can be attached to spores and the immobilization has
been shown to provide increased stability to the protein without interfering with the spore structure or

the need to translocate across a cell membrane.
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2.1 Abstract

Bacterial spore formers are commonly and abundantly isolated from soil, water and air samples and are
also found in large numbers associated to other organisms. Such diverse habitats are characterized by
extremely different chemical and physical conditions, raising the question of whether spores produced
at different conditions are identical or differ in terms of structure and function. We used Bacillus
subtilis spores produced at 25°C, 37°C and 42°C but of similar age to analyze and compare their coat
structure, their resistance properties and germination efficiency. Wild type spores produced at the 25°C
were more hydrophobic than those produced at 37°C but contained less DPA and were less heat-
resistant. We observed that CotH and a series of CotH-dependent coat proteins were more abundantly
present in the coat of 25°C than 37 and 42°C spores, suggesting that CotH played a more relevant role
at low temperature. Consistently, spores of a cotH null mutant were more damaged when produced at
25°C than at 37°C or 42°C.

2.2 Introduction

Bacterial endospores are formed in a wide range of ecological niches in soil, as well as in the
gastrointestinal tract of invertebrate and vertebrate animals, and in both natural and anthropized
environments [Nicholson et al., 2000]. Physical and chemical conditions prevailing in such niches play
a major role in triggering sporulation and in determining the final properties of the resulting spores
[Carlin F. 2011]. Laboratory experiments demonstrate the major influence of environment, in particular
of temperature, on the efficiency and yield of sporulation, and in spore resistance to wet heat, UV, high
hydrostatic pressure, and preservatives or spore response to germinants [Melly et al., 2002; Nicholson
et al., 2000, Setlow P. 2006]. Spore resistance and functional properties result from the assembly of
several protective structures: cortex, coat, and exosporium. The spore peptidoglycan cortex, a structure
common to all endospores, is a major factor in the resistance of spores to heat [Nicholson et al., 2000,
Setlow P. 2006]. The cortex is surrounded by a proteinaceous coat, and in organisms such as Bacillus
anthracis or Bacillus cereus the coat is further enveloped by an exosporium, a “balloon-like” structure
consisting of a paracrystalline basal layer and an external hair-like nap formed mainly by the collagen-
like glycoprotein BclA [Ball DA et al., 2008; Boydston JA et al., 2005; Sylvestre P et al., 2009;
Daubenspeck et al., 2004; Kailas et al., 2011; McKenney et al., 2013; Henriques et al., 2007] . While
the coat contributes to protection against peptidoglycan-breaking enzymes, UV light, and oxidative
agents, it is also central to the proper interaction of spores with compounds that trigger germination
[Kailas et al., 2011]. The exosporium also contributes to spore resistance and germination and is
additionally a key determinant in the adhesion of spores to cells and abiotic surfaces [Henriques et al.,
2007; Terry C et al., 2011; Lequette Y et al., 2011]. A number of studies have shown that the
temperature of sporulation affects some properties of spores, including resistance to heat and chemicals
in B. subtilis [Melly et al., 2002] as well as in other Bacillus species [El-Bisi & Ordal, 1956;
Warth,1978]. In B.cereus the temperature of sporulation also causes significant alterations in the
composition of the spore coat and of the exosporium [Bressuire-lsoard et al., 2016]. The

morphogenetic coat protein CotE of B. cereus is more represented in extracts from spores formed at
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20°C than at 37°C, indicating that higher amounts of the protein is required to maintain proper
assembly of spore surface layers at the former temperature suggesting a complex relationship between
the function of a spore regulatory protein and environmental factors such as the temperature during
spore formation [Bressuire-lsoard et al., 2016].

It has been previously reported that "early spores” (i.e. the first 10% of spores released from sporangia
during sporulation) have resistance property that significantly differ from older spores [Sanchez-Salas
et al., 2011] and that entering dormancy requires a few days, during which spores are affected by the
environment and undergo corresponding molecular changes influencing their emergence from
quiescence (germination) [Segev et al., 2012].

Here we have first analyzed cells sporulating at 25, 37 and 42°C and determined that the former are
2.5-fold slower while the latter are faster than 37°C in producing spores. Based on this, we have
collected spores of similar age bit grown at the three different temperatures and have compared the
functional properties of spores produced at 25 and 42°C with those formed at the optimal growth
temperature (37°C). Then, we studied the effects of the sporulation temperature on the structure of the
spore surface layers and we found that the morphogenetic coat protein CotH was more abundant in
spores produced at 25°C than at the other two temperatures. The different amount of CotH and so the
different organization of the spore surface-layers could be responsible for different properties of the
spore formed at 25, 27 and 42°C.

Our analysis highlights the strict relationship between the environmental factors and the spore coat

morphogenetic proteins, able to influence the spore structure.

2.3 Results and Discussion

2.3.1 Production of spores of similar age at 25°C, 37°C and 42°C

It has been previously reported that spores of different age have significantly different resistance
properties and germination efficiency [Sanchez-Salas et al., 2011; Segev et al., 2012]. Based on this, to
analyze the structure and function of spores grown at 25, 37 and 42°C we developed a method to
identify, collect and then compare spores of similar age but produced at different temperatures. To this
aim, we used isogenic strains of B. subtilis carrying the gene coding for the green fluorescent protein
(ofp) posed under the control of sporulation-specific promoters recognized by the RNA polymerase
sigma factors o~ (spollQ gene [Donadio et al., 2016]), o* (gerE gene [Donadio et al., 2016]) or " in
conjunction with GerE (cotC gene [Donadio et al., 2016]) (Fig. 1). Cells were induced to sporulate in
Difco Sporulation Medium (DSM) at 25, 37 and 42°C, aliquots were collected at various times after
the onset of sporulation and analyzed by flow cytometry and fluorescent microscopy to assess the
percentage of fluorescent cells in each sample. Inducing the sporulation at 37°C, fluorescent forespore
appeared after 2 hours when the gfp expression was controlled by the " -dependent promoter, while
fluorescent sporangium compared after 5 or 7 hours when the gfp expression was controlled by ¢* or
o-GerE, respectively (Fig.1; Table 1). These results are in agreement with literature data [Fujita and
Losick, 2003]. In all three strains, the production of fluorescent cells was delayed at 25°C with respect
to 37 and 42°C (Table 1). We calculated the delay factor of sporulation caused by the low temperature

as the ratio between the hours needed to observe the appearing of fluorescent cells at 25°C vs 37-42°C
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and we obtained a value of 2.5 as the average of the results obtained with the three strains (Table 1)

A B C
PC GFP PC GFP PC GFP

of — PspollQ::gfp oX— PgerE::gfp oKX GerE- PcotC::gfp

Figure 1: Fluorescence microscopy images of sporulating cells expressing gfp under the control of
sporulation-specific sigma and transcriptional factors. Images were taken at 2 hours (A- Pspoig::9fp),
5,5 hours ( B - Pgee::gfp) and 7 hours ( C - Peyc::gfp) from the onset of sporulation. . PC: phase
contrast image, GFP: Green fluorescent microscopy image

25 =C 3? “’C 420(: Delay factor respect to 37°C
sporulation (hours)
Hours after onset of sporulation 75 °C 42°C
Pspoiia:afp of 5 2 1 2,5 2
Pgeregfo ok 15 5,5 5 2,7 1,1
ok _
Peotcafo | GerE 19 7 6 2,7 1,1

Table 1: Time of gfp expression during sporulation at 25, 37 and 42°C. The analyzed gfp fusions, the
relative sigma and transcriptional factors and the delay factors respect the 37°C samples are reported.
We then used the B. subtilis strain PY79, isogenic to the strains used for the experiment of Fig. 1, to
produce spores in DSM at 25, 37 and 42°C. At different times during sporulation aliquots were
collected and analyzed under the light microscope to assess the number of cells, sporangia (cells
containing forespores) and free spores (Fig. 2B). For each time point cells, sporangia and spores of
eight independent microscopy fields were counted and averaged (Fig. 2A). After 30 hours at 37 and
42°C about 80% of free spores were observed in the culture while a similar percentage of free spores
was reached only after 72 hours at 25°C (Fig. 2A), consistently with the delay factor calculated in
Table 1. Based on these, spores produced after 30 hours at 37°C and 42°C and after 72 hours at 25°C
were considered of similar age and used for all further experiments. The efficiency of sporulation at the
three temperature was calculated as the percentage of the mature spore produced after 30 h at 37 and
42°C and after 72 h at 25°C respect the number of viable cells at TO. As shown in figure 2C, the
sporulation is less efficient both at 25 and at 42 than 37°C.
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Figure 2: The course of morphogenesis during sporulation at different temperatures. Samples
from sporulating cultures were collected at various times after the onset of sporulation and analyzed at
light microscopy. Panel (A) reports the percentages of cells (white histograms), sporangia (dark-grey
histograms) and free spores (light-grey histograms) during sporulation at the three temperatures. (B)
Phase-contrast microscopy image illustrating cells, sporangia and free spores. (C) Estimation of
sporulation efficiency of PY79 spores formed at 25, 37 and 42°C.

2.3.2 Physiological analysis of spores of similar age grown at 25, 37 and 42°C
Purified spores of similar age produced at the three different temperatures were analyzed for their
resistance properties, efficiency of germination and hydrophobicity. As shown in Fig. 3, spores
produced at lower temperature are slightly more sensitive to lysozyme digestion respect ones produced
at 37°C, while spores produced at 42°C appeared as the ones more resistant. Even if the observed

differences between the three strains are very small, they are statistically consistent (P value - 0.05).
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Figure 3: Sensitivity of spores to lysozyme digestion: spores formed at 25°C (white histogram), 37°C
(dark-grey histogram) and 42°C (light-grey histogram) were incubated with 50 mg/ ml of lysozyme
and the percentage of loss refraction calculated. The results are the mean from six replicate
experiments, each performed with an independently prepared spore suspension. Bars represent standard
deviations. *** at Pvalues of - 0.05 (Tukey’s test).

The spores of three groups were not equally resistant to heat: spores formed at 42°C contained more
DPA (Fig. 4A) and, probably for this reason, were more heat-resistant than those produced at 25 and

37°C (Fig. 4B). As previously observed, the spores produced at 25°C appeared the most sensitive ones.
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Figure 4: (A) DPA content of spores produced at 25°C (white histogram), 37°C (dark-grey histogram)
and 42°C (light-grey histogram). (B) Sensitivity to wet heat at 100°C. (C) DPA release from spores
incubated at 50, 80, 100 and 110°C (from white to black histograms).
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The previous results were confirmed by measuring the release of DPA from the spores after 15 min of
incubation at 50, 80, 100 and 110°C. As shown in Fig. 4C, 80°C treatment is sufficient for the DPA
release from the 25°C-spores while a higher temperature (110°C) stress is necessary for the release of
DPA from 42°C spores.

The germination efficiency was measured using asparagine as germinant (Fig.5A). 42°C spores (light-
grey line in Fig. 5B) were about 15 min delayed with respect to 25 and 37°C spores (black and dark-
grey lines respectively in Fig. 5B).
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Figure 5: (A) Schematic representation of spore germination [Keijser et al., 2007].(B) Germination in
response to asparagine. The percentage of germination was determined as ODsgy l0ss. The numbers
represent the means from three replicate experiments, each performed with an independently prepared
spore suspension. Bars represent standard deviations.

Then, we checked if the sporulation temperature affects also the hydrophobicity of the spore surface.
An assay based on the partitioning of spores purified through extensive water washing between
aqueous and hexadecane phases was used. Spores produced at 42°C were significantly (P - 0.05) less

hydrophobic than spores formed at lower temperature (Fig. 6).
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Figure 6: Hydrophobicity of spores prepared at 25, 37 and 42°C. The percentage of hydrophobicity
represents the proportion (+ 100) of spores in n-hexadecane after a separation into solvent and water
phases. Each hydrophobicity percentage is the mean from three replicate experiments, each performed
with an independently prepared spore suspension. Bars represent standard deviations.

All together results (Fig. 3- 6) suggested that sporulation temperature is able to affect the composition
and structure of the spore, above all the surface layers, directly involved in the lysozyme resistant,
germination efficiency and in the hydrophobicity of the spore. We therefore tested whether the
sporulation temperature could affect the coat and crust composition.

2.3.3 Ultra-structure of spores produced at 25, 37 and 42 °C

The different hydrophobicity of 25, 37 and 42°C spores suggested structural differences in the spore
surface. Therefore, we analyzed the three spore suspensions by transmission electron microscopy (Fig.
7). As expected, the 37°C spore surface was composed of two layers, the lamellar inner coat and the
thick electron-dense outer coat. In the spores produced at 25 ° C, the outercoat appeared more compact,
lamellar and partially detached from the inner coat while at 42°C was more widespread and thick.
These observations reflected a different organization of the proteins in the superficial layers of the
spores as evidenced by physiological assays.

25° C 37° C

Figure 7: Transmission electron microscopy of thin section of spores produced at 25, 37 and 42°C.

2.3.4 CotH and some CotH-dependent coat proteins are more abundant at 25 °C
than at 37°C

Previous results revealed a coat structure affected by the sporulation temperature. Therefore, we used

purified spores of similar age to extract coat proteins by SDS-DTT procedure [Nicholson and Setlow,
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1990]. The SDS-PAGE profiles of the extracted proteins did not differed drastically, however, some
differences were observed and CotB (65 kDa), CotG (36 kDa), CotQ (48 kDa) and CotS (40 kDa) were
all less represented in spores grown at 42 and 37 than at 25°C (Fig. 8A). CotQ and CotS were
identified by determining the N-terminal amino acid sequence of the migrating bands as 40 and 48
kDa. CotB and CotG were identified by a western blot approach. As shown in Fig. 8B, both CotB and
CotG are less abundant in the coat of 42 than that of 37 and 25°C spores. As a control, we used anti-
CotA antibody that showed no differences in the amount of CotA present in the three samples (Fig.
8B).

A
25 37 42 B

25 37 42

P ——

Figure 8: Effects of sporulation temperature on surface layers composition. (A) Pattern of spore
surface proteins extracted from B.subtilis strain PY79 prepared at 25°C(lane 1), 37°C (lane 2) and
42°C (lane 3). The arrows indicate the bands corresponding to CotB (65kDa), CotQ (48 kDa), CotS (40
kDa) and CotG (36-33 kDa) proteins. (B)Western blot analysis of proteins extracted from mature
spores prepared at the three temperatures with anti-CotB and CotG antibodies or anti-CotA (66 kDa
(C) western blot analysis of the previous proteins with anti-CotH antibody.

Since the assembly of CotB, CotG, CotQ and CotS is dependent on the action of the morphogenetic
protein CotH [Kim et al, 2006; Zilhao et al., 2004], we checked whether also the amount of CotH in
the coat was dependent on the temperature of sporulation. The western blot of Fig. 8C clearly showed
that CotH was more abundant in the coat of spores grown at 25 than at 37 and 42°C, suggesting that the
observed different amounts of CotB, CotG, CotQ and CotS could be CotH dependent. This hypothesis
had supported by the observation that the amount of CotA, whose assembly in the coat is independent
on CotH, was not affected by the temperature (Fig. 8B). So, we verified whether the assembly of other
CotH-dependent proteins was not affected by the sporulation temperature as CotC, CotU and CotZ.
CotZ is a representative protein responsible for spore surface hydrophobicity and adhesion. CotZ was
more abundant at 25 than at 37 and 42°C as well as CotB and CotG (Fig. 9A), explaining the higher

hydrophobicity (Fig. 6) of spores produced at low temperature. CotC and CotU are two homologous
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CotH-dependent proteins that recognized by both anti-CotC and CotU antibodies. CotC is one of the
most abundant proteins of the outer coat and is present in this layer as a monomer (12 kDa),
homodimer (21 kDa), and heterodimer with CotU (17kDa) of 23 kDa and as two additional forms of
12.5 and 30 kDa [lsticato et al., 2004; Isticato et al., 2008]. CotC and CotU are affected by the
temperature but in the opposite way respect CotB and CotG: CotC and CotU were less representative at

25 and 37 than at 42°C in which the multimeric forms were more abundant (Fig. 9B).
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Figure 9: Effects of sporulation temperature on surface layers composition.Western blot with anti
CotZ (A) and anti-CotC (B) antibodies of proteins extracted from mature spores of PY79 prepared at
25, 37 and 42°C. (B)The various forms of CotC and CotU are indicated. CotC* indicates a post-
translationally modified form of CotC [lIsticato et al., 2004].

Our results highlight that the sporulation temperature influences the coat and crust composition

probably through the action of the morphogenetic protein CotH.

2.3.5 CotH is more stable at 25°C than at 37 and 42°C

Previous western blot analysis revealed a higher amount of CotH in the extract of spore formed at 25°C
(Fig . 8C). We investigated if the different amount observed was due to a different expression level of
cotH or to a different stability of the protein at the three temperatures. To this aim, we used a wild-type
strain carrying a translational gene fusion between the cotH promoter region and the lacZ gene of E.
coli and measured the activity of B-galactosidase at various times (ranging from TO to T20) at the three
temperatures after the onset of sporulation. The time-course experiment in Fig. 10 shows that cotH-
directed B-galactosidase production begins at different times in function of sporulation temperature, as

expected, and that the expression levels of the gene are comparable at the tested temperatures.
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Figure 10: Expression of a cotH::lacZ translational fusion during sporulation in wild-type at 25°C
(white squares), 37°C (dark-grey circles) and 42°C (light-grey triangles). Samples were collected at
various times after the onset of sporulation. Enzyme activity is expressed in Miller units. The data are
the means of three independent experiments.

Then we investigated the stability of CotH using the prediction program SCooP that provides the
temperature-dependent stability curve of a monomer protein by the analysis of its 3D-structure. The
graph in Fig. 11A shows that the free energy (AG) associated with the CotH folding is lower at

temperatures between 10 to 30°C, suggesting a major stability of the protein in this temperature range.
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Figure 11: (A) Stability curve of CotH in function of temperature obtaining by SCooP program
prediction. This automated tool uses the protein structure and the host organism as sole entries and
predicts the full T-dependent stability curve of monomeric proteins assumed to follow a two-state
folding transition. (B) CotH thermal stability monitored by Trp fluorescence. CotH emission scan after
30 min incubation at 25 (black line), 37 (dark-grey line) and 42°C (light-grey line). For each
temperature, the fluorescence emission of Trp was measured and normalized with the native protein.
CotH concentration 5mmol/L in PBS. Each spectrum was the average of three scans.

