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Abstract

:

The genus Basidiobolus, known since 1886, is primarily associated with reptiles and amphibians. Although globally distributed, rare infections caused by members of this genus mainly occur in tropical and subtropical regions. Morphological and physiological characteristics were used in the past for the description of species. However, some of these characteristics vary depending on culture conditions. Therefore, most species names are regarded as synonyms of B. ranarum as the only pathogenic species. Yet, not all environmental isolates are necessarily pathogenic. This study aimed to analyze if environmental Basidiobolus isolates can be distinguished reliably based on morpho-physiological and molecular characteristics. Eleven isolates originally obtained from feces of south African reptiles and one type strain, Basidiobolus microsporus DSM 3120, were examined morpho-physiologically. Sequence analysis of the 18S and partial 28S rRNA gene and restriction analysis of a diagnostic amplicon (restriction fragment length polymorphism, RFLP) were performed for all 12 strains. Based on the results obtained, morphological features and the 18S rRNA sequence proved insufficient for the reliable differentiation of isolates. However, isolates were distinguishable by growth temperature profiles, which matched isolate clusters established by partial 28S rRNA gene sequence and restriction analysis of a Basidiobolus specific diagnostic PCR amplicon. Our results indicate that RFLP analysis can be used as a fast screening method to identify Basidiobolus isolates with similar physiological characteristics.
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1. Introduction


Members of the filamentous fungal genus Basidiobolus are found worldwide associated with amphibians, reptiles, as well as other animals, soil, and plant detritus [1,2,3,4,5,6,7,8,9,10,11,12]. However, infections in animals, including humans, are rare and mainly reported for warmer subtropical to tropical regions [13,14,15,16,17,18,19,20,21]. The first species of this genus was described and isolated in 1886 by Eidam from frog excrements and named Basidiobolus ranarum [1]. Later, additional species such as B. haptosporus, B. meristosporus, B. microsporus, B. magnus, and B. heterosporus were isolated from various animals and environmental sources [2,3,4,22,23,24]. In the past, morphological features such as the formation of undulated versus smooth zygospores were used for differentiation along with physiological characteristics such as temperature requirements for growth and odor production [3,22,23,24,25]. However, the reliable differentiation of Basidiobolus species by morphological and physiological characteristics proved to be difficult as variations between strains of the same species and changes of such characteristics during cultivation were reported [13,26,27,28,29,30]. So far, only B. microsporus possesses a unique morphological characteristic: the formation of exogenous microspores [3,25,29,31]. This separation of B. microsporus from all other Basidiobolus species is supported by studies comparing exoantigens [32], isozyme variation [33], and “rDNA” analysis [34].



The ongoing controversial discussion about the taxonomy of Basidiobolus species resulted in the suggestion that only one species name, Basidiobolus ranarum, should be used for the pathogenic species, and other previously used species names such as B. meristosporus or B. haptosporus should be considered as synonyms [31]. Currently, it is assumed that only B. ranarum can cause infections [19,21,35], although other Basidiobolus species are still frequently reported in the literature. The use of synonyms can lead to confusion when new isolates are described. Furthermore, assigning new Basidiobolus isolates without proper characterization to only one species, namely B. ranarum, does not help either as not all environmental strains might at the same time be potentially pathogenic. Unfortunately, and complicating matters further, no type strain cultures of the original species Basidiobolus ranarum Eidam, which could be used as reference, appear to exist in any of the well-known culture collections (e.g., ATCC, CBS). However, type strains for species such as B. heterosporus, B. meristosporus, and even B. magnus are available in culture collections. The availability of sequencing technologies provided new opportunities to compare and differentiate microbial isolates. Indeed, the analysis of sequence data from various Basidiobolus spp. isolates, including type strains, revealed some genomic differences between species, with six Basidiobolus species assumed [36,37,38,39]. Still, for a proper characterization of isolates, genomic sequence analysis alone is not sufficient given that growth characteristics and other physiological parameters cannot be predicted that way reliably. Hence, physiological tests are still an essential part of the proper characterization of fungal isolates. Therefore, fungal identification should include a combination of molecular, physiological, and morphological analysis [40].



PCR-based methods for a reliable identification of the genus Basidiobolus are available [41,42,43,44] and are a useful tool for verifying and confirming microscopical and culture-based identification. Yet, as these PCR-based methods do not distinguish between possible species or subspecies, it is not certain if only one or more than one species or subspecies are responsible for an infection and how these different strains are distributed in the environment.



Therefore, we investigated if Basidiobolus spp. isolates originally obtained from reptile feces in South Africa could be divided into distinct groups using selected morphological and physiological characteristics and if this grouping could be confirmed using molecular methods. Additionally, we examined if restriction fragment length polymorphism (RFLP) analysis of a group-specific diagnostic PCR amplification product (Ba1/Ba2 [41]) can be used to distinguish these environmental isolates accordingly. This would allow for the screening of large numbers of isolates, confirming membership of the genus Basidiobolus and at the same time assignment to groups of related strains without using extensive and time-consuming cultural methods.




2. Materials and Methods


2.1. Basidiobolus Isolates


A total of 12 Basidiobolus strains was used for morphological, physiological, and sequence-based characterization (Table 1). Nine Basidiobolus spp. isolates were obtained in a previous study [12] analyzing reptile feces from a suburban area in Pietermaritzburg (KwaZulu Natal, South Africa). Additionally, two isolates (Cla6, C3-1) were obtained from gecko feces collected in Clarens (Free State, South Africa) and identified as described previously [12]. The type strain Basidiobolus microsporus DSM 3120 was used for comparison. All isolates were kept as living cultures on non-selective media such as Sabouraud Dextrose, Nutrient, and Wort Agar at ambient temperature with regular sub-culturing for maintenance. All microscopic analyses were done using a Zeiss Axio Scope with an Axiocam ICc3. Images were taken using Zen 2.3 blue edition and assembled with Affinity Photo (version 1.8.5.703).




2.2. Effect of Temperature on Growth


The radial growth of all 12 strains was determined on Sabouraud Dextrose Agar (SDA; Neogen, Lansing, MI, USA) at six different temperatures (6, 20, 28, 37, 40, and 45 °C). For inoculation, all isolates were grown on Nutrient Agar (NA; Neogen, Lansing, MI, USA) at 28 °C for 4 to 7 days until sufficient growth (clear mycelia formation) was visible. Plugs of 6 mm diameter were aseptically taken from the mycelial growth perimeter of these cultures and placed onto SDA. Radial growth at the different temperatures was measured to the nearest millimeter (maximal diameter) every 24 h for 96 h and again after 7 days (at least 6 measurements from 3 independent experiments). If no growth was detectable after 7 days, the incubation was extended, and additional radial growth measurements were taken after 10 and 14 days. The presence or absence of growth was confirmed microscopically (hyphae formation).




2.3. PCR and Sequence Analysis


Total DNA was isolated using the Quick-DNA Fungal/Bacterial Microprep kit (Zymo Research, CA, USA) according to the manufacturer’s instructions. PCR reactions for DNA amplification included an initial denaturation at 94 °C for 5 min, followed by 35 cycles consisting of primer specific denaturation, annealing, and extension steps, and a final extension at 72 °C for 7 min. All primers and cycling conditions used are given in Table 2, and the primer sequences are specified in Table S1.



