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Bacteria belonging to the orders Bacillales and Clostridiales form spores in response to nutrient starvation. From a simplified morphological perspective, the spore can be considered as comprising a central protoplast or core, that is, enveloped sequentially by an inner membrane (IM), a peptidoglycan cortex, an outer membrane, and a proteinaceous coat. All of these structures are characterized by unique morphological and/or structural features, which collectively confer metabolic dormancy and properties of environmental resistance to the quiescent spore. These properties are maintained until the spore is stimulated to germinate, outgrow and form a new vegetative cell. Spore germination comprises a series of partially overlapping biochemical and biophysical events – efflux of ions from the core, rehydration and IM reorganization, disassembly of cortex and coat – all of which appear to take place in the absence of de novo ATP and protein synthesis. If the latter points are correct, why then do spores of all species examined to date contain a diverse range of mRNA molecules deposited within the spore core? Are some of these molecules “functional,” serving as translationally active units that are required for efficient spore germination and outgrowth, or are they just remnants from sporulation whose sole purpose is to provide a reservoir of ribonucleotides for the newly outgrowing cell? What is the fate of these molecules during spore senescence, and indeed, are conditions within the spore core likely to provide any opportunity for changes in the transcriptional profile of the spore during dormancy? This review encompasses a historical perspective of spore ribonucleotide biology, from the earliest biochemical led analyses – some of which in hindsight have proved to be remarkably prescient – through the transcriptomic era at the turn of this century, to the latest next generation sequencing derived insights. We provide an overview of the key literature to facilitate reasoned responses to the aforementioned questions, and many others, prior to concluding by identifying the major outstanding issues in this crucial area of spore biology.
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PRELUDE

When RNA species in spores of Bacillales species were first characterized more than 50 years ago, spores were found to contain both rRNAs and tRNAs, although some of these nucleic acids exhibited a few apparent differences from their growing cell counterparts (Chambon et al., 1968; Deutscher et al., 1968; Setlow et al., 1974). The existence of functional spore mRNA, however, seemed less likely, since several early studies showed that spores germinating in the presence of inhibitors of RNA polymerase made little if any detectable protein (Steinberg et al., 1965; Torriani and Levinthal, 1967; Setlow and Primus, 1975), although it is possible that RNA synthesis inhibitors may not enter the spore core until germination is complete. However, even ~50 years ago there was evidence that spores did contain some mRNA, and that some of this mRNA was translationally active, at least in vitro (Chambon et al., 1968; Deutscher et al., 1968; Jeng and Doi, 1974), even if this spore mRNA appeared to be non-functional during spore germination and subsequent outgrowth. However, the thinking about spore mRNA was changed dramatically beginning ~14 years ago in the transcriptomics revolution, as over the following years a number of laboratories found 100s to 1,000s of specific mRNAs in spores of a large number of Bacillales as well as Clostridiales species (Bergman et al., 2006; Bettegowda et al., 2006; Keijser et al., 2007; Jones et al., 2008; van Melis et al., 2011; Nicholson et al., 2012; Segev et al., 2012; Bassi et al., 2013; Dembek et al., 2013; Bate et al., 2014; Swarge et al., 2018). This review will trace the history of spore mRNA biology and summarize the more recent work, some of which is ongoing. The focus will be on what we do know, and more importantly what we do not know about spore mRNA, including how these mRNAs come to be present in dormant spores. Perhaps most significantly, we will also consider the function of the plethora of mRNAs in dormant bacterial spores, and, just as importantly, what this function is not.



INTRODUCTION

Spores are formed by some Firmicutes species, the most well-studied being those of the Bacillales, although studies on spores of Clostridiales species are increasing (Tan and Ramamurthi, 2014; Setlow and Johnson, 2019; Shen et al., 2019). Such spores are considered metabolically dormant and extremely resistant to all manner of potentially harmful treatments, including wet and dry heat, desiccation, high radiation levels, and a host of toxic chemicals, including antibiotics, and can survive for many years (Setlow, 2006; Ulrich et al., 2018). Notably, dormant spores’ central core (Figure 1), comparable to the protoplast of a growing cell, has an extremely low water content, as low as 25% of wet wt in spores of some thermophiles and 35% of wet wt in the well-studied Bacillus subtilis spores; this is in contrast to the value of 80% of wet wt as water in growing cells or fully germinated spores (Gerhardt and Marquis, 1989). Spores have been studied in part because of their fascinating life cycle of growth, sporulation, and spore germination (Tan and Ramamurthi, 2014; Setlow et al., 2017; Shen et al., 2019). In addition, spores of a number of species are vectors for human diseases or intoxications, as well as food spoilage and food-borne disease. Consequently, there is also much applied interest in spore resistance and germination, the latter largely because a germinated spore has lost the high resistance of the dormant spore, and is easy to kill (Setlow and Johnson, 2019; Buhr et al., 2020). Together, both the basic science and applied interests in spores’ formation, properties, and germination has made this one of the best studied developmental system in biology, with definitive work going back many years.
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FIGURE 1. Schematic of a dormant Bacillus subtilis spore. Spores of all species share similar morphological features, namely a coat, which in this species can be sub-divided into distinct inner and outer layers, a peptidoglycan cortex, and a membrane bound spore core. The nucleoid comprises DNA encrusted by protective SASP proteins, visible as clusters of ordered dots. mRNA content is present only within the spore core.



The Early Years

Given the technology available for use 50-plus years ago, much of early work on spores was descriptive (Setlow et al., 2017; Setlow and Johnson, 2019). This work involved: (i) isolation and mapping of sporulation mutants in B. subtilis because some strains of this species are naturally transformable (this is also the major reason that B. subtilis became the “model” spore former), (ii) characterizing biochemical and morphological events in sporulation and spore germination and their timing, including changes in metabolism, (iii) characterization and quantitation of the components in the dormant spore, including nucleic acids and small molecules, and using spores of multiple species, and (iv) examining early events in spore germination, including the release of small molecules, degradation of a specific peptidoglycan layer unique to spores, termed the cortex (Figure 1), followed by a return to metabolism and macromolecular synthesis in outgrowth, which converts a germinated spore into a growing cell (although enzyme activity in the spore core could well resume before completion of spore germination – see section Issues for the Future). Notably, one of the unique features of spores of all Bacillales and Clostridiales is the presence in the spore core of ~25% of core dry wt as CaDPA, a 1:1 chelate of Ca2+ and pyridine-2,6-dicarboxylic acid (dipicolinic acid, DPA; Gerhardt and Marquis, 1989). DPA is made in the mother cell compartment of the sporulating cell, and imported into developing spores probably as CaDPA via several spore-specific channels (Ramírez-Guadiana et al., 2017; Setlow and Johnson, 2019); this incorporation almost certainly requires energy and lowers the spore core water content appreciably. CaDPA also has roles in spore resistance, is rapidly released during spore germination, and has a signaling role in germination of spores of most, but probably not all Firmicutes (Setlow et al., 2017; Shen et al., 2019).

