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Cytological studies reveal high variation in ascospore number and shape and conidia produced directly from ascospores in Morchella galilaea
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Spores are important as dispersal and survival propagules in fungi. In this study we investigated the variation in number, shape, size and germination mode of ascospores in Morchella galilaea, the only species of the genus Morchella known to fruit in the autumn. Based on the observation of five samples, we first discovered significant variation in the shape and size of ascospores in Morchella. One to sixteen ascospores were found in the asci. Ascospore size correlated negatively with ascospore number, but positively with ascus size, and ascus size was positively correlated with ascospore number. We noted that ascospores, both from fresh collections and dried specimens, germinated terminally or laterally either by extended germ tubes, or via the production of conidia that were formed directly from ascospores at one, two or multiple sites. The direct formation of conidia from ascospores takes place within asci or after ascospores are discharged. Using laser confocal microscopy, we recorded the number of nuclei in ascospores and in conidia produced from ascospores. In most ascospores of M. galilaea, several nuclei were observed, as is typical of species of Morchella. However, nuclear number varied from zero to around 20 in this species, and larger ascospores harbored more nuclei. One to six nuclei were present in the conidia. Nuclear migration from ascospores to conidia was observed. Conidia forming directly from ascospores has been observed in few species of Pezizomycetes; this is the first report of the phenomenon in Morchella species. Morphological and molecular data show that conidial formation from ascospores is not found in all the specimens of this species and, hence, is not an informative taxonomic character in M. galilaea. Our data suggest that conidia produced from ascospores and successive mitosis within the ascus may contribute to asci with more than eight spores. The absence of mitosis and/or nuclear degeneration, as well as cytokinesis defect, likely results in asci with fewer than eight ascospores. This study provides new insights into the poorly understood life cycle of Morchella species and more broadly improves knowledge of conidia formation and reproductive strategies in Pezizomycetes.
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1. Introduction

Ascomycetes produce two kinds of spores in order to propagate and colonize. Ascospores are produced after meiosis and conidia are produced by mitosis (Pöggeler et al., 2006; Nieuwenhuis and James, 2016). In addition to providing novel genetic variants by recombination during meiosis, ascospores are important both for long-distance dispersal and resistance to harsh environments (Chaudhary et al., 2022). One ascus generally produces eight ascospores (Pöggeler et al., 2006), but the number of ascospores within an ascus varies between one and > l000 depending on the species (Braus et al., 2002). Variation in ascospore number is likely determined by the coordination of meiosis, mitosis and spore wall formation, and may be driven by natural selection (Davidow and Goetsch, 1978; Sherwood, 1981; Réblová and Mostert, 2007). For example, an increased ascospore number leads to a higher number of propagules for dispersal and colonization, and four-spored asci may contain heterokaryotic multinucleate and self-fertile ascospores, as in pseudohomothallic species (Hanlin, 1994; Raju and Perkins, 1994; Quijada et al., 2022). Investigating the variation in ascospore size and number in asci helps to understand the cytology, genetics and life cycle of fungi.

The conidium is the main type of mitospores produced by ascomycetes and serves as a propagule for rapid dissemination or as a “safe house” for the fungal genomes under adverse environmental conditions (Goh et al., 2009). Typically, after a period of vegetative growth conidia are produced on conidiophores, which are differentiated from aerial hyphae (Adams et al., 1998). However, in certain ascomycete species, conidia are formed directly from the ascospores within asci of fresh and/or dried specimens, or after the ascospores are ejected. This phenomenon is uncommon in ascomycetes and has occasionally been described in several classes: Saccharomycetes from Saccharomycotina; Neolectomycetes and Taphrinomycetes from the Taphrinomycotina; and Lecanoromycetes, Leotiomycetes, Pezizomycetes and Sordariomycetes from the Pezizomycotina (Seaver, 1942; Juzwik and Hinds, 1984; Hawksworth et al., 1995; Ramaley, 1997; Baral, 1999; Wang et al., 2002; Ertz and Diederich, 2004; Neiman, 2005; Frisch and Klaus, 2006; Réblová and Mostert, 2007; Hirooka et al., 2012; Quijada, 2015; Réblová et al., 2015; Zeng and Zhuang, 2016; Lechat et al., 2018; Réblová and Štěpánek, 2018; Quijada et al., 2019; Van Vooren, 2020; Huang et al., 2021; Karakehian et al., 2021).

The phenomenon of formation of conidia directly from ascospores, without mycelial growth, can be termed microcyclic conidiation (Vinter and Slepecky, 1965; Hawksworth 1987; Hanlin, 1994; Baral, 1999; Quijada, 2015; Quijada et al., 2019). However, we note that Baral (1999) defined the term “ascoconidia” strictly as conidia produced from ascospores contained within living asci (i.e., fresh specimens), in which each ascospore together with its ascoconidia are surrounded by a delicate membrane forming a ball that is violently ejected from asci as a single entity. In contrast, conidia formed from ejected ascospores or within dead asci (i.e., dried specimens), which are not arranged as balls, are simply referred to as conidia. Such conidia or ascoconidia have been suggested to be beneficially associated with drought-tolerance (Sherwood, 1981), colonization of new habitats (Quijada et al., 2022), infection of new hosts in harsh environments (Juzwik and Hinds, 1984; Hanlin, 1994) and to serve as spermatia (Hanlin, 1994). Observations of ascospore germination and conidial formation provide important information on development in fungi (Karakehian et al., 2021).

