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Abstract

Sporulation is a strategy widely utilized by a wide variety of organisms to adapt to changes in their 

individual environmental niches and survive in time and/or space until they encounter conditions 

acceptable for vegetative growth. The spores produced by bacteria have been the subjects of 

extensive studies, and several systems such as Bacillus subtilis have provided ample opportunities 

to understand the molecular basis of spore biogenesis and germination. In contrast, the spores of 

other microbes, such as fungi, are relatively poorly understood. Studies of sporulation in model 

systems such as Saccharomyces cerevisiae and Aspergillus nidulans have established a basis for 

investigating eukaryotic spores, but very little is known at the molecular level about how spores 

function. This is especially true among the spores of human fungal pathogens such as the most 

common cause of fatal fungal disease, Cryptococcus neoformans. Recent proteomic studies are 

helping to determine the molecular mechanisms by which pathogenic fungal spores are formed, 

persist, and germinate into actively growing agents of human disease.
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Spores are essential for survival of diverse organisms

Sporulation occurs in organisms across the tree of life from bacteria and protozoa to plants 

and fungi and facilitates both survival in response to adverse growth conditions and dispersal 

to new, more hospitable environments (Driks 2002; Kessin 2010; Wyatt et al. 2013). 

Typically, spores are metabolically quiescent, stress resistant, and poised for propagation 

(germination) in response to suitable growth conditions. These features have been observed 

in eubacteria and eukaryotes with discoveries of viable bacterial spores embedded in amber 

tens of millions of years old and culturable fungal spores found in ocean sediments and 

arctic ice dated in the hundreds of thousands of years old. Several species of bacterial spores 

have even been shown to survive the vacuum of outer space (Cano and Borucki 1995; Brown 

and Hovmøller 2002; Damare and Raghukumar 2007; D’Elia et al. 2008). These amazing 
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abilities showcase how spores facilitate survival of diverse organisms in myriad and varied 

environments.

To understand how spores are imbued with such robust survival traits, they have been 

studied extensively in several model systems. The best understood systems of sporulation 

come from bacteria in which specific developmental programs drive cellular differentiation 

and environmental adaptation (Driks 2002). Three classes of Gram-positive bacteria, Bacilli, 
Clostridia, and Negativicutes, include members that produce endospores with dramatically 

increased resistance to a wide range of environmental stresses, such as heat, desiccation, and 

ultraviolet (UV) radiation (Setlow 2007; Galperin et al. 2012). In these organisms, resistance 

to harsh environmental conditions results from both specialized, multi-layered surface 

structures and unique spore composition (Setlow 2006; Henriques and Moran 2007). In the 

well-studied system of Bacillus subtilis critical compositional properties include low core 

water content, high levels of dipicolinic acid (DPA) in chelation with divalent cations 

(CaDPA), abundant small acid-soluble spore proteins (SASP), and the intrinsic stability of 

spore proteins overall (Setlow 2006). It is hypothesized that all of these specialized features 

work in concert to contribute to overall spore resistance and stability in the face of harsh 

environmental conditions.

This robust ability of spores to persist then provides an opportunity for spores to reestablish 

vegetative growth in response to appropriate conditions. Given a proper stimulus, spores will 

break dormancy (germinate) and transition back into a growing cell (Setlow 2014). In B. 
subtilis, there are several major events that take place during spore germination, including 

the release of monovalent cations and CaDPA, degradation of peptidoglycan, and expansion 

of the spore core (Setlow 2013). Proteomic studies on B. subtilis spores show that spores 

harbor proteins required for stress resistance, anabolism, and cell signaling -- all consistent 

with the idea that spores resist environmental insults and are poised for rapid growth in 

response to germination signals (Liu et al. 2004; Mao et al. 2011). These classes of protein 

components of spores appear to be fairly consistent across diverse bacterial species; 

however, the nature and efficacy of conditions and compounds that provide the signal to 

germinate vary widely, as do the molecular components used to sense and signal 

germination (Setlow 2013; Paredes-Sabja et al. 2014; Bhattacharjee et al. 2016). Even 

among individual spores within the same population, there can be significant heterogeneity 

in the time taken to germinate when stimulated by nutrients, varying from minutes to hours 

or even days (Stewart and Setlow 2013). This variation is likely to influence the outcome of 

spore survival and epitomizes the gaps in understanding of bacterial spore biology. 