Among the important observations made in this early period of spore research was the characterization of spore nucleic acids, most thoroughly in Bacillus megaterium, an attractive subject for biochemical work because it sporulates profusely, its spores are easily purified and these spores germinate very rapidly (Levinson and Hyatt, 1966). Early analyses of nucleic acids found that spores contained the expected rRNAs, in some cases with minor modifications, and also tRNAs (Chambon et al., 1968; Deutscher et al., 1968). However, the 3' terminal A residue almost always present in the tRNA in vegetative cells is absent from approximately one third of total spore tRNAs and some adjacent C residues are also absent (Setlow, 1974). Several researchers also found a small amount of RNA in spores (2–4% of the total), which was larger than tRNA but was not small rRNA (Chambon et al., 1968; Deutscher et al., 1968; Jeng and Doi, 1974). One of the latter reports showed that this RNA hybridized throughout the spore genome, and another reported that this RNA directed a small amount of protein synthesis in vitro. This latter RNA was thus suggested to be mRNA or “mRNA-like.” It was also clear from the early work that tRNA in spores is minimally aminoacylated, if at all, although aminoacyl-tRNA synthetases are present (Deutscher et al., 1968; Setlow, 1974).

In addition, studies of small molecules in spores ~50 years ago found that while spores do have the coenzymes generally found in all growing cells such as FAD, NAD, NADP, and the four common ribo and deoxyribonucleotides, these are all in what might be termed a “low energy state,” with minimal if any NADH, NADPH, or ATP (Setlow and Kornberg, 1970a,b; Setlow and Setlow, 1977). Indeed, the absence of ATP (≤1% of the total adenine nucleotide pool) from spores shown ~50 years ago by chromatography of extracts from 32P-labeled spores and enzymatic assays using firefly luciferase, was confirmed more recently using 31P-NMR analysis of spore extracts (Ghosh et al., 2015). The latter assays were also carried out on spores incubated at physiological temperatures with care taken to prevent spore germination using appropriate mutant strains, and again with no ATP detected. A major conclusion from this older and newer work is that dormant spores in water have an energy charge [(ATP) + 0.5(ADP)/(ATP) + (ADP) + (AMP)] of ≤0.1, while in growing cells of both prokaryotes and eukaryotes’ energy charge is maintained at ~0.9 (Chapman et al., 1971). The ratio of ATP relative to the total adenine nucleotide pool in the dormant spore is thus ≤0.01, while this is normally at 0.8 in growing cells. This low ratio would in all likelihood make normal biosynthetic reactions using ATP thermodynamically unfavorable in the dormant spore core, leaving aside the role of the low core water content that most likely greatly restrains protein movement and enzymatic activity there also (Gerhardt and Marquis, 1989; Cowan et al., 2004).

Another set of important observations made >40 years ago was that dormant spores of B. megaterium did not contain one or more key enzymes for the synthesis of ribonucleotides or amino acids (Setlow and Kornberg, 1970b; Setlow and Primus, 1975). As a consequence, despite synthesis of RNA and proteins beginning relatively soon after spores were triggered to germinate, there was no detectable de novo synthesis of ribonucleotides or amino acids at this time, and biosynthesis of these small molecules only began long after germination was complete and then only after the required biosynthetic enzymes were synthesized during spore outgrowth. Thus, any synthesis of RNA or proteins occurring soon after the triggering of spore germination must come from spores’ reserves of ribonucleotides or amino acids, respectively. Indeed, spores contain a large amount of protein, classified as small, acid-soluble spore proteins (SASP), that are degraded soon after germination is initiated, and this provides amino acids for new protein synthesis at this time (Setlow, 2007). The energy for the earliest RNA and protein synthesis after spore germination is initiated, as well as tRNA repair, can come from the environment, if available, and also by utilizing spores’ endogenous energy reserves, including 3-phosphoglyceric acid (3PGA) as well as degradation of some amino acids generated by proteolysis (Nelson and Kornberg, 1970b; Setlow and Kornberg, 1970a; Setlow and Primus, 1975). There were also suggestions in this early period of spore research that ribonucleotides needed for RNA synthesis soon after triggering spore germination would also come from breakdown of spore RNAs (Setlow and Kornberg, 1970b), but the specific RNA degraded was not definitively identified.

Notably, the absence of nucleotide biosynthetic enzymes from spores and that these proteins are synthesized at various times in spore outgrowth have also recently been shown for B. subtilis spores in several proteomic studies (Swarge et al., 2018, 2020b). The latter findings were also made for amino acid biosynthetic enzymes as well. Other important observations (Nelson and Kornberg, 1970b; Setlow and Kornberg, 1970a,b; Scott and Ellar, 1978) made early in biochemical analyses of spore germination were that: (i) ATP accumulation began only after germination was completed or very near completion, (ii) catabolism of dormant spores’ endogenous energy reserves, most notably 3PGA, could support almost all ATP needed for at least the first few minutes after germination was triggered, and (iii) even if ATP accumulation was blocked, germination still took place. This latter observation was also confirmed more recently (Cowan et al., 2004). The thinking about mRNA in spores was also greatly influenced by experiments showing that spores of several species incubated with germinants in the presence of inhibitors of RNA synthesis still germinated, but protein synthesis was blocked >99% (Steinberg et al., 1965; Torriani and Levinthal, 1967; Setlow and Kornberg, 1970b). While this certainly does not prove that spores have no mRNA, it does suggest that the amount of functional mRNA in spores was either minimal, or this mRNA was very rapidly degraded early in spore germination.

Overall, based on the evidence available in the early years of biochemical studies on dormant spores and spore germination, the general thinking was that: (i) there was minimal if any ATP in spores and therefore minimal if any metabolic activity, (ii) this latter statement included even metabolism of endogenous energy reserves such as 3PGA – note that enzymes for converting 3PGA to acetate, NADH, and ATP are present in spores and generate ATP early after spore germination is initiated, but 3PGA is stable in dormant spores (Nelson and Kornberg, 1970a), and this latter point was revisited recently and confirmed by 31P-NMR of extracts from spores stored at physiological temperatures for weeks (Ghosh et al., 2015), (iii) there is neither functional mRNA nor ribonucleotide biosynthetic enzymes in dormant spores, and therefore synthesis of protein when spores germinate will require synthesis of new mRNA using ribonucleotides generated by degradation of some dormant spore RNA. Indeed, there was indirect evidence for this RNA degradation even 50 years ago (Setlow and Kornberg, 1970a,b), as B. megaterium spores germinating with glucose plus an inhibitor of RNA synthesis accumulated ATP levels >5-fold higher than did spores germinating with glucose alone, and (iv) spores contained ribosomes, the components of which appeared to be indistinguishable from their vegetative cell counterparts (Chambon et al., 1968; Deutscher et al., 1968). Moreover, spore ribosomes appeared to be translationally active, in the sense that when extracted, they were capable of synthesizing polyphenylalanine from a polyuracil template in cell-free reaction mixtures at comparable rates to ribosomes purified from log-phase vegetative cells (Chambon et al., 1968; Deutscher et al., 1968). Whether ribosome hibernation factors, such as the Hpf protein, have a role in spores in preserving the structural integrity of ribosomes during dormancy, analogous to that observed in stationary phase vegetative cells (Feaga et al., 2020), perhaps facilitating rapid resumption of activity upon germination, has not been established. Regardless, and most importantly, the thinking about spores until ~2006 was that they did not have “functional” mRNA.