In the Pezizomycetes, ascoconidia, as defined by Baral (1999), are not found, but conidial formation directly from ascospores has been rarely reported; it is mentioned in Purpureodiscus subisabellinus (Van Vooren, 2020) and a few other examples. It has not been previously reported in the Morchellaceae. True morels (Morchella spp.) belonging to Morchellaceae are well-known as one of the most popular edible fungi in the world, due to their highly desirable flavor (Du et al., 2012). In this genus, diverse reproductive modes have been reported, i.e., heterothallism, pseudohomothallism or unisexual reproduction, and asexually by formation of conidia (Chai et al., 2017, 2019; Du et al., 2017, 2020; Du and Yang, 2021). Costantinella was previously described as the conidial or mitosporic morph of Morchella species (Molliard, 1904) but following the elimination of dual naming systems for teleomorphs and anamorphs, Morchella has been recommended as the generic name (Healy et al., 2016). The Costantinella morph produces conidia on erect conidiophores and has been discussed recently by Carris et al. (2015); Liu et al. (2016); Yuan et al. (2021); Pfister et al. (2022). Considering the diverse modes of reproduction in Morchella, studies on ascospore morphology, ascospore germination and conidial formation may help elucidate the complex life cycles of these species.

Morchella galilaea is distributed globally. It is the only species in the genus Morchella known to produce ascomata in autumn in the Northern Hemisphere (Du et al., 2015; Taşkin et al., 2015). This temporal difference in ascomatal production, compared with the other species of the genus, may reflect potential special climate and ecological preferences and impart ecological advantages for M. galilaea.

The objectives of the current study are to investigate the cytology and variation in shape, number, and size of ascospores and asci in M. galilaea. We revealed a considerable variation in ascospore shape and number per ascus and clear correlations between ascospore size, ascospore number and ascus size. Furthermore, we discovered that conidia are produced directly from ascospores within asci and from discharged ascospores of both fresh and dried specimens. We observed nuclear distribution and migration from ascospores to conidia and determined the number of nuclei within these spores. More broadly we compare these features among the Pezizomycetes. Our results further add to the knowledge of ascospore development and types of conidial formation in Morchella species.



2. Materials and methods


2.1. Specimen isolation and storage

Five ascomata of M. galilaea, collected in China and Kenya from 2015 to 2022, were used as study materials. Among the five specimens, four were dried and one was freshly collected in 2022. The ascus state is presumed to be living for the fresh specimen and dead for dried specimens. All the samples were dried with silica gel and deposited in Chongqing Normal University, Chongqing, China. The habitat and ascomata of two specimens are shown in Figure 1 and details of all the specimens are listed in Table 1.
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FIGURE 1
 Habitat and ascomata of Morchella galilaea. (A,B): FCNU1119 from China; (C,D): FCNU1061 from Kenya. Ascomata indicated by arrows in their habitat.




TABLE 1 Voucher information, GenBank accession numbers, conidial production, ascospore shapes and ascospore number per ascus of the five samples of Morchella galilaea used in this study.
[image: Table1]



2.2. DNA extraction, sequencing, and phylogenetic analyses

The specimens were initially identified as M. galilaea based on their autumnal occurrence. Further molecular phylogenetic analyses were conducted to confirm the species’ identity. Methods for genomic DNA extraction, PCR amplification and Sanger sequencing followed those described by Du et al. (2012). The following primer pairs were used for PCR amplification and sequencing of four markers: ITS1/ITS1F and ITS4 for the internal transcribed spacers 1 and 2 within 5.8S rDNA (ITS) (White et al., 1990; Gardes and Bruns, 1993); EF595F and EF2218R/EF1R for the translation elongation factor 1-a (EF1-a) (Kauserud and Schumacher, 2001; Rehner and Buckley, 2005; Du et al., 2012); RPB1Y-F and RPB1Y-R for the RNA polymerase I second largest subunit (RPB1) (Du et al., 2012); and, RPB2Y-F and RPB2Y-R for the RNA polymerase II second largest subunit (RPB2) (Du et al., 2012). The amplicons were sequenced with the ABI 3730 capillary sequencer (Applied Biosystems, Foster City, CA). Newly generated sequences were assembled and edited using SeqMan (DNA STAR package; DNAStar Inc., Madison, WI, United States). In addition, 120 sequences of ITS, EF1-a, RPB1 and RPB2 markers from thirteen species in the Esculenta clade, namely M. americana, M. esculenta, M. galilaea, M. gracilis, M. prava, M. sceptriformis, M. steppicola, M. ulmaria, Morchella sp. Mes-6, Morchella sp. Mes-9, Morchella sp. Mes-15, Morchella sp. Mes-25 and Morchella sp. Mes-26 (Taşkın et al., 2010; O’Donnell et al., 2011; Du et al., 2012; Taşkın et al., 2012) were retrieved from GenBank and included in the analyses. Accession numbers of these retrieved sequences are given in Supplementary Table S1.