To confirm this result, we used a sensitive spectrofluorimetric method of measuring intrinsic
fluorescence of Trp residues present in CotH sequence. Those residues can be used to follow protein
folding because their fluorescence properties are sensitive to the environment which changes when

protein folds/unfolds. In native condition, Trp residues are hidden in the hydrophobic core of the
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protein with high fluorescence intensity. The loss of folding induces an exposition of Trp residues to a
hydrophilic environment with a decrease of fluorescent emission. As shown in figure 11B, the higher
fluorescent emission was observed after the incubation of CotH at 25°C (black line), with a decrease of
the intensity emission at the increase of incubation temperature (dark and light-grey lines respectively
37 and 42°C). This analysis confirmed that CotH is more stable at low temperature and that the higher

amount of CotH (Fig. 8C) was due to a major stability of the protein at 25°C than 37 or 42°C
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Figure 12: B. subtilis CotH phosphorylates the spore coat proteins CotB and CotG. (A) Schematic
representation of B. subtilis CotB depicting the Ser/Arg/Lys-rich C-terminal region and CotG depicting
the nine tandem repeats in the protein [Ngujen et al., 2016]. (B) Protein immunoblotting of PY79 spore
coat extracts using a phosphospecific PKC substrate antibody depicting the phosphorylation of spore
coat proteins in the spore produced at 25, 37 and 42°C. The arrows depict proteins that we infer are
CotB(65kDa), CotQ (48kDa) and CotG (36 kDa) based on their molecular masses.

Recently, it has been demonstrated that CotH is an atypical protein kinase-like (PKL) and CotB and
CotG are its substrates [Nguyen et al., 2016]. Both CotB and CotG are phosphorylated on Ser residues
adjacent to basic amino acids. In fact, 37 of the 39 Ser residues in CotG and more than half of the 57
Ser residues within the C terminus of CotB contain a Lys or Arg at the n — 2 or n + 2 position (R/K-x-
S-x or x-S-x-R/K) (Fig. 12A). This motif resembles the consensus recognition sequence for the
eukaryotic protein kinase C (PKC)[ Nguyen et al., 2016].

In order to understand whether the sporulation temperature affected kinase activity of CotH, we
purified 25, 37 and 42 °C spores and analyzed spore coat extracts by immunoblotting with a PKC
substrate-specific antibody (pPKC-Ab) that recognizes the PKC consensus phosphorylation motif. The
western blot of Fig. 12B showed that CotH kinase activity was not altered when the sporulation was
performed at 25 or 37 °C, while no enzyme activity was detected at 42°C. This result was probably due

to either the instability of the enzyme or a decrease in its substrates at the higher temperature.

2.4 Conclusions

Our results show that the sporulation temperature affects the beginning and lasting of the process and
its efficiency. We observed that the sporulation process is 1.3 folds faster but less efficient at 42 than
37°C and 2.5 folds slower and less efficient at 25 than at 37°C. Supporting these data, we compared B.
subtilis spores produced at the three temperatures but of similar age for their resistance properties and

germination efficiency. When formed at 42°C, the spores, containing more DPA, are more resistant to
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wet-heat treatment than 37 and 25°C spores that appear the more sensitive. Furthermore, a weak
treatment (50°C) is sufficient for the DPA release from the 25°C spores while a higher temperature
(110°C) stress is necessary for the release of DPA from 42°C spores. In addition, 42°C spores are much
more resistant than 25 and 37°C spores to lysozyme and they are also 15 min delayed with respect to
25 and 37°C spores in the germination process. The inaccessibility of both the germinant and the
lysozyme in the spores at 42°C could be due to a different structural composition revealed by electronic
microscopy. At 25°C the outercoat is more compact, lamellar and partially detached from the inner-
coat while at 42°C is more widespread and thick. Conversely, spores formed at 25°C appear more
hydrophobic that those at 37 and 42°C. Consistent with the ultrastructural analysis, the coat of spores
produced at the three temperatures differs in the protein composition. This temperature-dependent
effect is due to the kinase CotH, responsible for the assembly of more than 11 coat proteins. Our data
show that the enzyme is more abundant in the spores formed at 25 than at 37 or 42°C.

The amount of CotH, in turn, influences the coat structure. The CotH-dependent coat proteins, CotB,
CotG, CotS, CotZ, CotQ are more represented in extracts from spores produced at 25°C than in those
produced at 37 and 42°C. CotC and CotU, other two CotH-dependent, are also affected by the
temperature but in the opposite way. The higher amount of CotC and CotU in the 42°C produced
spores could be due to the lower levels of CotG, allegedly involved in their degradation [Isticato et al.,
2008]. Interestingly, we demonstrated that the CotH amount is due to the stability of the protein at low
temperature and not to at a temperature-dependent expression level of the gene.

Preliminary data show that the kinase activity does not change at 25 and 37°C, while no
phosphorylation CotH dependent was detected at 42°C. This could be due either to a less representation
of CotH substrates or different protein stability at the three temperatures.

Our results suggest that the temperature of sporulation causes a switch in the spore coat structure with a
different coat profile between 25, 37 and 42°C. Understanding the spore assembly mechanisms under
different environmental conditions may help to assess the structure and properties of spores existing in
the natural environment and the development of optimized industrial treatments, particularly in the

food chain, to limit the survival and germination of contaminating spores.

2.5 Materials and Methods

2.5.1 Bacterial strains

B. subtilis strains are listed in the following Table:

Strain Relevant genotype Reference

PY79 wild type [Youngman P. et al., 1984]
cotH::6hys [Isticato et al., 2015]

GC314 cotH::lacz [Lab Stock]

2466 amyE:: Pspollg-GFP [Lab stock ]

2467 amyE::PgerE-GFP [Lab stock ]

RH283 amyE::PcotC-GFP [Lab stock ]
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2.5.2 Physiological assays

Germination efficiency: Purified spores were heat activated as previously described [Cutting S,
Vander Horn PB, 1990] and diluted in 10 mM Tris-HCI (pH 8.0) buffer containing 1 mM glucose, 1
mM fructose, and 10 mM KCI. The germination was induced by adding 10 mM asparagine and the
optical density at 580 nm was measured in a microplates reader Biotek - Synergy H4, reading for an
hour every 5 min [Cutting S, Vander Horn PB, 1990].

Lysozyme resistance: Sensitivity to lysozyme was measured as described by Zheng et al. Spores were
prepared as previously described [Cutting S, Vander Horn PB, 1990], omitting the lysozyme step and
eliminating vegetative cells by heat treatment (10 min at 80°C). Purified spores were then suspended in
10 mM Tris-HCI (pH 7.0) buffer containing lysozyme (50 mg/ml), and the decrease in optical density
was monitored at 595 nm in a microplates reader Biotek - Synergy H4, reading for an hour every 5
min.

Heat resistance: Purified spores were incubated at 80°C for 20 min. The decrease in optical density
was monitored at 580 nm in a microplates reader Biotek - Synergy H4, reading for an hour every 5
min.

Hydrophobicity assay: The BATH assay [Wiencek KM et al., 1990] was used to assess the relative
hydrophobicity of bacterial spores. Briefly, wild-type spore suspensions (1.5 x 10® + 0.1 x 10°
counted under an optical microscope with a Burker chamber) were incubated for 15 min at 25°C, and
then 1.0 ml of hexadecane (Sigma-Aldrich) was added to 3.0 ml of each spore suspension. The
mixture was vortexed for 1 min in glass test tubes (15 by 100 mm), and the hexadecane and aqueous
phase were allowed to partition for 15 min. The aqueous phase was carefully removed with a Pasteur
pipette, and the OD440 was measured. As previously reported [Wiencek KM et al., 1990], the
decrease in ODyy of the aqueous suspension indicated the relative hydrophobicity, and this was

calculated as 100 (Ay — Ag)/Ao, where Ag and As were the initial and final OD,4q, respectively.
2.5.3 DPA content and its release from spores

1x10° spores were washed twice in 50 mM KCI to remove readily exchangeable calcium from them.
Subsequently, the spores were autoclaved at 121°C for 30 min to completely release DPA from
endospores. The samples were centrifuged for 10 min at 13,000 x g, to fractionate pellet and
supernatant. Then, the supernatants were transferred to a multiwell plate, in presence of 50 uM ThCl;
The DPA content was measured following the formation of Tb® - DPA complex in a microplates
reader Biotek - Synergy H4, reading for an hour every 5 min (Aex=270 nm, Aem=545 nm). Standard
curves of calcium DPA (from 100 ng/l to 10 mg/l) were constructed to determine mg of DPA/ 10°
spores. In the case of DPA release, a suspension of ~1x10° spores was added to 150 ul of 10 mM pHS
TRIS- HCI. The samples were incubated at different temperatures 50, 80, 100 and 110°C for 15 min
and then centrifuged for 2 min at 13,000 x g, to fractionate pellet and supernatant. The DPA

concentration was measured as described above.
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2.5.4 Spore purification, extraction of spore coat proteins and western blot

analysis

Sporulation was induced by exhaustion by growing cells in DSM (Difco Sporulation Medium) as
described elsewhere [Cutting S, Vander Horn PB, 1990]. After 30 h of incubation at 37°C, spores were
collected, washed four times, and purified as described by Nicholson and Setlow [29] using overnight
incubation in H,O at 4°C to lyse residual sporangial cells. Spore coat proteins were extracted from a
suspension of spores by SDS-dithiothreitol (DTT) [Cutting S, Vander Horn PB, 1990], or NaOH [29]
treatment. The concentration of extracted proteins was determined by using Bio-Rad DC protein assay
kit (Bio-Rad), and 20 pg of total spore coat proteins were fractionated on 12,5% SDS polyacrylamide
gels and electro-transferred to nitrocellulose filters (Bio-Rad) for Western blot analysis following
standard procedures. CotH-, CotA-, CotC-, CotB- CotG- and PKC specific antibodies were used at
working dilutions of 1:150 for CotH detection, 1:7000 for CotA, CotC, CotB and CotG detection and
1:10000 for PKC. Then an horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibody
was used (Santa Cruz). Western blot filters were visualized by the ECL method as specified by the

manufacturer.

2.5.5 p-galactosidase assay

Samples (1.0 ml each) of cotH-lacZ-bearing cells to be analysed for B- galactosidase activity were
collected at the indicated times (TO-T20) during sporulation by centrifugation, and the cell pellets were
stored at -70°C until the time of assay [Ricca et al., 1992]. The specific activity of B-galactosidase was
determined as described by Miller [Miller, J. H. 1972] with the substrate o-nitrophenol-p-D-
galactosidase (ONPG). Briefly, 0.3 ml of a Z-Buffer solution (60mM Na,HPO, x 7H,0, 40mM
NaH,PO,, 10mM KCI, 1mM MgSO, x 7H,0, 50 mM B-mercaptoethanol) and 10ul of toluene, to
permeabilize the cells, were added to the thawed pellets. After pre-incubation at 30 ° C for 15 min, 0,
15 ml of each sample was transferred in a 96 multiwell. The reaction starts adding 30 pL of 4mg/ml
ONPG. The optical density was monitored at 420 and 595 nm in a microplates reader Biotek - Synergy
H4, reading for the first 10 min every 2 min and then for 20 min every 5 min. The specific -

galactosidase activity was expressed in Miller units, calculated as follows:

Mill it = A420 1000
tier untt = reaction time x 0D590 x

2.5.6 Expression and purification of CotH

For CotH production, cells of Escherichia coli strain CotH-Hys, bearing pBAD-B expression vector
(Life Technologies) carrying an in-frame fusion of the 5’ end of the cotH coding region to six
histidine codons under the transcriptional control of a T7 promoter, were grown for 18 h at 37°C in

100 ml of autoinduction medium to express the heterologous protein [lIsticato et al., 2015]. The Hisg-
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tagged CotH protein was purified under native conditions using a His-Trap column as recommended
by the manufacturer (GE Healthcare Life Science). Purified protein was desalted using a PD10

column (GE Healthcare Life Science) to remove high NaCl and imidazole concentrations.
2.5.7 Spectrofluorometric method to monitor changes in protein structure

The purified CotH protein was dissolved in phosphate buffer saline (PBS: 150 mmol/l NacCl, 1,9
mmol/l NaH,PO,, 8,1 mmol/l Na,HPO, pH 7,4) at a concentration of 5 pmol/l. Fluorescence spectra
were acquired at time 0 and after 30 min of incubation at three different temperatures, (25, 37 and 42
°C) using a Fluoromax-4 fluorometer (Horiba, Edison, NJ, USA) using a 1 cm path length quartz
cuvette. Samples were continuously stirred and allowed to equilibrate to each temperature before
fluorescence readings were taken. Excitation wavelength of 295 nm was used to avoid the contribution
from tyrosine residues. The excitation and emission band widths were set to 5 and 2,5 nm, respectively.
The emission spectra were recorded from 305 to 470. Each spectrum was the average of three scans
[Jokiel et al., 2006]. The percentage of denatured protein is given by the equation:
F(T) — FN

= mx 100%

Where FN and FD are fluorescence intensities for a native and denatured protein, respectively. F(T) is

the fluorescence intensity that corresponds to temperature T[Jokiel et al., 2006].
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3.1 Abstract

Background: Bacterial spores have been proposed as vehicles to display heterologous proteins for the
development of mucosal vaccines, biocatalysts, bioremediation and diagnostic tools. Two approaches
have been developed to display proteins on the spore surface: a recombinant approach, based on the
construction of gene fusions between DNA molecules coding for a spore surface protein (carrier) and
for the heterologous protein to be displayed (passenger); and a non-recombinant approach based on
spore adsorption, a spontaneous interaction between negatively charged, hydrophobic spores and
purified proteins. The molecular details of spore adsorption have not been fully clarified yet.

Results: We used the monomeric Red Fluorescent Protein (mRFP) of the coral Discosoma sp. and
Bacillus subtilis spores of a wild type and an isogenic mutant strain lacking the CotH protein to clarify
the adsorption process. Mutant spores, characterized by a strongly altered coat, were more efficient
than wild type spores in adsorbing mRFP but the interaction was less stable and mRFP could be in part
released by raising the pH of the spore suspension. A collection of isogenic strains carrying GFP fused
to proteins restricted in different compartments of the B. subtilis spore was used to localize adsorbed
mRFP molecules. In wild type spores mRFP infiltrated through crust and outer coat, localized in the
inner coat and was not surface exposed. In mutant spores mRFP was present in all surface layers, inner,
outer coat and crust and was exposed on the spore surface.

Conclusions: Our results indicate that different spores can be selected for different applications. Wild
type spores are preferable when a very tight protein-spore interaction is needed, for example to develop
reusable biocatalysts or bioremediation systems for field applications. cotH mutant spores are instead
preferable when the heterologous protein has to be displayed on the spore surface or has to be released,

as could be the case in mucosal delivery systems for antigens and drugs, respectively.
3.2 Introduction

Bacterial endospores (spores) are quiescent cells produced in response to harsh environments by Gram-
positive bacteria mainly belonging to the Bacillus and Clostridium genera [1]. Spores can survive in
their dormant state for long periods, resisting to a vast range of stresses such as high temperature,
dehydration, absence of nutrients and presence of toxic chemicals. When the environmental conditions
ameliorate, the spore germinates originating a vegetative cell able to grow and sporulate [2]. The
ability of the spore to survive non-physiological conditions is, in part, due to its surface structures. In
Bacillus subtilis, the model system for spore formers, the spore surface is organized in a multilayered
coat and in a crust. The latter has been recently discovered and described as the outermost layer of the
spore [2]. When observed by thin-section electron microscopy the spore coat appears formed by a
lamellar inner coat and a more coarsely layered outer coat. The crust is only visible after a ruthenium
red staining and appears as an amorphous layer surrounding the outer coat [2]. Coat and crust together
are formed by at least 70 different proteins (Cot proteins) that spontaneously assemble into the
multilayered structures, as recently reviewed [2]. B. subtilis spores are negatively charged [3, 4] and

have a relative hydrophobicity, due in part to the glycosylation of some spore surface proteins [5].

53


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5016992/#CR1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5016992/#CR2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5016992/#CR2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5016992/#CR2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5016992/#CR2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5016992/#CR3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5016992/#CR4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5016992/#CR5

The bacterial spore has been proposed as a platform to display heterologous proteins, with potential
applications ranging from the development of mucosal vaccine to re-usable biocatalysts, diagnostic
tools and bioremediation devices for field use [1, 6-8]. Various reasons support the use of the spore as
a display system: (i) the remarkable and well documented resistance of the spore [2] that ensures high
stability of the display system; (ii) the availability of genetic tools [9] that allows an easy manipulation;
(iii) the safety record of several endospore-forming species [10, 11], that makes spores of those species
ideal candidates also to deliver displayed molecules to mucosal surfaces [1, 8].

Two strategies have been so far developed to display heterologous proteins on the spore surface. A
recombinant strategy based on the construction of gene fusions between the gene coding for a selected
spore surface protein (carrier) and the heterologous DNA coding for the protein to be displayed was
first developed to display an antigen, the C fragment of the tetanus toxin [12]. By this recombinant
approach a variety of heterologous proteins have been displayed and recombinant spores proposed for
several potential applications, as extensively reviewed [8]. More recently, a non-recombinant approach
based on the spontaneous adsorption between purified spores and purified proteins has been also
proposed [3]. Enzymes [13-15] and antigens [3, 16] have been efficiently displayed also by this
approach and the system has been recently reviewed [17].

Spore adsorption is more efficient when the pH of the binding buffer is acidic (pH 4) and less efficient
or totally inhibited at pH values of 7 or 10 [3, 15, 16]. A combination of electrostatic and hydrophobic
interactions between spores and antigens has been suggested to drive the adsorption, which is not
dependent on specific spore coat components [3, 17]. However, some mutant spores with severely
altered spore surface were shown to interact more efficiently than isogenic wild type spores with the
model enzyme beta-galactosidase [15]. In addition, heat-inactivated spores have been also shown to be
able to efficiently display heterologous proteins [18, 19].