The Omics Era Arrives

The idea that spores do not have mRNA, even if this was not quite what the data from the 1960s and 1970s showed, took a real body blow in 2006 with the publication of two reports of analyses of mRNAs in bacteria of two spore formers, B. subtilis and Clostridium novyi, using microarray hybridization technology (Bettegowda et al., 2006; Keijser et al., 2007). These reports examined not only cells of these two organisms, but also dormant spores, and found readily detectable levels of mRNAs in spores from a number of genes coding for proteins ~23 in B. subtilis spores and 960 in C. novyi spores. The difference in the numbers in these two species was likely simply because of what was deemed significant in the different studies. Notably, a large number of the genes encoding mRNAs in B. subtilis were ones that: (i) encoded proteins known to be present in dormant spores and (ii) were expressed only in the developing forespore late in sporulation, and using RNA polymerase with the forespore-specific σ (specificity) factors for RNA polymerase, σF and/or σG (Figure 2; Arrieta-Ortiz et al., 2015; Swarge et al., 2018). The C. novyi spore data were more difficult to analyze fully because of the lack of proteomics data for spores of this organism. However, at least three of the most abundant five mRNAs in these spores encoded small, SASP, which in other spore formers are known to be: (i) synthesized only in the developing spore under σG and/or σF control and (ii) abundant proteins in spores (Setlow, 2007). However, note that none of these spore mRNAs have been shown to direct the synthesis of a protein after spores germinate.
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FIGURE 2. Schematic of B. subtilis sporulation. The process starts with an asymmetric cell division, which results ultimately in the larger mother cell compartment engulfing the nascent forespore. Both compartments are characterized by the activity of RNA polymerase containing sequentially different sporulation-specific sigma factors, the products of which progressively assemble the spore prior to its release to the environment. Despite being metabolically dormant, spores contain significant amounts of mRNA, including a minority of σE and σK associated transcripts. Neither the source nor purpose, if any, of these mother-cell associated mRNA molecules has been established, although the SpoIIIA-IIQ channel that connects both cellular compartments at or around the engulfment stage of the process may have a contributing role in the former.


The publication of the two papers cited above applying the new transcriptomics technology to spores unleashed a flood of publications reporting the mRNAs in spores of multiple species. The list of these species includes a veritable who’s who of spore formers and includes the spores of the two species noted above as well as spores of Bacillus cereus, Bacillus anthracis, Bacillus thuringiensis, Clostridium acetobutylicum, Clostridium sporogenes, and Clostridioides difficile, and several additional publications examining B. subtilis spores (Bergman et al., 2006; Bettegowda et al., 2006; Keijser et al., 2007; Jones et al., 2008; van Melis et al., 2011; Nicholson et al., 2012; Segev et al., 2012; Bassi et al., 2013; Dembek et al., 2013; Bate et al., 2014; Bassi et al., 2016; Nagler et al., 2016; Swarge et al., 2020a). All these studies reported generally similar findings as follows: (i) there was indeed hybridization of spore RNA to protein coding regions from genomes of these species, with these spore RNAs being almost certainly mRNAs, (ii) the variability in the numbers of these mRNAs was quite high, ranging from the low of 23 noted above to highs of >1,000, with most studies finding many 100s of mRNAs, (iii) as noted above, most of the very abundant B. subtilis spore mRNAs encoded proteins found in spores and their coding genes were expressed in the developing spore late in sporulation, but (iv) some mRNAs present at high levels in B. subtilis spores were not known to be expressed in the developing spore, and surprisingly, some were thought to be expressed only in the mother cell compartment of the sporulating cell (Figure 2). Notably, these putative mother cell mRNAs were not contaminants in outer layers of at least B. subtilis spores, since spores incubated in alkaline conditions which would hydrolyze RNA in spores’ outer layers still had the mother cell-expressed mRNAs present in the spore core (Korza et al., 2019).

In addition to reports of the presence of multiple mRNAs in spores, there was also extensive analysis of when the various genes encoding these spore mRNAs were actually transcribed, and whether in growing cells or during sporulation. However, these analyses were hampered by the lack of specific information on where genes were transcribed in sporulation of almost all species, in particular whether in the mother cell or forespore compartment of the sporulating cell. B. subtilis and B. anthracis were the notable exceptions to the relative paucity of definitive information on the “where” question posed above, in large part because of the classification of what σ (specificity) factors for RNA polymerase directed the transcription of various genes in developing spores (Bergman et al., 2006; Arrieta-Ortiz et al., 2015). Indeed, as noted above, of the 23 mRNAs identified in the initial report on B. subtilis spore mRNAs, the transcription of almost all was dependent on σF and σG known to be responsible for specific transcription late in forespore development (Keijser et al., 2007). However, for studies in which many 100s of B. subtilis spore mRNAs were identified, this was not the case. The second major type of analysis of the many 100s of mRNAs found in spores of different species was using one of several programs to analyze the role of the proteins encoded by the spore mRNAs in metabolism, macromolecular synthesis, and stress responses etc. (Hosack et al., 2003; Kanehisa et al., 2017). This generated a huge amount of speculation on the precise functions for specific mRNAs in spores.

A second application of the new transcriptomics technology was looking at the fate of these mRNAs in spores, and one study with B. anthracis spores found that they almost completely disappeared when spores were stored for ~30 days at 37°C (Bergman et al., 2006). This was largely true for B. subtilis spore mRNAs as well, and in even less time (Segev et al., 2012). The latter report also found that even spore rRNA was fragmented when spores were stored for various lengths of time at 37–50°C; this fragmentation also appeared to be endonucleolytic, and it was suggested to be due to RNase Y. This finding of rRNA degradation in spores incubated at elevated temperatures was confirmed more recently, and in both B. megaterium and B. subtilis spores, although not the involvement of RNase Y, and this rRNA fragmentation did not decrease spore viability or germination rates (Korza et al., 2016). However, since the rRNA fragmentation was not associated with generation of mononucleotides, it certainly appeared to be endonucleolytic. The fact that the rate of this rRNA fragmentation increased drastically as spore incubation temperature increased up to ~80°C, even though spores remained viable, suggested that the rRNA fragmentation was not enzyme catalyzed. Notably, the mRNAs in C. novyi spores appeared to be more stable than in spores of Bacillus species (Bettegowda et al., 2006), but this finding has not been studied further.

Another extremely surprising observation made based on the new technology was a report that not only was rRNA fragmented in spores incubated at 37–50°C, but that there was actual synthesis of mRNAs in spores incubated at 4°C, as shown primarily by transcriptomics and qRT-PCR (Segev et al., 2012). This report was particularly surprising in that as noted in section The Early Years above, spores have very low, if any, levels of ATP, and generate no detectable steady state level of ATP on incubation at 37°C. In addition, it seems very likely that: (i) proteins needed for RNA synthesis would not work in the low water content in the spore core and (ii) spores’ extremely low ratio of ATP/AMP would thermodynamically preclude phosphodiester bond formation, and if pyrophosphatase also does not work in the dormant spore core, this would make phosphodiester bond formation even more unfavorable. Thus, it is difficult to imagine how RNA synthesis would go on in all spores in the spore population at the same time, although it is of course impossible to prove that no spores in populations do this intermittently.