Newly generated sequences were combined in an alignment with the 120 sequences of thirteen representative species of the Esculenta clade. Sequence alignments were performed separately for each marker with MAFFT v6.853 using the E-INS-i strategy (Katoh et al., 2002), manually checked with BioEdit 7.0.9 (Hall, 1999), and then concatenated using SequenceMatrix v1.7.8 (Vaidya et al., 2011). Both maximum likelihood (ML) and Bayesian inference (BI) phylogenetic analyses were used to analyze the combined four-marker dataset (ITS-EF1a-RPB1-RPB2) by using RAxML v.8.2.4 (Stamatakis, 2014) and MrBayes v.3.2 (Ronquist et al., 2012), respectively. Morchella steppicola, which is the basal species in the Esculenta clade (O’Donnell et al., 2011; Du et al., 2015), was chosen as the outgroup. The partitioned analysis model was employed in the phylogenetic analysis of the combined four-marker dataset. A rapid bootstrapping with 1,000 replicates was executed with the GTR + GAMMA+I model used in ML analysis. The BI analysis used four Markov Chain Monte Carlo (MCMC) chains and was run for one million generations, with trees sampled every 100 generations. Runs were automatically terminated when the average standard deviation of split frequencies fell below 0.01. The trees were summarized with burn-ins of the first 25% of samples using the “sump” and “sumt” commands to obtain posterior possibilities.



2.3. Morphological studies

Morphological descriptions of asci, ascospores and conidia were based on observations of all five samples available. Hand sections for microscopic examination were prepared with a safety razor blade. Potassium hydroxide (5%) was used to rehydrate dried specimens prior to morphological analysis. Specimens were stained with 1% aqueous Congo red solution when necessary. Microscopic features were observed using an Optec BK-FL light microscope (Optec, Chongqing, China) at magnifications of 40×, 100×, 400×, and 1,000×, and were drawn by hand. Images were captured with an Optec CCD TP510 digital camera (Optec). Measurements of ascospores are presented with 95% confidence intervals. Ascospore sizes are presented using a range notation in the form (a-) b-c (−d), where the range b-c contains a minimum of 90% of the measured values and extreme values (a, d) are shown in parentheses.

Nuclei were stained with 4′,6-diamidino-2-phenilindole (DAPI; Sigma-Aldrich, St Louis MO, United States) for 10 min directly on microscope slides. Excess stain was removed with filter paper. Nuclei were visualized with a Fluorview 1,000 laser confocal fluorescent microscope (Olympus, Tokyo, Japan). Images were analyzed using FV10-ASW 4.0 Viewer software (Olympus). The descriptions and abbreviations follow those of Baral (1999): * = living state; † = dead state. Images were assembled and processed using Adobe Photoshop CC 2017 or Illustrator CC (Adobe Systems, San Jose, CA). Correlation analyses were performed to evaluate the relationship among ascospore number, ascospore size and ascus size. Data were plotted on scatter diagrams.




3. Results and discussion


3.1. Molecular phylogenetic analysis of Morchella galilaea specimens

By using molecular phylogenetic analyses, we verified the species identity of the specimen used in this study as M. galilaea. The alignments of the twenty sequences of four markers that were newly generated in this study (Table 1) and the 120 retrieved sequences from GenBank (Supplementary Table S1) were 1,096, 895, 716, and 729 bp, for ITS, EF1-a, RPB1, and RPB2, respectively. The final aligned multi-marker matrix contained 35 collections belonging to 13 species, and total 140 sequences with 3,436 aligned bases. The phylogenetic trees were inferred from the combined four-marker dataset based on ML and BI analyses. No apparent topological differences were detected between the two analyses (data not shown), and the ML phylogeny is presented in Figure 2. The phylogenetic analyses strongly supported the studied specimens as M. galilaea (Figure 2) since they were clustered together with HKAS55840 and HKAS55839 from China and HAI-D-041 from Israel with high support (100%/1); these were previously identified as M. galilaea (Du et al., 2012; Taşkin et al., 2015). Among the five samples studied, those from Kenya showed three unique single base pair variants relative to the specimens from China, but clustered closely with them with high bootstrap support (100%/1), suggesting low geographic differentiation.

[image: Figure 2]

FIGURE 2
 Phylogenetic tree of thirteen species in the Esculenta clade of Morchella inferred from ML analyses based on the concatenated dataset (ITS, EF1-α, RPB1, and RPB2). Bootstrap values over 70% and Bayesian posterior probabilities over 0.95 are reported on the branches. Sequences generated from collections of Morchella galilaea used in this study are indicated in bold.




3.2. Morphological studies of Morchella galilaea specimens

We identified considerable morphological variation in ascospore shape, number of ascospores within asci, conidial formation from ascospores and nuclear number in ascospores and conidia from the specimens of M. galilaea.