We used a fluorescent protein, the monomeric form of the Red Fluorescent Protein (mRFP) of the coral
Discosoma sp. [20] and B. subtilis spores of a wild type and an isogenic mutant lacking the CotH
protein [21] to analyze in more details the spore adsorption process. Spores lacking CotH have been
previously shown to be more efficient than wild type spores in adsorbing the model enzyme beta-
galactosidase [15] and to have a strongly altered coat: the inner coat is thinner than in wild type spores,
the outer coat is much less electron-dense, and the two coat layers do not tightly adhere to each other
[22]. These strong structural effects do not cause a strong phenotype in laboratory conditions and only
a minor germination defect could be associated to the mutant spore [21]. CotH is a coat component
with a regulatory role on other coat components [21], therefore spores lacking CotH also lack at least
nine other proteins in the outer coat and crust [23]. Recently, it has been observed that the assembly of
some CotH-dependent proteins, such as CotC, CotU, CotS and CotZ, is restored in spores lacking both
CotH and CotG, another outer coat protein, and therefore that CotH counteracts CotG negative effects

on spore coat assembly [24].
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3.3 Results and Discussion

3.3.1 mRFP of Discosoma sp. adsorbs to B. subtilis spores

In an initial experiment 5 pg of mRFP of the coral Discosoma sp., over-expressed in E. coli and
purified by affinity chromatography with Ni—Nta columns ("Methods" section), was incubated with
2.0 x 10° purified spores of the B. subtilis strain PY79 [25] or of the isogenic strain ER209, lacking
CotH [21]. The adsorption reactions were performed at pH 4.0, as previously described [15]. After the

adsorption reaction spores were extensively washed, spore surface proteins were extracted as
previously described [26] and analyzed by western blot with monoclonal anti-polyHistidine—peroxidase
antibody (Sigma), able to recognize the his tagged N terminus of mRFP. As shown in Fig. 1a, mRFP
was extracted from both wild type and cotH mutant spores, indicating that it was absorbed by both
types of spores, retained during the washing steps and released by the extraction treatment. mRFP
adsorption was extremely stable over time and the protein was still extracted by SDS-DTT treatment

after 2 weeks of storage at room temperature of the adsorbed spores (Additional file 1: Fig. S1).

a mRFP + spores
mRFP wt cotH

—

mRFP + spores
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ng
50.00

spores
5.0x10¢
25.00 2.5x10%
12.50 1.25x10%

6.25x108
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Figure 1: Western (a) and dot (b) blot of proteins extracted from wild type and cotH mutant spores
after mRFP-spore adsorption. Purified recombinant mRFP is used as marker. In panel b the amount of
purified recombinant mRFP (ng) and the number of spores present in each dilution are indicated.
Immuno reactions were performed with anti-His primary antibody conjugated with horseradish
peroxidase (*Methods" section).

Although the western blot of Fig. 1a is not quantitative, it suggested that cotH mutant spores released
more mRFP than wild type spores. To confirm this suggestion by a quantitative approach we
performed a dot blot experiment using purified mRFP as a standard. After the adsorption reaction

spores were collected by centrifugation, serially diluted and analyzed by dot blotting (Fig. 1b). A
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densitometric analysis of the dot blot (Additional file 2: Table S1) showed that when 5 pg of mRFP
were used in the adsorption reaction, wild type and mutant spores were able to adsorb, respectively,
3.40 ug (68 %) and 4.43 pg (88 %) of the total protein. (P =0.00132). Therefore, indicating that
mutant spores lacking CotH are more efficient than isogenic wild type spores in adsorbing mRFP.

To analyze in more details the efficiency of adsorption, increasing amounts of mRFP (2, 5, 10 and
20 pg) were used in the reaction with the same amount of wild type or cotH mutant spores. In all cases
the supernatant fraction of the adsorption reaction was serially diluted and analyzed by dot blotting
with mRFP-recognizing anti-His antibody (Fig. 2a). Results of the densitometric analysis of the dot
blots (Additional file 3: Table S2) are reported in Fig. 2b and indicate that with all amounts of mRFP

tested, cotH mutant spores were more efficient than wild type spores in adsorbing the fluorescent

protein.
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Figure 2: (a) Dot blot of serial dilutions of unbound mRFP after adsorption reactions with wild type
and cotH mutant spores. The amount of purified recombinant mRFP (ng) and the volume of
supernatant loaded are indicated. Immuno reactions were performed with anti-His primary antibody
conjugated with the horseradish peroxidase (“Methods” section). (b) Efficiency of adsorption (%) of
wild type and mutant spores (black and white squares, respectively) with various amounts of mRFP.
The graph is designed on the base of the averages from densitometric analysis of three independent dot
blots, reported in Additional file 2: Table S1. Error bars show the standard errors of the mean from the
three experiments (P = 0.0025).

3.3.2 Adsorbed mRFP is tightly bound to spores

Upon adsorption to spores, mRFP is not easily released even after multiple washes. Spores adsorbed
with mRFP were washed three times with 100 ul PBS buffer at pH 3.0 or pH 7.0 or extracted with 1 M
NaCl, 0.1 % Triton X-100 [3]. With wild type spores no mRFP was released by any of these
treatments, while with cotH mutant spores some mRFP was released by the washes at pH 7.0 and by
the NaCl—Triton extraction (Fig. 3a). To evaluate the kinetic of mRFP-release adsorbed mutant spores
were washed two times, resuspended in PBS pH 7.0 or 1 M NaCl, 0.1 % Triton X-100 for 5, 10, 15 or
30 min and the supernatant fractions analyzed by dot blot (not shown). A densitometric analysis of the
dot blot (Additional file 4: Table S3) was performed and Fig. 3b reports the percentage of mRFP
released by the two treatments at the different time points. The pH 7.0 buffer extracted about 5 % of
the adsorbed mRFP within the first 5 min of incubation and did not extract more protein over time. The

NaCl-Triton solution extracted about 3 % of mRFP in the first 5 min and the amount of extracted
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mRFP increased over time in an almost linear way reaching over 9 % of mRFP released after 30 min of
treatment (Fig. 3b).
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Figure 3: (a) Dot blot of released mRFP after three washes (W1, W2 and W3) with PBS buffer at pH 3
or pH 7 or after extraction with 1 M NaCl, 0.1 % Triton X-100 (Ext) (“Methods” section). Purified
recombinant mRFP (mRFP) and unbound mRFP (u-mRFP) after the adsorption reaction were used as
markers. (b) Kinetic of mRFP release based on the densitometric analysis (Additional file 4: Table S3)
of mRFP released upon incubation either in PBS buffer pH 7.0 (triangles) or 1 M NaCl, 0.1 % Triton
X-100 (squares). (c) Western blot of mRFP extracted by a SDS-DTT or after consecutive SDS-DTT
and urea treatments of wild type and cotH mutant spores. Immuno reactions were performed with anti-
His primary antibody anti-His primary antibody conjugated with the horseradish peroxidase
(“Methods” section).

When spores were extracted with an SDS-DDT treatment, the standard protocol for extract spore coat
proteins [26], mRFP was released by both wild type and mutant spores (Fig. 3c). The release of some
mRFP after washes at pH 7.0 or 1 M NaCl, 0.1 % Triton X-100 treatment (Fig. 3a) and the high
amount of mRFP released after SDS-DTT extraction by mutant spores may reflect the higher amount
of mRFP adsorbed by mutant than wild type spores (Fig. 2). However, if spores previously extracted
with SDS-DTT were re-extracted with Urea, a procedure used to completely remove the spore coat
[27], additional mRFP molecules were released but, in this case, in higher amount from wild type than
from mutant spores (Fig. 3c). Taken together the experiments of Figs. 2 and 3 suggest that wild type

spores adsorb mRFP less efficiently but more tightly than cotH mutant spores.
3.3.3 Localization of adsorbed mRFP on wild type and mutant spores

To assess whether spore-adsorbed mRFP molecules retained their fluorescence properties and

investigate their distribution around the spore we performed a fluorescence microscopy analysis. With
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both wild type and mutant spores red fluorescent signals were observed all around the spore (Fig. 4),
and in agreement with results of Figs. 2 and 3, the fluorescence signal appeared stronger with mutant
than with wild type spores (Fig. 4). In all cases the fluorescent signal was stronger at the spore poles,
indicating that adsorbed mRFP molecules were not evenly distributed around the spore and
accumulated at the poles (Fig. 4).We used Image J software (v1.48, NIH) to perform a quantitative
fluorescence image analysis and the corrected spore fluorescence was calculated as described in the
“Methods” section. The analysis of 80 spores of each strain indicated an average fluorescence intensity,
in arbitrary units, of 7816 +2712 and of 11541 + 2573 for wild type spores and mutant spores,
respectively (Fig. 5, P < 0.0001), confirming that cotH mutant spores adsorb more mRFP than wild

type spores.

mRFP
Fluorescence

Figure 4: Fluorescence of mRFP upon adsorption to wild type and mutant spores. For each strain the
same microscopy field was observed by phase contrast and fluorescence microscopy. Merge panels are
reported. The exposure time was of 500 ms for both strains. Scale bar 1 um.
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Figure 5: Fluorescence intensity profiles (FI. Int.; scale in arbitrary units) of wild type and mutant
spores adsorbed with mRFP. The profiles were generated from fluorescence microscopy images using
the 3D Surface plotter function of Image J (http://imagej.nih.gov/ij/). (a) Representative fluorescence
intensity profiles of a wild type (left) and cotH mutant spore (right). The fluorescence intensity is
reported in arbitrary units. (b) Box plots displaying the total corrected cellular fluorescence (TCCF) for
80 different spores of each strain. Limits of each box represent the first and the third quartile (25 and
75 %) and the values outside the boxes represent the maximum and the minimum values. The line
dividing the box indicates the median value for each strain. P value is less than 0.0001.
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3.3.4 Adsorbed mRFP is not exposed on the surface of wild type spores

To assess whether adsorbed mRFP molecules were exposed on the spore surface we followed an
immuno-fluorescence microscopy approach. Wild type and mutant spores adsorbed with mRFP were
reacted with monoclonal mRFP-recognizing anti-His antibody, then with fluorescent anti-mouse
secondary antibody (Santa Cruz Biotechnology, Inc.) and observed under the fluorescence microscope.
While mRFP molecules adsorbed to mutant spores were accessible to the specific antibody all around
the spore surface, mRFP molecules adsorbed to wild type spores were only poorly accessible to the
antibody and only in specific spots mainly at the spore poles (Fig. 6). A fluorescent signal was
observed with wild type spores only with an exposure time fivefold longer that used with mutant spores
(Fig. 6). Results of Fig. 6, then indicate that mRFP molecules are mostly not accessible to the antibody
upon adsorption on wild type spores. Since mRFP is abundantly present at the poles of wild type spores
(Fig. 4) but it is only accessible to anti-mRFP antibody in few specific spots at the spore poles (Fig. 6)
we hypothesize that either mRFP molecules bind wild type spores in an orientation that precludes the
interaction with the antibody or that mRFP molecules infiltrate inside the spore coat layers of wild type
spores.

While Serl5 is in the N-terminal part of CotG, Ser39, Thrl47 and all the other possible sites of
phosphorylation are located in the repeated central region (Fig. 6 and Table S2). This region is
composed by random coiled repeats [11], each containing serine residues surrounded by positively
charged amino acids (Fig. 6). In a bioinformatic analyses of known phosphorylated proteins [22] all
these features have been indicated as typical of intrinsically disordered structures and have been

identified as predictor of phosphorylation substrates.

Phase contrast
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Figure 6: Immuno-fluorescence microscopy of wild type and mutant spores adsorbed with mRFP.
Immuno reactions were performed with anti-His primary antibody and fluorescent anti-mouse
secondary antibody conjugated with FITC (“Methods” section). For each strain, the same microscopy
field was observed by phase contrast and fluorescence microscopy. Merge panels are reported. The
exposure time is indicated as ms.The numbers in the panels are the percentage of spores found with a
similar mRFP-localization pattern in three different microscopy fields. Scale bar 1 pm.
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3.3.5 Adsorbed mRFP infiltrates in the inner coat of wild type spores

In order to verify whether mRFP molecules infiltrate inside the spore we used a fluorescence
microscopy approach (“Methods” section). In particular we followed the red fluorescence of mRFP and
the green fluorescence of GFP fused to B. subtilis proteins known to localize in the spore core (SpollQ
[28]), cortex (YhcN [29, 30]), inner coat (CotS [31]), outer coat (CotC [30, 32]) or crust (CotZ [30]).
Spores purified from isogenic strains carrying the spollG::gfp, yhcN::gfp, cotS::gfp,
cotC::gfp or cotZ::gfp gene fusion were used to adsorb mRFP and observed by fluorescence
microscopy (Fig. 7A). In order to determine the relative position of red and green signals
quantitatively, more than 20 free spores for each strain were used to measure the intensity of GFP and
RFP fluorescence along the spore axis by using image J software (“Methods” section). Averages of red
and green fluorescence intensities of the various strains were plotted in Fig. 7B. With spores carrying
the SpollQ-GFP (core) or the YhcN-GFP (cortex) fusion the green signal was internal with respect to
the red one indicating that mRFP molecules were localized outside of the spore core (SpollQ) and of
the cortex (YhcN). With spores carrying the CotS—GFP (inner coat) fusion the intensity peaks of green
and red signals were coincident, indicating a co-localization of the two fluorescence signals. With
spores carrying the CotC—GFP (outer coat) or the CotZ-GFP (crust) fusion, the intensity peaks of the
green signals were slightly external to the red ones, indicating that in both cases mRFP molecules were
inside the outer coat (CotC) and of the crust (CotZ) (Fig. 7). These results then indicate that mRFP
molecules cross crust and outer coat layers and localize at the level of the inner coat of wild type

spores, explaining why mRFP is not exposed on the surface of the spore (Fig. 6).
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Figure 7: Fluorescence localization of coat protein-GFP fusions and adsorbed-mRFP (A) and plots of
fluorescence intensities along the long axis of the spore (B). Spores of otherwise wild type B.
subtilisstrains carrying GFP fused to core, cortex, inner coat, outer coat or crust proteins were adsorbed
with mRFP and observed by fluorescence microscopy. Phase-contrast images (a), GFP fluorescence
images (b), mRFP fluorescence images (¢) merged images (d) are shown.

3.3.6 Adsorbed mRFP localizes in all surface layers of cotH mutant spores

The same approach was used to localize mRFP molecules inside mutant spores. Spores purified from
isogenic strains carrying the cotH mutation and the spollG::gfp, yhcN::gfp, cotS::gfp,
cotC::gfp or cotZ::gfp gene fusion were used to adsorb mRFP and observed by fluorescence
microscopy (Fig. 8A). Since CotS (inner coat marker) and CotC (outer coat marker) fail to assemble
within the coat of a cotHmutant [23, 33] but assemble normally in a strain lacking both CotH and CotG
[24], we used a double mutant strain carrying null mutations in cotH and cotG genes for those two GFP
fusions. As above, more than 20 free spores for each strain were used to measure the intensity of GFP

and RFP fluorescence signals along the spore axis by using image J software (“Methods” section).
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Averages of red and green fluorescence intensities of the various strains were plotted in Fig. 8B. With
spores carrying the SpollQ—-GFP (core) or the YhcN-GFP (cortex) fusion the green signal was internal
with respect to the red one indicating that mRFP molecules were localized outside of the spore core
(SpollQ) and of the cortex (YhcN). With spores carrying the CotS—GFP (inner coat) and CotC—GFP
(outer coat) fusion the red peaks were slightly outside the green ones and with the CotZ—GFP (crust)
fusion the intensity peaks of green and red signals were coincident (Fig. 8). However, with mutant
spores the red peaks did not appear sharp but rather broad suggesting that the red fluorescent molecules
were not concentrated in a specific point but were diffused in a large space. Taken together these
observations suggest a localization of mMRFP molecules in all surface layers of cotH mutant spores that
explains why mRFP is exposed on the surface of the spore (Fig. 6).
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Figure 8: Fluorescence localization of coat protein-GFP fusions and adsorbed-RFP (A) and plots of
fluorescence intensities along the long axis of the spore (B). Spores of cotH mutant strains carrying
GFP fused to core, cortex or crust proteins and of cotH cotG mutant strains carrying GFP fused to inner
and outer coat were adsorbed with mRFP and analyzed by fluorescence microscopy. Phase-contrast
images (a), GFP fluorescence images (b), RFP fluorescence images (c) and merged images (d) are
shown.
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The experiments of Figs. 7 and and 8 were performed using standard adsorption conditions: 5 ug of
purified mRFP were incubated with 2.0 x 10° purified spores for 1 h. To evaluate whether the amount
of mRFP and/or the incubation time had an effect on mRFP localization we incubated 2.0 x 10° wild
type spores either with 50 pug of purified mRFP for 1 h or with 5 pg of mRFP for 4 h. In both cases
mRFP localized in the inner coat of wild type spores as under standard conditions (Additional file 5:
Figure S2), indicating that neither the amount of mRFP nor the incubation time affected mRFP

localization.

3.4 Conclusions

Wild type spores of B. subtilis adsorb and tightly bind mRFP that is not displayed on the spore surface.
We propose that it infiltrates through crust and outer coat layers, localizes in the inner coat and appears
more abundantly concentrated at the spore poles (Fig. 9a). The observation that mRFP crosses crust
and outer coat indicates these structures as permeable to a 27 kDa protein. Permeability of the spore
surface is not totally surprising since germinants (small molecules with molecular masses typically
<200 Da) present in the environment have to cross the external layers of the spore to reach their
receptors. In addition, studies conducted on B. megaterium suggested that the spore surface is

permeable to the passage of molecules with masses somewhere between 2 and 40 kDa [34, 35].

wild type cotH

Figure 9: Cartoon model of mRFP localization in wild type (a) and cotH mutant (b) spores. Wild type
and mutant spores are over imposed with red dots representing mRFP molecules

Mutant spores lacking CotH are strongly defective: (i) their outer coat is diffuse, lacks the
characteristic multilayered pattern, electron density, and a defined outer edge; (ii) the typical lamellar
structure of the inner coat, in which three to five lamellae can usually be recognized, is reduced to one
or two lamellae; (iii) the inner and outer coats are not tightly associated [22]; at least nine spore coat
proteins are not present [23]. These mutant spores are more efficient than wild type spores in adsorbing

mMRFP that, although more abundant at the spore poles is present all around the spore and exposed on
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its surface. However, the interaction between mRFP and cotH spores is less stable than with wild type
spores and mRFP is partially released by washes at pH 7.0 (Fig. 3). We propose that mRFP molecules
adsorb better to cotH mutant than to wild type spores because they not only localize in the inner coat
but also in the outer coat and in the crust (Fig. 9b).

The observation that neither the amount of heterologous protein or the time of incubation affect mRFP
localization in wild type spores (Additional file 1: Figure S1) argue that in those spores crust and outer
coat are compact structures that allow mRFP transit but not accumulation. In cotH spores the outer coat
is rather diffuse [22] and allows mRFP to localize and accumulate.

These findings shed light on the mechanism of spore adsorption and indicate that different spores, wild
type or mutant, can potentially have different applications. As a carrier of enzymes to be re-used
several times a surface display of the enzyme may be not strictly required while a tight adhesion to the
carrier could desirable making wild type spores preferable over the mutant spores. On the contrary, as a
drug/vaccine delivery vehicle a surface display could be essential and the release of the drug/antigen in

some cases an useful property, making mutant spores preferable over the wild type.

