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ABSTRACT 

The chemical compound psilocybin, responsible for causing hallucinations, is found in 

mushroom species of genera such as Gymnopilus, Panaeolus, Pluteus, and Psilocybe. 

Psilocybin also has a number of psychiatric and medical applications. Psilocybin-producing 

mushrooms have a wide distribution in South Africa and other parts of the world, but the 

biodiversity of these fungi is poorly known in South Africa. This study focused on the species 

identification of two sets of collections of Psilocybe, one from Lesotho and the other from 

Pretoria, based on morphology and different DNA sequence phylogenetic markers. A multi-

locus phylogeny was constructed using the Internal Transcribed Spacer (ITS), RNA 

Polymerase II (RPB 1), and Translational Elongation Factor 1α (TEF-1α) gene regions. More 

than one marker was used to confirm identifications, and by combining the sequences, to also 

obtain better statistical support for groupings. By using the additional genes besides ITS, the 

usefulness of these additional markers to identify Psilocybe species was also investigated. 

Results showed that the two collections of samples were unique and different from each other 

based on all of the genes, except for the RPB 1 region that was found wanting. Although the 

TEF-1α was found sufficiently variable to also distinguish species similar to the ITS region, a 

relatively small number of species have been sequenced up to date. The distinct grouping of 

the two collections was confirmed by a number of macro- and micromorphological 

characteristics, and described as Psilocybe malotiensis prov. nom. and Psilocybe orontawuli 

prov. nom. respectively. Results from this study represent an important breakthrough where 

Southern African samples can now be sequenced and compared with specimens from 

elsewhere and should illustrate the presence of numerous novel species occurring in this 

region. 

Keywords: Psilocybe, South Africa, psilocybin, ITS, TEF, RPB 
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1 CHAPTER 1 Introduction 
 

2 1.1 Biodiversity of fungi 

3 Fungi species are primary decomposers of organic material and contributes to 

4 15% of the resources for species in environmental cycles of life (Olsen, Choffnes, 

5 Relman, and Pray, 2011; Keyhani, 2011). Even in the most tropical regions that are 

6 relatively diverse, an insignificant amount of fungi is described (Hawksworth 2001; 

7 Hawksworth and Lücking 2017; Kinge et al., 2020). This is a result of research on 

8 fungal biodiversity occurring over long periods, without producing definitive results 

9 or publishing and the lack of taxonomists (Mueller et al., 2007). 
 

10 To date, the diversity of fungi in Southern Africa is not thoroughly investigated (Crous 

11 et al., 2006; Gryzenhout et al., 2010, 2012; Kinge et al., 2020). Approximately 36% 

12 (Crous et al., 2006) of the macrofungi that are found in South Africa were recorded by 

13 Doidge (1950) and Eicker and Baxter (1999) but reflects on only a portion of the 

14 country’s biodiversity (Crous et al., 2006). In 2006, only an estimate 780 new species 

15 of fungi had been discovered, out of a total estimate of 171 500 species (Crous et al., 

16 2006). However, there are not many publications that update the research done by 

17 Crous et al. (2006). Furthermore, the lack of knowledge for the South African biodiv- 

18 ersity makes it challenging to regulate fungal bio-exploration and research (Kinge et 

19 al., 2020). In order to help with this, Gryzenhout (2015) proposed that citizen scientists 

20 should be more included when studying the mycology in South Africa. With the focus on 

21 ecotourism, the protection and conservation of Southern Africa’s fauna and flora, the 

22 time has come to dedicate financial resources and research to the preservation of 

23 fungi, and to study their role in ecosystems foundations (Crous et al., 2006). 

24 Ethnomycology illustrates the cultural importance and historical relevance of the use 

25 of macrofungi in human life (Azeem, Hakeem and Ali, 2020). Ethnomycological surveys 

26 contribute to our understanding of the various local macrofungi practices and are 

27 essential in improving applications (Azeem, Hakeem and Ali, 2020; Osarenkhoe, John 

28 and Theophilus, 2020). Despite the study of organisms in ethnic use of cultures (ethno- 

29 biology), the ethnological understanding of mushrooms and their scientific 

30 documentation is a more recent development (Albuquerque and Alves, 2016). The 

31 recognition of mushrooms and the use as a source of food, medicine, revenue for  

32 smaller businesses in Africa, and the sociological impacts are challenged by the slow  

33 momentum of studies in ethnomycology (Osarenkhoe, John and Theophilus, 2020). 
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34 1.2 Hallucinogenic mushrooms 
 

35 Hallucinogenic mushrooms have been referred to by many names, but the most 

36 accepted definition is the term ‘neurotropic’ because it describes the mushroom's 

37 influence on the central nervous system (Guzmán, Allen and Gartz, 1997; Schifano et 

38 al., 2019). There are various types of hallucinogenic mushrooms, which are classified 

39 into four groups according to the compounds that they produce (Guzmán, Allen and 

40 Gartz, 1997). The first category contains species with psilocybin and their related 

41 derivates, and this includes species from the genera Psilocybe, Gymnopilus, 

42 Panaeolus, Copelandia, Inocybe, Pluteus, Hypholoma, Panaeolina, Conocybe, 

43 Gerronema, Mycena, Agrocybe, and Galerina (Guzmán, Allen and Gartz, 1997). The 

44 second category is dominated by Amanita species that contain ibotenic acid, including 

45 A. regalis, A. muscaria, and A. pantherina (Guzmán, Allen and Gartz, 1997). Ergot 

46 fungi are included in the third category, with species of Cordyceps and Claviceps, and 

47 with the most notable species Claviceps purpurea, which is a fungus that is high 

48 in lysergic acid diethylamide (LSD) (Guzmán, Allen and Gartz, 1997; Carod Artal, 

49 2003). Russula, Gasteromycetes, and Boletus were among the species that classified 

50 as belonging to the last category and this is because of the lack of chemical analysis 

51 and the notion that they were considered to be suitable for spiritual ceremonies 

52 (Guzmán, Allen and Gartz, 1997). 