Typical PCR reactions were performed in a final volume of 26 μL containing 2× PCR reaction mix (OneTaq, NEB, MA, USA), 11 pmole of each primer, and 0.5 μL of DNA. Nuclease-free water was used as the negative control. The presence of amplification products was confirmed by gel electrophoreses (1.5% agarose gel, 0.5× TAE-buffer, ethidium bromide staining). Bidirectional sequence analysis of amplification products obtained with the primer pairs 3–6 (Table 2) was performed by the CAF DNA Sequencing Unit (University of Stellenbosch, South Africa).



Sequence data obtained with primer pairs 3 to 5 (composite 18S rRNA gene region) and 6 (D1/D2 domain of 28S rRNA gene region) were assembled using Geneious prime (version 2020.2). Consensus sequences obtained were deposited with GenBank under the accession numbers shown in Table 1. Comparison with deposited sequences in GenBank was done using the nucleotide basic local alignment search tool BLAST (Megablast, accessed on 26 August 2020). Phylogenetic trees were established using Geneious Prime (version 2020.2) with alignments done using Clustal Omega and using sequences of type strains deposited in GenBank for comparison. As no type strain sequence is available for B. ranarum, a sequence from a certified reference strain (ATCC 14449) was used instead.




2.4. Restriction Analysis


The sequences for the PCR amplicon products using the diagnostic primer pair Ba1/Ba2 (28S rRNA) were extracted from the results obtained from 28S rRNA gene sequence analysis for each isolate and examined for suitable enzyme restriction sites for the differentiation of isolates. To confirm the predicted restriction pattern, the group-specific Ba1/Ba2 PCR amplification product was used. Fast digestion of the PCR products was performed at 37 °C for 2 h with HaeIII and HinP1I (Fermentas) and for 4 h with AccI (NEB), respectively, followed by a final incubation at 80 °C for 10 min to stop the reaction. Restriction took place in a total reaction volume of 15 μL using an enzyme/PCR product ratio following the manufacturer’s recommendations. Restriction fragments were separated in a 2.5% agarose gel for 1 h at 200 V using 1× TB buffer [49] followed by ethidium bromide staining.





3. Results


3.1. Morphological and Physiological Characterization


The production of undulated, beaked zygospores (Figure 1A) could be observed in older, mature cultures of isolate E4 and both gecko fecal isolates collected in Clarens (Cla6, C3-1) as well as in the type strain Basidiobolus microsporus DSM 3120, while only smooth, beaked zygospores (Figure 1B) were produced by the eight other isolates. However, zygospores were not regularly produced, and two isolates (G10 and Ag5-5) lost the ability soon after isolation during sub-culturing. Exogenous microspores were only detected in older cultures of the type strain Basidiobolus microsporus (Figure 1C), even though not regularly. A whitish, aerial mycelium was sometimes formed by the isolates tested, most often and in larger amounts by isolates G9, GA7, Ag3, and GP8. However, such whitish mycelium was rarely observed for the reptile isolates G10, GA2, Ag5-5, and GP4. The production of odor (a distinct “streptomyces”-or “cellar”-like, sometimes more aromatic scent) occurred on a very irregular base.



Some strains tended to produce occasionally satellite colonies within the first days of incubation between 20 and 37 °C, but rarely at 40 °C. This resulted in a faster extension of the radial growth diameter as a ring of satellite colonies formed from conidia shot into the surroundings from the mother mycelium (Figure S1). However, at the lowest temperature tested (6 °C), the production of satellite colonies was never detected for any isolate.



The average maximum colony diameters recorded after 96 h (4 days) were used for comparing growth at 20, 28, and 37 °C, as some strains always reached the full Petri dish diameter within 7 days at these temperatures, while for 6, 40, and 45 °C, the maximum growth diameter after 14 days was used (Table S2). Generally, all strains tested could grow very well at 28 °C with the type strain showing the slowest, poorest growth (Figure 2A). For most strains, the radial growth decreased at 37 °C except for isolates G9, GA7, Ag3, and GP8, which grew faster at 37 °C than at 28 °C based on the growth diameter reached within 4 days (Figure 2A). These four isolates grew even quite well at 40 °C, reaching an average radial growth diameter of about 70 mm (isolates G9, GA7, Ag3) and about 40 mm (isolate GP8) within 14 days, while all other strains tested showed more restricted (isolates G10, GA2, Ag5-5, GP4, DSM 3120) or even no (isolates E4, Cla6, C3-1) growth within 14 days at 40 °C (Figure 2B). On the other hand, the three isolates E4, Cla6, and C3-1 grew at 6 °C within 4 days and reached an average diameter of about 25 to 44 mm within 14 days, while isolates G10, GA2, Ag5-5, GP4, and the type strain DSM 3120 showed only very restricted growth within 14 days (Figure 2B). Neither growth nor hyphae formation was detectable at 6 °C for isolates G9, GA7, Ag3, and GP8, and none of the 12 strains tested was able to grow at 45 °C within 14 days. Based on these data, three physiological groups could be differentiated in addition to the type strain B. microsporus DSM 3120: group I (E4, Cla6, C3-1) was able to grow at lower temperatures of 6 °C but not at 40 °C, group II (G10, GA2, Ag5-5, GP4) had an intermediate growth temperature profile, and group III (G9, GA7, Ag3, and less well GP8) was able to grow even at higher temperatures of 40 °C but not at 6 °C (Table 3). A cluster analysis confirmed this growth temperature-based grouping of isolates (Figure S2A).




3.2. Sequence-Based Characterization


When using the genus-specific primer pair BasF611/BasR1340, all strains, including the type strain, showed the expected amplicon size of 730 bp. However, with the diagnostic group-specific primer pair Ba1/Ba2, no typical amplicon of 651 bp size was observed for the type strain B. microsporus, while all reptile feces isolates tested positive, confirming that none of the reptile isolates could be assigned to B. microsporus.



As these genus and group-specific primers cover partial regions of the 18S and 28S rRNA gene sequence, respectively, we analyzed whether the isolates showed sequence variations within these regions, which could be used for further strain differentiation. Alignment of the composite 18S rRNA sequence (1708 bp) using GenBank showed high sequence similarity (≥99%) for all tested strains to 13 deposited matching sequences of Basidiobolus strains (including four type strains and one uncultured clone) and one misidentified Conidiobolus coronatus strain (accession no. JQ014011.1). Such intrusion by one member of the genus Conidiobolus was reported previously in a fungal phylogeny study [50]. Therefore, a differentiation of the isolates at the species or subspecies level based on the 18S rRNA gene sequence was considered unreliable.