3.5 Methods

3.5.1 Bacterial strains and transformation

Bacillus subtilis strain PY79 strain [25] was used as a wild type. Strain ER220 (cotH null mutant [21]
and all other mutant strains of B. subtilis used in this study were isogenic derivatives of PY79. B.
subtilis strains used in this study are listed in Additional file 6: Table S4. Isolation of plasmid DNA,
restriction digestion, ligation of DNA and transformation of E. coli competent cells were carried out by
standard methods [36].

3.5.2 Construction of gfp fusions

The coding sequence of yhcN (564 bp) and the promotor region of spollQ (500 bp) were PCR
amplified using B. subtilis chromosomal DNA as a template and synthetic oligonucleotide pairs
spollQ-F/spollQ-R and yhcN-F/yhcN-R (Additional file 7: Table S5) respectively to prime the
reactions. Purified DNA fragments were cloned in frame to the 5’ end of the gfp gene [37]. Plasmids
were used to transform competent cells of strain PY79 yielding strain RH2466 (Psponq::gfp) and
RH282 (yhcN::gfp). Chromosomal DNA of the two strains and of AZ573 (cotZ::gfp) was used to
transform competent cells of isogenic strains RH220 (cotH::spc) (Additional file 6: Table S4), yielding
strains RH285 (Pspong::09fp cotH::spc) and RH284 (yhcN::gfp cotH::spc) and RH278 (cotZ::gfp
cotH::spc). Chromosomal DNA of strains DS127 (cotC::gfp) was used to transform competent cells of
isogenic strains AZ603 (dcotG AcotH: :neo), yielding strains AZ636 (cotC::gfp AcotG AcotH::neo).

3.5.3 Purification of spores and RFP

Sporulation of wild type and recombinant strains was induced by the exhaustion method. After 30 h of
growth in Difco Sporulation medium at 37 °C with vigorous shaking [36] spores were collected,

washed three times with distilled water and purified on a step gradient of 20-50 % of Gastrografin
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(Bayer) as described before [38, 39]. The number of purified spores obtained was measured by direct
counting with a Biirker chamber under an optical microscope (Olympus BH-2 with 40x lens).

Competent cells of E. coli strain BL21(DE3) (Invitrogen) was transformed with the expression vector
PRSET-A carrying an in-frame fusion of the 5’ end of the rfp coding region to six histidine codons
under the transcriptional control of a T7 promoter (generous gift of Dr. A. Storlazzi). The new strain
RH161 was grown for 18 h at 37 °C in 100 ml of autoinduction medium to express the heterologous
protein [40]. The six-His-tagged RFP protein was purified under native conditions using a His-Trap
column as recommended by the manufacturer (GE Healthcare Life Science). Purified protein was
desalted using a PD10 column (GE Healthcare Life Science) to remove high NaCl and imidazole

concentrations and mRFP purity analyzed by SDS-PAGE.
3.5.4 Adsorption reaction

Unless otherwise specified 5pug of purified recombinant mRFP were added to a suspension
2 x 10° spores in 0.15 M PBS pH 4.0 at 25 °C in a final volume of 200 pl. After 1 h of incubation, the
binding mixture was centrifuged (10 min at 13,0009) to fractionate pellet and supernatant. The pellet
was resuspended in 0.15 M PBS at pH 4.0 to a final concentration of 2 x 10° spores/ul and stored at

4 °C. The supernatant was stored at —20 °C.
3.5.5 Western and dot-blot analysis

2 x 10® mRFP-adsorbed spores were resuspended in 20 ul of spore coat extraction buffer [26],
incubated at 68 °C for 1 h to solubilize spore coat proteins and loaded onto a 12 % SDS-PAGE gel.
The proteins were then electro transferred to nitrocellulose filters (Amersham Pharmacia Biotech) and
used for Western blot analysis as previously reported [39] using monoclonal mRFP-recognizing anti-
His antibody (Sigma). A quantitative determination of the amount of mRFP was obtained by dot blot
experiments analyzing serial dilutions of purified RFP, binding assay supernatant and RFP-adsorbed
spores. Filters were then visualized by the ECL-prime (Amersham Pharmacia Biotech) method and
subjected to densitometric analysis by Quantity One 1-D Analysis Software (Bio-Rad).

3.5.6 Fluorescence and immunofluorescence microscopy

Post adsorption spores were resuspended in 50 ul of 1x PBS and 5 pul of the suspension placed on
microscope slides and covered with a coverslip previously treated for 30 s with poly-I-lysine (Sigma).
Immunofluorescence was performed as described by Isticato et al. [16], with the following
modifications: 2.0 x 10° RFP-adsorbed spores of wild type and cotH mutant spores were pretreated
with 1 % bovine serum albumin (BSA)—1x PBS, pH 4.0 for 30 min prior to 2 h-incubation a 4 °C
with the monoclonal anti-polyHistidine antibodies (mouse) (Sigma) diluted 1:20 in 1x PBS—1 % BSA.
As a control of the specificity of this technique, non-adsorbed spores were directly treated with anti-His
antibodies. After three washes, the samples were incubated with a 64-fold diluted anti-mouse
secondary antibody conjugated with Fluorescein isothiocyanate, FITC (Santa Cruz Biotechnology,

Inc.) and washed four times with PBS. Washed samples were resuspended in 20 ul of 1x PBS and
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10 ul were analyzed. All samples were observed with an Olympus BX51 fluorescence microscope
fitted with a 100x objective UPlanF1; U-MNG or U-MWIBBP cube-filters were used to detect the red
and green fluorescence emission respectively. Images were captured using an Olympus DP70 digital
camera equipped with Olympus U-CA Magnification Changer and processed with Image Analysis
Software (Olympus) for minor adjustments of brightness, contrast and color balance and for creation of
merged images of GFP and RFP [41]. Exposure times were in the range between 200 and 2000 ms for
image capture of GFP fusions and for adsorbed RFP. Fluorescence intensities and the distance between
two fluorescent peaks were measured using unadjusted merged images with Image J processing
software (version 1.48, NIH) as previously describe by Imamura and collaborators [42]. One pixel
corresponds to 1.18 nm in our detection system. Image J was also used to draw an outline around 80
spores for each strain, prior to area, integrated density and the mean fluorescence measurements being
recorded, together with several adjacent background readings. The total corrected cellular fluorescence
(TCCF) was calculated by subtracting (area of selected cell x mean fluorescence of background
readings) from integrated density values. Minimum, maximum and mean value of TCCF were
displayed as box-plots with 5-95 % confidence intervals [42]. Fluorescence intensity profiles were
generated from the microscopy images using the 3D Surface plotter function of Image J as reported by

Serrano and collaborators [43].
3.5.7 Statistical analysis

Results from dot blot and fluorescence microscopy analysis are the averages from three independent
experiments. Statistical significance was determined by the Student t test, and the significance level

was set at P < 0.01.
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3.7 Additional Informations
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Figure S1: Stability of spore adsorption over time. Purified suspensions of wt spores were mixed with
purified recombinant mRFP (5ug) for 1 h at RT. Spores were centrifuged, washed two times,
resuspended in PBS, pH3 and stored at RT. After 1, 2, 7 and 14 days, the adsorption mixtures were
fractionated by centrifugation and the pellet fractions used for protein extraction by SDS-DTT
treatment. Extracted proteins were fractionated on SDS-PAGE and analyzed by western blot. Immuno-
reactions were performed with anti-His antibody conjugated with horseradish peroxidase.
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mRFP Amount of Density Amount of mRFP pg in 200 pl

source sample used (0Dimm2) ® mRFP (ng) B (% total)
Purified 500 ng 74.35 A MA
mRFP 250 ng 4231 NA NA
12.5 ng 17.80 NA NA
6.25 ng 684 MNA MA
wt 5.0 x10% 50.14 3928 3.4 (68%)
2.5 x10° 309.05 17.33
1.25x108 7.43 7.85
cotH 5.0 x10° 7225 48.5 4.43 (92.6%)
2.5 x10% 58.75 26.1
1.25x108 115.52 109

Table S1: Densitometric analysis of dot blot experiments reported in Fig 1 performed with the pellets
of the adsorption reaction with wild type and cotH mutant spores.

& Density measured by optical density (OD) per square millimeter and obtained by ChemiDocXRS
apparatus with Quantity-One software (Bio-Rad).

> Calculated from signals (density OD/mm2) obtained with purified mRFP. NA, not applicable.

mREP Amount of Dansity Amount Mh mRFF pyg in lbﬂﬂ wul
source  sampleused  (ODimm2)®  mRFP {ng) % total)
Purified 100.0 ng 193.17 NA NA
mREP 50.0ng 8162 HA NA
250ng a9.28 NA NA
125ng 13.92 NA NA
wiz2 BOO I 160.77 8552 0.182 (9.12%)
400pl 60.83 35.33
00 10.42 15.82
coid 2 80.0 pl 114.15 57.30 0107 (5.35%)
400 ans 27.25
wts 200 128.77 60.23 057 (11.4%)
10.0 pl 56.83 3333
cotd 5 00 42.35 26.30 0.32 (B.4%)
10.0 pl 16.04 15.85
wt 10 soul 157.99 8352 296 {29.8%)
25l 65 36 38.33
12 4301 27.12
cotd 10 200 193.61 101.30 1.28 (129%)
10.0 4l 120.52 65.25
sopl 66.32 2911
wiz0 254l 166.25 8B.25 7.43 (37.15%)
124 75.55 44.08
coth20 25l 80.78 3878 296 (14.8%)
125l 423 26.80

Table S2: Densitometric analysis of dot blot experiments reported in Fig. 2 performed with the
supernatants of the adsorption reaction performed with different amounts of mRFP and with wild type
and cotH mutant spores.

® Density measured by optical density (OD) per square millimeter and obtained by ChemiDocXRS
apparatus with Quantity-One software (Bio-Rad).

> Calculated from signals (density OD/mmz2) obtained with purified mRFP. NA, not applicable.
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mREP Amount of Density Amountof mRFF pg in 200 pl

SOUrCe sample used [ﬂDJ'mmI]' mRFP {ng) h [% total)
Purified 250 ng 25125 Ma NA
mRFP 12,80 ng 10.78.40 MNA MNA

B.25 ng 462 MA MA

Unbaund 40.0 pl 11.568 12.55 0.0B3 { 4.3%)

mRFP 20.0 pl B.29 7.7B
10.0 pl 289 3.55

IxPBSpHTO

5 min 40.0 pl 20.75 18.23 0.092 (4.8%)
20.0 pl 13.42 12.82

10 min 20.0 pl 125 13.03 0107 {5.6%)
10.0 pl 72 .25

15 min 20.0 pl 1177 12.83 0111 (5.8%)
10.0 pl B.83 533

30 min 20.0 pl 17.35 15.30 0122 (B.4%)
1000 pl 6.04 585

1M NaCl-

0.1% Triton

5 min BO.O 18.5 20.03 0.053 {2.8%)
40.0 pl 1002 11.25

10 min 40.0 pl 1483 15.88 0.084 {4.4%)
20.0 pl B.02 878

15 min 20.0 pl 1225 13.M 0115 {B.2%)
10.0 T28 7.3

30 min 20.0 pl 15.31 16.80 0164 (B.6%)
10.0 uwl B.58 7.58

Table S3: Densitometric analysis of dot blot experiments with the supernatants of adsorption reaction
and with washes after various time of incubation with 1x PBS pH7.0 or 1M NaCl-0.1% Triton 100.

# Density measured by optical density (OD) per square millimeter and obtained by ChemiDocXRS
apparatus with Quantity-One software (Bio-Rad).

b Calculated from signals (density OD/mmz2) obtained with purified mRFP. NA, not applicable.
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Figure S2: Fluorescence microscopy analysis of spores of otherwise wild type B. subtilis strains
carrying GFP fused to inner coat, outer coat or crust proteins adsorbed with 50 ug of purified mRFP for
1 h (A) or with 5 ug of purified mRFP for 4 h (B). For each strain the same microscopy fields was
observed by phase contrast and fluorescence microscopy (red and green). Merge and overlay (red on
green or viceversa) are also shown.

Strain Genotype Source
PY79 wild type [25]
ER220 cotH::spe [21]
AZ573 colZ::gfp 51

Ds127 colC::gfp [35]
AZ644 cotS:gfp [24]
AZ645 cofS:gfp AcotG AcotH::neo [24]
RH2466 pspollQ::gfp This study
RH285 pSpoliQ:.gfp cotH:spc This study
RH282 yheN:gfp This study
RH284 yheN::gfp cotH::spc This study
AZ636 cofC::.gfp AcotG AcotH::neo This study
RH278 cofZ::gfp cotH:spc This study

Table S4: Bacillus subtilis strains.
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Primer  Sequence?

Restriction site

spollQ-F  ttcgaaATGAAGGCCATAAGTGAGCGGATGC
spollQ-R  ctgecagTTCCTCTCTCATGTTTCATCACCTC
yhcN-F ttcgaaATGTTTGGAAAAAAACAAGTCCTTGCG
yhcN-R ctgcagAGCGTTAGGGAATACACGCTG

Hindlll
Fstl
Hindlll
Pstl

Table S5: List of oligonucleotides used to prime amplification reactions.

®Not capital letters indicate restriction recognition sites.
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4.1 Abstract

Bacterial spores spontaneously interact and tightly bind heterologous proteins. A variety of antigens
and enzymes have been efficiently displayed on spores of Bacillus subtilis, the model system for spore
formers. Adsorption on B. subtilis spores has then been proposed as a non-recombinant approach for
the development of mucosal vaccine/drug delivery vehicles, biocatalysts, bioremediation, and
diagnostic tools. We used spores of B. megaterium QM B1551 to evaluate their efficiency as an
adsorption platform. Spores of B. megaterium are significantly larger than those of B.subtilis and of
other Bacillus species and are surrounded by the exosporium, an outermost surface layer present only
in some Bacillus species and lacking in B. subtilis. Strain QM B1551 of B. megaterium and a derivative
strain totally lacking the exosporium were used to localize the adsorbed monomeric Red Fluorescent
Protein (MRFP) of the coral Discosoma sp., used as a model heterologous protein. Our results indicate
that spores of B. megaterium adsorb mRFP more efficiently than B. subtilis spores, that the exosporium
is essential for mRFP adsorption, and that most of the adsorbed mRFP molecules are not exposed on

the spore surface but rather localized in the space between the outer coat and the exosporium.

4.2 Introduction

Gram-positive bacteria of the Bacillus and Clostridium genera can differentiate to form an endospore
(spore), a metabolically quiescent cell produced in response to conditions that do not allow cell growth
[McKenney et al., 2012]. Once released in the environment, the spore survives in its dormant state for
extremely long periods, resisting to a vast range of stresses such as high temperatures, dehydration,
absence of nutrients and the presence of toxic chemicals [McKenney et al., 2012]. However, the
quiescent spore is able to continuously monitor the environment and respond to the presence of water
and nutrients by germinating and originating a vegetative cell that is able to grow and sporulate
[McKenney et al., 2012]. Resistance to non-physiological conditions is, in part, due to the spore
surface structures. In Bacillus subtilis, the model system for spore formers, the spore surface is
organized in a multilayered coat and in a crust, a recently discovered layer that surrounds the spore coat
[McKenney et al., 2012]. B. subtilis spores are negatively charged [Huang et al., 2010; Pesce et al.,
2014] and have a relative hydrophobicity that is in part due to the glycosylation of some spore surface
proteins [Cangiano et al., 2014; Rusciano et al., 2014]. In several Bacillus and Clostridium species,
including B. cereus, B. anthracis, B. megaterium, and C. difficile, the outermost spore structure is the
exosporium, a morphologically distinct layer composed of proteins and glycoproteins that surrounds
the coat [Diaz-Gonzélez et al., 2015; Manetsberger et al., 2015b; Stewart, 2015].

The bacterial spore has been proposed as a platform to display heterologous proteins, with potential
applications ranging from the development of mucosal vaccines to re-usable biocatalysts, diagnostic
tools, and bioremediation devices [Knecht et al., 2011; Isticato and Ricca, 2014; Ricca et al., 2014].
The remarkable and well documented resistance of the spore [McKenney et al., 2012], the amenability
of several spore-forming species to the genetic manipulation [Harwood and Cutting, 1990] and the
safety record of several species [Cutting, 2011; Baccigalupi et al., 2015] support the use of the spore as

a display and delivery system. Two strategies have been developed to display heterologous proteins on
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the spore surface. A recombinant strategy, based on the construction of gene fusions between DNA
coding for a selected spore surface protein and DNA coding for the protein to be displayed, has been
used over the years to display a variety of heterologous proteins [Isticato and Ricca, 2014]. A non-
recombinant approach, based on the spontaneous adsorption between purified spores and purified
proteins, has been also used to display various enzymes and antigens [Ricca et al., 2014]. The
molecular details controlling spore adsorption have not been fully elucidated. It is known that the
adsorption is more efficient when the pH of the binding buffer is acidic (pH 4) [Huang et al., 2010;
Sirec et al., 2012] and that a combination of electrostatic and hydrophobic interactions are likely
involved in the interaction [Huang et al., 2010; Sirec et al., 2012]. It is also known that mutant spores
with severely altered spore surfaces interact more efficiently than isogenic wild type spores with model
proteins [Sirec et al., 2012; Donadio et al., 2016].

Here, we used a fluorescent protein, the monomeric form of the Red Fluorescent Protein (mRFP) of the
coral Discosoma sp. [Campbell et al., 2002], to evaluate whether spores of B. megaterium are able to
interact with and adsorb a model heterologous protein. B. megaterium comprises a number of
morphologically distinct strains sharing the unusual large dimensions of both cells (length up to 4 pm
and a diameter of 1.5 um) and spores (length up to 3 pm and diameter of 1 um) [Di Luccia et al.,
2016]. Spores of some strains of B. megaterium are surrounded by an exosporium, and since so far only
spores of species that lack an exosporium have been considered as adsorption platforms, no data are
available on the impact of the exosporium in the interaction with heterologous proteins.