3.3.1. Ascospore shape and size are variable in Morchella galilaea

In Morchella species, mature ascospores are typically elliptical (Clowez et al., 2014, 2015; Taşkin et al., 2015; Loizides et al., 2016; Du et al., 2019), however, various ascospore shapes were observed among the specimens of M. galilaea (Figure 3). Elliptical ascospores dominated and accounted for 96.1% (total 845 spores investigated from the five samples, detailed information shown in Table 1), but irregular shapes, including spherical, heart-shaped, crescent, and other forms were also observed in all investigated fruiting bodies (Table 1, Figure 3). In Figure 4, the diversity of ascospore shapes and sizes is illustrated using the same scale for each element. Diversity of ascospore shape was not only found in different asci from the five samples (Table 1), but also from the same ascus (Figures 3W–Z,A). Certain asci harbored spores that were almost all spherical (Figure 3Ä) but several different spore shapes also were evident within a single ascus (Figures 3W–Z). The size of typically elliptical ascospores was (11.7-)16.8–22.9(−25.5) × (8.0-)9.6–14.5(−16.1) μm (average Q = 1.66) based on data from 200 ascospores of the five specimens (40 from each), whereas differently shaped spores were (7.9-)10.0–24.2(−29.1) × (5.8-)6.8–13.4(−19.6) μm (average Q = 1.82) based on observation of 236 spores from five specimens (13/ FCNU1061, 13/FCNU1116, 13/FCNU1117, 183/FCNU1118 and 14/FCNU1119).

[image: Figure 3]

FIGURE 3
 Diverse shapes of ascospores within or outside asci of Morchella galilaea (A-Z, Ä). Scale bars = 5 μm.


[image: Figure 4]

FIGURE 4
 Diverse shapes of ascospores and germination either by germ tube or via conidia formation in Morchella galilaea drawn following observation by microscopy. (A): diverse shape of ascospores and detached conidia (small globose conidia in A3); (B): ascospore germination by the long germ tube or via conidia production; (C): conidia from ascospores in single or chains. Scale bars = 20 μm.


Ascospore shape has been suggested to correlate with ecological niche and was shown to have an influence on the efficiency of active spore discharge (Ingold, 1975; Raju and Burk, 2004; Campbell et al., 2006; Shenoy et al., 2006; Hirooka et al., 2012). Most explosively ejected spores in ascomycetes have a drag-minimizing ellipsoid shape close to the theoretical optimum, which maximizes the range of their active liberation (Roper et al., 2008). Successful liberation of spores from ascomata facilitates dispersal. The irregular ascospore morphologies observed, such as spherical and heart shapes, seem to present difficulties for ascospore discharge compared to elliptical shapes. It is unknown whether these variant ascospore shapes are aberrations or have some unidentified function. The formation of moon– and heart-shaped ascospores in M. galilaea appears to arise from incomplete spore delimitation between two spores. Whether these variant spore shapes have to do with the autumn fruiting of M. galilaea remains to be studied. In further study, we will focus on whether these variant ascospores germinate and try to discover whether there is a potential function associated with these shapes.



3.3.2. Variation in ascospore number in Morchella galilaea

Species of Morchella have previously been shown to harbor eight ascospores per ascus (Clowez et al., 2014, 2015; Taşkin et al., 2015; Loizides et al., 2016; Du et al., 2019), but we found that the number of ascospores produced in asci of M. galilaea varied from one to 16 (Figure 5). The number of ascospores produced in asci studied are shown in Table 1. Mature ascus length varied from 215.6 μm (ascus with seven ascospores) to 364.4 μm (ascus with two ascospores), and the width ranged from 16.5 μm (ascus with two ascospores) to 23.87 μm (ascus with eight ascospores) (Supplementary Table S2). The ascus in this study ranged from 215.6–364.4 × 16.5–23.9 μm. This was greater than previously determined for M. galilaea, namely 165–220 × 15–22 μm (Taşkin et al., 2015). This ascus size difference may be attributed to the higher number of ascospores that were identified in this study (see below in 3.2.3). Asci and ascospores illustrated using the same scale make clear the variations of shape and size for the sixteen types observed (Figure 6).

[image: Figure 5]

FIGURE 5
 Asci of Morchella galilaea harboring one to 16 ascospores. (A): one-spored ascus; (B): two-spored ascus; (C): three-spored ascus; (D): four-spored ascus; (E): five-spored ascus; (F): six-spored ascus; (G): seven-spored ascus; (H): eight-spored ascus; (I): nine-spored ascus; (J): ten-spored ascus; (K): 11-spored ascus; (L): 12-spored ascus; (M): 13-spored ascus; (N): 14-spored ascus; (O): 15-spored ascus; (P): 16-spored ascus. Scale bars = 20 μm.


[image: Figure 6]

FIGURE 6
 Asci of Morchella galilaea drawn following microscopic observation with conidia formation by budding from ascospores and diverse ascospore shapes shown. (A): one-spored ascus; (B): two-spored ascus; (C): three-spored ascus; (D): four-spored ascus; (E): five-spored ascus; (F): six-spored ascus; (G): seven-spored ascus; (H): eight-spored ascus; (I): nine-spored ascus; (J): ten-spored ascus; (K): 11-spored ascus; (L): 12-spored ascus; (M): 13-spored ascus; (N): 14-spored ascus; (O): 15-spored ascus; (P): 16-spored ascus. Scale bar = 20 μm.