More sequence variability was observed within the sequences obtained for the D1/D2 domain of the 28S rRNA gene region, resulting in a consensus sequence of 738 bp for all reptile isolates and 737 bp for B. microsporus DSM 3120. As expected, analysis of these sequences using GenBank (BLAST) confirmed high similarity (99.2% and 100%) of the type strain Basidiobolus microsporus DSM 3120 used in this study with the two deposited sequences of Basidiobolus microsporus type material (CBS 130.62). Although one sequence of B. magnus type material (CBS 205.64; acc. no. JX242588.1) also showed a high similarity (99.5%) to B. microsporus DSM 3120, both of the other sequences deposited for the same type strain B. magnus (CBS 205.64 and ATCC 15379, acc. no. MH870046.1 and EF392425.1) had only 91.9% similarity, indicating that the identity of the first sequence of B. magnus (acc. no. JX242588.1) is questionable. Consequently, this single sequence was not considered for phylogenetic analysis. All the reptile isolates showed sequence similarities (BLAST) between 91.6 and 99.6% to the nine sequences available for type strains. However, no type strain material of B. ranarum is available. The highest similarities of over 99% were established for isolates G10, GA2, GP4, and Ag5-5 to two sequences of B. heterosporus (CBS 311.66 and ATCC 16580), with similarities <96.1% to all other Basidiobolus spp. type material sequences available. Isolates E4, Cla6, and C3-1 showed the highest similarities (>99% for E4 and >98.4% for Cla6 and C3-1) to two sequences of B. magnus type strains (CBS 205.64 and ATCC 15379), while similarities to all other Basidiobolus spp. type strain sequences were below 94.1% for these three isolates. The highest sequence similarities were obtained for isolates G9, GA7, and Ag3 to B. meristosporus (CBS 140.55, 98.8%) and B. haptosporus var. minor (ATCC 16579, 97.4%), while similarities to all other Basidiobolus spp. type strain sequences were <95.8%. The sequence obtained for isolate GP8 showed the highest similarity of 97.4% to the type strain B. haptosporus var. minor (ATCC 16579) and 97.2% similarity to B. meristosporus (CBS 140.55).



A phylogenetic tree established based on the partial 28S rRNA gene (D1/D2 domain) sequences revealed that the Basidiobolus isolates from reptile feces clustered into three distinct groups with B. microsporus forming a fourth cluster (Figure 3).



Interestingly, the observed grouping of the isolates matches the clustering obtained by the analysis of their growth temperature profiles (Table 3, Figure S2). The corresponding distance matrix shows that all four established clusters share less than 96.2% sequence identity with each other (Table S3).



Further analysis of the 28S rRNA gene sequence revealed that for the type strain used, Basidiobolus microsporus DSM 3120, the reverse primer Ba2 does not have an appropriate binding site. This explains why B. microsporus does not produce the expected PCR amplicon when using the group-specific diagnostic primer pair Ba1/Ba2. For all other Basidiobolus reptile isolates, the sequence analysis of the 28S rRNA gene predicted an amplicon of 651bp length for the group-specific primer pair Ba1/Ba2 as previously described [41] and confirmed by PCR analysis in this study. Enzyme restriction patterns for this PCR amplicon sequence were predicted in silico, allowing for the differentiation of the reptile isolates. Three enzymes were chosen (HinP1I, HaeIII, and AccI), and restriction fragment length polymorphism (RFLP) analysis confirmed the predicted restriction patterns. Digestion of the group-specific PCR amplicon with HinP1I revealed three clusters of reptile isolates with identical restriction patterns (Figure S3): one group contained isolates E4, Cla6, and C3-1, one group contained isolates G9, GA7, and Ag3 and the third group remained uncut for isolates G10, GA2, Ag5-5, GP4, and GP8. Restriction analysis of the Ba1/Ba2 PCR product with HaeIII allowed no differentiation between the first two groups as established with HinP1I but highlighted that isolate GP8 had a unique restriction profile (Figure S4). The clearest differentiation was obtained using the restriction enzyme AccI (Figure S5), which resulted in the following clustering of reptile isolates: group A—isolates E4, Cla6, C3-1; group B—isolates G10, GA2, Ag5-5, GP4; group C—isolates G9, GA7, Ag3; group D—isolate GP8 (Table 3).





4. Discussion


The genus Basidiobolus is a long known and well-established taxonomic unit. Since the first report by Eidam in 1886, with Basidiobolus ranarum as the original type species isolated from frog excrements, two other species of this fungal genus were described from lizards and plant detritus [1,51,52]. However, both species, B. lacertae and B. myxophilus, became soon questionable and were considered identical with B. ranarum [26,51,53]. Unfortunately, no type cultures from any of these species were deposited when first described, as new isolates could be easily obtained from nature and, maybe, appropriate official culture collections were not yet established. Until the late 1960s, more Basidiobolus species had been described based on phenotypical differences such as the form of zygospores, aerial hyphae formation, the production of exogenous microspores, odor production during growth, as well as growth temperature preferences [2,3,4,22,23,24]. Today, five different type species (B. haptosporus var. minor, B. heterosporus, B. magnus, B. meristosporus, B. microsporus) and two non-type species (B. ranarum and B. haptosporus) are still available at well-known culture collections such as the ATCC and the CBS. However, in the meantime, a number of Basidiobolus strains were renamed to B. ranarum.



The production of undulated versus smooth zygospores is one of the major morphological characteristics traditionally used to divide the different Basidiobolus species, whereby the production of smooth zygospores was usually related to Basidiobolus spp. isolated from human or animal infections. Undulated zygospores are originally only attributed to B. ranarum, B. magnus, and B. microsporus, the latter additionally producing exogenous microspores [1,3,24]. The exclusive production of smooth zygospores occurs in B. haptosporus (including B. haptosporus var. minor) and B. meristosporus [3,4,22,23], while both types of zygospores apparently occur in B. heterosporus [4].



The occurrence of both rough and smooth zygospores in one culture at the same time rendered this feature a questionable species indicator [29]. However, as previously highlighted by several authors, zygospore wall characteristics are age-dependent; young zygospores always start with a smooth outer wall, and only the mature forms are undulated, which sometimes lose their undulation again shortly before germinating [1,3,5,24,25]. Therefore, as long as the culture is still alive and growing, both undulate and smooth states can co-occur. Additionally, as previously reported and also observed for some strains in this study, the production of zygospores depends on culture conditions, and isolates can lose their ability to produce zygospores during sub-culturing [9,11,23,29,30]. Therefore, although zygospores might be considered as a discrimination feature not necessarily reliable for species identification, the presence or absence of undulated zygospores in aged cultures (when produced) can nevertheless be used to separate strains. In this study, we were able to detect undulated zygospores only in three reptile isolates (E4, Cla6, and C3-1) and in the used type strain Basidiobolus microsporus DSM 3120, which was also the only one showing the formation of microspores. No other Basidiobolus species is reported to produce microspores, which is therefore considered as a reliable characteristic for identifying B. microsporus [3,25,29,30,31]. Therefore, none of the Basidiobolus isolates from reptiles analyzed in the present study belongs to the species B. microsporus.



The generally larger size of zygospores, conidia, and hyphae in B. magnum was primarily used for the differentiation of this species from B. ranarum [24], albeit otherwise, these two species are similar in their morphological characteristics. However, as dimensions of zygospores and hyphae can vary considerably in different isolates and strains depending on culture conditions [5,26,27,29], species differentiation on the base of size alone is doubtful. As the isolates analyzed in this study showed similar culture-dependent size variations of cellular features, this criterium was not used to differentiate isolates.