The QM B1551 strain is the best-characterized strain of B. megaterium. This strain carries about 11%
of its genome on seven indigenous plasmids [Rosso and Vary, 2005; Vary et al., 2007; Eppinger et al.,
2011], two of which — pBM500 and pBM600 — have been identified as carrying genes that are essential
to the formation of this strain’s distinctive “walnut-shaped” exosporium [Manetsberger et al., 2015a].
The protein composition of the QM B1551 exosporium is as yet poorly characterized, with only a few
genes encoding orthologs of recognized exosporium protein in spores of other species being identified
by genomic analyses. These include genes encoding BclA nap proteins, which form a localized nap in
B. megaterium QM B1551 spores, plus an ortholog of the BxpB protein that forms the basal layer of
the exosporium in B. cereus family spores. The latter appears to fulfill a different role in B. megaterium
QM B1551 spores, since a null mutant strain retained an apparently normal exosporium [Manetsberger
etal., 2015a].

In this paper, we present data that demonstrates that spores of B. megaterium QM B1551 can
efficiently adsorb mRFP, and provide evidence that protein molecules are able to cross the

permeability barrier presented by the exosporium to localize in the inter-coat space.

4.3 Materials and Methods

4.3.1 Bacterial Strains, Spore, and RFP Production

The B. megaterium strains employed in this study are QM B1551 and its plasmid-less derivative
PV361 [Rosso and Vary, 2005]. The B. subtilis strain used in this study was PY79 [Youngman et al.,

1984]. Sporulation of all Bacillus strains was induced by the exhaustion method [Cutting and Vander
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Horn, 1990]. After 30 h of growth in Difco Sporulation (DS) medium at 37°C with vigorous shaking
spores were collected and purified as described by Nicholson and Setlow (1990) using overnight
incubation in H,O at 4°C to lyse residual sporangial cells. The number of purified spores obtained was
measured by direct counting with a Birker chamber under an optical microscope (Olympus BH-2 with
40x lens).

For mRFP production, cells of Escherichia coli strain RH161 [Donadio et al., 2016], bearing the
expression vector pRSET-A carrying an in-frame fusion of the 5’ end of the rfp coding region to six
histidine codons under the transcriptional control of a T7 promoter, were grown for 18 h at 37°C in 100
ml of autoinduction medium to express the heterologous protein [Isticato et al., 2010]. The Hisg-tagged
RFP protein was purified under native conditions using a His-Trap column as recommended by the
manufacturer (GE Healthcare Life Science). Purified protein was desalted using a PD10 column (GE

Healthcare Life Science) to remove high NaCl and imidazole concentrations.

4.3.2 Adsorption Reaction

Unless otherwise specified 5 pg of purified recombinant mRFP was added to a suspension of spores (5
x 10%) in 50 mM Sodium Citrate pH 4.0 at 25°C in a final volume of 200 pl. After 1 h of incubation,
the binding mixture was centrifuged (10 min at 13,000 g) to fractionate mRFP bound-spores in the

pellet from free mRFP in the supernatant.

4.3.3 Western and Dot-Blot Analysis

Spore pellets from adsorption reactions were resuspended in 40 pl of spore coat extraction buffer
[Nicholson and Setlow, 1990; Giglio et al., 2011], incubated at 68°C for 1 h to solubilize spore coat
proteins and loaded onto a 12% SDS-PAGE gel. The proteins were then electro-transferred to
nitrocellulose filters (Amersham Pharmacia Biotech) and used for Western blot analysis as previously
reported [lsticato et al., 2008] using monoclonal mRFP-recognizing anti-His antibody (Sigma). A
quantitative determination of the amount of mRFP was obtained by dot blot experiments comparing
serial dilutions of purified mRFP and binding assay supernatant. Filters were then visualized by the
ECL-prime method (Amersham Pharmacia Biotech) and subjected to densitometric analysis by
Quantity One 1-D Analysis Software (Bio-Rad). Dot blot and relative densitometric analyses were

performed three times to verify the significance of the results.

4.3.4 Fluorescence and Immunofluorescence Microscopy

Post-adsorption spores were resuspended in 50 ul of 1x PBS pH 4.0 and 5 ul of the suspension placed
on microscope slides and covered with a coverslip previously treated for 30 s with poly-L-lysine
(Sigma). Immunofluorescence was performed as described by Isticato et al. (2013), with the following
modifications: 2.0 x 10° RFP-adsorbed spores of QM B1551 and PV361 B. megaterium strains were
pretreated with 1% bovine serum albumin (BSA) — 1x PBS pH 4.0 for 30 min prior to 2 h-incubation at
4°C with the anti-polyHistidine antibodies (mouse; Sigma) diluted 1:20 in 1x PBS pH 4.0-1% BSA.
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As a control of the specificity of this technique, non-adsorbed spores were directly treated with anti-His
antibodies. After three washes, the samples were incubated with a 64-fold diluted anti-mouse
secondary antibody conjugated with fluorescein isothiocyanate, FITC (Santa Cruz Biotechnology, Inc.)
and washed four times with 1X PBS pH 4.0. Washed samples were resuspended in 20 ul of 1X PBS
pH 4.0 and 10 pl were analyzed. All samples were observed with an Olympus BX51 fluorescence
microscope fitted with a 100X UPlan F1 oil objective; U-MNG or U-MWIBBP cube-filters were used
to detect the red fluorescence emission of mRFP or the green emission of FITC-conjugated antibodies,
respectively. Exposure times were in the range between 200 and 3000 ms. Images were captured using
an Olympus DP70 digital camera and processed with Image Analysis Software (Olympus) for minor
adjustments of brightness, contrast and color balance [McCloy et al., 2014]. ImageJ (v1.48, NIH) was
used to draw an outline around 80 spores for each strain and minimum, maximum and mean
fluorescence values per pixel were recorded for each spore. Values of fluorescence intensity were
displayed subsequently as box-plots with 5-95% confidence intervals [McCloy et al., 2014].

4.3.5 Statistical Analysis

Results from dot blot and fluorescence microscopy analysis are the averages from three independent
experiments. Statistical significance was determined by the Student t-test, and the significance level

was set at P < 0.05.

4.4 Results
4.4.1 mRFP of Discosoma sp. is Adsorbed by B. megaterium Spores

To verify whether spores of B. megaterium QM B1551 were able to adsorb mRFP, 5 pg of the purified
protein (Materials and Methods) were incubated with 5.0 x 108 purified spores. The adsorption reaction
was performed in 50 mM sodium citrate at pH 4.0, as previously described (Sirec et al., 2012). After
the reaction, spores were extensively washed with 1X PBS pH 4.0, spore surface proteins were
extracted as described in Materials and Methods and analyzed by western blotting with anti-
polyHistidine-Peroxidase antibody (Sigma), which recognizes the histidine-tagged N terminus of
mRFP. As shown in Fig. 1A, mRFP was extracted from spores, indicating that it was absorbed during
the reaction and then released by the extraction treatment. To evaluate the efficiency of adsorption, we
analyzed the amount of mRFP left unbound, i.e., post-adsorbed spores were collected by centrifugation
and the supernatant serially diluted and analyzed by dot blotting (Fig. 1B). A densitometric analysis of
the dot blot (Additional File Table 1) showed that when 5 pug of mRFP was used in the adsorption
reaction less than 1% was left unbound, indicating that about 99% of the heterologous protein was
adsorbed to B. megaterium spores. To analyze whether adsorbed mRFP molecules were tightly bound
to the spore surface, post-adsorption reaction spores were washed twice with PBS buffer at pH 3.0 or
pH 7.0, or with a 1M NaCl, 0.1% Triton X-100 solution as previously described [Donadio et al., 2016].
As shown in Fig. 1C, and supported by densitometric analysis of the dot blot (Additional File Table 2),

the washes at pH 3.0 did not cause any release of the adsorbed mRFP, while the washes at pH 7.0 or
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with 1M NaCl, 0.1% Triton X-100 caused a minimal, less than 1%, release of mRFP molecules.
Therefore, results presented in Fig.1 suggest that mRFP was efficiently adsorbed and tightly bound to
B. megaterium spores. To assess whether spore-adsorbed mRFP molecules retained their fluorescence
properties, we performed a fluorescence microscopy analysis. As shown in Fig. 2, post-adsorption

reaction spores were associated with a strong fluorescence signal visible around the entire spore

surface.
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Figure 1: Bacillus megaterium QM B1551 spores adsorb mRFP. 5 x 108 spores were incubated with
5 png of purified mRFP and then the samples subject to centrifugation. (A) Spore surface proteins were
extracted from the pellet fraction by SDS-DTT treatment, fractionated on SDS-PAGE and analyzed by
Western blot. Purified mRFP (20 pg) was used as a marker. (B) The supernatant, containing the
unbound mRFP, was serially diluted and analyzed by dot blot (QM B1551). Serial dilutions of purified
MRFP (mRFP) were used as a standard. (C) Spores adsorbed with mRFP were washed twice (W1 and
W2) with PBS buffer at pH 3.0 or pH 7.0, or with a 1M NaCl, 0.1% Triton X-100 solution. Serial
dilutions of purified mRFP and unbound mRFP (UN-mRFP) were used as standards. Immuno-
reactions in all panels were performed with mRFP-recognizing anti-His antibody conjugated with
horseradish peroxidase.

4.4.2 The Exosporium has an Essential Role in mRFP Adsorption

Strain QM B1551 of B. megaterium contains seven indigenous plasmids [Rosso and Vary, 2005;
Eppinger et al., 2011] and plasmid-encoded genes are essential for exosporium formation
[Manetsberger et al., 2015a]. PV361 is a QM B1551-cured strain lacking all seven plasmids and, as a
consequence, totally lacking the exosporium [Manetsberger et al., 2015a]. We used spores of strain
PV361 to analyze the role of the exosporium in mRFP adsorption. In parallel, we also used spores of B.
subtilis PY79 that in a previous study have been shown to adsorb mRFP (Donadio et al., 2016). To
compare the adsorption efficiency of spores of the B. subtilis PY79 and B. megaterium QM B1551 and
PV361 strains, we adsorbed 5 pg of purified mRFP with 5.0 x 10° spores of each of the three strains.
After the adsorption reactions spores were collected by centrifugation, proteins extracted by SDS-DTT
treatment and analyzed by western blotting with mRFP-recognizing anti-His antibody. As shown in
Fig. 3A, mRFP was apparently extracted in larger amounts from spores of QM B1551 than from spores
of the other two strains. In an attempt to quantify these apparent differences, unbound mRFP from the
adsorption reactions was serially diluted and analyzed by dot blotting (Fig. 3B). A densitometric
analysis of the dot blot of Fig- 3B (Additional File Table 3) indicated that PY79 and PV361 spores
adsorbed about 90% of the total mRFP while QM B1551 spores adsorbed almost all (over 99%)
purified mRFP.

78


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#B27
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#B9
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#B19
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#B19
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#B8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#SM5

Phase Contrast mRFP Fluorescence merge

o

Figure 2: Fluorescence microscopy analysis of B. megaterium QM B1551-mRFP spores. QM
B1551 spores incubated with mRFP (5 pg), and subsequently washed, were analyzed by fluorescence
microscopy. The same microscopy field was observed by phase contrast and fluorescence microscopy.
Scale bar 1 um. The merge panel is reported. The exposure time was 200 ms.

Based on the results of Figs. 3 and 4, we conclude that the exosporium, present in QM B1551 and
lacking in PV361 has a relevant role in the adsorption of mRFP.

In addition, results of Fig. 4 indicated that B. subtilis PY79 spores are more efficient than B.
megaterium PV361 spores in adsorbing mRFP, whereas dot blotting reported in Fig. 3B indicated
similar adsorption efficiencies for the two strains. We believe that this discrepancy is due to a strong
reduction of fluorescence when mRFP is bound to PVV361 but not to PY79 or QM B1551 spores (see
below).
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Figure 3: Monomeric Red Fluorescent Protein adsorption to spores of B. megaterium QM B1551 and
PV361 and B. subtilis PY79. 5 x 108 spores of each strain were incubated with 5 pg of purified mRFP
and then the samples subject to centrifugation. Spores in the pellet fractions were used to extract
surface proteins that were subsequently analyzed by western blot (A), while the supernatants were
serially diluted and analyzed by dot blot (B). Serial dilutions of purified mRFP were used as standards.
Immuno-reactions in both panels were performed with anti-His antibody conjugated with horseradish
peroxidase.
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Figure 4: Efficiency of adsorption of mRFP to spores of B. megaterium QM B1551 and PV361
and B. subtilis PY79. (A) Fluorescence microscopy images of PY79, QM B1551, and PV361 spores
following mRFP adsorption and washing. Exposure times are indicated. Phase contrast and red
fluorescence overlays are shown (merge panel). Scale bars 1 pm. (B) Box plots displaying the
fluorescence intensity of eighty different spores of each strain. Limits of each box represent the first
and the third quartile (25 and 75%) and the values outside the boxes represent the maximum and the
minimum values. The line dividing the box indicates the median value for each strain. P value is less
than 0.0001.

4.4.3 Quantitative Assessment of mRFP Adsorption to QM B1551 Spores

Dot blot experiments (Fig. 3B) indicated that when 5 pg of purified mRFP was used in adsorption
reactions with 5.0 x 10® spores of the QM B1551 strain almost all heterologous protein was bound to
the spore. In order to define the maximal amount of mRFP that can be adsorbed to QM B1551 spores,
we repeated the reactions with increasing concentrations of purified mRFP, i.e., 5.0 x 10® QM B1551
spores were reacted with 5, 10, 20, 40, 80, and 160 pg of purified mRFP. After the reactions spores
were collected by centrifugation and the supernatants containing unbound mRFP were serially diluted
and analyzed by dot blotting (Fig. 5A). Fig. 5B displays the results of densitometric analyses of the dot
blot, which indicates that when 5-80 pg of mRFP was reacted with 5 x 10° spores, the percentage of
protein bound to spores was over 90%. A decrease of bound mRFP was observed when 160 pg of
purified protein were used in the reaction. However, even when 160 pg of purified mRFP was used
over 60% of the protein was absorbed, indicating that 5.0 x 10° spores of QM B1551 can adsorb about
100 pg of mRFP.
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Figure 5: Quantitative assessment of mMRFP adsorption to B. megaterium QM B1551 spores. 5 x
10° spores were incubated with 5, 10, 20, 40, 80, and 160 pg of purified mRFP. The reaction mixtures
were subsequently subject to centrifugation and the supernatants serially diluted and analyzed by dot
blot (A). Serial dilutions of purified mMRFP were used as standards. Immuno-reactions in both panels
were performed with anti-His antibody conjugated with horseradish peroxidase. (B) Percentage of
MRFP adsorbed to spores after reaction with defined amounts of endogenous mRFP. Error bars show
the standard errors of the mean from three experiments and the P value never above 0.0025.

4.4.4 mRFP Localizes to the Inter-Coat Space in B. megaterium QM B1551
spores

An immuno-fluorescence microscopy approach was employed to assess whether adsorbed mRFP
molecules were exposed on the surface of B. megaterium QM B1551 spores. QM B1551 spores
adsorbed with various amounts of mRFP were reacted with monoclonal anti-His antibody recognizing
the recombinant mRFP, then with fluorescent anti-mouse secondary antibody (Santa Cruz
Biotechnology, Inc.) and observed under the fluorescence microscope (Fig. 6). With the lowest amount
of mRFP used in this experiment (2 pg) the mRFP fluorescence signal (red) was observed all around
the spore while the immunofluorescence signal (green) was weak and mainly concentrated at the spore
poles, suggesting that only in those points mMRFP was exposed on the spore surface. Increasing the
amount of mRFP used in the reaction the number of green spots increased (5 and 10 pg) and with
highest amount of mRFP used in the reaction (20 pg) an almost complete green ring was observed
around the spores. Based on the results presented in Fig. 6, we hypothesized that mRFP molecules
infiltrate through the exosporium and localizes in the inter-coat space between the outer coat and the
exosporium, i.e., when a low amount of mRFP is used almost all protein molecules are internal to the
exosporium and are available to the antibody at only a few locations. Increasing amounts of mRFP in
adsorption reactions results in the inter-coat space “filling up,” until ultimately more mRFP molecules
are available to the antibody on the spore surface. This hypothesis implies that if the exosporium is
lacking then all mRFP should be available to the antibody. To test this, we compared by
immunofluorescence microscopy equal numbers of spores of QM B1551 (with exosporium) and of
PV361 (without exosporium) incubated with the same amount of mRFP (5 pg). When the exosporium
was present (QM B1551) mRFP was only partially available to the antibody and green spots were
observed (Fig. 7 and Additional File Fig. S2). When the exosporium was not present (P\VV361) adsorbed
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mRFP was available to the antibody all around the spore and a complete green ring was formed,

supporting the hypothesis that mRFP is internal to the exosporium in QM B1551 spores.

Phase mRFP Immuno
Contrast

= —r‘(

O
s

= O
B

F

F

Figure 6: Immunofluorescence analysis of mRFP-adsorbed B. megaterium QM B1551 spores.
Aliquots of 5 x 108 QM B1551 spores were incubated with variable concentrations of mRFP and were
subsequently analyzed by phase contrast, fluorescence and immunofluorescence microscopy, as
described in the Materials and Methods. The same microscopy field for each reaction is reported
together with the merge panel. The exposure time was 200 ms for all images. Scale bar, 1 um.
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Figure 7: Immunofluorescence of mRFP adsorbed to B. megaterium QM B1551 and PV361
spores. 5 x 10° QM B1551 and PV361 spores were incubated with 5 pug mRFP and then analyzed by
immunofluorescence microscopy, as described in the Materials and Methods. For each field phase

contrast and immunofluorescence microscopy are shown. The exposure time was 200 ms for all
images. Scale bar, 1 um.
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While QM B1551 spores used in the experiments of Fig. 7 showed a complete red fluorescent ring as
in Fig. 2, PV361 spores showed a very weak red fluorescent signal. With PVV361 spores a red signal

was only observed using long exposure times at the fluorescence microscope (Fig. 4). Since mRFP is
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present around PV361 spores (Fig. 3 and 7), we conclude that mRFP fluorescence is weakened when

the protein is adsorbed to PV361 spores. Further experiments will be needed to fully address this point.

4.5 Discussion

The main findings of this report are that spores of B. megaterium are extremely efficient in adsorbing
the heterologous model protein mRFP, that the exosporium has an important role in this process, and
that mRFP molecules infiltrate through the exosporium localizing between the outer coat and the
exosporium. These results expand previous work performed on spores of B. subtilis and demonstrate
that spores of a different species may also be used to deliver heterologous proteins via the adsorption
method. The high efficiency of adsorption observed with B. megaterium spores is in part due to the
large size of its spore compared with that of B. subtilis. Indeed, the B. megaterium spore surface area is
about 2.5-fold larger than the B. subtilis spore, with a surface of 5.33 um? (h: 1.60 + 0.16 w: 0.84 *
0.07) vs. 1.98 pm? (h: 1.07 + 0.09 w: 0.48 + 0.03). The large dimensions allow the adsorption of up to
100 pg of mRFP when 160 pg of protein are reacted with spores.