We further counted the number of asci with different numbers of ascospores (Figure 7, Supplementary Table S3). Their distribution pattern showed that asci with eight ascospores were predominant and accounted for 540/654 (82.6%) of the asci, which is consistent with the typical number of ascospores for most ascomycetes. Seven-spored and nine-spored asci were the second most numerous and were observed equally in 17/654 (2.6%) of asci. Asci that harbored 16 ascospores occurred least frequently (1/654; 0.15%). The second lowest prevalence was asci having one, 14, or 15 ascospores which each accounted for 2/654 (0.3%) of the total. Asci with other numbers of ascospores comprised 11.2% of the total (Supplementary Table S3).

[image: Figure 7]

FIGURE 7
 The distribution pattern of asci with one to 16 ascospores in Morchella galilaea according to analyses of 654 asci.


In ascomycetes, species with varying numbers of spores per ascus were previously reported (Yao and Spooner, 2000; Bonito et al., 2010; Kušan et al., 2018; Pfister and Healy, 2021). However, variation in spore number within asci from the same species and from the same fruiting body are more rarely reported. Variation in spore number in yeast asci was suggested to depend closely on the carbon-to-nitrogen ratio of the growth medium, with more spores produced in media with a high carbon-to-nitrogen ratio, and fewer spores with a low ratio (Okuda, 1961). However, the carbon-to-nitrogen ratio is unlikely to be a factor in this study since spore numbers varied not only among different fruiting bodies, but also within a single fruiting body of M. galilaea. Variation in ascospore number has been suggested to be related to the lack of coordination of meiotic divisions, spore wall formation and successful mitotic divisions. Varying propagule number may contribute to differences in dispersal range, colonization of new habitats, or the production of heterokaryotic ascospores for pseudohomothallic species (Davidow and Goetsch, 1978; Sherwood, 1981; Hanlin, 1994; Raju and Perkins, 1994; Réblová and Mostert, 2007; Quijada et al., 2022).

In Morchella species, heterothallism, pseudohomothallism and unisexual reproduction modes have been reported not only from different species but also from the same species, such as M. importuna (Chai et al., 2017, 2019; Du et al., 2017, 2020; Du and Yang, 2021). To date, only heterothallism has been found in M. galilaea (Chai et al., 2019; Du et al., 2020; Du and Yang, 2021), given the variation in spore number in asci and thus the potential for heterokaryotic ascospores formation (especially in those cases of reduced spore number), we presume pseudohomothallism may exist in this species. This awaits verification. As the only species of Morchella fruiting in autumn and its wide distribution in Asia, Europe, North American and Africa, the variation in ascospore number in M. galilaea might be beneficial in increasing the numbers and diversity of propagules and introduce the potential for the formation of heterokaryotic ascospores aiding in dispersal and long-distance colonization.

In the Pezizomycetes, the number of nuclei in mature ascospores is considered to have taxonomic value, and varies from 1, 2, 4 to many (Pfister and Healy, 2021). Using laser confocal microscopy we observed the nuclear condition of ascospores in the asci with the typical eight ascospores, and atypical one, two, three, four, five, seven, 11, 13, and 14 spores (Figures 8A–M). For the typical eight-spored asci, usually six to ten nuclei were observed in each ascospore (Figure 8J). In the one-spored ascus (Figure 8A), only four nuclei were observed, indicating the absence of mitosis and/or nuclear degeneration. Although, the possibility also existed of meiosis with cytokinesis defects producing one cell with four nuclei. Two two-spored asci, respectively, possessed six (Figure 8B, three in each spore) and eight nuclei (Figure 8C, six in the large ascospore, one in the small one and one in the cytoplasm). Four nuclei were observed in a three-spored ascus, with two nuclei in a large ascospore and one in each of the small spores (Figure 8D). Four nuclei total in a four-spored ascus were observed, with two nuclei in the large ascospore, two in two other spores, and one spore aborted without a nucleus (Figure 8E). In a five-spored ascus, four to eight nuclei were observed in each spore (Figure 8F). In seven-spored asci (Figures 8G–J), a minimum of four nuclei were observed in each spore, and one moon- and one heart-shaped spore (Figures 8H,I) had almost double the numbers of nuclei (around 16 to 20) compared to typical ascospores. A failure of spore delimitation and cytokinesis defects during mitosis may be responsible for the formation of moon- and heart-shaped spores that otherwise might have divided into pairs of ascospores.

[image: Figure 8]

FIGURE 8
 The number of nuclei in one-spored, two-spored, three-spored, four-spored, five-spored, seven-spored, eight-spored, 11-spored, 13-spored and 14-spored asci, and their ascospores of Morchella galilaea observed under laser confocal fluorescence microscopy. (A): one-spored ascus with four nuclei (four nuclei in the only spore); (B): two-spored ascus with six nuclei (each spore containing three nuclei); (C): two-spored ascus with eight nuclei (six nuclei in the large spore, one in the small spore; one in the cyptoplasm); (D): three-spored ascus with four nuclei (two nuclei in the large ascospore, two, respectively, in each of two small spores); (E): four-spored ascus with four nuclei (two nuclei in the large ascospore, two in the two other small spores, one aborted spore without nuclei); (F): five-spored ascus with multiple nuclei (each ascospore with four to eight nuclei); (G–I): seven-spored ascus with multiple nuclei (at least four nuclei in each ascospore); (J): eight-spored ascus with multiple nuclei (six to ten nuclei in each ascospore); (K): 11-spored ascus with multiple nuclei (one large ascospore harboring eight nuclei, two spores, respectively, containing three nuclei, one spore with two nuclei, six spores with only one nuclei in each, one aborted spore without nuclei); (L): 13-spored ascus with multiple nuclei (eight ascospores with four to six nuclei, five spores with at least one nuclei in each); (M): 14-spored ascus with multiple nuclei (two ascospores containing six nuclei, two with four nuclei in each, one with two nuclei, one with one nuclei, seven aborted spores without nuclei). Scale bars = 5 μm.