Two characteristics historically used to differentiate the previously mentioned Basidiobolus species, the formation of aerial hyphae and distinctive odor production, were discussed as controversially as the previously mentioned size and undulation features. A distinctive musty, streptomyces-like odor (sometimes also reported as similar to benzene hexachloride) was first mentioned by Drechsler for cultures of B. ranarum and B. magnus [22,24], while no distinctive odor production has been described for any other Basidiobolus species. The production of aerial hyphae, on the other hand, was used for further distinguishing smooth zygospore producing species, with B. haptosporus showing no or only meager production of aerial mycelium while B. meristosporus produces well-developed whitish mycelium [3]. As many morpho-physiological criteria appeared to be very variable and affected by culture conditions or might even change during sub-culturing [6,13,27], they were later precluded as useful criteria for species differentiation [28,29]. Odor production was irregular and varied in the 11 reptile isolates of the current study from a faint to a distinctive cellar-like to sometimes more pungent aromatic smell, confirming these previously reported variabilities. The same applied to the formation of aerial hyphae, which was indicated by the presence of whitish mycelium in well-grown cultures. Hence, these two features, used originally for the differentiation of Basidiobolus species, were ruled out for separating the reptile isolates of this study.



Determining temperature preferences for the differentiation between potentially pathogenic and non-pathogenic isolates is a reasonable approach, as a microorganism failing to grow at the human body temperature of about 37 °C is unlikely to cause human infection. This ability to grow better at 37 °C was previously used as an additional feature to differentiate B. meristosporus from B. haptosporus, suggesting that only B. meristosporus is a pathogenic species, which can grow even at 40 °C [25], while B. haptosporus is adapted to lower temperatures [23]. This adaptation to a lower temperature is supported by subsequent studies investigating growth temperature profiles for different Basidiobolus species, which indicate better growth for B. haptosporus reference strains at 25 °C than 37 °C [25,29]. However, at the same time, it was suggested that all pathogenic strains should be assigned to B. haptosporus as all human pathogenic isolates have smooth zygospores, while characteristics such as aerial hyphae and odor formation are unreliable for species identification [4,28]. As all isolates in one of these two studies were reported to grow at 24–28 °C as well as at 37 °C (unfortunately without clearly stating the optimum), the authors proposed the differentiation into several varieties, namely B. haptosporus var. haptosporus (for the original B. haptosporus), B. haptosporus var. meristosporus (for B. meristosporus), and B. haptosporus var. minor (as a new variety) [4]. Subsequently, only B. haptosporus was assumed to be pathogenic and mainly reported as a causative agent for infections [4,7,9,15,28,30]. This contributed further to the taxonomic dilemma within the genus Basidiobolus.



The ability of Basidiobolus spp. isolates from humans to grow better at 37 °C is regularly reported and expected on microbiological grounds [25,29,54]. However, several studies pointed out that although environmental isolates often showed an optimum growth at about 25 °C, many were still able to grow at 37 °C, while not all non-human isolates failed to grow better at the higher temperature [7,9,25,29,54,55,56]. Yet, this is not a contradiction, as non-human sources can be the origin of potentially pathogenic strains. Still, distinguishing Basidiobolus species based on growth temperature preferences was no longer followed, and until now, only Basidiobolus ranarum is considered to be pathogenic.



All 12 strains examined in the present study were able to grow at 37 °C, albeit to varying degrees, indicating that all 12, including B. microsporus, could be potentially pathogenic. However, as pathogenicity does not only depend on the ability to grow at 37 °C, further studies need to investigate which additional factors govern the pathogenicity of Basidiobolus spp.



A few studies additionally analyzed the ability of human and environmental isolates to grow at higher temperatures (≥40 °C) and/or at low temperatures (≤15 °C). Interestingly, while all clinical isolates (human and animal) tested in different studies showed growth (although reduced) at 40 °C [25,55], no growth was reported for any clinical isolates tested at low temperatures [5,54,55]. On the other hand, environmental isolates were reported to grow at temperatures of 15 °C or even 7 °C [5,54,55]. However, restricted growth at 40 °C was also reported for environmental isolates [7,11,25,55,56]. These studies indicate that pathogenic isolates potentially differ from environmental isolates less likely to cause infections, especially regarding their minimum growth temperature.



The temperature preferences for the growth of isolates proved to be a useful criterium to separate the reptile isolates of this study into three distinct groups, one group of isolates able to grow even at temperatures below 10 °C, one group growing best at ambient but very restricted at lower and higher temperatures, and the last group growing best at 37 °C and even growing quite well at 40 °C.



Interestingly, these physiological clusters matched the grouping of the reptile isolates obtained via phylogenetic analysis in the present study. Although the 18S rRNA gene sequence analysis did not support a differentiation at the species level (sequence similarities >99%), the 28S rRNA gene D1/D2 domain sequence analysis enabled the potential assignment of isolates to type species originally described based on physiological and morphological characteristics. A problem arises from the inconsistent use of species names within the genus Basidiobolus, as the species name assigned to pathogenic isolates in medically related studies changed over time from B. ranarum to B. meristosporus and B. haptosporus and finally back to B. ranarum, with different species names frequently used in the literature for the description of environmental and clinical Basidiobolus isolates. Therefore, sequences deposited in GenBank might be incorrectly annotated due to such taxonomic changes [40,50]. Additionally, sequence data quality depends on sequencing accuracy (errors) and might be further compromised by PCR-based errors, culture contamination, or mislabeling of original materials [57,58]. All this might lead to fungal misidentification, and exclusively sequence-based identification of Basidiobolus species should be applied cautiously. To minimize such problems, only sequences from type material or certified reference cultures (for B. ranarum) were used for phylogenetic analysis in this study.



Based on the results from this study, all three isolates able to grow at low temperatures (E4, Cla6, C3-1) showed the highest similarity to Basidiobolus magnus and B. ranarum. This is in line with the characteristics originally described for these species that are the formation of undulated zygospores and preference for lower temperatures [1,3,24,25]. The group with optimum growth at higher temperatures clustered with Basidiobolus meristosporus, previously described to grow better at 37 °C [25], and B. haptosporus var. minor, which appeared as a subcluster in this group together with the isolate GP8. Interestingly, isolate GP8 was growing slightly less well at 40 °C than the other three reptile isolates G9, GA7, and Ag3 of this group. Unfortunately, more detailed physiological studies seem not to be available for B. haptosporus var. minor, and the original description of this variety does not explicitly mention any temperature preferences [4]. The third cluster of isolates (G10, GA2, Ag5-5, GP4) showed the highest similarity to type strain material of B. heterosporus, which was reported to grow better at 25 °C than at 37 °C [29]. The reptile isolates clustering in this group grew better at 28 °C than at 37 °C, suggesting a similar growth temperature preference. However, in contrast to the morphological characteristics initially described for B. heterosporus [4], only smooth zygospores were formed by the reptile isolates before two isolates lost the ability to produce zygospores. This underlines the challenges of using only morphological features for the reliable differentiation of isolates in the genus Basidiobolus.



No threshold value is currently defined for fungal species determination based on 28S rRNA gene sequences similarity. Therefore, sequence differences in the D1/D2 domain of 28S rRNA established in the current study for Basidiobolus isolates cannot be directly employed for species identification. However, assuming a 97% similarity as cutoff value for species identification suggested and applied for the fungal ITS region [40], the four clusters revealed in our study might represent at least four different species. Among these, B. microsporus is clearly distinct from all other species, which is in line with previous findings [3,25,29,31,32,33,34]. Similarly, B. heterosporus seems to form a distinct cluster, while B. ranarum cannot be distinguished from B. magnus and should therefore be considered as one species. Finally, B. meristosporus and B. haptosporus var. minor can be distinguished from the other three clusters containing B. microsporus, B. heterosporus and B. ranarum, respectively. Yet, as the type strains of B. meristosporus and B. haptosporus var. minor exhibit slightly less than 97% sequence identity based on the phylogenetic analysis performed in this study, they might be not considered as separate species but as varieties of one species (B. haptosporus), as suggested in the past [4]. The presence of four clusters matches a recent taxonomic study on the basal clades of fungi, proposing four species within the genus of Basidiobolus [59].