The overall picture that emerged from the work noted above in 2006–2016 was that: (i) spores appeared to have many 100s of different mRNA species, (ii) some of these spore mRNAs are synthesized specifically late in spore formation, and thus might be “left over” when the water content in the developing spore drops from 80% of wet wt to <35%, (iii) but many spore mRNAs are not known to be synthesized specifically in developing spores, and (iv) and surprisingly, some of these spore mRNAs are thought to be expressed in the mother cell compartment of the sporulating cell. So, the key questions raised but not answered by the transcriptomics work between 2006 and 2016 were: (i) where did all these various mRNAs come from and (ii) what is their function?

Some new insight into the answers to these questions posed above came from application of even newer transcriptomics technology, RNA-Seq, to analysis of B. subtilis spore mRNA (Nagler et al., 2016). This work found ~1,800 individual mRNAs in dormant B. subtilis spores, and also reported the relative abundance of these mRNAs, based on values for reads per kb of transcript per million mapped reads (RPKM). Notably, there was a huge variation in these RPKM values, ranging from >106 for the most abundant mRNA down to <10 for many others, with all else in between. Analysis of these many mRNAs found that while the ~50 most abundant ones were almost all expressed in the developing spore under σG control (and see below), many spore mRNAs were known to be expressed in the mother cell compartment of the sporulating cell (Korza et al., 2019), and how such mRNAs ended up in the spore was not clear. Equally, only two of the mother-cell associated mRNA molecules were present in the top 50 or so most abundant transcripts, averaging roughly one molecule per spore (in contrast, the most abundant mRNA molecules are present at ~100 copies per spore; Korza et al., 2019). It is possible also that mother-cell associated mRNA is fragmented and may not serve as a template for translation, as discussed further below. Regardless, the results from the use of this new technology, in some ways, raised more questions than it answered. However, the improved quantitation that RNA-Seq provided over microarray hybridization, especially in terms of the whole dynamic range, certainly made the questions about these mRNAs more specific, particularly in terms of the quantitation of spore mRNAs.



The Smoke Begins to Clear

While the reports of transcriptomics work that appeared starting in 2006 and up to 2016 provided much new information on spore mRNAs, the role of all these mRNAs was not clear. It was also not clear how all these mRNAs got into the spore core, since many were known to be synthesized in the mother cell compartment of the sporulating cell. However, the shift to analyses by RNA-Seq in the 2016 report (Nagler et al., 2016) provided important quantitative information, since the RPKM values for all ~1,800 dormant spore mRNAs identified varied over >105-fold, a dynamic range that could not easily be achieved with microarray technology. Notably, of the most abundant ~50 mRNAs detected in this RNA-Seq study almost all: (i) were expressed in the developing spore late in sporulation, and under the control of σF and/or σG and (ii) encoded proteins present in the dormant spore, with some, in particular the α/β‐ and γ-type SASP, being the most abundant spore proteins (Setlow, 2007; Zhu and Stülke, 2018). These two types of SASP are degraded rapidly when spores germinate to provide amino acids for new protein synthesis. Notably if α/β-type SASP is not degraded, this causes the death of the outgrowing spore, as these proteins saturate spore DNA and if not degraded after germination, this will likely block transcription of much of the genome (Hayes and Setlow, 2001). Thus, it seems extremely unlikely that there will be any need for synthesis of proteins from these genes’ abundant mRNAs soon after spore germination is triggered. Indeed, recent work has shown that almost all abundant mRNAs are rapidly degraded following initiation of spore germination (Swarge et al., 2018). However, it is certainly possible that one or more spore mRNAs, in particular one of the most abundant ones, could direct synthesis of a protein or proteins that are essential for the development of the germinated spore. Indeed, there was one report that the malic enzyme encoded by malS was synthesized very early in B. subtilis spore germination, and even before the phase bright dormant spore turned phase dark due to excretion of CaDPA and cortex hydrolysis (Sinai et al., 2015). Evidence to support protein synthesis prior to the phase transition was principally in the form of an unexpected increase in fluorescence associated with a MalS-GFP fusion protein, coupled with Western blot data showing an apparent increase in abundance of the protein during this period. The same authors suggested that the concentration of malate in dormant spores was relatively high, in contrast to earlier studies and a more recent one (Setlow et al., 1977; Scott and Ellar, 1978; Korza et al., 2017), providing a readily available substrate with which to generate ATP for the germinating spore. A more recent study, employing analogous strains and a range of sporulation conditions, reported a similar increase in fluorescence associated with MalS-GFP during the early stages of germination (Swarge et al., 2020b). However, in contrast to results of Sinai et al. (2015), Western blot data in the Swarge et al. report indicated that MalS-GFP abundance remained stationary throughout germination. Indeed, mass spectrometry data, using a more sensitive approach than that employed by Sinai et al. (2015), convincingly demonstrates that synthesis of MalS does not begin until ~80 min after the completion of germination. The same authors suggest that the observed increase in MalS-GFP fluorescence reflects a change in the environment of the germinating spore core – most likely partial ingress of water from the environment promoting enhanced fluorescence from existing MalS-GFP – and is not associated with de novo protein synthesis. The observation that malS mRNA sits outside the top 1,000 most abundant transcripts detected within spores, at levels indicative of being present in only a small sub-set of the population and with a copy number averaging much less than 1/spore (Nagler et al., 2016; Korza et al., 2019), further supports the conclusions reported by Swarge et al. (2020b). Indeed, very recently published work conducted by the same group, this time combining an integrated transcriptomic and multi-faceted proteomic approach, permitting a hitherto unsurpassed level of resolution to these analyses in spores, robustly supports the idea that both transcription and protein synthesis start after the completion of germination (Swarge et al., 2020a).

There is also the question of when ATP becomes available in the developing spore, and as noted in section The Early Years, this appears to begin at most very late in spore germination, and perhaps not until this process is complete and spore core water content rises to the 80% of wet wt in growing cells. While all this evidence by no means conclusively proves that spore mRNAs are not saved to direct synthesis of some proteins when spores return to life in germination, these data certainly raise significant concerns about whether this could be the case.

It was the large dynamic range of the RNA-Seq data that led to a clearer picture of what spore mRNAs might do. Work done many years ago had indicated that as in most organisms, in growing cells of B. subtilis and a very closely related species, approximately 3% of their RNA is mRNA (Midgley, 1969; Brown and Coleman, 1975), and notably the uncharacterized RNA in B. subtilis spores termed “mRNA-like” was also ~3% of total RNA (Jeng and Doi, 1974). This number plus the RPKM values from RNA-Seq analysis of spore mRNAs in rRNA depleted spore RNA samples then allowed assignment of relative levels of all spore mRNAs. The other crucial number was the exact amount of RNA present in a single B. subtilis spore. This number, as well as the amount of spore DNA, was determined ~50 years ago in 32P-labeled B. subtilis and B. megaterium spores (Nelson and Kornberg, 1970a). Notably, although not known at that time, the value of B. subtilis spore DNA bp/spore determined in this report was almost identical to the length of the sequenced B. subtilis chromosome. In contrast, B. megaterium spores had slightly more than twice the DNA/spore than B. subtilis spores, as is now known to be consistent with B. megaterium making digenomic spores (Hauser and Karamata, 1992) and with a slightly larger chromosome than B. subtilis. Most importantly, the average values for RNA nt in B. subtilis spores, coupled with the assumption that 3% of spore RNA was mRNA as it is in growing cells, indicated that mRNAs in B. subtilis spores contributed an average of ~106 nt/spore. Combining this latter number with the relative levels of spore mRNAs determined from RNA-Seq, and these mRNAs’ lengths adjusted for extra nt at the 5' and 3' ends, allowed calculation of the relative levels of these mRNAs needed to give the 106 nt in B. subtilis spores (Korza et al., 2019). This analysis indicated that in B. subtilis there were only ~50 mRNAs present at ≥1 molecule/spore in populations, with many 100s present in <10% of the population. Notably, almost all of the abundant spore mRNAs are transcribed by RNA polymerase with σG or σF and encode proteins in spores. This suggests these mRNAs were those that were being made when the developing spore shut down, and they have been in suspended animation through dormancy.