Spore abortion has been suggested to be one of the reasons that fewer than eight spores are found in some asci (Booth, 1959; Rossman, 1983; Glawe and Jacobs, 1988). Spores without nuclei usually fail to reach full maturity or abort after they have been delimited (Dodge, 1928). Based on nuclear observations of two-, three-, and four-spored asci above, larger ascospores usually possess more nuclei than smaller ones (Figures 8C–E). Sherwood (1981) reported that larger spores potentially are multinucleate and may have a heterokaryotic advantage. This may aid in colonization and enhance propagule survival. In pseudohomothallic species, fewer spores and larger ascospores are produced (Raju and Perkins, 1994). The production of multi-nucleate heterokaryotic ascospores gives an advantage in establishment and completion of a species’ life cycle (Uhm and Fujii, 1983; Raju and Perkins, 1994). The pseudohomothallic condition has been demonstrated in Morchella species, such as in M. sextelata, M. importuna, and Morchella sp. Mes-15 (Liu et al., 2021), but not in M. galilaea yet.

For asci with more than eight spores, visualization with laser confocal microcopy requires observations at different angles in order to see all the nuclei. We cannot show a single image in which all nuclei are visible. Therefore, we state how many nuclei were observed in the spores of 11-, 13-, and 14-spored asci, but the corresponding images in Figure 8 may not clearly show the exact number of nuclei. In the 11-spored ascus, one large ascospore harbored eight nuclei, two contained three nuclei, one had two nuclei, six harbored only one nucleus in each and one aborted without nuclei (Figure 8K). For the 13-spored ascus, eight ascospores contained four to six nuclei and the other five spores harbored at least one nucleus in each (Figure 8L). In the 14-spored ascus (Figure 8M), two spores contained six nuclei, two contained four nuclei, one had two nuclei, and one harbored one nucleus, but the other seven aborted spores lacked nuclei even at different observational angles.

In contrast to asci with more or fewer than eight spores, eight-spored asci in M. galilaea have more nuclei per spore, usually six to ten and even more. Ascospores with no nuclei (aborted) or fewer than six nuclei were commonly found. In ascomycetes, the fusion nucleus in the ascus regularly divides in succession by meiosis and post-meiotic mitosis to produce eight nuclei before spore delimitation for typical eight-spored asci (Dodge, 1928; Pöggeler et al., 2006); for asci with more than eight spores, the eight post-mitotic nuclei undergo further successive mitotic divisions so that 16, 32, or more nuclei are formed before spore delimitation (Dodge, 1928). Spore fragmentation to form part spores and budding of ascospores within asci may be also responsible for more than eight spores being found in asci in some fungi (Read and Beckett, 1996). When there are fewer than eight ascospores per ascus, nuclei degeneration followed by spore abortion, an absence of mitotic divisions, or multiple nuclei encompassed by a single wall to form a giant, multinucleate spore may be the reasons (Esser and Stahl, 1976; Leonard, 1988; Read and Beckett, 1996), as we observed in one-, two–, three– and four-spored asci in M. galilaea. Among all the different asci observed in M. galilaea, a minimum of four nuclei in developing asci was observed, except the diploid state with a single nucleus present, and nuclear number in spores can vary from zero to around 20. The four nucleate states observed in some asci suggest that meiosis occurs, but whether post-meiotic mitosis follows needs to be verified. Further studies of meiotic and mitotic events correlated with nuclear status in asci and spore delimitation are needed in the future.



3.3.3. Relationship among ascospore size, ascospore number, and ascus size in Morchella galilaea

A negative correlation exists between ascospore size and the number of ascospores per ascus in most ascomycetes, i.e., production of fewer than eight ascospores per ascus is correlated with a maximum spore size whereas having more than eight ascospores is correlated with a reduced spore size (Sherwood, 1981). Ascus size was also shown to correlate with ascospore size in the Nectriaceae (Hirooka et al., 2012). To probe the relationships among ascospore number, ascospore dimension and ascus size, we measured the length and width of ascospores in one- to 16-spored asci observed from M. galilaea, as well as the length and width of the asci (Supplementary Table S2).

Negative linear correlations were apparent in a scatter diagram for length and width of ascospores within asci and ascospore number (r = −0.517 for ascospore length, r = −0.153 for ascospore width) (Figure 9A); this agrees with previous observations (Sherwood, 1981). Coefficient of determination (R2) values indicated that 21.6% of the variability in ascospore length may be explained by ascospore number which also was responsible for 8.5% of the observed variability in ascospore width (Figure 9A). In contrast, positive linear correlations were indicated for the length and width of asci and ascospore number within the corresponding asci (r = 0.111 for asci length, r = 0.242 for asci width) in which the variable ascospore number influenced ascus width more than length (Figure 9B). Coefficient of determination (R2) values indicated that only 0.02% of the variability in ascus length was explained by ascospore number, which was responsible for 13.9% of the observed variability in ascus width (Figure 9B).
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FIGURE 9
 Correlations between ascospore size, number, and the corresponding ascus size of Morchella galilaea. (A): correlation between ascospore length, width, and spore number in the ascus; (B): correlation between ascus length, width, and spore number in the ascus; (C): correlation between ascospore length, width and the ascus size.