Although the reptile isolates could be assigned to specific Basidiobolus spp. type strains, it is still possible that the sequence differences within parts of the 28S rRNA gene are due to genetic variation within a species. Previous studies suggested the presence of large genetical heterogeneity in the genus Basidiobolus with only B. microsporus being clearly distinct, but at the same time, they indicated that isolates differ to a certain degree by their origin (clinical/non-clinical and geographic) [33,34]. Additionally, Basidiobolus meristosporus was estimated to possess large copy numbers—exceeding 1000—for ribosomal RNA genes [60]. In turn, this might result in a higher frequency of sequence variations being present in a strain, allowing strains to adapt faster to changes in growth conditions and explaining the large physiological plasticity and strain variability observed in this genus [13,26,29].



The results from the current study show that the morpho-physiological characterization of the reptile isolates matches the grouping obtained using 28S rRNA (D1/D2 domain) gene sequence analysis. As cultural methods are time-consuming, the combination of a PCR-based identification followed by RFLP analysis seems to be a reliable approach for a faster differentiation of Basidiobolus isolates. For the genus level confirmation of Basidiobolus, the 18S rRNA based primer pair should be used, while the 28S rRNA targeting primer pair Ba1/Ba2 proved to exclude Basidiobolus microsporus, as this strain lacks the binding site for the second primer Ba2. For isolate differentiation, the best result was obtained digesting the diagnostic PCR amplicon Ba1/Ba2 with AccI, which allowed distinguishing all groups identified in this study, including the subcluster of isolate GP8.



Even though basidiobolomycosis is a rare disease, it often affects healthy humans and can manifest as severe and difficult to diagnose infection [18,19,20,21,35,44]. From a diagnostic point of view, it might be sufficient to identify Basidiobolus isolates at the genus level as the cause of an infection. However, to better understand possible infection routes and estimate potential health risks associated with the presence of Basidiobolus spp. in the environment, it is vital to confirm the type of strain causing an infection and its origin. Comparing RFLP patterns from clinical and environmental isolates might allow source tracking. Although the culture-based examination will still be necessary to characterize isolates properly, RFLP analysis is a fast screening method that can identify groups of similar isolates from which selected representatives can be further analyzed. The ability of restriction analysis of ribosomal RNA gene sequences to differentiate between human and saprobic Basidiobolus isolates was previously shown [34]. Unfortunately, we had no access to clinical Basidiobolus spp. isolates for direct comparison of clinical and environmental isolates. However, in silico AccI restriction analysis of the diagnostic Ba1/Ba2 amplicon extracted from selected sequences deposited in GenBank for Basidiobolus spp. strains of human origin resulted in RFLP patterns similar to those established in this study using AccI. Albeit the RFLP pattern showed some variation, most human isolates tested in silico apparently possess an RFLP pattern matching the one from the higher temperature adapted isolates G9, Ag3, and GA7 or isolate GP8 (Figure S6), suggesting that not all environmental isolates are pathogenic. However, these data should be confirmed in situ, if possible, with both reference strains from culture collections as well as clinical isolates.




5. Conclusions


This study confirms that morpho-physiological characteristics such as zygospore wall undulation, odor formation, or production of whitish mycelia are highly variable features that do not allow for a reliable differentiation of members of the genus Basidiobolus. Similarly, the 18S rRNA gene sequence proved to be unsuitable for distinguishing environmental isolates. However, the separation of isolates into clusters based on growth temperature preference and RFLP analysis of a diagnostic PCR amplicon (located on the 28S rRNA gene) was possible and supported by the phylogenetic comparison of the 28S rRNA gene (D1/D2 domain) sequence. In silico RFLP analysis of the diagnostic PCR amplicon sequence of selected clinical isolates suggests that pathogenic strains mainly fall into the cluster of higher temperature adapted members of the genus Basidiobolus.



Additional work combining physiological studies along with multi-gene and whole-genome analyses is required to elucidate the Basidiobolus species/strain complex, reveal possible cryptic species, and improve our understanding of factors governing strain pathogenicity. Therefore, the comparison of certified type and reference strains with environmental and clinical isolates from different geographical regions would be essential to clarify unresolved issues for this fascinating fungal genus.



Still, the RFLP analysis suggested in our study would be a useful approach for epidemiological studies.








Supplementary Materials


The following are available online at https://www.mdpi.com/2309-608X/7/2/110/s1, Table S1: Sequences of primers used in this study. Table S2: Average maximum growth diameter on Sabouraud Dextrose Agar (SDA) of 11 Basidiobolus isolates from reptile feces and of the type strain Basidiobolus microsporus DSM 3120 after incubation at 6, 20, 28, 37, 40, and 45 °C. Table S3: Distance matrix (% identity) based on 28S rRNA gene (D1/D2 domain) sequence comparison of Basidiobolus and Conidiobolus strains used for the phylogenetic analysis. Figure S1: Basidiobolus sp. isolate GA2 after growth at 20 °C for 7 days on Sabouraud Dextrose Agar. Figure S2: Clustering of Basidiobolus spp. isolates from reptile feces and Basidiobolus microsporus DSM 3120: (A) Dendrogram based on growth temperature profile after 4 days created with PAST 4.01 (www.nhm.uio.no) using UPGMA and Euclidian similarity index and (B) Cladogram based on partial 28S rRNA gene sequence (D1/D2 domain) created with Geneious Prime Version 2020.2 using UPGMA consensus analysis (1000 bootstraps). Figure S3: Agarose gel of HinP1I RFLP pattern after restriction of Ba1/Ba2 PCR product from reptilian Basidiobolus spp. isolates. Figure S4: Agarose gel of HaeIII RFLP pattern after restriction of Ba1/Ba2 PCR product from reptilian Basidiobolus spp. isolates. Figure S5: Agarose gel of AccI RFLP pattern after restriction of Ba1/Ba2 PCR product from reptilian Basidiobolus spp. isolates. Figure S6: AccI in silico restriction pattern of eight sequences from human isolates and four representative Basidiobolus spp. isolates (GP8, Ag3, G10, E4) covering all four restriction patterns established in this study (all trimmed to the Ba1/Ba2 amplicon size, created with Geneious Prime Version 2020.2).





Author Contributions


Conceptualization, M.C., S.S.; methodology, M.C.; validation, M.C., S.S.; formal analysis, M.C.; investigation, M.C.; resources, S.S.; data curation, M.C.; writing—original draft preparation, M.C.; writing—review and editing, M.C. and S.S.; visualization, M.C., S.S.; funding acquisition, S.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially funded by the NRF.