The observation that mMRFP crosses the exosporium indicates that it is permeable to mRFP, a 27 kDa
protein. Permeability of the exosporium is not totally surprising since germinants present in the
environment have to cross the external layers of the spore to reach their receptors, albeit germinants are
typically small molecules with molecular masses typically <200 Da. Additionally, the mRFP data are
broadly in agreement with the results of previous studies conducted with labeled dextrans and related
molecules [Koshikawa et al., 1984; Nishihara et al., 1989]. In those studies, the B. megaterium QM
B1551 exosporium was suggested to represent a permeability barrier to molecules with molecular
weights greater than 100 KDa, while influencing the passage of molecules with masses somewhere
between 2 and 40 kDa [Koshikawa et al., 1984; Nishihara et al., 1989].

An interesting challenge for future work will be to establish the mechanism or route of infiltration that
mRFP, and by inference other heterologous proteins of interest, takes to enter the inter-coat space.
Examination by transmission electron microscopy of sectioned B. megaterium QM B1551 spores
indicates that the exosporium comprises two identical “shells” [Manetsberger et al., 2015a], and it may
be that the interface between each of these structures (described as “apical openings” in early papers)
permits ingress of relatively large molecules. Discerning the basis for the apparent loss of mRFP
fluorescence upon adsorption to PV361 spores, and whether mRFP molecules are able to infiltrate the
outer coat layers, as observed for B. subtilis spores [Donadio et al., 2016], will also be of interest.

In the current study, we hypothesize that mRFP molecules preferentially cross the exosporium and
accumulate in the inter-coat space between the outer coat and the exosporium. In this model, mRFP
molecules are only adsorbed and displayed on the spore surface once adsorption sites (or volumetric
capacity?) in the inter-coat space are sufficiently occupied. This implies that the adsorption approach to
surface display can be used with B. megaterium QM B1551 spores, although the system is dependent
on the spore to protein ratio used in adsorption reactions. Since various strains of B. megaterium have
long been used industrially for the production of enzymes such as amylases and dehydrogenases,
vitamins and antimicrobial molecules [Vary et al., 2007], our data suggest a new biotechnological

application for the B. megaterium spore as a vehicle to bind and deliver heterologous proteins.

83


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/figure/F7/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#B18
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#B24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#B18
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#B24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#B19
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#B8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095127/#B31

4.

1.

10.

11.

12.

13.

14,

15.

16.

17.

18.

6 References

Baccigalupi L., Ricca E., Ghelardi E. (2015). “Non-LAB probiotics: spore Formers,” in Probiotics
and Prebiotics: Current Research and Future Trends eds Venema K., do Carmo A. P., editors.
(Norfolk, VA: Caister Academic Press; ) 93-103. 10.21775/9781910190098.06

. Campbell R. E., Tour O., Palmer A. E., Steinbach P. A, Baird G. S., Zacharias D. A,, et al. (2002).

A monomeric red fluorescent protein. Proc. Natl. Acad. Sci. U.S.A. 99 7877-7882.
10.1073/pnas.082243699

. Cangiano G., Sirec T., Panarella C., Isticato R., Baccigalupi L., De Felice M., et al. (2014). The sps

gene products affect germination, hydrophobicity and protein adsorption of Bacillus subtilis
spores. Appl. Environ. Microbiol. 80 7293-7302. 10.1128/AEM.02893-14

. Cutting S. M. (2011). Bacillus probiotics. Food Microbiol. 28 214-220. 10.1016/j.fm.2010.03.007
. Cutting S., Vander Horn P. B. (1990). “Genetic analysis” in Molecular Biological Methods for

Bacillus eds Harwood C., Cutting S., editors. (Chichester: John Wiley and Sons; ) 27-74.

. Diaz-Gonzalez F., Milano M., Olguin-Araneda V., Pizarro-Cerda J., Castro-Cérdova P., Tzeng S. C.,

et al. (2015). Protein composition of the outermost exosporium-like layer of Clostridium difficile
630 spores. J. Proteom. 123 1-13. 10.1016/j.jprot.2015.03.035

. Di Luccia B., D’Apuzzo E., Varriale F., Baccigalupi L., Ricca E., Pollice A. (2016). Bacillus

megaterium SF185 induces stress pathways and affects the cell cycle distribution of human
intestinal epithelial cells. Benef. Microb. 7 609-620. 10.3920/BM2016.0020

. Donadio G., Lanzilli M., Sirec T., Ricca E., Isticato R. (2016) Protein adsorption and localization

on wild type and mutant spores of Bacillus subtilis Microb. Cell Fact. 15:153 10.1186/512934-
016-0551-2

. Eppinger M., Bunk B., Johns M. A., Edirisinghe J. N., Kutumbaka K. K., Koenig S. S., et al. (2011).

Genome sequences of the biotechnologically important Bacillus megaterium strains QM B1551
and DSM319. J. Bacteriol. 193 4199-4213. 10.1128/JB.00449-11

Giglio R., Fani R., Isticato R., De Felice M., Ricca E., Baccigalupi L. (2011). Organization and
evolution of the cotG and cotH genes of Bacillus subtilis. J. Bacteriol. 193 6664-6673.
10.1128/jb.06121-11

Harwood C. R., Cutting S. M. (1990). Molecular Biological Methods for Bacillus. Chichester: John
Wiley and Sons.

Huang J. M., Hong H. A., Van Tong H., Hoang T. H., Brisson A., Cutting S. M. (2010). Mucosal
delivery of antigens using adsorption to bacterial spores. Vaccine 28 1021-1030.
10.1016/j.vaccine.2009.10.127

Isticato R., Pelosi A., De Felice M., Ricca E. (2010). CotE binds to CotC and CotU and mediates
their interaction during spore coat formation in Bacillus subtilis. J. Bacteriol. 192 949-954.
10.1128/JB.01408-09

Isticato R., Pelosi A., Zilhdo R., Baccigalupi L., Henriques A. O., De Felice M., et al. (2008).
CotC-CotU heterodimerization during assembly of the Bacillus subtilis spore coat. J. Bacteriol.
190 1267-1275. 10.1128/JB.01425-07

Isticato R., Ricca E. (2014). Spore surface display. Microbiol. Spectr. 2 351-366.
10.1128/microbiolspec. TBS-0011-2012

Isticato R., Sirec T., Treppiccione L., Maurano F., De Felice M., Rossi M., et al. (2013).
Nonrecombinant display of the B subunit of the heat labile toxin of Escherichia coli on wild type
and mutant spores of Bacillus subtilis. Microb. Cell Fact. 12:98 10.1186/1475-2859-12-98

Knecht L. D., Pasini P., Daunert S. (2011). Bacterial spores as platforms for bioanalytical and
biomedical applications. Anal. Bioanal. Chem. 400 977-989. 10.1007/s00216-011-4835-4

Koshikawa T., Beaman T. C., Pankratz H. S., Nakashio S., Corner T. R., Gerhardt P. (1984).
Resistance, germination, and permeability correlates of Bacillus megaterium spores
successively divested of integument layers. J. Bacteriol. 159 624-632

84



19. Manetsberger J., Hall E. A. H., Christie G. (2015a). Plasmid-encoded genes influence exosporium
assembly and morphology in Bacillus megaterium QM B1551 spores. FEMS Microbiol. Lett.
362:fnv147 10.1093/femsle/fnv147

20. Manetsberger J., Manton J. D., Erdelyi M. J., Lin H., Rees D., Christie G., et al. (2015b). Ellipsoid
localization microscopy infers the size and order of protein layers in Bacillus spore coats.
Biophys. J. 109 2058-2066. 10.1016/j.bpj.2015.09.023

21. McCloy R., Rogers S., Caldon E., Lorca T., Castro A., Burgess A. (2014). Partial inhibition of
Cdkl in G2 phase overrides the SAC and decouples mitotic events. Cell Cycle 13 1400-1412.
10.4161/cc.28401

22. McKenney P. T., Driks A., Eichemberger P. (2012). The Bacillus subtilis endospore: assembly and
functions of the multilayered coat. Nat. Rev. Microbiol. 11 33-44. 10.1038/nrmicro2921

23. Nicholson W. L., Setlow P. (1990). “Sporulation, germination and out-growts, ” in Molecular
biological methods for Bacillus eds Harwood C., Cutting S., editors. (Chichester: John Wiley
and Sons) 391-450.

24. Nishihara T., Takubo Y., Kawamata E., Koshikawa T., Ogaki J., Kondo M. (1989). Role of outer
coat in resistance of Bacillus megaterium spore. J. Biochem. 106 270-273.

25. Pesce G., Rusciano G., Sirec T., Isticato R., Sasso A., Ricca E. (2014). Surface charge and
hydrodynamic coefficient measurements of Bacillus subtilis spore by optical tweezers. Colloids
Surf. B Biointerfaces 116C 568-575. 10.1016/j.colsurfb.2014.01.039

26. Ricca E., Baccigalupi L., Cangiano G., De Felice M., Isticato R. (2014). Mucosal vaccine delivery
by non-recombinant spores of B.subtilis. Microb. Cell Fact. 13 115 10.1186/s12934-014-0115-2

27. Rosso M. L., Vary P. S. (2005). Distribution of Bacillus megaterium QM B1551 plasmids among
other B. megaterium strains and Bacillus species. Plasmid 53 205-217. 10. 1016 / j. Plasmid
.2004 .10.005

28. Rusciano G., Zito G., Isticato R., Sirec T., Ricca E., Bailo E., Sasso A. (2014). Nanoscale chemical

imaging of Bacillus subtilis spores by combining tip-enhanced Raman scattering and advanced
statistical tools. ACS Nano 8 12300-12309. 10.1021/nn504595k

29. Sirec T., Strazzulli A., Isticato R., De Felice M., Moracci M., Ricca E. (2012). Adsorption of beta-
galactosidase of Alicyclobacillus acidocaldarius on wild type and mutants spores of Bacillus
subtilis. Microb. Cell Fact. 11:100 10.1186/1475-2859-11-100

30. Stewart G. C. (2015). The Exosporium layer of bacterial spores: a connection to the environment
and the infected host. Microbiol. Mol. Biol. Rev. 79 437-457. 10.1128/MMBR.00050-15

31. Vary P. S., Biedendieck R., Fuerch T., Meinhardt F., Rohde M., Deckwer W. -D., et al. (2007).
Bacillus megaterium—from simple soil bacterium to industrial protein production host. Appl.
Microbiol. Biotechnol. 76 957-967 10.1007/s00253-007-1089-3

32. Youngman P., Perkins J. B., Losick R. (1984). A novel method for the rapid cloning in Escherichia
coli of Bacillus subtilis chromosomal DNA adjacent to Tn917 insertion. Mol. Gen. Genet. 195
424-433. 10.1007/BF00341443

85



4.7 Additional Informations

mRFP Amount of Density P Amount Ofb mRFP pg
source sample used (ODfmm2) mRFP (ng) (% total)
Purified 100.00 ng 565.31 NA NA
mRFP 50.00 ng 27967 NA NA
25.00ng 139.18 NA NA
12.50 ng 56.84 NA NA
6.25ng 3873 NA NA
unbound 40.0 ul 89.00 16.69 0.50 (0.55%)
mRFP 200 ul 7731 11.05
10.0 pl 47.30 6.95

TABLE S1: Densitometric analysis of dot blot experiments with the supernatants of the adsorption
reaction with QM B1551 spores (Fig. 1B).

# Density measured by optical density (OD) per square millimeter and obtained by ChemiDocXRS
apparatus with Quantity-One software (Bio-Rad).
bCalculated from signals (density OD/mm2) obtained with purified mRFP. NA, not applicable.
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TABLE S2: Densitometric analysis of dot blot experiments with the supernatants of various washes
after the adsorption reaction (Fig. 1C).

® Density measured by optical density (OD) per square millimeter and obtained by ChemiDocXRS
apparatus with Quantity-One software (Bio-Rad).
*Calculated from signals (density OD/mmz2) obtained with purified mRFP. NA, not applicable.
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mRFP Amount of Density Amountof  mRFP pg 200 plI

source sample used {OD/mm2) 8 mRFP [(ng) b (% total)

Purified 100.0 ng 344.07 NA NA,

mRFP 50.0 ng 167.22 NA NA,
250ng 8672 NA NA
12.5ng 4270 NA NA

PY79 40.0 ul 64227 189.5 4.81 (9.62%)
20.0 ul 32282 97.02
10.0 pl 180.45 55.83

amB155 40.0 pl 3217 10.92 0.27 {0.55%)
20.0 ul 14.80 564

PV361 20.0 ul 34495 96.15 5.23 (10.46%)
10.0 pl 192 .56 52.32

50 89.75 30.52

TABLE S3: Densitometric analysis of dot blot experiments with the supernatants of the adsorption
reaction performed with spores of strains PY79, QM B1551, and PV361 (Fig.3B).

# Density measured by optical density (OD) per square millimeter and obtained by ChemiDocXRS
apparatus with Quantity-One software (Bio-Rad).
®Calculated from signals (density OD/mm2) obtained with purified mRFP. NA, not applicable.

mRFP Amount of Density & Amount Ofb mRFP pg
source ple used (OD/imm2) mRFP {ng] {% total)
Purified 200.0ng 497277.00 NA NA
mRFP 100.0 ng 234815.62 NA NA
50 ng 130591.46 NA NA
25ng 39776.74 NA NA
12.5ng 21699.47 NA NA
6.25ng 12754.88 NA NA
312ng T7494.43 NA NA
Sug 10,04l 3336.70 NA NA
50ul 1942.96 NA
10 ug 10,0 15553.08 12.76 0.28 (2.8%)
50pl 822625 T.66
20 g 10,0 pl 98835.80 58.70 1.14 (5.7%)
50 34504.54 2328
25u 17289.1% 13.80
40 pg 1.25 pl 16725.41 13.35 272 (6.8%)
0.625 pl 12065.26 10.34
80 pg 25pl 223133.85 127.45 10.88 (13.6%)
1.25pl 122514.80 72,36
160 pg 25u 90311364 502.31 58.8 (37%)
1.25pl 422611.05 238,22
0.625 pl 22002065 123.15

TABLE S4: Densitometric analysis of dot blot experiments with the supernatants of the adsorption
reaction performed with different amounts of mRFP.

® Density measured by optical density (OD) per square millimeter and obtained by ChemiDocXRS
apparatus with Quantity-One software (Bio-Rad).
*Calculated from signals (density OD/mmz2) obtained with purified mRFP. NA, not applicable.
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Phase Contrast mRFP Fluorescence merge

Figure S1: Whole field images of fluorescence microscopy analysis reported in Fig. 4. The same
microscopy field was observed by phase contrast and fluorescence microscopy. Scale bar 5 um. The
merge panel is reported. The exposure time is indicated.
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5.1 Abstract

Bacterial spores displaying heterologous proteins have been proposed as a safe and effi cient method
for delivery of antigens and enzymes to animal mucosal surfaces. Initial studies have been
performed using Bacillus subtilis spores, but other spore forming organisms have also been
considered. B. megaterium spores have been shown capable of displaying large amounts of a model
heterologous protein (Discosoma red fluorescent protein mRFP) that in part crossed the
exosporium to localize in the space between the outer coat layer and the exosporium. Here, B.
megaterium spores have been used to adsorb Bcpl (bacterioferritin comigratory protein 1), a
peroxiredoxin of the archaeon Sulfolobus solfataricus, known to have an antioxidant activity. The
spores were highly effi cient in adsorbing the heterologous enzyme, which, once adsorbed, retained
its activity. The adsorbed Bcpl localized beneath the exosporium, filling the space between the
outer coat and the exosporium. This unusual localization contributed to the stability of the
enzyme-spore interaction and to the protection of the adsorbed enzyme in simulated intestinal or

gastric conditions.

5.2 Introduction

The delivery of drugs and antigens by the oral or nasal routes off ers several advantages over parenteral
administration and is gaining in- creasing relevance for the treatment of human and animal diseases.
Mucosal routes are promising alternatives to delivery by injection, be- cause the high vascularization
of the mucosal surfaces allows the direct transfer of molecules into the systemic circulation [1].
However, the number of drugs and antigens that can be eff ectively administered by the oral or nasal
route is severely limited by the rapid loss of activity encountered by many of these molecules at
mucosal sites. Therefore, the successful development of mucosal therapeutic molecules relies on
efficient delivery systems, able to stabilize and protect the molecules from degradation and to reduce or
avoid completely the loss of biolo- gical activity [2]. A variety of drug delivery systems has been
proposed, including live microorganisms, virus particles, synthetic nanoparticles, liposomes,
microspheres, gels and cyclodextrins [2,3]. Bacterial spores displaying heterologous proteins have also
been proposed as a tool for the delivery of molecules to mucosal surfaces [4,5]. Spores are extremely
stable and are potentially able to combine some advantages of live microrganisms with those of synthetic
nanoparticles [4,5].

Bacterial spores are mainly formed by Gram-positive organisms of different genera and including more
than 1000 species [6] in response to harsh environments. Spores can survive in a dormant state for long
periods, resisting stresses such as high temperature, dehydration, ab- sence of nutrients, and presence of
toxic chemicals. Their use as a drug/ antigen delivery system has been fostered by their high stability [7] and
by the safety record of several species of spore formers [8]. Initially, spores of the model organism Bacillus
subtilis were used [9], but other Bacillus species have also been tested for the display and mucosal de- livery
of antigens and enzymes [4,10].

Here, the use of spores of B. megaterium for the delivery of ther- apeutic molecules to the gastrointestinal

mucosa is proposed. The B. megaterium spore is particularly promising as a delivery vehicle due to its large
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dimensions (length up to 3 pwm and diameter of 1 um, with a spore surface area about 2.5-fold larger than
that of B. subtilis) [11] and the presence of an exosporium, a protective layer surrounding the spore found
only in some spore-forming species [12,13]. The exosporium of spores of QM B1551, the best-
characterized strain of B. megaterium, have recently been shown to be essential for the adsorption of the red
fluorescent protein of the coral Discosoma sp (mRFP) [14]. mRFP was shown to cross the exosporium and
localize in the inter-coat space [14]. We used a well-characterized archaeal enzyme, the bacterioferritin
comigratory protein 1 (Bcpl) of Sulfolobus solfataricus, belonging to peroxiredoxin family [15-19], as a
model to study the spore-based delivery of therapeutic agents to mucosal surfaces. Peroxiredoxins are thiol
peroxidases commonly found in archaea and eukaryotes, including humans, and known to contribute to cell
protection against inorganic and organic peroxides [18]. Recently, the highly thermostable Bcpl of S.
solfataricus has been found to protect cardiomyoblasts from oxidative stress in vitro and was proposed as
potentially a health beneficial molecule with anti-oxidant activity [20]. The delivery of enzymes with
antioxidant activity, such as Bcpl, may be a new strategy to address inflammation caused by oxidative
stress [21,22].