Apparent positive linear correlations were shown for ascus length and ascospore size (r = 3.463 for ascospore length, r = 3.148 for ascospore width, Figure 9, C1 and C2). Coefficient of determination (R2) values indicated that 29.4% of the variability in ascus length may be explained by ascospore length, and 5.8% may be explained by ascospore width. Weak positive linear correlations were shown for ascus width and ascospore size (r = 0.015 for ascospore length, r = 0.139 for ascospore width, Figure 9, C3 and C4). Coefficient of determination (R2) values indicated that 0.09% of the variability in ascus length was due to ascospore length, and 2% was related to ascospore width.

In M. galilaea, ascus size is influenced more by ascospore length than ascospore width, which is probably in accordance with the similar shapes of asci (cylindric) and ascospores (elliptical). The production of fewer than eight spores in asci increases maximum potential spore size. Large, compartmentalized spores have clear advantages in a harsh environment and also increase impaction efficiency and the amount of mycelium which could be produced (Sherwood, 1981). Large spores in fewer than eight-spored asci have more chance for survival, but it may impede active discharged from asci. Their generation size also decreases. The large number of spores produced in polysporous asci decrease spore size, but increase their generation size and also survival possibility of offspring even if some spores fail to survive. Both conditions have some adaptive values, but the production of eight-spored asci probably has the optimal value suitable for ascus discharge mechanism and the ascospore size needed to harbor nuclei and other organelles to survive.



3.3.4. Ascospore germination and conidial formation in Morchella galilaea

Two types of ascospore germination were observed in M. galilaea. Ascospores germinate via a single, long germ tube or by the direct production of conidia from ascospores, or by both simultaneously. Ascospores may germinate within and outside asci. Production of conidia directly from ascospores without the typical intervening mycelial phase was investigated here from one freshly collected and four dried specimens, results are shown in Table 1. Among the five specimens (Table 1), conidial formation was observed not only in ascospores within living asci from the freshly collected specimen (Figure 10A), but also from ascospores within dead asci or after discharge from the three dried specimens (Figure 10B), however, no conidia were found arising directly from ascospores from the specimen from Kenya.

[image: Figure 10]

FIGURE 10
 Conidia formation from ascospores from fresh (A) and dried specimens (B) of Morchella galilaea; ascospore germination by long germ tubes (and via conidia) (C). Symbols in the figure panels (* = fresh specimen, † = dried specimen) and terminology used following Baral (1999). (A): conidia produced by the fresh specimen: (A1-A7): conidia formation from ascospores in living asci; (A8,A9): mature conidia detached from ascospores. (B): conidia produced by dried specimens as follows: (B1–B7): conidia formation from ascospores in asci; (B8): conidia in chains in the ascus; (B9): conidia in chains outside the ascus; (B10–B13): conidia from ascospores outside asci; (B14–B17): conidia detached from the ascospore outside asci; (B18): potential conidium produced outside asci; (B19): conidia detached from the ascospore; (B20): two conidia produced from both ends of the ascospore; (B21): three conidia produced from both spore ends of the ascospore in asci; (B22): one conidium and two germ tubes produced by one ascospore in the ascus; (B23): conidia; (B24): conidium produced laterally from the ascospore. (C): ascospore germination from dry samples: (C1–C6): ascospore germination with one or two germ tubes outside asci; (C7–C9): ascospore germination in asci with one or two germ tubes; (C10): both one germ tube and one conidium produced from one ascospore in asci. Scale bars = 5 μm.


Ascospores in M. galilaea can germinate terminally at one or both spore poles, or laterally at multi-sites, and by formation of hypha and/or conidia singly or in sequence. The types of ascospore germination are shown in Figure 10. Mature ascospores may be ejected from asci with conidia attached (Figures 10B3 and 11C4). Once conidia mature, they may gradually detach from ascospores within (Figure 10A2,A9,B2,B4) or outside of the asci (Figure 10B14–B16).

[image: Figure 11]

FIGURE 11
 The number and status of nuclei in conidia, germ tube, and ascospores within or outside asci of Morchella galilaea by laser confocal fluorescence microscopy. (A1–A4): nuclei in germ tubes and ascospores; (B1–B6): nuclei in potential detached conidia; (B7): nuclei in the normal ascospore in contrast with conidia; (B8–B17): nuclei in conidia single or sequentially produced by budding from ascospores outside acsi, with nuclei migration through bud necks from ascospores to conidia (and further to sequential conidia) noted; (C1–C8): nuclei in conidia budding from ascospores in asci, with nuclei migration through bud necks from ascospores to conidia noted. Scale bars = 5 μm.