While the above work certainly clarifies where the abundant and likely most significant spore mRNAs came from, they do not completely address the function of these mRNAs, as well as that of the many mRNAs present in only small fractions of the spore population. Might these be important in directing protein synthesis early in germination even if only for some spores? Ruling this out is most likely impossible. However, a simple experiment of leaving spores to sporulate for different times, and then analyzing their mRNA levels provided strong evidence that spore mRNAs, more specifically intact spore mRNAs, are not essential for at least B. subtilis spore germination and outgrowth (Camilleri et al., 2019). Thus RNA-Seq analysis on B. subtilis spores harvested after 2 days of sporulation gave approximately the same ~50 spore mRNAs at ≥1 molecule/spore, but spores allowed to sporulate on plates for 45–90 days at 37°C gave RNA from which levels of all spore mRNAs were decreased ≥95-fold, and rRNAs were significantly fragmented. Yet despite this loss of all intact spore mRNA and significant damage to rRNA, spore germination and return to growth were not appreciably affected. This result certainly rules out spore mRNAs as playing any role in directing protein synthesis when spores germinate, and suggests that these mRNAs main function is to serve as a reservoir of ribonucleotides for new RNA synthesis when spores germinate fully. As noted above, almost all the abundant spore mRNAs are rapidly degraded when spores germinate, but how this degradation takes place in the dormant spore is not clear, but it is not to ribonucleotides (Korza et al., 2016). Indeed, rRNA was also fragmented in spores after 45–90 days of sporulation, and at specific regions and into rather large fragments. Almost all mRNA from these aged spores is thus also almost certainly fragmented into pieces too small to be detected by RNA-Seq, but this will require further work to determine the fragment sizes of the degraded spore mRNAs. It is also possible that some small mRNA fragments play a regulatory role in gene expression, although there is currently no evidence relevant to this suggestion.

Probably the biggest question not answered to date is how so much mRNA from genes expressed in the mother cell shows up in dormant spores. Certainly, contamination in dormant spores’ outer layers has been thoroughly ruled out (Korza et al., 2019). However, there is known to be a feeding tube between the mother cell and forespore through which small molecules can pass to “feed” the developing spore (Figure 2). Perhaps fragments of mother cell mRNA can also pass into the developing spore as was previously suggested (Segev et al., 2012). Indeed, analysis of the coverage of RNA-Seq data for high and low abundance mRNAs in B. subtilis spores indicates that while coverage of reads of high abundance mRNAs is reasonably uniform, coverage of reads for low abundance mRNAs is somewhat less uniform, consistent with at least some of these mRNAs being in fragments. Indeed, direct evidence for the fragmented nature of at least some spore mRNAs was obtained recently by examining spore mRNAs for an NAD residue incorporated at mRNAs 5'-termini (Craft et al., 2020).




ISSUES FOR THE FUTURE

Given all the material above, the most likely assumptions now about spore mRNA seem to be as follows: (1) this mRNA is not important for directing synthesis of proteins needed for spore germination or outgrowth and (2) the role of this mRNA is to serve as a ribonucleotide reserve for new RNA synthesis when spores resume macromolecular synthesis. The available data on spore ATP levels also make it extremely unlikely that there can be significant levels of new RNA synthesis in dormant spore populations. However, given the well-known heterogeneity in spore populations (Setlow et al., 2012, 2017), it is certainly possible that a small percentage of dormant spores could be active in RNA synthesis from time to time, and disproving such possible heterogeneity in dormant spore populations will be extremely difficult. Perhaps going forward it may become possible to conduct transcriptomic analyses on individual dormant spores. Alternatively, small fractions of spores within dormant populations have been observed to initiate germination in a seemingly stochastic manner that reflects phenotypic rather than genetic diversity (Paidhungat and Setlow, 2000; Sturm and Dworkin, 2015). It is plausible then that these “spontaneously” germinating spores account for detectable mRNA synthesis in otherwise dormant spore populations, particularly if sensitive assays are employed.

Another topic touched upon in this review is whether RNA and/or protein synthesis are needed for spore germination. Most, but not all evidence supports an answer of no to this question, with the lack of the inhibition of spore germination by inhibitors of RNA or protein synthesis seen by most workers being potentially definitive results. However, it is well-known that the dormant spore inner membrane (IM), at least of B. subtilis, is impermeable to charged compounds, and exhibits only very slow permeability to neutral lipophilic compounds and even water (Gerhardt and Black, 1961; Knudsen et al., 2016). Thus, it seems most likely that charged and hydrophilic inhibitors of macromolecular synthesis would not get into the spore core until after germination is complete, including the hydrolysis of the spore peptidoglycan cortex, when IM lipid mobility and permeability return to that of growing cells. Indeed, there is no direct evidence for uptake of inhibitors of RNA or protein synthesis into an intact dormant spore, including when various treatments have been used in hopes of increasing spore permeability (Tanimoto et al., 1996; Sinai et al., 2015). Thus, to make this inhibitor experiment definitive, new ways must be developed to ensure that inhibitors indeed are able to freely enter the spore core. The recent demonstration of the high apparent IM permeability of decoated, CaDPA-less spores which retain characteristics of dormant spores (Mokashi et al., 2020) suggests that these spores could be useful for this type of experiment.

The second major evidence against any essential involvement of macromolecular synthesis in spore germination is that ATP levels are almost non-existent in dormant spores, and appear to increase only after germination is complete (Setlow and Kornberg, 1970a; Scott and Ellar, 1978). While this result is potentially definitive in ruling out macromolecular synthesis’ involvement in spore germination, this experiment can be confounded to some extent by at least three factors – (i) the heterogeneity in germination rates between individual spores in populations (Setlow et al., 2017), so that curves for both germination and ATP accumulation are broadened significantly, (ii) completion of germination after CaDPA release requires hydrolysis of the spore cortex peptidoglycan, which leads to an increase in core water content to 80% of wet wt allowing full protein mobility in spores and thus metabolic activity; however, the latter increase in core water is not rapid and takes 10–15 min in B. subtilis (Camilleri et al., 2019), and perhaps there could be metabolic activity when core water content reaches 60% of wet wt, and (iii) analyses of the accumulation of ATP by germinating spores has always been measured by extraction of small molecules and subsequent analyses and it would be ideal to measure molecules such as ATP, NADH, etc., in individual germinating spores, as this would give much higher resolution for analyses of when ATP and other high energy compounds were generated in spore germination. Indeed, certainly our understanding of spore germination has been significantly increased by examining the germination of multiple individual spores (Setlow et al., 2017). It certainly seems possible that use of new technology to examine individual germinating spore properties could give further insight into events early in germination and with much better time resolution than we currently have.