Data Availability Statement


Data are contained within this article and supplementary material. Sequence data are available via GenBank.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Eidam, E. Basidiobolus, eine neue Gattung der Entomophthoraceen. Beitr. Biol. Pflanz. 1886, 4, 181–251. [Google Scholar]

	



Drechsler, C. A Basidiobolus producing elongated secondary conidia with adhesive beaks. Bull. Torrey Bot. Club. 1947, 74, 403–413. [Google Scholar] [CrossRef]

	



Benjamin, R.K. A new Basidiobolus that forms microspores. Aliso 1962, 5, 223–233. [Google Scholar] [CrossRef]

	



Srinivasan, M.C.; Thirumalachar, M.J. Studies on Basidiobolus species from India with discussion on some of the characters used in the speciation of the genus. Mycopathol. Mycol. Appl. 1967, 33, 56–64. [Google Scholar] [CrossRef]

	



Coremans-Pelseneer, J. Les Phycomycètes pathogènes pour l’homme et les animaux en régions tropicales. In Koninklijke Academie voor Overzeese Wetenschappen; Klasse voor Natuur en Geneeskundige Wetenschappen: Brussel, Belgium, 1972; Volume XVIII-4. [Google Scholar]

	



Porto, E.; Milanez, A.I. Basidiobolus isolados de répteis e anfíbios no Brasil. Rev. Inst. Med. Trop. São Paulo 1979, 21, 237–245. [Google Scholar] [PubMed]

	



Gugnani, H.C.; Okafor, J.I. Mycotic flora of the intestine and other internal organs of certain reptiles and amphibians with special reference to characterization of Basidiobolus isolates. Mykosen 1980, 23, 260–268. [Google Scholar] [CrossRef]

	



Okafor, J.I.; Testrake, D.; Mushinsky, H.R.; Yangco, B.G. A Basidiobolus sp. and its association with reptiles and amphibians in Southern Florida. Sabouraudia J. Med. Vet. Mycol. 1984, 22, 47–51. [Google Scholar] [CrossRef]

	



Speare, R.; Thomas, A.D. Kangaroos and wallabies as carriers of Basidiobolus haptosporus. Aust. Vet. J. 1985, 62, 209–210. [Google Scholar] [CrossRef]

	



Smith, M.F.; Callaghan, A.A. Quantitative survey of Conidiobolus and Basidiobolus in soils and litter. Trans. Br. Mycol. Soc. 1987, 89, 179–185. [Google Scholar] [CrossRef]

	



Feio, C.L.; Bauwens, L.; Swinne, D.; De Meurichy, W. Isolation of Basidiobolus ranarum from ectotherms in Antwerp zoo with special reference to characterization of the isolated strains. Mycoses 1999, 42, 291–296. [Google Scholar] [CrossRef]

	



Claussen, M.; Schmidt, S. First-time isolation and quantification of Basidiobolus spp. from reptile faeces in KwaZulu-Natal (South Africa) using selective media. Mycoses 2019, 62, 298–305. [Google Scholar] [CrossRef] [PubMed]

	



Emmons, C.W.; Lie-Kian-Joe; Njo-Injo, T.E.; Pohan, A.; Kertopati, S.; Van der Meulen, A. Basidiobolus and Cercospora from human infections. Mycologia 1957, 49, 1–10. [Google Scholar] [CrossRef]

	



Burkitt, D.P.; Wilson, A.M.M.; Jelliffe, D.B. Subcutaneous phycomycosis: A review of 31 cases seen in Uganda. Br. Med. J. 1964, 1, 1669–1672. [Google Scholar] [CrossRef] [PubMed]

	



Bittencourt, A.L.; Londero, A.T.; Araujo, M.D.G.S.; Mendonça, N.; Bastos, J.L.A. Occurrence of subcutaneous zygomycosis caused by Basidiobolus haptosporus in Brazil. Mycopathologia 1979, 68, 101–104. [Google Scholar] [CrossRef] [PubMed]

	



Davis, S.R.; Ellis, D.H.; Goldwater, P.; Dimitriou, S.; Byard, R. First human culture-proven Australian case of entomophthoromycosis caused by Basidiobolus ranarum. J. Med. Vet. Mycol. 1994, 32, 225–230. [Google Scholar] [CrossRef] [PubMed]

	



Gugnani, H.C. A review of zygomycosis due to Basidiobolus ranarum. Eur. J. Epidemiol. 1999, 15, 923–929. [Google Scholar] [CrossRef] [PubMed]

	



Vikram, H.R.; Smilack, J.D.; Leighton, J.A.; Crowell, M.D.; De Petris, G. Emergence of gastrointestinal basidiobolomycosis in the United States, with a review of worldwide cases. Clin. Infect. Dis. 2012, 54, 1685–1691. [Google Scholar] [CrossRef]

	



El-Shabrawi, M.H.F.; Arnaout, H.; Madkour, L.; Kamal, N.M. Entomophthoromycosis: A challenging emerging disease. Mycoses 2014, 57 (Suppl. 3), 132–137. [Google Scholar] [CrossRef]

	



Bering, J.; Mafi, N.; Vikram, H.R. Basidiobolomycosis: An unusual, mysterious, and emerging endemic fungal infection. Paediatr. Int. Child Health 2018, 38, 81–84. [Google Scholar] [CrossRef]

	



Vilela, R.; Mendoza, L. Human pathogenic Entomophthorales. Clin. Microbiol. Rev. 2018, 31, 1–40. [Google Scholar] [CrossRef]

	



Drechsler, C. A southern Basidiobolus forming many sporangia from globose and from elongated adhesive conidia. J. Wash Acad. Sci. 1955, 45, 49–56. [Google Scholar]

	



Drechsler, C. Supplementary developmental stages of Basidiobolus ranarum and Basidiobolus haptosporus. Mycologia 1956, 48, 655–676. [Google Scholar] [CrossRef]

	



Drechsler, C. An odorous Basidiobolus often producing conidia plurally and forming some diclinous sexual apparatus. Am. J. Bot. 1964, 51, 770–777. [Google Scholar] [CrossRef]

	



Greer, D.L.; Friedman, L. Studies on the genus Basdiobolus with reclassification of the species pathogenic for man. Sabouraudia 1966, 4, 231–241. [Google Scholar] [CrossRef]

	



Levisohn, I. Beitrag zur Entwickungsgeschichte und Biologie von Basidiobolus ranarum Eidam. Jahrb. Wiss. Botan. 1927, 66, 513–555. [Google Scholar]

	



Emmons, C.W. Phycomycosis in man and animals. Riv. Patol. Veg. 1964, 4, 329–337. [Google Scholar]

	



Srinivasan, M.C.; Thirumalachar, M.J. Basidiobolus species pathogenic for man. Sabouraudia 1965, 4, 32–34. [Google Scholar] [CrossRef]

	



Hutchison, J.A.; Douglas, S.K.; Nickerson, M.A. Studies on temperature requirements, odor production and zygospore wall undulation of the genus Basidiobolus. Mycologia 1972, 64, 467–474. [Google Scholar] [CrossRef]

	



King, D.S. Systematics of fungi causing entomophthoramycosis. Mycologia 1979, 71, 731–745. [Google Scholar] [CrossRef]

	



McGinnis, M.R. Recent taxonomic developments and changes in medical mycology. Ann. Rev. Microbiol. 1980, 34, 109–135. [Google Scholar] [CrossRef]

	



Te Strake, D.; Park, J.Y. Exoantigen comparison of selected isolates of Basidiobolus species. Mycologia 1989, 81, 284–288. [Google Scholar] [CrossRef]