Conidia were produced from about 0.01% of ascospores based on observations from three dried specimens (1/1016, 1/1029, 1/1015). The hyaline conidia in M. galilaea were globose or occasionally elliptical, ranging in diameter from approximately 2–10 μm (Figure 10). The ontogeny of conidial emergence from ascospores to the detachment of single and sequential conidia is illustrated schematically based on our microscopy observations (Figure 12). More morphological types of conidia formation are presented in Figure 4B2, C1-C7.

[image: Figure 12]

FIGURE 12
 Schematic diagram illustrating the ontogeny of conidia singly or sequentially produced by budding from ascospores in Morchella galilaea. (A): conidium produced singly at one spore end; (B,C): two conidia produced singly at both spore ends; (D): conidium singly with both germ tubes produced by one ascospore; (E–G): different types of sequential conidia produced from one or both ends of ascospores; (H): three conidia produced at both spore ends of one ascospore.


The nuclear status of ascospores at germination either by long germ-tubes (Figure 11A) or by production of conidia within or outside asci (Figures 11B,C) was further investigated. Migration of nuclei from ascospores through the bud necks into conidia was observed (Figure 11C2,C4–C6), but whether further nuclear mitotic divisions occur in conidia before detachment is unverified. One to six nuclei were observed from detached (Figure 11B1–B6) and attached conidia (Figure 11B8–C8), which was in sharp contrast to 14 nuclei noted in the ascospore (Figure 11B7). Nuclear migration through the bud neck from the primary conidium into successive conidia also was noted (Figure 11B14,B15).

In species of the genus Morchella, conidia are produced on upright, aerial conidiophores after a period of vegetative growth during their hyphal development (this state was previously identified as Costantinella). These conidia are spherical and 2.5–8 μm in diameter, and harbor one to three nuclei (Carris et al., 2015; Yuan et al., 2021; Pfister et al., 2022). The size, nuclear status and formation of conidia produced directly from ascospores are similar to conidia that are produced from mycelium. The similar morphology of conidia produced directly from spores and from aerial hyphae was also described in Nectria inaurata and was found in other fungi (Brefeld, 1891). These common features suggest that development of both modes of conidial formation differ primarily in the timing of conidial initiation in the life cycle, and thus further indicate the two kinds of conidia may have similar functions, such as serving as colonial propagules or as spermatia.

Among the five samples of M. galilaea used in this study, four collections from China exhibited conidia produced from ascospores, whereas the sample from Kenya contained mature ascospores, but their ascospores did not produce conidia. Phylogenetic analyses supported all the five samples as M. galilaea with high bootstrap (100%) (Figure 2). The current results suggested that conidial production from ascospores seems not to be a useful taxonomic feature in M. galilaea, but new markers and additional samples in further research on this species will likely provide more definitive information. That the sample from Kenya lacks conidia produced from ascospores may suggest emerging morphological difference that are due to geographic isolation (Figure 2) but caution is warranted since only a single sample from Kenya was used in this study.

Conidia produced directly from ascospores have rarely been reported in the Pezizomycetes, but have been noted in P. subisabellina (Van Vooren, 2020) and members of the Sarcoscyphaceae (Paden, 1975). Morchella galilaea is the first species reported in the Morchellaceae to produce conidia directly from ascospores. Given that seemingly no special conditions are required during conidial production directly from ascospores, it is likely that this phenomenon is widely distributed but overlooked in fungi. Our findings call for more research into investigating conidial production directly from meiospores.

Production of ascoconidia and conidia directly from ascospores often correlate with ecological niche (Ingold, 1975; Campbell et al., 2006; Shenoy et al., 2006). Such development has been suggested to be associated with drought-tolerance (Sherwood, 1981); colonization of new nutrient sources for coprophilous fungi (Quijada et al., 2022); infection of new hosts in harsh environments (Juzwik and Hinds, 1984; Hanlin, 1994) and performing the role of spermatia (Hanlin, 1994). The broad distribution of M. galilaea throughout Asia, Europe, North America, and Africa, and the autumn fruiting of the species (Du et al., 2015; Taşkin et al., 2015), suggests strong selective pressures from environmental and habitat factors that may favor rapid dispersal and colonization by means of diverse and numerous propagules. These propagules may serve as spermatia and be involved in sexual reproduction during the special fruiting timeline of this fungus. It is important to note that ascomata of species of Morchella are primarily produced in the spring, but their anamorphic spore mats are mainly produced in the fall. These spore mats were not only reported from the Northern Hemisphere (Carris et al., 2015), but also in the Southern Hemisphere (Pfister et al., 2022). So far, field-collected anamorphs have not been reported for M. galilaea. The function of conidia produced from ascospores in M. galilaea still requires further investigation.





4. Conclusion

Despite the broad geographical distribution of species in the genus Morchella, the life history of the species are still far from well known. The information presented here on direct conidial production from ascospores and variability in ascospore shape and number in M. galilaea, suggests that there is aberration during spore formation and/or that there is a selective advantage in these features. Further research is needed to elucidate these factors. That this species produces ascomata in the fall, unlike other species, and that it uniquely produces conidia directly from ascospores suggests that further research may cast light on life histories of the species of Morchella in general. Our findings call special attention to the occurrence of conidia produced directly from ascospores among clades within Pezizomycetes, and also expand the current known morphological and lifestyle diversity in this class.
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