Finally, one of the most puzzling findings to come from detailed analysis of mRNAs in dormant spores is that a number of these mRNAs are thought to be expressed only in the mother cell compartment of this sporulating cell under the control of the mother cell compartment-specific σE or σK factors for RNA polymerase. It is certainly possible that there is some small amount of either or both of these σ-factors in forespores, although expression of such mother cell proteins has not been observed, and indeed would seem to serve no purpose, especially for mRNAs that encode spore coat or exosporium proteins. Readthrough transcription from an upstream gene under control of a forespore promoter may also be a contributing factor here although it seems unlikely that such a mechanism would be relied upon to confer molecules with functional significance. Another possibility suggested ~8 years ago (Segev et al., 2012) is that mother cell mRNAs might migrate into the developing spore via the “feeding tube” through which the mother cell nurtures the forespore (Camp and Losick, 2008; Meisner et al., 2008; Camp and Losick, 2009; Crawshaw et al., 2014; Zeytuni and Strynadka, 2019). However, if these mRNAs were intact, this would again seem to raise the concern of expressing mother cell protein in the spore core. An obvious alternative is that the mother cell mRNAs are only fragments, which might even facilitate their passage through the feeding tube. Indeed, many spore mRNAs appear to be significantly fragmented as determined by both analysis of the coverage of reads along a gene (Camilleri et al., 2019; Korza et al., 2019), as well as isolation of 5'-modified regions of a few B. subtilis spore mRNAs and demonstration that 3'-regions of these mRNAs were not isolated with 5' ends (Craft et al., 2020). This analysis, as well as the mechanism of mRNA (as well as rRNA) hydrolysis in spores and which does not give rise to mononucleotides (Korza et al., 2016) are also subjects for further work, and will almost certainly give new and interesting information on what is going on inside developing spores, and even dormant spores themselves.



AUTHOR CONTRIBUTIONS

PS and GC contributed equally to the writing and preparation of this article. Both the authors contributed to the article and approved the submitted version.



FUNDING

Work in the Setlow lab has been supported by grants and contracts from agencies in the USA including the Army Research Office, Defense Threat Reduction Agency, Defense Advanced Products Research Agency, Department of Agriculture and the National Institutes of Health. Work in the Christie lab has been supported by various UK Research Council and industry partners, including the Biotechnology and Biological Sciences Research Council, the Engineering and Physical Sciences Research Council, the Defence Science and Technology Laboratory, The Royal Society, and the UK Home Office.


ACKNOWLEDGMENTS

We are grateful to Chris Doona, Wendy Mok, Melissa Caimano, Ralf Moeller, Barbara Setlow, and Stanley Brul for comments on the manuscript.



REFERENCES

 Arrieta-Ortiz, M. L., Hafemeister, C., Bate, A. R., Chu, T., Greenfield, A., Shuster, B., et al. (2015). An experimentally supported model of the Bacillus subtilis global transcriptional regulatory network. Mol. Syst. Biol. 11:839. doi: 10.15252/msb.20156236

 Bassi, D., Cappa, F., and Cocconcelli, P. S. (2013). Array-based transcriptional analysis of Clostridium sporogenes UC9000 during germination, cell outgrowth and vegetative life. Food Microbiol. 33, 11–23. doi: 10.1016/j.fm.2012.08.004

 Bassi, D., Colla, F., Gazzola, S., Puglisi, E., Delledonne, M., and Cocconcelli, P. S. (2016). Transcriptome analysis of Bacillus thuringiensis spore life, germination and cell outgrowth in a vegetable-based food model. Food Microbiol. 55, 73–85. doi: 10.1016/j.fm.2015.11.006

 Bate, A. R., Bonneau, R., and Eichenberger, P. (2014). The bacterial spore: From molecules to systems. eds. A. Driks and P. Eichenberger (Washington, DC: American Society for Microbiology), 397.

 Bergman, N. H., Anderson, E. C., Swenson, E. E., Niemeyer, M. M., Miyoshi, A. D., and Hanna, P. C. (2006). Transcriptional profiling of the Bacillus anthracis life cycle in vitro and an implied model for regulation of spore formation. J. Bacteriol. 188, 6092–6100. doi: 10.1128/JB.00723-06

 Bettegowda, C., Huang, X., Lin, J., Cheong, I., Kohli, M., Szabo, S. A., et al. (2006). The genome and transcriptomes of the anti-tumor agent Clostridium novyi-NT. Nat. Biotechnol. 24, 1573–1580. doi: 10.1038/nbt1256

 Brown, S., and Coleman, G. (1975). Messenger ribonucleic acid content of Bacillus amyloliquefaciens throughout its growth cycle compared with Bacillus subtilis 168. J. Mol. Biol. 96, 345–352.

 Buhr, T. L., Minter, Z. A., Kennihan, N. L., Young, A. A., Borgers-Klonkowski, E. L., Osborn, E. B., et al. (2020). Combining spore germination and heat inactivation to decontaminate materials contaminated with Bacillus anthracis spores. J. Appl. Microbiol. 128, 124–137. doi: 10.1111/jam.14474

 Camilleri, E., Korza, G., Green, J., Yuan, J., Li, Y. Q., Caimano, M. J., et al. (2019). Properties of aged spores of Bacillus subtilis. J. Bacteriol. 201, 1–17. doi: 10.1128/JB.00231-19

 Camp, A. H., and Losick, R. (2008). A novel pathway of intercellular signalling in Bacillus subtilis involves a protein with similarity to a component of type III secretion channels. Mol. Microbiol. 69, 402–417. doi: 10.1111/j.1365-2958.2008.06289.x

 Camp, A. H., and Losick, R. (2009). A feeding tube model for activation of a cell-specific transcription factor during sporulation in Bacillus subtilis. Genes Dev. 23, 1014–1024. doi: 10.1101/gad.1781709

 Chambon, P., Deutscher, M. P., and Kornberg, A. (1968). Biochemical studies of bacterial sporulation and germination. X. Ribosomes and nucleic acids of vegetative cells and spores of Bacillus megaterium. J. Biol. Chem. 243, 5110–5116.

 Chapman, A. G., Fall, L., and Atkinson, D. E. (1971). Adenylate energy charge in Escherichia coli during growth and starvation. J. Bacteriol. 108, 1072–1086.

 Cowan, A. E., Olivastro, E. M., Koppel, D. E., Loshon, C. A., Setlow, B., and Setlow, P. (2004). Lipids in the inner membrane of dormant spores of Bacillus species are largely immobile. Proc. Natl. Acad. Sci. U. S. A. 101, 7733–7738. doi: 10.1073/pnas.0306859101

 Craft, D. L., Korza, G., Zhang, Y., Frindert, J., Jäschke, A., Caimano, M. J., et al. (2020). Analysis of 5'-NAD capping of abundant mRNAs in dormant spores of Bacillus subtilis. FEMS Microbiol. Lett. 367:fnaa143. doi: 10.1093/femsle/fnaa143

 Crawshaw, A. D., Serrano, M., Stanley, W. A., Henriques, A. O., and Salgado, P. S. (2014). A mother cell-to-forespore channel: current understanding and future challenges. FEMS Microbiol. Lett. 358, 129–136. doi: 10.1111/1574-6968.12554

 Dembek, M., Stabler, R. A., Witney, A. A., Wren, B. W., and Fairweather, N. F. (2013). Transcriptional analysis of temporal gene expression in germinating Clostridium difficile 630 endospores. PLoS One 8:e64011. doi: 10.1371/journal.pone.0064011

 Deutscher, M. P., Chambon, P., and Kornberg, A. (1968). Biochemical studies of bacterial sporulation and germination. XI. Protein-synthesizing systems from vegetative cells and spores of Bacillus megaterium. J. Biol. Chem. 243, 5117–5125.