5.3 Materials and Methods

5.3.1 Materials and suppliers

Difco Sporulation medium (DSM) - Oxoid, UK, 234000; BRAND®counting chamber
BLAUBRAND® Biirker-Tirk-Sigma, USA, BR719505; Isopropyl-p-D-thiogalactoside (IPTG) -
Sigma, USA,6758; Ethylenediaminetetraacetic acid (EDTA) - Sigma, USA, E9884; Protran 0.45 NC
nitrocellulose Western blotting membranes — Amersham Pharmacia Biotech, 10600002; His Trap HP —
GE Healthcare, USA, 11-0012-38 AH; DL-Dithiothreitol (DTT) - Sigma, USA, D0632; Anti-
polyhistidine-horseradish peroxidase coupled antibody - Sigma, USA, A7058; Bovine serum albumin
(BSA) - Sigma, USA, A2153

5.3.2 Bacterial strains and spore purification

B. megaterium strains QM B1551 and PV361 [13] and B. subtilis strain PY79 [23] were used.
Sporulation was induced by the exhaustion method [8]. After 30 h growth in Difco Sporulation
medium (DSM) at 37 °C with vigorous shaking, spores were collected, washed 3 times with distilled
water and incubated overnight in distilled water at 4 °C to lyse residual sporangial cells as previously
described [14]. Spore counts were determined by direct counting with a Blirker chamber [Sigma, USA
(BR719505)] under an optical microscope (Olympus BH-2 with 40X lens).

5.3.3 Expression and purification of Bcpl

BL21 Escherichia coli strain expressing Bcpl protein [16] was grown to 0.8 OD600nm in Luria-
Bertani (LB) medium supplemented with kanamycin (10 pg ml-1) and chloramphenicol (34 ug ml-1) at
37 °C. Expression was induced by 1mM isopropyl-p-D-thiogalactoside (IPTG) [Sigma, USA (6758)]
for 6 h at 37 °C as previously described [16,24]. The cells were harvested by centrifugation,
resuspended in 20mM Tris-HCI pH 8.0 containing a complete EDTA [Sigma, USA (E9884)] free
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protease inhibitors cocktail and disrupted by ultrasonication with 20 min pulses at 20 Hz (Sonicator
Ultrasonic liquid processor; Heat System Ultrasonics Inc.). Protein purification was carried out in two
steps: heat treatment of the cell extract at 80 °C for 15 min and affinity chromatography by His Trap
HP [19]. The suspension was clarified by ultracentrifugation at 160,000 x g for 30 min. The crude
extract obtained was heated at 80 °C for 15 min, and then centrifugated at 15,000 x g at 4 °C for 30
min removing almost 70% of the mesophilic host proteins. The extract was concentrated (Amicon,
Millipore Corp.; Bedford, MA, USA) and applied to a HisTrap HP [GE Healthcare, USA (1-0012-38
AH)] equilibrated with 50mM Tris/HCI, pH 8.0, 0.3M NaCl (buffer A). The column was washed with
buffer A with 20mM imidazole, and proteins were eluted with buffer A supplemented with 250mM

imidazole. The active fractions were pooled and dialyzed against 20mM Tris/HCI, pH 8.0. [16].
5.3.4 Adsorption reaction

Different amounts of purified Bcpl were incubated with 5x108 spores in 200 pl of 50mM sodium
citrate pH 4.0 at 25 °C [25,26]. After 1 h incubation, the binding mixture was centrifuged (10 min at
13,000xg at room temperature) to separate Bcpl-adsorbed- spores in the pellet from free Bepl in the
supernatant [25,26].

5.3.5 Western blot and dot-blot analysis

Extraction of proteins from spores and Bcpl-adsorbed spores was performed by treatment at 65 °C in
40 ul of sodium dodecyl sulfate (SDS) dithiothreitol (DTT) extraction buffer [LOmM tris pH 8.0, 1%
SDS, 50mM DTT, 10mM EDTA, 50mM Tris—HCI, pH 8.0]. 20 ul of extracted proteins were separated
on 12.5% denaturing poly- acrylamide gels, electrotransferred to nitrocellulose membranes [Amersham
Pharmacia Biotech, (10600002)] and analysed by western blot using a monoclonal anti-polyhistidine-
horseradish peroxidase coupled antibody (1:7000) [Sigma, USA (A7058)], as previously reported [26].
A guantitative determination of the amount of Bcpl was obtained by dot blot experiments comparing
serial dilutions of purified Bcpl and binding assay supernatant. Filters were then visualized by the
ECLsubstrates method (Clarity, Bio-rad) and subjected to densitometric analysis by Quantity One 1-D
Analysis Software (Bio-Rad) [26]. Dot blot and relative densitometric analyses were performed 3

times.
5.3.6 Fluorescence and immunofluorescence microscopy

Immunofluorescence experiments were performed as described [14]. 2.0x10° Bcpl-adsorbed spores of
QM B1551 and PV361 were incubated with 1% bovine serum albumin (BSA) ([Sigma, USA (A7058)]
for 30 min and then for 2 h with mouse monoclonal antipolyhistidine antibodies (1:200) in 1XxPBS-1%
BSA. Samples were washed and treated with a 1:64 goat anti-mouse IgG secondary antibody
conjugated with fluorescein isothiocyanate, FITC [Thermo Fisher Scientific, USA (62-6511)] (1 h at 4
°C, in the dark). After 4 washes, the samples were resuspended in 20 ul of 1xPBS and 10 ul were
analyzed. For the analysis of mRFP-adsorbed spores, following the adsorption reaction the spores were

resuspended in 50 pl of 1XPBS pH 4.0 and 5 pl of the suspension observed by fluorescence microscopy
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[27]. All samples were observed with an Olympus BX51- DP70 fluorescence microscope fitted with a
100x UPlan F1 oil objective; U-MNG or U-MWIBBP cube-filters were used to detect the red
fluorescence emission of mMRFP or the green emission of FITC-conjugated antibodies respectively.
ImageJ (v1.48, NIH) was used to draw an outline around 50 spores for each strain and mean

fluorescence values per pixel were recorded for each spore [14,27].
5.3.7 Peroxidase activity

The peroxidase activity of free or spore-adsorbed Bcpl was tested as previously reported [28]. 100 pl
of reaction mixture (50 mM HEPES pH 7.0, 10mM DTT 0.2 mM H,0,) containing different
concentrations of Bcpl, spores or Bepl-adsorbed spores were incubated at 37 °C for 5 min. 900 pl of
trichloroacetic acid (10%, w/v) were added to stop the reactions and the mixture was combined with
200 pl of 20mM ferrous ammonium sulfate Fe(NH,),(SO,4), and 100 pl of 2.5M potassium thiocyanate
KSCN, which led to the formation of a red colored iron complex. The peroxide concentration is
proportional to the color intensity measured at A=492 nm [28]. The percentage of peroxide removed
was calculated on the basis of the change in A492nm obtained with Bcpl relative to that obtained
without Bepl [28].

5.3.8 Treatments with simulated gastric and intestinal fluids

Free Bcpl, spores and Bcpl-adsorbed spores were incubated for 1 h at 37° in 100 pl of simulated
gastric juice (SGF) [1 mg of pepsin (porcine stomach mucosa; Sigma) per ml of 10mM HCI; pH 2.0] or
small intestine fluid (SIF) [1 mg of pancreatin (porcine pancreas; Sigma) per ml and 0.2% bile salts
(50% sodium cholate-50% sodium deoxycholate; Sigma); pH 6.8]. To remove the proteases contained
in SIF and SGF, after incubation, the samples containing free Bcpl were treated at 90 °C for 15 min
while samples containing spores were centrifuged for 10 min at 13000xg [29]. For the pH-stability
assay, free Bcpl, spores and Bcpl-adsorbed spores were incubated at 37 °C for 1 h in following
buffers: 0.1 M glycine- HCI pH 2.0; 0.1M citrate-phosphate pH 4.0 and pH 6.0, or 0.1 M HEPES pH
7.0. After incubation, the peroxidase activity of the samples was measured following the protocol
described above [16].

5.3.9 Statistical analysis

Results of peroxidase activity analysis are the means of 3 independent experiments. The error bars
reported in the figures show the standard errors of the mean from the 3 experiments. Statistical
significance was determined by Student t-test, using Microsoft Office Excel, and the significance level

was set at P < 0.05.

5.4 Results and discussion

5.4.1 Display of active Bcpl of S. solfataricus on B. megaterium spores
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To verify whether B. megaterium spores were able to adsorb Bepl onto their surface, 20, 50 or 70 pg
of the purified enzyme was incubated with 5.0x10° purified spores of QM B1551 or PV361. The
reactions were performed in 50mM sodium citrate at pH 4.0 [25]. After the reaction, spores were
extensively washed with PBS pH 4.0, collected by centrifugation, surface proteins extracted and
analyzed by western blotting. As shown in Fig. 1A, specific signals were observed with extracts of
spores reacted with the different amounts of purified Bcpl, indicating that Bcpl was absorbed during
the reaction by spores of both strains and released by the extraction treatment. Bcpl was apparently
extracted in comparable amounts from spores of QM B1551 previously adsorbed with 50 and 70 pg of
the enzyme. To confirm this observation, a well-established procedure [9,14,26,27] was followed and
the amount of Bcpl remaining unbound was quantified, i.e., post-adsorption spores were collected by
centrifugation and the supernatant serially diluted and analyzed by dot blotting (Supplementary
material, Additional Figs. 1 and 2). The results of the densitometric analysis (Supplementary material,
Additional Tables 1 and 2) are shown in Fig. 1B and indicated that with QMB 1551 spores, almost all
the Bcpl was adsorbed when using 20 or 50 pg in the reaction (100 and 95% respectively). The
efficiency of adsorption decreased by about 40% when 70 ng of enzyme was used, suggesting
saturation of the adsorption with 50 ug (Fig. 1B). With PV361 spores, the efficiency of adsorption was
lower than with QMB 1551 at all concentrations of Bcpl. With the lowest Bepl concentration analyzed
(20 pg), only 60% of the enzyme was adsorbed and a maximum of about 30 pg of adsorbed Bepl was
observed when 50 or 70 pug was used in the reaction (Fig. 1B). Based on these results, it was concluded
that 5.0x10% spores of QMB 1551 are able to adsorb about 50 pg and that the exosporium, present in
QM B1551 and absent in PV361, is essential for an efficient adsorption of Bepl.
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Figure 1: Adsorption of Bcpl to B. megaterium spores.

5x10% spores of QM B1551 and PV361 strains were incubated with 20, 50 or 70 pg of Bepl and then
the samples subject to centrifugation. (A) Spore surface proteins were extracted from the pellet
fractions by SDS-DTT treatment, separated by SDS-PAGE and analyzed by western blot with an anti-
polyhistidine antibody conjugated to horseradish peroxidase. Free Bcpl (Bcpl) was used as a marker
and free spore protein extracts as control (-). Whole images of western blots are reported in the
Supplementary material. (B) The percentage of spore-adsorbed Bcpl was calculated from dot blotting
(Figs. 1 and 2) of the supernatants fractions containing unbound Bcpl, and relative densitometric
analysis (Supplementary material, Additional Table 1-2). (C) Peroxidase activity of QM B1551 spores
(grey bars), of 20 and 50 pg of free Bepl (white bars) or of the same amounts of enzyme adsorbed to
spores (black bars). Error bars show the standard errors of the mean from the three different
experiments. P value<0.05.
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To assess whether spore-adsorbed Bcepl retained its enzymatic activity the efficiency of H,O, removal
by the free and spore-bound enzyme was assayed. As a control, B. megaterium QM B1551 and PV361
spores alone were assayed and showed an antioxidant activity (white bars in Fig. 1C). Interestingly,
PV361 spores were less efficient than QMB 1551 in removing H,0,, suggesting that antioxidant
activity was localized in the exosporium. Although we cannot distinguish between the enzymatic
activity due to the adsorbed Bcpl or to the spore itself, QMB 1551 spores adsorbed with Bcpl had an
antioxidant activity higher than similar amounts of free Bcpl and also than spores alone, indicating that
the adsorbed enzyme was active (grey bars in Fig. 1C). With Bcpl- adsorbed PV361 spores, the
antioxidant activity was lower than the free enzyme but higher than that of spores alone, suggesting
that the small amount of enzyme adsorbed to spores (Fig. 1B) was active (Fig. 1C). Thus, the activity
observed with Bcpl adsorbed to spores is most likely due to the combination of the activities of the
adsorbed enzyme and of the spores, with QM B1551 spores being more efficient that PV361 in

adsorbing active Bcpl.
5.4.2 Bcpl localizes in the inter-coat space

Immunofluorescence was used to localize the adsorbed Bcpl on the spore surface. 5.0x10° spores of
strains QMB 1551 or PV361 after adsorption of various amounts of Bcpl, were reacted with Bcpl-
recognizing anti-polyhistidine antibody and a fluorescent secondary antimouse 1gG. As shown in Fig.
2A, with QMB 1551 spores almost no fluorescence was observed when 10 pug of Bepl was used and
only a weak fluorescence signal, localized in spots, was observed with 20 pg of enzyme. Stronger
signals were observed by increasing the amount of Bepl to 30 and 50 pg; however, with 30 pg the
signal appeared non uniform but rather comprised of spots interrupted by non-fluorescent regions (Fig.
2A). With PV361 spores, the fluorescent signal was almost absent with 10 pg of enzyme but present
and evenly distributed around the spores with all other concentration of Bepl (Fig. 2A).

The fluorescent signal intensity was quantified using ImageJ software [11]. The mean value determined
was higher with PV361 than with QMB 1551 spores when 10 or 20 pug Bepl were used (Fig. 2B). The
signals were of similar intensity when spores of the two strains were reacted with 30 ug and became
stronger with QMB 1551 than PV361 when 50 pg of enzyme were used (Fig. 2B). These results are not
consistent with the previous results (Fig. 1) showing that QMB 1551 were more efficient than PV361
spores in absorbing Bcpl. To explain this apparent inconsistency, we hypothesized that, with QMB
1551 spores, the enzyme was unavailable to the Bepl-detecting antibody because the Bepl had crossed
the exosporium and localized in the inter-coat space, as previously reported for the mRFP protein [11].
According to this, when 10 or 20 pg of Bepl were used for the adsorption reaction all Bepl crossed the
exosporium of QMB 1551 spores, localizing in the inter-coat space and becoming mostly unavailable
to antibody. By increasing the amount of Bcpl in the adsorption reaction, the inter-coat space was
gradually filled up and with 30 and 50 pg of enzyme strong but still irregular signals were observed
(Fig. 2A). With spores lacking the exosporium (PV361) all Bcpl adsorbed to spores was recognized by

antibody, producing a strong and uniformly distributed signal.
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Figure 2: Immunofluorescence microscopy of B. megaterium spores adsorbed with increasing
amounts of purified Bcpl. (A) After adsorption reaction with different amount of Bcpl (10, 20, 30, or
50 pg) of Bepl, QMB 1551 and PV361 spores were reacted with mouse anti-polyhistidine primary
antibody and fluorescein isothiocyanate-conjugated secondary anti-mouse 1gG. The same microscopy
field for phase contrast (PC) and immunofluorescence (IF) is shown together with the merge panel. The
exposure time was 500 ms for all images. Scalebar,] um. (B) Data are expressed as fluorescence
intensity in arbitrary unit (a.u.) and represent the mean of fifty spores in each group. P value<0.01.

5.4.3 Bcpl is stably and tightly adsorbed to QMB 1551 spores

To test the stability of Bcpl adsorption, adsorbed spores were incubated at 37 °C under various
conditions of pH. After 30 and 60 min, spores were collected by centrifugation and the amount of Bcpl
present in the supernatant measured by dot-blotting (Additional File Fig. 3). Fig. 3 shows the results of
the densitometric analysis of the dot-blot (Additional File Table 3) and indicated that at pH 4.0 no
Bcpl was found in the supernatants, while at pH 6 and 7 some of the adsorbed enzyme was released.
The release of a maximum of 20% of Bcpl after 1 h at pH 7.0 was unsurprising, as it was already
known that the adsorption of several other proteins to spores of B. subtilis or B. megaterium
preferentially occurred at pH 4.0 and was less efficient at other pHs [13,26,27]. To further analyze the
stability of the interaction between Bcpl and QMB 1551 spores a displacement assay was performed
using Discosoma red fluorescent protein mRFP, already shown to efficiently adsorb onto QMB 1551
spores [14]. 5x10% spores were reacted with 50 pg of Bepl, washed and then incubated with 50 pg of
mRFP. After 1, 1.5 and 2 h incubation, the antioxidant activity of spores was measured. As shown in
Fig. 4A, antioxidant activity measured in the absence of mRFP (dark grey bar) was only slightly
reduced by incubation with the competing protein (black bars), suggesting that the adsorbed Bcpl was
not displaced by mRFP. Spores adsorbed with Bcpl and then with mRFP were also analyzed by
fluorescence microscopy. As shown in Fig. 4B, the red fluorescence signal was weak compared to
spores adsorbed only with mRFP and did not increase over time, confirming that mRFP was not able to
replace the previously adsorbed Bcpl. In a parallel experiment, spores were reacted with mRFP and
then with Bcpl. Consistently, the antioxidant activity of spores was only minimally increased by the

adsorption of Bepl (Fig. 4C, black bars), indicating that Bcpl was also unable to displace mRFP. The
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results indicate that the adsorption of heterologous proteins to spores is tight and cannot be displaced

by a second heterologous protein present in high concentration outside the spore.
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Figure 3: Kinetics of Bcpl release. Bcpl-adsorbed spores were incubated either in 0.1M
glycine—HCI, pH 2.0 (triangles), 0.1M citrate-phosphate pH 6.0 (circle) or 0.1M HEPES pH 7.0
(diamonds) and the amount of released Bcpl estimated by dot blot assay and its relative densitometric
analysis (Supplementary material, Additional Fig. 3).
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Figure 4: Displacement assays. (A) Peroxidase activity of 5.0x10%spores of QMB 1551 alone (light
grey bar) or adsorbed with 50 pg of Bepl (Bepl - dark grey bar) and then with mRFP (Bcpl+RFP -
black bars). The assay was performed after 1, 1.5 and 2 h from the addition of mRFP. (B) QMB 1551
spores were adsorbed with 5 pg of mRFP (RFP) or with 50 pg of Bepl and then with 50 ug of mRFP
(RFP+Bcpl), washed and analyzed by fluorescence microscopy after 1 or 2 h of incubation. The livery
of enzymes with antioxidant activity, such as Bcpl, may be a same field was observed by phase
contrast and fluorescence microscopy. The merge panel is shown. The exposure time was 200 ms.
Scalebar,1 um. (C) Peroxidase activity of QMB 1551 spores (light grey bar) or adsorbed with 50 g of
mRFP (RFP - dark grey bar) and then with 50 g of Bepl (RFP+Bcpl - black bars); the experiment was
performed as described in (A).
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5.4.4 Effects of simulated gastric or intestinal conditions on Bcpl-adsorbed
spores