	



Cochrane, B.J.; Brown, J.K.; Wain, R.P. Genetic studies in the genus Basidiobolus. I. Isozyme variation among isolates of human and natural populations. Mycologia 1989, 81, 504–513. [Google Scholar] [CrossRef]

	



Nelson, R.T.; Yangco, B.G.; Te Strake, D.; Cochrane, B.J. Genetic studies in the genus Basidiobolus II. Phylogenetic relationships inferred from ribosomal DNA analysis. Exp. Mycol. 1990, 14, 197–206. [Google Scholar] [CrossRef]

	



Shaikh, N.; Hussain, K.A.; Petraitiene, R.; Schuetz, A.N.; Walsh, T.J. Entomophthoramycosis: A neglected tropical mycosis. Clin. Microbiol. Infect. 2016, 22, 688–694. [Google Scholar] [CrossRef] [PubMed]

	



Gryganskyi, A.P.; Humber, R.A.; Smith, M.E.; Hodge, K.; Huang, B.; Voigt, K.; Vilgalys, R. Phylogenetic lineages in Entomophthoromycota. Persoonia 2013, 30, 94–105. [Google Scholar] [CrossRef]

	



Spatafora, J.W.; Chang, Y.; Benny, G.L.; Lazarus, K.; Smith, M.E.; Berbee, M.L.; Bonito, G.; Corradi, N.; Grigoriev, I.; Gryganskyi, A.; et al. A phylum-level phylogenetic classification of zygomycete fungi based on genome-scale data. Mycologia 2016, 108, 1028–1046. [Google Scholar] [CrossRef]

	



Sitterlé, E.; Rodriguez, C.; Mounier, R.; Calderaro, J.; Foulet, F.; Develoux, M.; Pawlotsky, J.-M.; Botterel, F. Contribution of ultra deep sequencing in the clinical diagnosis of a new fungal pathogen species: Basidiobolus meristosporus. Front. Microbiol. 2017, 8, 334. [Google Scholar] [CrossRef]

	



Nie, Y.; Yu, D.-S.; Wang, C.-F.; Liu, X.-Y.; Huang, B. A taxonomic revision of the genus Conidiobolus (Ancyclistaceae, Entomophthorales): Four clades including three new genera. MycoKeys 2020, 66, 55–81. [Google Scholar] [CrossRef]

	



Raja, H.A.; Miller, A.N.; Pearce, C.J.; Oberlies, N.H. Fungal identification using molecular tools: A primer for the natural products research community. J. Nat. Prod. 2017, 80, 756–770. [Google Scholar] [CrossRef]

	



Voigt, K.; Cigelnik, E.; O’Donnell, K. Phylogeny and PCR identification of clinically important zygomycetes based on nuclear ribosomal-DNA sequence data. J. Clin. Microbiol. 1999, 37, 3957–3964. [Google Scholar] [CrossRef]

	



Rothhardt, J.E.; Schwartze, V.U.; Voigt, K. Entomophthorales. In Molecular Detection of Human Fungal Pathogens; Liu, D., Ed.; CRC Press: Boca Raton, FL, USA, 2011; pp. 723–734. [Google Scholar]

	



Gómez-Muñoz, M.T.; Fernández-Barredo, S.; Martínez-Díaz, R.A.; Pérez-Gracia, M.T.; Ponce-Gordo, F. Development of a specific polymerase chain reaction assay for the detection of Basidiobolus. Mycologia 2012, 104, 585–591. [Google Scholar] [CrossRef]

	



El-Shabrawi, M.H.; Kamal, N.M.; Kaerger, K.; Voigt, K. Diagnosis of gastrointestinal basidiobolomycosis: A mini-review. Mycoses 2014, 57 (Suppl. 3), 138–143. [Google Scholar] [CrossRef]

	



Zhou, G.; Whong, W.-Z.; Ong, T.; Chen, B. Development of a fungus-specific PCR assay for detecting low-level fungi in an indoor environment. Mol. Cell Probes 2000, 14, 339–348. [Google Scholar] [CrossRef] [PubMed]

	



White, T.J.; Bruns, T.; Lee, S.; Taylor, J. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics. In PCR Protocols: A Guide to Methods and Applications; Innis, M.A., Gelfand, G.H., Sninsky, J.J., White, T.J., Eds.; Academic Press Inc.: San Diego, CA, USA, 1990; pp. 315–322. [Google Scholar]

	



O’Donnell, K.; Cigelnik, E.; Benny, G.L. Phylogenetic relationships among the Harpellales and Kickxellales. Mycologia 1998, 90, 624–639. [Google Scholar] [CrossRef]

	



O’Donnell, K. Fusarium and its near relatives. In The Fungal Holomorph: Mitotic, Meiotic and Pleomorphic Speciation in Fungal Systematics; CAB International: Wallingford, CT, USA, 1993; pp. 225–233. [Google Scholar]

	



Sanderson, B.A.; Araki, N.; Lilley, J.L.; Guerrero, G.; Lewis, L.K. Modification of gel architecture and TBE/TAE buffer composition to minimize heating during agarose gel electrophoresis. Anal. Biochem. 2014, 454, 44–52. [Google Scholar] [CrossRef] [PubMed]

	



Yarza, P.; Yilmaz, P.; Panzer, K.; Glöckner, F.O.; Reich, M. A phylogenetic framework for the kingdom Fungi based 18S rRNA gene sequences. Mar. Genom. 2017, 36, 33–39. [Google Scholar] [CrossRef]

	



Loewenthal, W. Beiträge zur Kenntnis des Basidiobolus lacertae Eidam. Arch. Protistenk. 1903, 2, 364–420. [Google Scholar]

	



Fries, R.E. Basidiobolus myxophilus, en ny phycomycet. Bih. Sven. Vet. Akad. Handl. 1899, 25, 1–15. [Google Scholar]

	



Fries, R.E. Vad är Basidiobolus myxophilus? Sven. Botan. Tidskr. 1929, 23, 149–150. [Google Scholar]

	



Greer, D.L.; Friedman, L. Effect of temperature on growth as a differentiating characteristic between human and nonhuman isolates of Basidiobolus species. J. Bacteriol. 1964, 88, 812–813. [Google Scholar] [CrossRef]

	



Zahari, P.; Shipton, W.A. Growth and sporulation responses of Basidiobolus to changes in environmental parameters. Trans. Br. Mycol. Soc. 1988, 91, 141–148. [Google Scholar] [CrossRef]

	



Zahari, P.; Hirst, R.G.; Shipton, W.A.; Campbell, R.S.F. The origin and pathogenicity of Basidiobolus species in northern Australia. J. Med. Vet. Mycol. 1990, 28, 461–468. [Google Scholar] [CrossRef] [PubMed]

	



Clark, A.G.; Whittam, T.S. Sequencing errors and molecular evolutionary analysis. Mol. Biol. Evol. 1992, 9, 744–752. [Google Scholar] [PubMed]

	



Bridge, P.D.; Roberts, P.J.; Spooner, B.M.; Panchal, G. On the unreliability of published DNA sequences. New Phytol. 2003, 160, 43–48. [Google Scholar] [CrossRef]

	