 Feaga, H. A., Kopylov, M., Kim, J. K., Jovanovic, M., and Dworkin, J. (2020). Ribosome dimerization protects the small subunit. J. Bacteriol. 202, e00009–e00020. doi: 10.1128/JB.00009-20

 Gerhardt, P., and Black, S. H. (1961). Permeability of bacterial spores. II. Molecular variables affecting solute permeation. J. Bacteriol. 82, 750–760.

 Gerhardt, P., and Marquis, R. E. (1989). “Spore thermoresistance mechanisms” in Regulation of prokaryotic development. eds. I. Smith, R. A. Slepecky, and P. Setlow (Washington, DC: American Society of Microbiology), 43–63.

 Ghosh, S., Korza, G., Maciejewski, M., and Setlow, P. (2015). Analysis of metabolism in dormant spores of Bacillus species by 31P nuclear magnetic resonance analysis of low-molecular-weight compounds. J. Bacteriol. 197, 992–1001. doi: 10.1128/JB.02520-14

 Hauser, P. M., and Karamata, D. (1992). A method for the determination of bacterial spore DNA content based on isotopic labelling, spore germination and diphenylamine assay; ploidy of spores of several Bacillus species. Biochimie 74, 723–733.

 Hayes, C. S., and Setlow, P. (2001). An alpha/beta-type, small, acid-soluble spore protein which has very high affinity for DNA prevents outgrowth of Bacillus subtilis spores. J. Bacteriol. 183, 2662–2666. doi: 10.1128/JB.183.8.2662-2666.2001

 Hosack, D. A., Dennis, G. Jr., Sherman, B. T., Lane, H. C., and Lempicki, R. A. (2003). Identifying biological themes within lists of genes with EASE. Genome Biol. 4:R70. doi: 10.1186/gb-2003-4-10-r70

 Jeng, Y. H., and Doi, R. H. (1974). Messenger ribonucleic acid of dormant spores of Bacillus subtilis. J. Bacteriol. 119, 514–521.

 Jones, S. W., Paredes, C. J., Tracy, B., Cheng, N., Sillers, R., Senger, R. S., et al. (2008). The transcriptional program underlying the physiology of clostridial sporulation. Genome Biol. 9:R114. doi: 10.1186/gb-2008-9-7-r114

 Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y., and Morishima, K. (2017). KEGG: new perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Res. 45, D353–d361. doi: 10.1093/nar/gkw1092

 Keijser, B. J., Ter Beek, A., Rauwerda, H., Schuren, F., Montijn, R., Van Der Spek, H., et al. (2007). Analysis of temporal gene expression during Bacillus subtilis spore germination and outgrowth. J. Bacteriol. 189, 3624–3634. doi: 10.1128/JB.01736-06

 Knudsen, S. M., Cermak, N., Delgado, F. F., Setlow, B., Setlow, P., and Manalis, S. R. (2016). Water and small-molecule permeation of dormant Bacillus subtilis spores. J. Bacteriol. 198, 168–177. doi: 10.1128/JB.00435-15

 Korza, G., Abini-Agbomson, S., Setlow, B., Shen, A., and Setlow, P. (2017). Levels of L-malate and other low molecular weight metabolites in spores of Bacillus species and Clostridium difficile. PLoS One 12:e0182656. doi: 10.1371/journal.pone.0182656

 Korza, G., Camilleri, E., Green, J., Robinson, J., Nagler, K., Moeller, R., et al. (2019). Analysis of the mRNAs in spores of Bacillus subtilis. J. Bacteriol. 201, e00007–e00019. doi: 10.1128/JB.00007-19

 Korza, G., Setlow, B., Rao, L., Li, Q., and Setlow, P. (2016). Changes in Bacillus spore small molecules, rRNA, germination, and outgrowth after extended sublethal exposure to various temperatures: evidence that protein synthesis is not essential for spore germination. J. Bacteriol. 198, 3254–3264. doi: 10.1128/jb.00583-16

 Levinson, H. S., and Hyatt, M. T. (1966). Sequence of events during Bacillus megaterium spore germination. J. Bacteriol. 91, 1811–1818.

 Meisner, J., Wang, X., Serrano, M., Henriques, A. O., and Moran, C. P. Jr. (2008). A channel connecting the mother cell and forespore during bacterial endospore formation. Proc. Natl. Acad. Sci. U. S. A. 105, 15100–15105. doi: 10.1073/pnas.0806301105

 Midgley, J. E. (1969). The messenger ribonucleic acid content of Bacillus subtilis 168. Biochem. J. 115, 171–181.

 Mokashi, S., Kanaan, J., Craft, D. L., Byrd, B., Zenick, B., Laue, M., et al. (2020). Killing of bacterial spores by dodecylamine and its effects on spore inner membrane properties. J. Appl. Microbiol. doi: 10.1111/jam.14732 [Epub ahead of print]

 Nagler, K., Krawczyk, A. O., De Jong, A., Madela, K., Hoffmann, T., Laue, M., et al. (2016). Identification of differentially expressed genes during Bacillus subtilis spore outgrowth in high-salinity environments using RNA sequencing. Front. Microbiol. 7:1564. doi: 10.3389/fmicb.2016.01564

 Nelson, D. L., and Kornberg, A. (1970a). Biochemical studies of bacterial sporulation and germination. XIX. Phosphate metabolism during sporulation. J. Biol. Chem. 245, 1137–1145.

 Nelson, D. L., and Kornberg, A. (1970b). Biochemical studies of bacterial sporulation and germination. XX. Phosphate metabolism during germination. J. Biol. Chem. 245, 1146–1155.

 Nicholson, W. L., Moeller, R., and Horneck, G. (2012). Transcriptomic responses of germinating Bacillus subtilis spores exposed to 1.5 years of space and simulated martian conditions on the EXPOSE-E experiment PROTECT. Astrobiology 12, 469–486. doi: 10.1089/ast.2011.0748

 Paidhungat, M., and Setlow, P. (2000). Role of Ger proteins in nutrient and nonnutrient triggering of spore germination in Bacillus subtilis. J. Bacteriol. 182, 2513–2519. doi: 10.1128/jb.182.9.2513-2519.2000

 Ramírez-Guadiana, F. H., Meeske, A. J., Rodrigues, C. D. A., Barajas-Ornelas, R. D. C., Kruse, A. C., and Rudner, D. Z. (2017). A two-step transport pathway allows the mother cell to nurture the developing spore in Bacillus subtilis. PLoS Genet. 13:e1007015. doi: 10.1371/journal.pgen.1007015

 Scott, I. R., and Ellar, D. J. (1978). Metabolism and the triggering of germination of Bacillus megaterium. Concentrations of amino acids, organic acids, adenine nucleotides and nicotinamide nucleotides during germination. Biochem. J. 174, 627–634.