Understanding the properties of bacterial spores and the conditions under which they resume 

vegetative growth has been and will continue to be important for determining not only 

bacterial survival but also the resilience of microbes and other spore-forming organisms 

across the tree of life.

Most of what is known about spore biology is from bacterial systems, but sporulation of 

protists and fungi is also common. In fact, most of the spore-forming organisms on earth are 

fungi. Fungi have evolved complex and robust methods to produce spores and are the 

reigning champions of spore dispersal. Fungal spores have been shown to circumnavigate 
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the globe via wind currents, leading to nearly ubiquitous representation of fungi among all 

ecosystems on the planet (Brown and Hovmøller 2002; Kessin 2010; Wyatt et al. 2013).

Fungal sporulation has been investigated in detail in the model yeast Saccharomyces 
cerevisiae, in which sporulation is initiated when diploid cells are starved for nitrogen in the 

presence of a non-fermentable carbon source (Engebrecht 2003). This developmental 

program couples meiosis to spore biogenesis within one single mother cell and includes 

several coordinated events: 1) chromosome alignment, recombination, and segregation, 2) 

prospore membrane formation to envelope four newly-produced haploid nuclei, and 3) cell 

wall assembly outside the four maturing spores (Neiman 2005, 2011; Piccirillo et al. 2016). 

This mechanism by which spores are formed is one of the best understood, but it represents 

only one of thousands of strategies that different fungi use to produce spores (Engebrecht 

2003). Among Aspergillus species, for example, sporulation occurs via both sexual and 

asexual development, producing thousands of ascospores or conidia per fruiting body (van 

Leeuwen et al. 2013). Among mushrooms such as Coprinopsis cinerea, spores are produced 

during sexual reproduction and released through the gills of fruiting bodies (Pukkila 2011). 

In plant pathogens such as Ustilago maydis, diploid spores are produced in planta and 

disperse prior to meiosis (Vollmeister et al. 2012). As such, fungal spores can represent 

mitotic products or meiotic products; they can be haploid, diploid, or multinucleate; they can 

be contained within an ascus, produced in chains, or released individually. In all cases, 

however, they are specialized to survive adverse conditions in their own environmental 

niches and thus share several key spores features, including relative metabolic quiescence, 

stress resistance, and germination capability (Herman and Rine 1997; Brown and Hovmøller 

2002; Wyatt et al. 2013; Krijgsheld et al. 2013).

Like bacterial spores, there are also two general categories of factors in fungal spores that 

contribute to their specialized functions and properties: structural and compositional. In S. 
cerevisiae, the spore wall consists of four layers from inside to outside: mannan, β-1,3-

glucans, chitosan, and dityrosine molecules (Smits et al. 2001). The outer two layers are not 

present in the cell walls of vegetative yeast and are the major contributors of resistance of 

spores to organic solvents, heat, and digestive enzymes (Briza et al. 1990; Pammer et al. 

1992; Neiman 2005). In addition to a relatively thick coat, spores possess protective small 

molecules including sugars (trehalose), sugar alcohols (glycerol, mannitol), betaine, and 

amino acids. Finally, proteins such as heat shock proteins and hydrophilins provide generally 

superior environmental stress resistance to various types of fungal spores (Wyatt et al. 2013).