Wijayawardene, N.N.; Pawkowska, J.; Letcher, P.M.; Kirk, P.M.; Humber, R.A.; Schüßler, A.; Wrzosek, M.; Muszewska, A.; Okrasińska, A.; Istel, L.; et al. Notes for genera: Basal clades of Fungi (including Aphelidiomycota, Basidiobolomycota, Blastocladiomycota, Calcarisporiellomycota, Caulochytriomycota, Chytridiomycota, Entomophthoromycota, Glomeromycota, Kickxellomycota, Monoblepharomycota, Mortierellomycota, Mucoromycota, Neocallimastigomycota, Olpidiomycota, Rozellomycota and Zoopagomycota). Fungal Divers 2018, 92, 43–129. [Google Scholar]

	



Lofgren, L.A.; Uehling, J.K.; Branco, S.; Bruns, T.D.; Martin, F.; Kennedy, P.G. Genome-based estimates of fungal rDNA copy number variation across phylogenetic scales and ecological lifestyles. Mol. Ecol. 2019, 28, 721–730. [Google Scholar] [CrossRef]








[image: Jof 07 00110 g001 550] 





Figure 1. Zygospore wall undulation and exogenous microspores of Basidiobolus spp. (A) undulated zygospores from isolate E4; (B) smooth zygospore formed by isolate GP8; (C) microspores produced by B. microsporus DSM 3120. 
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Figure 2. Growth temperature profiles of Basidiobolus reptile isolates and B. microsporus DSM 3120 based on average maximum colony diameter after (A) 4 days of incubation on Sabouraud Dextrose Agar (SDA) at six different temperatures between 6 and 45 °C and (B) 14 days of incubation on SDA at 6, 40, and 45 °C. Plugs of 6 mm diameter were used for inoculation. 
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Figure 3. Phylogenetic tree constructed using neighbor-joining analysis (Geneious Prime Version 2020.2, 1000 bootstrap replicates) of the D1/D2 domain of the 28S rRNA gene sequences established in this study for the 11 Basidiobolus isolates from reptile feces and the type strain Basidiobolus microsporus DSM 3120. Sequences from two Conidiobolus type strains were used as an outgroup. Only support values of >70% are shown. The scale bar indicates substitutions per site. The color code matches the isolate characteristics specified in Table 3. 
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Table 1. Origin of Basidiobolus isolates used in the present study and GenBank accession numbers of the submitted 18S rRNA (SSU) and partial 28S rRNA (LSU, D1/D2 domain) gene sequences.
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Isolate

	
GenBank Accession Numbers

	
Origin/Country

	
Source






	
Ag3

	
SSU: MW133784

	
Outside (garden)

Pietermaritzburg,

South Africa

	
Agama

feces




	
LSU: MW135353




	
Ag5-5

	
SSU: MW135344




	
LSU: MW135352




	
GP4

	
SSU: MW135349




	
LSU: MW135331




	
GP8

	
SSU: MW130090




	
LSU: MW135345




	
E4

	
SSU: MW135334

	
Inside (house)

Pietermaritzburg,

South Africa

	
Gecko

feces




	
LSU: MW135343




	
G9

	
SSU: MW135351




	
LSU: MW135329




	
G10

	
SSU: MW135341




	
LSU: MW135335




	
GA2

	
SSU: MW127177

	
Outside (house)

Pietermaritzburg,

South Africa




	
LSU: MW135038




	
GA7

	
SSU: MW127174




	
LSU: MW135350




	
Cla6

	
SSU: MW127175

	
Outside (house)

Clarens,

South Africa




	
LSU: MW135307




	
C3-1

	
SSU: MW135346




	
LSU: MW135305




	
Bm DSM3120

	
SSU: MW127176

	
Culture collection

DSMZ, Germany

	
Type strain




	
LSU: MW135342
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Table 2. Primer and PCR conditions used for the amplification of various parts of 18S rRNA and partial 28S rRNA gene (D1/D2) sequences.
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Primer Pair

	
Reference

	
Target

	
Approximate Size

	
35 Cycles of






	
1

	
BasF611

BasR1340

	
[43]

	
Basidiobolus genus specific (18S rRNA)

	
≈730 Bp

	
30 s at 94 °C

45 s at 62 °C

60 s at 72 °C




	
2

	
Ba1

Ba2

	
[41]

	
B. ranarum group specific (28S rRNA)

	
≈651 bp




	
3

	
FF1

FR1

	
[45]

	
Fungi specific

(18S rRNA)

	
≈633 bp

	
30 s at 94 °C

30 s at 50 °C

60 s at 72 °C




	
4

	
NS1

NS4

	
[46]

	
Partial 18S rRNA region

	
≈1138 bp




	
5

	
NS5

	
[46]

	
Partial 18S rRNA region

	
≈662 bp

	
30 s at 94 °C

30 s at 55 °C

45 s at 72 °C




	
NS8Z

	
[47]




	
6

	
NL1

NL4

	
[48]

	
Partial 28S rRNA region

(D1/D2 domain)

	
≈781 bp

	
30 s at 94 °C

30 s at 55 °C

60 s at 72 °C
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Table 3. Summary for zygospore formation, growth temperature profile, Ba1/Ba2 PCR product, AccI RFLP pattern, and highest 28S rRNA (D1/D2 domain) sequence similarity (BLAST, type strain sequences) for Basidiobolus reptile isolates and B. microsporus DSM 3120.
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Isolate

	
Highest Sequence Similarity

(%; Accession Number)

	
Zygospore Formation

	
Group by Growth Temperature

	
Ba1/Ba2

PCR

(651 bp)

	
Group by AccI RFLP

(Fragment Sizes in bp)






	
E4

	
B. magnus ATCC 15379

(99.2%; EF392425.1)

	
undulate

	
I

(lower temp, 

no growth at 40 °C)

	
Positive

	
A

(651)




	
Cla6

	
B. magnus CBS 205.64

(98.8%; MH870046.1)

	
undulate

	
Positive




	
C3-1

	
B. magnus CBS 205.64

(98.6%; MH870046.1)

	
undulate

	
Positive




	
G10

	
B. heterosporus CBS 311.66

(99.5%; JX242587.1)

	
smooth

(lost)

	
II

(intermediate)

	
Positive

	
B

(122 + 137 + 392)




	
GA2

	
B. heterosporus CBS 311.66

(99.5%; JX242587.1)

	
smooth

	
Positive




	
Ag5-5

	
B. heterosporus CBS 311.66

(99.6%; JX242587.1)

	
smooth

(lost)

	
Positive




	
GP4

	
B. heterosporus ATCC 16580

(99.6%; EF392423.1)

	
smooth

	
Positive




	
G9

	
B. meristosporus CBS 140.55

(98.8%; MH868957.1)

	
smooth

	
III

(higher temp,

no growth at 6 °C)

	
Positive

	
C

(85 + 137 + 429)




	
GA7

	
B. meristosporus CBS 140.55

(98.8%; MH868957.1)

	
smooth

	
Positive




	
Ag3

	
B. meristosporus CBS 140.55

(98.8%; MH868957.1)

	
smooth

	
Positive




	
GP8

	
B. haptosporus var. minor ATCC16579

(97.4%; NG_058627.1)

	
smooth

	
Positive

	
D

(137 + 514)




	
DSM 3120

	
B. microsporus CBS 130.62

(100%; NG_058656.1)

	
undulate

	
generally

slow growth

	
Negative

	
not applicable
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