To analyze the effects of simulated intestinal conditions on Bcpl adsorbed onto spores, Bcpl-adsorbed
spores of the QMB 1551 and PV361 strains were treated with simulated gastric fluid (SGF) or
simulated intestinal fluid (SIF). Since spores of the two strains adsorb Bcpl with different efficiencies
(Fig. 1), in order to have similar amounts of enzyme adsorbed to spores of the two strains, 5.0x10°
spores of the QMB 1551 and PV361 strains were adsorbed with 30 pug and 50 pg respectively. After the
adsorption reaction, spores were treated with SGF or SIF, washed, and used to extract surface proteins
which were analyzed by western blotting as above. In parallel, the same amount of free Bcpl was also
treated with SGF or SIF and analyzed by western blot. As shown in Fig. 5A, free Bcpl was totally
degraded by SGF treatment and only a minimal amount of the enzyme was still detected after the SIF
treatment. Bepl adsorbed to PV361 spores, lacking the exosporium, was totally degraded by both SGF
and SIF treatments. Bcpl molecules were, in contrast, still extractable and detected after either
treatment when adsorbed on QMB 1551 spores, indicating that they were only partially affected by
SGF or SIF (Fig. 5A). To verify whether the enzyme activity was still present on QMB 1551 spores
after the SIF or SGF treatment, their antioxidant activity was analyzed. As shown in Fig. 5B, the
antioxidant activity of the spores alone was not affected by either treatment (white bars), while the
activity of the free enzyme (50 pg) was strongly affected by both (black bars). The activity of 5.0x10°
spores adsorbed with 50 pug of Bepl was also affected, but the reduction was about 20% and 30% with
SIF and SGF respectively (Fig. 5B). Both SGF and SIF affected free and sporebound Bcpl, but the
antioxidant activity of spore-bound Bcpl was slightly higher than the sum of the activities of spores
and free enzyme (Fig. 5B), suggesting that at least part of the adsorbed enzyme was still active after the
treatments. Partial protection from degradation of the adsorbed Bcpl is not surprising, since it has been
previously reported that the B-galactosidase of Alicyclobacillus acidocaldarius was protected against
heat and acidic conditions when adsorbed on B. subtilis spores [25]. For Bcpl, protection was only
observed with QMB 1551 spores and not with PV361 (Fig. 5A), indicating that the exosporium is
essential for this effect. A possible explanation for the partial protection of Bcpl on QMB 1551 is that
the enzyme, localized in the inter-coat space (Fig. 2), was protected by the exosporium and was not
accessible to degradative enzymes. We hypothesized that these proteases were not able to cross the
exosporium and degrade Bcpl because, as shown for mRFP (Fig. 4), the inter-coat space was already
fully occupied by Bcpl. For verification, the experiment of Fig. 5B was repeated, adsorbing QMB
1551 spores with a reduced amount of enzyme (20 pg), insufficient to completely fill the inter-coat
space. As shown in Fig. 5C, the activity of spores adsorbed with 20 pg of Bepl was strongly reduced
by SIF and almost completely eliminated by the SGF. The antioxidant activity of spore-bound Bcpl
was slightly higher than or identical to that of spores alone after the SIF or SGF treatment, respectively
(Fig. 5C), indicating that the enzyme was almost completely degraded. Thus, under these conditions,
some of the protease contained in SGF and SIF apparently crossed the exosporium and degraded Bepl,
supporting the hypothesis that the protection of Bcpl observed in Fig. 5A, B was due to the inability of

the degradative molecules to enter the pre-filled inter-coat space.
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Figure 5: Effect of SIF and SGF on spore adsorption. (A) Western blotting, performed with Bcpl-
recognizing anti-polyhistidine antibody, of free Bcpl and of proteins extracted from spores of B.
megaterium QMB 1551 and PV361 adsorbed with 30 pg and 50 pg of Bepl respectively. Free and
spore-adsorbed enzyme was not treated (UnT) or treated with SIF or SGF (see Methods). Whole
images of western blots are reported in the Supplementary material. (B) Peroxidase activity of 5.0x10°
spores of QMB 1551 (white bars), of 50 pg of free Bepl (black bars) or the same amount of enzyme
adsorbed to spores (grey bars) without (UnT) or with SIF or SGF treatment. (C) The experiment was
performed as described in (B), but using 20 pg of enzyme. Error bars show the standard errors of the
mean of three independent experiments (P < 0.05).

5.5 Conclusions

The main conclusion of this report is that the thermoacidophilic enzyme Bcpl of S. solfataricus can be
efficiently adsorbed nto spores of B. megaterium, with about 50 pg adsorbed by 5.0x10° spores. Based
on the deduced molecular mass of 17.46 kDa for Bcpl, we estimated that about 9.5%x10° molecules of
Bcpl can be displayed on each spore. The adsorption is in part due to the presence of the exosporium.
Adsorbed Bcpl localized in the space between the outer coat and the exosporium and this unusual
localization contributed to the protection of the enzyme from degradation by treatment with SIF or
SGF. The Bcpl-spore interaction is highly stable. The enzyme was not spontaneously released under
the reaction conditions and the presence of high concentrations of other molecules outside the spore did
not displace the adsorbed molecules. However, a partial release of the adsorbed Bcpl was observed
when the pH conditions shifted from acidic to neutral. All these properties are particularly desirable for
an oral delivery system aimed at crossing the stomach and delivering the transported molecules at the
level of the intestinal mucosal surfaces. An additional interesting observation highlighted by this report
is that B. megaterium spores have an endogenous antioxidant activity. This is in part associated with
the exosporium and represents a potentially useful property for a display platform to be used for the

delivery of molecules to animal mucosal surfaces.
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5.7 Additional Informations

Additional Figure 1: Dot blot of serial dilutionsof unbound BcpZlafter adsorption reactions with 5.0
x 10°® B.megaterium QMB 1551spores and different amountsof Bcpl (20, 50 or 70pg). The amount of
purified Bcpl (ug) and the volume of supernatant (ul) loaded are indicated. Immunoreactions were
performed with Bcpl-recognizing antibody conjugated with the horseradish peroxidase (“Methods”
section).

QMB 1551

2.50

1.25

0.62

Additional Table 1: Densitometric analysis of dot blot experiments reported in Add. Fig 1.
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Bept Amount of i Amountof  Average
e  sampeused  (ODmm)  Bpi(e  oP1l

(% total)
] 0019 1543.80 NA NA
Purified 1.00 g 683.31 NA NA
05019 292.54 NA NA
02519 155.80
Unbound
20 g NA NA NA
50 g 200l 22355 0.30 26
10ul 88.01 0.11 (5.2%)
70 g 10pl 767.33 1.19
5yl 310,69 057 %5
2.5 11251 0.19 )

# Density measured by optical density (OD) per square millimeter and obtained by ChemiDocXRS
apparatus with Quantity-One software (Bio-Rad).
> Calculated from signals (density OD/mm2) obtained with purified mRFP. NA, not applicable.

Additional Figure 2: Dot blot analysis of serial dilutions of unbound Bcpl after adsorption
reactions with 5.0 x10° B. megaterium PV361 spores and different amounts of Bcp1(20, 50 or 70 pg).
The amount of purified Bepl (ug) and the volume of supernatant (ul) loaded are indicated. Immuno
reactions were performed with with Bcpl-recognizing antibody conjugated with the horseradish
peroxidase (“Methods” section).
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Additional Table 2: Densitometric analysis of dot blot experiments reported in Add. Fig 2.

Bcplsource  Amount of ity Amount of Bcpl
sample used (0D @ Bepl (pa)® [%tmg
Purfied
Bept 10pg  BHM90 NA NA
0.80 ug 135254 NA NIA
0259 568.23 A NA
0.12pg 21869 A A
Unbound
2019 200 257755 089 7.83
104 : 029 (39.1%)
54 BB o
5049 5u 1513.84 _ 195
25 50801 0% (39%)
1.250 22313 012
70 54 247555 _ 372
K8 251 1017 081 (53%)
1.25u 49823 024

®Density measured by optical density (OD) per square millimeter and obtained by ChemiDocXRS
apparatus with Quantity-One software (Bio-Rad).
> Calculated from signals (density OD/mmz2) obtained with purified mRFP. NA, not applicable.
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Additional Figure 3: Dot blot analysisof serial dilutionsof released Bcplafter 0,30 and 60min. at pH
4.0, 6.0 and 7.0 (“Methods” section). The amount of purified Bepl (ug) and the volume of supernatant
(ul) loaded are indicated. Immunoreactionswere performed with with Bcpl-recognizing antibody
conjugated with the horseradish peroxidase(‘“Methods” section).

(1]
20,00

10.00

Additional Table 3: Densitometric analysis of dot blot experiments reported in Add. Fig 3.

Bep1 source Amount of Density Amount of Bcpl pg
sample used (OD/mm2)"  Bep1 (pg)® {% total)
Purifled
Bepi 0.50 yg 3467 .88 MNiA N/A
0.25 yg 2045 .56 MN/A N/A
0.12pg 1257 .43 MN/A NIA
0.06pg 657.11 MNiA NIA
Released
pH40 0 20p MNiA NiA N/A
130 1041 677.39 0.072 1.25
5.0pl 255.53 0.029 (2.5%)
60 20p 1556.23 0.16 1.67
5.0ul 635.53 0.04 (3.2%)
pHED (0 20p MiA NIA N/A
t30 10pl 1883.19 0.20 5.04
5.0ul 1203.67 0.14 {10%)
60 104 30089.27 0.47 B6.53
Sl 1965.43 0.21 (17%)
pHTO0 (0 20p MiA NIA N/A
t30 5.0l 1756.88 0.19 7.50
2.5 B35.47 0.08 {15%)
60 5.0ul 239615 0.31 1.3
2 Sul 1478 26 n14 (22%)

®Density measured by optical density (OD) per square millimeter and obtained by ChemiDocXRS
apparatus with Quantity-One software (Bio-Rad).
> Calculated from signals (density OD/mm2) obtained with purified mRFP. NA, not applicable.
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Additional Figure 4:

Additional Figure 5:

whole image of western blots offigure 1A.
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Part 3:

Bacterial Spores as Probiotics
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6.1 Abstract

Inorganic trivalent arsenic is a major environmental pollutant and exposure to human results in many
pathologies, including keratosis and carcinoma. Here, we analyzed the effects of B. subtilis spores on
human normal keratinocytes in the presence of sodium arsenite oxidative stress. Pre-treatment of cells
with spores before inducing oxidative stress was able to keep normal levels of intracellular ROS, GSH
and lipid peroxidation, as well as to inhibit the activation of the MAPK cascade. Moreover, spores
showed a positive effect on cell proliferation, probably due to their binding on the cell surface and the
activation of intracellular catalases. We found that spores exert their protective effect by the nuclear
translocation of Nrf-2, involved in the activation of stress response genes. This, in turn, resulted in a
protective effect against sodium arsenite stress injury, as oxidative stress markers were reported to
physiological levels when cells were stressed before incubating them with spores. Therefore, B.
subtilis spores can be considered as a new agent to counteract oxidative stress on normal human

keratinocytes.

6.2 Introduction

Arsenic is a natural element widely present in food, water, air and soil*. The inorganic form exists
predominantly in trivalent (As*, such as sodium arsenite and arsenic trioxide) or pentavalent (As"*)
form?and is generally considered more harmful than organic forms3. Epidemiological studies have
shown that chronic exposure to trivalent arsenite is associated with dermal toxicity, neurodegenerative
disorders, cardiovascular diseases and the increased incidence of cancer in lung, skin, bladder, and
liver*-8. The major form of trivalent arsenite is sodium arsenite (herein denoted as SA), a water
contaminant, known to induce several human diseases®’. Indeed, SA carcinogenicity has been
evaluated by International Agency for Research on Cancer (IARC) for the first time in 19732
Moreover, it has been reported that the exposure of human cell lines to SA increases the production of

reactive oxygen species (ROS)2-2, which induce intracellular oxidative stress and result in oxidative

DNA damage and end into apoptosist 2.

Cells are equipped with an array of antioxidant systems, as the superoxide dismutases (SODs), which
catalyze the dismutation of superoxide anions into H,O, and oxygen, maintaining a low intracellular
ROS level. H,0, is reduced by various systems, mainly by catalases and peroxidases. However, these
endogenous systems are often insufficient for complete scavenging of ROS. Thus, endogenous or
exogenous antioxidants have been proposed to be potentially beneficial in reducing SA-induced
toxicity. Nowadays, a continuous search for new products able to prevent or retard stress-induced
damages is still needed. Here, we propose the use of bacterial spores of Bacillus subtilis to counteract
SA-induced damage.

Bacteria spores are metabolically dormant. They are produced by members of various Bacillus species
in response to harsh environments®. The spore can survive in this state for long time, resisting to a vast
range of stresses, such as high temperature, dehydration, absence of nutrients and presence of toxic
chemicals®®. When the environmental conditions ameliorate, spores germinate, thus giving rise to

vegetative cells able to grow and to sporulate again in case conditions should require it.
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Some Bacillus species are on the Food and Drug Administration’s GRAS (generally regarded as safe)
list and several spore-based products are widely commercialized as probiotics for human and animal
use X8 It has been shown that the ingestion of spores produced by B. subtilis, the model organism for
spore formers, restores the normal microbial flora following extensive antibiotic use or illness’. B.
subtilis is a ubiquitous bacterium found on skin, in the digestive tract, in epithelial wounds, on
extremities of the human body, in livestock and in soil*3 X, Thus, it has developed adaptive strategies
to subsist in different environments viathe production and secretion of a large number of molecules that
could exert a probiotic activity in the host?, 2. In this article, the bacterial spores are used in a different
field, i.e. that of exploiting their formidable resistance properties to prevent sodium arsenite oxidative
stress in epithelial cells. Human keratinocytes have been selected as model epithelial cells since these

cells are normally present in the outermost layer of the skin and more exposed to environmental stress.

6.3 Results

6.3.1 Effects of B. subtilis spores on human normal keratinocytes

Human keratinocytes (HaCaT cells) were chosen because normally exposed to different environmental
stress, so they can be considered as guard cells of the body. The biocompatibility of wild type spores
of B. subtilis (PY79) on HaCaT cells was tested by a time-course and dose-response test, using a ratio
from 1:1 to 1:50 (cells:spore). As shown in Fig. 1, spores had a positive effect on cell viability, as an
increase of about 60% and 30% was observed after 24 and 48 h, respectively, at the highest ratio used.
No significant increase in cell viability was observed after 72 h, as normal cells are sensitive to the
contact inhibition phenomenon, stopping their growth when they become confluent. On the basis of

these results, subsequent experiments were carried out at a ratio 1:50 (cells: spores).

150 000+ H untreated
L W1 (cells:PY79)

—— [ 1:10 (cells:PY79)
e |
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o e

© 500004

0.
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Figure 1: Effects of PY79 spores on human normal keratinocytes. Dose-response bar blot of HaCaT
cells after 24, 48 and 72 h incubation in the presence of different concentrations of PY79 spores, in a
ration from 1:1 to 1:50 (cells:spores). Cell survival percentage was defined as reported in Methods
section. Values are given as means+S.D. (n>3). *Indicates p<0.05; **Indicates p<0.005,
***Indicates p <0.001, ****Indicates p < 0.0001, with respect to untreated cells of each time point.

It has been reported that B. subtilis spores are not able to properly germinate and outgrowth in cell
culture medium for at least 5 hours?. In our experimental conditions, a partial loss of spore-refraction

was observed after 24 h incubation, in the presence of 5% CO,, in complete medium, in absence or
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presence of HaCaT cells. After 72 h incubation, the number of black spores represented the 90% of the
total spores and no vegetative cells were observed. These data suggest that spores are able to start the

germination process, but not the outgrowth, according to previously published data?.

6.3.2 Pretreatment with B. subtilis spores inhibits SA-induced damage in
eukaryotic cells

Trivalent inorganic arsenic (iAs®") is a toxic and carcinogenic environmental contaminant that humans
are inadvertently exposed to every day through water, food and air. Epidemiological investigations
demonstrate that long-term exposure to SA leads not only to different types of cancer in skin, but also
in lung, liver, kidney and bladder®. SA exerts its toxic effect through ROS generation that, produced in
the mitochondria, cause loss of GSH homeostasis and oxidations of molecules (such as formation or
lipid peroxides)®. To analyze the effects of Bacillus spores on cells subjected to oxidative stress,
HaCaT cells were pretreated with PY79 spores for 30 min and then stressed by using 300 uM SA.
Immediately after oxidative stress induction, ROS production was determined by using H,DCFDA
(2,7-dichlorofluorescin diacetate) (Fig. 2A). As expected, 45 min treatment with SA induced a 90%
increase in ROS intracellular levels compared to control cells (Fig. 2A). Interestingly, when cells were
incubated with spores before SA treatment, no increase in ROS level was observed (p <0.001). This
finding suggests that mitochondrial dysfunction, induced by SA treatment, may be prevented by PY79
through a ROS-mediated signaling pathway. It is known that GSH is the most abundant low molecular
weight thiol that plays important roles in redox, nutrient metabolism, and regulation of cellular
events?, and is oxidized during oxidative stress. Thus, we analyzed intracellular GSH content in cells
incubated in the presence of spores. Following SA-oxidative stress induction, we found a 30% decrease
(p<0.001) in intracellular GSH levels with respect to control cells, whereas GSH levels were unaltered
in cells incubated with spores and then stressed (Fig. 2B). The anti-stress activity of spores was further
confirmed by TBARS assay, in which the peroxidation level of lipids was analyzed. The result of the
experiment is reported in Fig. 2C and it clearly shows that administration of spores was able to keep
unaltered lipid peroxidation levels. In fact, cells pre-treated with spores and then exposed to SA stress
showed significantly lower intracellular levels of lipid peroxidation (100%, p <0.01) if compared to

untreated cells exposed to SA.
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