While the production of spores can be life-saving for microbial species, the potential for 

survival can be realized only if spores can reinitiate vegetative growth in response to 

appropriate conditions (germinate). As in bacteria, fungal germination is an essential 

differentiation process in which spores transition from a relatively dormant particle to a 

vegetatively growing cell. Fungal germination generally involves a specific sequence of 

events, including changes in cellular absorbance and weight (water uptake), breakdown of 

stored carbohydrates (trehalose and mannitol), remodeling of the cell wall, and expansion 

and elongation of tightly packed spore contents (Rousseau et al. 1972; d’Enfert 1997; 

Krijgsheld et al. 2013; Novodvorska et al. 2013).
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There are a wide variety of environmental signals (germinants or inhibitors) that trigger or 

inhibit germination, depending on the spore type. For example, uredospores of some rust 

fungi initiate germination when exposed to pure water (Dijksterhuis 2003). Untimely 

germination of Penicillium paneum conidiospores is inhibited by a self-produced volatile 

compound (Chitarra et al. 2004). Spores of S. cerevisiae germinate readily in response to the 

presence of a fermentable carbon source (Herman and Rine 1997), whereas spores of 

Talaromyces macrosporus require both nutrients and a rigorous external trigger of high 

temperature (85°C) or pressure (between 400 and 800 MPa) (Dijksterhuis et al. 2002; 

Dijksterhuis and Teunissen 2004). All of these signals represent the diverse situations under 

which fungi must grow, and they epitomize the diversity of fungal biology in general. 

However, it is not yet clear how universal or specialized each strategy is with respect fungal 

germination or how conserved the molecular mechanisms of fungal spore germination are 

overall.

To begin to understand molecular events that occur during germination, global gene 

expression profiling of germinating spores has been carried out in several fungi. In A. 
fumigatus and A. niger, increases in the transcript levels of genes involved in biosynthesis of 

proteins, RNA turnover, and respiratory metabolism occur during germination of conidia 

(Lamarre et al. 2008; van Leeuwen et al. 2013; Novodvorska et al. 2013, 2016; Hagiwara et 

al. 2016). Similarly, in S. cerevisiae, the overall trend of transcriptional changes during 

germination showed increases in genes involved in metabolism of glucose and other 

nutrients and a transient up-regulation of genes related to protein folding and transport 

(Joseph-Strauss et al. 2007; Geijer et al. 2012). These changes in gene expression were all 

consistent with a release from stress responses and a transition to cellular proliferation. 

These observed changes in gene expression were very similar to the changes in gene 

expression that take place when S. cerevisiae cells grown to stationary phase are transferred 

to fresh medium and re-enter vegetative growth. This metabolic similarity, along with the 

apparent absence of germination-specific gene groups suggests the possibility that 

germination is not necessarily a specific differentiation process from one cell type to 

another, but rather, it is primarily a regulated metabolic adaptation (Geijer et al. 2012).

This hypothesis is also supported by the fact that the handful of genes in fungi discovered to 

be important for spore germination, such as members of the Ras/mitogen-activated protein 

kinase pathway and the transcription factor Ume6, all play critical roles during other stages 

of the life cycle and are not specific to germination (Herman and Rine 1997; Strich et al. 

2011). In fact, a large-scale genetic screen of the S. cerevisiae deletion set identified 158 

strains with defects in growth from the spore state, including genes involved in meiotic 

chromosome behavior, carbon metabolism, vesicle transport, nutrient sensing, and cell wall 

integrity, but their specific roles during germination are not clear (Deutschbauer et al. 2002). 

A more recent screen for germination mutants identified two new genes, TRF4 and ERG6, 

which function in the TRAMP complex to degrade mRNA and in ergosterol biosynthesis, 

respectively (Kloimwieder and Winston 2011). Both genes play roles in vegetative growth. 

Thus, in S. cerevisiae it seems that either 1) there may be no exclusively germination-

specific molecular machinery; instead, adaptation of existing signaling pathways and 

regulatory components may be the keys to fungal spore germination, or 2) specific 

components of the germination process are sufficiently important for this survival process 

Huang and Hull Page 4

Curr Genet. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that there is redundancy in the system that prevents their detection in screens carried out to 

date. In either case, understanding the specific components or combinations of existing 

components that govern germination will provide fundamental insights into eukaryotic 

responses to changing environmental conditions and the strategies for the development of 

new cell types in response to those conditions.

Pathogenic Fungal Spores

As discussed above, sporulation is a strategy widely utilized by fungi to survive adverse 

conditions and disperse to new territories. The specialized processes and properties leading 

to spore formation, persistence, and germination facilitate adaptation of spore-forming 

organisms to their individual environmental niches, and in some cases, enable fungal spores 

to become infectious agents of plants, animals, and humans (Nemecek et al. 2006; Mallozzi 

et al. 2010; Logan 2012; Wyatt et al. 2013).