 Segev, E., Smith, Y., and Ben-Yehuda, S. (2012). RNA dynamics in aging bacterial spores. Cell 148, 139–149. doi: 10.1016/j.cell.2011.11.059

 Setlow, P. (1974). Percent charging of transfer ribonucleic acid and levels of ppGpp and pppGpp in dormant and germinated spores of Bacillus megaterium. J. Bacteriol. 118, 1067–1074.

 Setlow, P. (2006). Spores of Bacillus subtilis: their resistance to and killing by radiation, heat and chemicals. J. Appl. Microbiol. 101, 514–525. doi: 10.1111/j.1365-2672.2005.02736.x

 Setlow, P. (2007). I will survive: DNA protection in bacterial spores. Trends Microbiol. 15, 172–180. doi: 10.1016/j.tim.2007.02.004

 Setlow, P., and Johnson, E. A. (2019). “Spores and their significance” in Food microbiology, fundamentals and frontiers. 5th Edn. eds. M. P. Doyle, F. Diez-Gonzalez, and C. Hill. (Washington, DC: ASM Press), 23–64.

 Setlow, P., and Kornberg, A. (1970a). Biochemical studies of bacterial sporulation and germination. XXIII. Energy metabolism during early stages of germination of spores of Bacillus megaterium. J. Biol. Chem. 245, 3637–3644.

 Setlow, P., and Kornberg, A. (1970b). Biochemical studies of bacterial sporulation and germination. XXIII. Nucleotide metabolism during spore germination. J. Biol. Chem. 245, 3645–3652.

 Setlow, P., Liu, J., and Faeder, J. R. (2012). “Heterogeneity in bacterial spore populations” in Bacterial spores: Current research and applications. ed. E. Abel-Santos (Norwich, UK: Horizon Scientific Press), 201–216.

 Setlow, P., and Primus, G. (1975). Protein metabolism during germination of Bacillus megaterium spores. I. Protein synthesis and amino acid metabolism. J. Biol. Chem. 250, 623–630.

 Setlow, P., Primus, G., and Deutscher, M. P. (1974). Absence of 3'-terminal residues from transfer ribonucleic acid of dormant spores of Bacillus megaterium. J. Bacteriol. 117, 126–132.

 Setlow, B., and Setlow, P. (1977). Levels of oxidized and reduced pyridine nucleotides in dormant spores and during growth, sporulation, and spore germination of Bacillus megaterium. J. Bacteriol. 129, 857–865.

 Setlow, B., Shay, L. K., Vary, J. C., and Setlow, P. (1977). Production of large amounts of acetate during germination of Bacillus megaterium spores in the absence of exogenous carbon sources. J. Bacteriol. 132, 744–746.

 Setlow, P., Wang, S., and Li, Y. Q. (2017). Germination of spores of the orders Bacillales and Clostridiales. Annu. Rev. Microbiol. 71, 459–477. doi: 10.1146/annurev-micro-090816-093558

 Shen, A., Edwards, A. N., Sarker, M. R., and Paredes-Sabja, D. (2019). Sporulation and germination in Clostridial pathogens. Microbiol. Spectr. 7. doi: 10.1128/microbiolspec.GPP3-0017-2018

 Sinai, L., Rosenberg, A., Smith, Y., Segev, E., and Ben-Yehuda, S. (2015). The molecular timeline of a reviving bacterial spore. Mol. Cell 57, 695–707. doi: 10.1016/j.molcel.2014.12.019

 Steinberg, W., Halvorson, H. O., Keynan, A., and Weinberg, E. (1965). Timing of protein synthesis during germination and outgrowth of spores of Bacillus cereus strain T. Nature 208, 710–711.

 Sturm, A., and Dworkin, J. (2015). Phenotypic diversity as a mechanism to exit cellular dormancy. Curr. Biol. 25, 2272–2277. doi: 10.1016/j.cub.2015.07.018

 Swarge, B. N., Abhyankar, W. R., Jonker, M., Hoefsloot, H., Kramer, G., Setlow, P., et al. (2020a). Integrative analysis of proteome and transcriptome dynamics during Bacillus subtilis spore revival. mSphere 5, e00463–e00520. doi: 10.1128/mSphere.00463-20

 Swarge, B. N., Nafid, C., Vischer, N., Kramer, G., Setlow, P., and Brul, S. (2020b). Investigating synthesis of the MalS malic enzyme during Bacillus subtilis spore germination and outgrowth and the influence of spore maturation and sporulation conditions. mSphere 5, e00464–e00520. doi: 10.1128/mSphere.00464-20

 Swarge, B. N., Roseboom, W., Zheng, L., Abhyankar, W. R., Brul, S., De Koster, C. G., et al. (2018). “One-Pot” sample processing method for proteome-wide analysis of microbial cells and spores. Proteomics Clin. Appl. 12:e1700169. doi: 10.1002/prca.201700169

 Tan, I. S., and Ramamurthi, K. S. (2014). Spore formation in Bacillus subtilis. Environ. Microbiol. Rep. 6, 212–225. doi: 10.1111/1758-2229.12130

 Tanimoto, Y., Ichikawa, Y., Yasuda, Y., and Tochikubo, K. (1996). Permeability of dormant spores of Bacillus subtilis to gramicidin S. FEMS Microbiol. Lett. 136, 151–156.

 Torriani, A., and Levinthal, C. (1967). Ordered synthesis of proteins during outgrowth of spores of Bacillus cereus. J. Bacteriol. 94, 176–183.

 Ulrich, N., Nagler, K., Laue, M., Cockell, C. S., Setlow, P., and Moeller, R. (2018). Experimental studies addressing the longevity of Bacillus subtilis spores – The first data from a 500-year experiment. PLoS One 13:e0208425. doi: 10.1371/journal.pone.0208425

 van Melis, C. C., Nierop Groot, M. N., Tempelaars, M. H., Moezelaar, R., and Abee, T. (2011). Characterization of germination and outgrowth of sorbic acid-stressed Bacillus cereus ATCC 14579 spores: phenotype and transcriptome analysis. Food Microbiol. 28, 275–283. doi: 10.1016/j.fm.2010.04.005

 Zeytuni, N., and Strynadka, N. C. J. (2019). A hybrid secretion system facilitates bacterial sporulation: a structural perspective. Microbiol. Spectr. 7, 1–9. doi: 10.1128/microbiolspec.PSIB-0013-2018

 Zhu, B., and Stülke, J. (2018). SubtiWiki in 2018: from genes and proteins to functional network annotation of the model organism Bacillus subtilis. Nucleic Acids Res. 46, D743–D748. doi: 10.1093/nar/gkx908


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Setlow and Christie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bacterial Spore mRNA – What’s Up With That?



		Prelude



		Introduction



		The Early Years



		The Omics Era Arrives



		The Smoke Begins to Clear









		Issues for the Future



		Author Contributions



		Funding



		Acknowledgments



		References



















OPS/images/fmicb-11-596092-g001.jpg
Nucleoid






OPS/images/fmicb-11-596092-g002.jpg
Asymmetric Engulfment Cortex and coat
formation

division

oF

- Mature spore

1 Forespore mRNA
) \a Mother cell mRNA

<
@
,
N






OPS/images/cover.jpg
, frontiers
in Microbiology

Bacterial Spore mRNA — What'’s Up
With That?









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
1N Microbiology