Extensive studies have been carried out in a handful of model plant-pathogenic fungi, where 

germination of spores, either sexual or asexual, initiates their infectious life cycles with their 

respective plant host tissues (Dean et al. 2012). The focus on mechanisms of pathogenesis 

has generated a tremendous amount of information on plant-pathogen interactions and 

benefited the control of plant fungal diseases (Perez-Nadales et al. 2014). However, a 

molecular understanding of the intrinsic properties of those infectious spores is relatively 

sparse, despite their important roles within the life cycle. Spores from only a few plant 

fungal pathogens have been subjected to compositional analyses, including Uromyces 
appendiculatus, a rust fungus infecting wheat and beans, Blumeria graminis f. sp. hordei, an 

ascomycete causing barley powdery mildew, Magnaporthe oryzae, the causative agent of 

rice blast disease, several Puccinia rust basidiomycetes, and Colletotrichum acutatum that 

infects several commercially valuable fruit crops (Cooper et al. 2006; Noir et al. 2009; 

Gokce et al. 2012; El-Akhal et al. 2013; Quecine et al. 2016; Zhang et al. 2015; Beinhauer et 

al. 2016). Proteomic studies of these spores showed that proteins involved in common 

processes such as protein homeostasis and metabolism are readily detectable in those spores, 

which is consistent with stress resistance and rapid growth during germination; however, one 

would expect proteins involved in those processes to also be important for vegetative growth. 

Without a side-by-side comparison to their vegetative counterparts, it is challenging to 

assign particular importance to any give class of spore proteins. Future studies to compare 

and contrast protein content between spores and vegetative cells types may provide 

necessary insights into the importance of detected spore proteins in plant pathogenic spores.

Similarly, spores of animal and human fungal pathogens are also poorly understood. Fungi 

such as Histoplasma capsulatum, Blastomyces dermatitidis, Aspergillus fumigatus, 

Coccidioides immitis, Sporothrix shenkii, Penicillium marneffei, and Cryptococcus 

neoformans are all environmental fungi that can cause disease in animals and humans, and 

the most common route of infection is through the inhalation of cells from environmental 

sources into the lung (Nemecek et al. 2006). Spores are likely infectious particles for all of 

these pathogens; however, very little is known about their basic spore biology. 

Understanding the fundamental properties of environmental fungi and how they survive 

promises to inform the mechanisms by which they infect and cause disease in humans.
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To determine the molecular mechanisms underlying the distinct properties of spores, 

proteomic studies have been carried out on human fungal pathogen spores using their 

vegetative counterparts for comparison. In A. fumigatus, proteins that are more abundant in 

conidia (asexual spores) compared to mycelia (vegetative form) have functions associated 

with reactive oxygen intermediates (ROI) detoxification, pigment (melanin) biosynthesis, 

and conidial rodlet layer formation, which all likely account for the extreme stress resistance 

of conidia (Teutschbein et al. 2010). However, different enrichment patterns of spore 

proteins have been observed in other studies. For example, proteins related to ROI 

detoxification and some heat shock proteins are more abundant in vegetatively growing cells 

than in conidiospores in the related, non-pathogenic A. nidulans (Oh et al. 2010). Another 

study identified A. fumigatus conidia-enriched proteins involved in sporulation, cell wall 

biosynthesis, and secondary metabolite biosynthesis, in addition to those related to stress 

responses (Suh et al. 2012). It is possible that these differences reflect different life cycles 

within their respective environmental niches and diverse environmental conditions under 

which each species produces spores.

In Trichophyton rubrum, the most common dermatophyte causing fungal skin infections, a 

proteomic analysis of spores alone yielded proteins involved in common processes, 

including protein synthesis, folding and degradation, metabolism and energy production 

(Leng et al. 2008). The presence of these proteins is generally interpreted as providing the 

specialized potential of spores for stress resistance and rapid growth during germination, but 

one would expect proteins involved in those processes to also be required for vegetative 

growth. Again, it remains to be determined which proteins are overrepresented relative to 

other cell types before the significance of any given spore protein can be assigned.

More recently, a comprehensive proteomic comparison between spores and yeast was 

carried out in Cryptococcus neoformans, which is the most common cause of fatal fungal 

disease in humans (Brown et al. 2012; Huang et al. 2015). Highly sensitive nanoscale liquid 

chromatography/mass spectrometry was used to determine the overall proteomic 

compositions of spores and yeast, resulting in the identification of eighteen spore-enriched 

proteins. The in-depth comparison between spores and yeast showed that spore-enriched 

proteins are associated with processes such as transcriptional regulation and chromosome 

organization, rather than the aforementioned categories of proteins associated with stress 

resistance. In contrast, yeast-enriched proteins are largely involved in RNA processing, 

general metabolism, and energy production. Thus, comparing the proteomes of two different 

cell types (yeast vs. spores) resulted in a distinct set of spore-enriched proteins whose 

functions could be evaluated specifically in the context of spore biology.

Functional studies using molecular genetics were carried out to determine the biological 

roles of 18 proteins that were specifically overrepresented in spores and not in yeast. 

Surprisingly, deletion of genes encoding these proteins did not result in discernible decreases 

in stress resistance of mutant spores. Instead, eight genes that encode spore-enriched 

proteins were found to be required for sexual development and spore biogenesis, and only 

one (ISP2) was involved in a spore-specific process (germination) (Figure 1). There were no 

clear patterns for the observed phenotypes based on the predicted molecular functions of the 

proteins. For example, the predicted chromatin remodeling complex component RSC9 is 
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required for cellular fusion (mating) between haploid yeast during early sexual development. 

Chromatin and chromatin remodeling are important for many cellular processes (Cairns et 

al. 1996; Damelin et al. 2002; Marguerat et al. 2012; Hayles et al. 2013; Nakazawa et al. 

2016), but the rsc9Δ strains of C. neoformans do not show overt phenotypes outside of 

sexual development, and the specificity of a role for Rsc9 in mating is not obvious.

This is also true for the filamentation genes BCH1 and ISP1 and the spore formation genes 

TOP1, DST1, DDI1, EMC3, and GRE202. The spore-enrichment of these proteins with 

critical functions during the developmental process that leads to spore production suggests 

two (non-exclusive) models for formation of the non-structural spore proteome: 1) Proteins 

are produced in response to specific needs at various stages of sexual development and 

persist until spore production, eventually making their way into mature spores (passive 

deposition), or 2) proteins are produced when needed during development and are 

maintained or resynthesized during spore biogenesis for specific packaging into spores to 

serve spore-specific functions (active deposition).

A passive deposition model implies that the protein of interest is important in development 

(and only during development), and its overrepresentation in spores is a simple consequence 

of a stable protein in the fruiting body cytoplasm “ending up” in spores as a consequence of 

the packaging process. This model has been proposed in the formation of Bacillus anthracis 
spores in which proteins produced during spore formation and are ultimately present in 

spores do not appear to play additional roles in spore biology. This idea is further supported 

by the finding that spore proteins in B. subtilis are generally more stable than those encoded 

by the genome at large(Liu et al. 2004; Bergman et al. 2006).

In contrast, an active deposition model would involve the packaging of specific proteins into 

spores to facilitate spore-specific processes. Akin to the “maternally derived” transcripts and 

proteins identified in developmental models of larger eukaryotes, spore components could be 

“basidium-derived” and poise spores for spore-specific processes such as germination. For 

example, in the absence of Isp2, C. neoformans spores germinate into yeast, but they 

experience a two-hour delay in the initiation of vegetative growth. The Isp2 protein appears 

to be actively deposited into spores from the basidium, remain stable through the 

morphological changes that occur over 12 hours, and then function (finally) in the process of 

vegetative growth initiation. This active deposition of a protein into spores that functions at a 

much later stage of cellular differentiation is consistent with the idea that spore composition 

reflects function and can inform the pathways and processes critical for spore survival.

The behavior of isp2Δ strains also challenges the idea (at least in C. neoformans) that 

germination is simply a modified cell cycle or general exit from quiescence. Several lines of 

evidence support the hypothesis that germination is a specific developmental program with 

specialized components: First, Isp2 does not show sequence similarity to any other proteins 

in any other organisms, suggesting that it is not a core cell cycle component. Second, isp2Δ 

mutants do not have strong vegetative growth phenotypes; they and show a modest slow-

growth phenotype as yeast on solid agar but grow like wild type strains in liquid culture and 

do not show any other vegetative growth defects. Third, they do not show any defects in re-

initiating vegetative growth from stationary phase cultures (a relatively quiescent state). 
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Instead, isp2Δ strains show phenotypes during sexual development and germination - they 

produce 50% more spores than wild type strains and exhibit a slow-germination phenotype 

on both solid agar and in liquid culture. These phenotypes indicate that the primary role of 

this spore-enriched protein is to function in spore biology and facilitate efficient 

germination. It remains to be determined precisely how Isp2 controls entry into vegetative 

growth, but the discovery of Isp2 also provides the impetus to consider that germination is a 

microbe-specific process that is distinct from more conserved eukaryotic growth 

mechanisms.

This idea has great appeal for medical mycology because of the limited therapeutics 

available for treating invasive fungal diseases. There is a tremendous clinical need for low 

toxicity, effective antifungal drugs, but one complication is that fungi and humans share 

significant similarity at the molecular level. If molecular components of germination were to 

be specific to fungi and distinct from humans, germination could be a useful target for new 

treatments that are less toxic to humans and more effective against fungi than the current 

arsenal of drugs. If spores that enter the lungs of a susceptible patient cannot germinate into 

a vegetative growth form, then they cannot cause invasive disease. Most mortality from fungi 

is the result of disseminated disease and fulminant fungal growth that overwhelms the host. 

The prevention of germination among spore-forming human fungal pathogens could provide 

an opportunity to stop fungal disease before it starts. Thus, the development of germination 

inhibitors as drugs to treat vulnerable patients prophylactically holds great promise because 

this strategy could prevent disease and decrease the overall burden of invasive fungi.

Conclusions

Future investigations of the molecular mechanisms underlying fungal spore germination, 

(such as determining the defects of isp2Δ and other mutants in C. neoformans) will provide 

novel insights into the biology of pathogenic spores. Because germination is a process 

universal among all spore-producing fungi and likely conserved due to its important roles in 

fungal survival, it is reasonable to speculate that there will be germination mechanisms in 

common across diverse fungi. Continued studies to establish a broader understanding of 

germination have the potential to identify targets for anti-germinants with the capacity for 

broad spectrum activity against the spores of fungi that cause diseases of plants, animals, 

and humans.

Understanding germination will also inform fungal biology more generally. Recent decades 

have seen the increasing spread of fungi to new environments on Earth (and even in outer 

space). As global temperatures have risen, fungal ranges have expanded and led to 

opportunities for fungal pathogens to cause diseases in new environments such as White 

Nose Syndrome in North American bats and Coffee Rust Disease in coffee plants in Latin 

America. The intertwined nature of fungal and human biology now exists off-planet with 

fungi living on wiring in the International Space Station and causing allergies in astronauts. 

All of these examples likely result from the spread of fungal spores, which came into contact 

with a germinant and established vegetatively growing populations. As spores continue to 

circle the globe on wind currents or in spacecraft and land in ever-expanding environments, 

understanding the molecular mechanisms by which they respond to germinants and grow 
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will become essential in efforts to predict and/or mitigate the broad-reaching effects of fungi 

on Earth and beyond.
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Figure 1. 
Proteins enriched in spores relative to yeast in the human fungal pathogen C. neoformans act 

primarily during sexual development. Rsc9 is involved in cell fusion (mating), Isp1 and 

Bch1 are required for efficient filamentation, Ddi1, Dst1, and Top1 are required for spore 

formation, Isp2, Emc3, and Gre202 modulate the number of spores produced. Isp2 was the 

only protein in the analysis with a spore-specific function; it is required for rapid 

germination of spores into yeast.
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