 

53 Psilocybin- containing mushrooms are classified in the order Agaricales, and these 

54 psychedelics contain more than 300 identified species, across over 15 genera 

55 (Guzmán, Allen and Gartz, 1997; Strauss et al., 2022). These mushrooms contain two 

56 main hallucinogenic active elements of the tyramine type, which are psilocybin (4- 

57 phosphoryloxy-N, N-dimethyltryptamine) and the derivative that is dephosphorylated 

58 psilocin (4-hydroxy-N, N-dimethyltryptamine) (Stamets, 1996; Musshoff, Madea and 

59 Beike, 2000; Cowan and Elkins, 2018; Dhanasekaran et al., 2020). When metabolized, 

60 psilocybin, which is the main serotonergic compound in psychedelic mushrooms is 

61 rapidly dephosphorylated into psilocin (Passie et al., 2002; Tsujikawa et al., 2003). 

62 Although mushrooms that contain psilocybin are used recreationally because of their 

63 hallucinogenic properties (Fricke, Blei and Hoffmeister, 2017), numerous other 

64 beneficial applications also exist, such as the therapy that treat anxiety, depression, 

65 the addiction of alcohol and for the management of chronic pain (Krebs and Johansen, 
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66 2013; Lin, Lee and Yang, 2014; Carhart-Harris et al., 2016; Castellanos et al., 2020; 

67 Strauss et al., 2022). These compounds have only relatively recently become 

68 characterized despite the ancient use of included these mushrooms. 
 

69 1.3 The uses of psilocybin and derivatives 
 

70 Throughout time, American, African, and European cultures regarded mushrooms that 

71 contain psilocybin as sacred and have adopted them for spiritual practices (Froese, 

72 Guzmán and Guzmán-Dávalos, 2016; Fricke, Blei and Hoffmeister, 2017). Historical 

73 murals support that many indigenous communities used these psychotropic 

74 mushrooms for their mind-manifestation and hallucinogenic powers (Nkadimeng, 

75 Nabatanzi, Steinmann and Eloff, 2020). In one of the post-paleolithic murals dated 

76 between 9000 – 7000 Before Common Era (B.C.E), human figures may be seen 

77 running while holding mushrooms that are connected using with the indications of lines 

78 that move in a direction towards their brains, possibly showing the effect that these 

79 hallucinogenic mushrooms have on their subconscious (Froese, Guzmán and 

80 Guzmán-Dávalos, 2016). 
 

81 The ethnic groups in America, such as the Mexican Indians, considered these 

82 mushrooms sacred and have thought mythologically that hallucinogenic mushrooms 

83 were mediators with God. Moreso, the Nahum Aztecs perceived the mushrooms to be 

84 teonanacatl, which means the flesh of God (Azeem, Hakeem and Ali, 2020). 
 

85 Psilocybin and its relatives are multiple serotonin receptor agonists or partial-agonists 

86 (Dhanasekaran et al., 2020), and therefore have novel pharmacology applications in 

87 the medical and psychiatric fields, such as replacement of antidepressant drugs that 

88 are currently available (Passie et al., 2002; Ramírez-Cruz et al., 2013; Carhart-Harris 

89 et al., 2016; de Mattos-Shipley et al., 2016). In recent clinical trials, psychedelic 

90 mushrooms were shown to decrease anxiety in patients with progressive cancer, has  

91 treated obsessive-compulsive disorders, depressive episodes, and other addictive  

92 behaviours such as nicotine addiction (Carhart-Harris et al., 2016; Fricke, Blei and  

93 Hoffmeister, 2017). These results were maintained in participants months after one or  

94 two doses were administered (Carhart-Harris et al., 2016; Fricke, Blei and Hoffmeister, 2017). 
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95 1.4 Psilocybin-containing genera 
 

96 Fungi that have the psilocybin alkaloids include Panaeolus and Psilocybe (Stamets, 

97 1996; Strauss et al., 2022). Other genera with psilocybin alkaloids include Gymnopilus 

98 and Pluteus (Guzmán, Allen and Gartz, 1997; Bustillos et al., 2014; Strauss et al., 2022). 

99 The most well-known and well recognized genus from these hallucinogenic mushrooms 

100 are Psilocybe, because of their proven ethnomycology use, current applications and  

101 extensive use. This genus is also known for its widespread geographic occurrence, with 

102 approximately 150 known species across the world (Schifano et al., 2019; Strauss  

103 et al., 2022). Psilocybe was once a polyphyletic genus that is now composed of two 

104 genera, namely Psilocybe and Deconica (Moncalvo et al., 2002; Matheny et al., 2006; 

105 Ramírez-cruz et al., 2013; Strauss et al., 2022), with Psilocybe applied to the group of 

106 hallucinogenic mushroom species while Deconica is now used for species without  

107 psychoactive properties (Redhead et al., 2007; Norvell et al., 2010; Gúzman, 2012;  

108 Ramírez-Cruz et al., 2013; de Mattos-Shipley et al., 2016; Strauss et al., 2022). This 

109 proposed separation of the genus by Redhead et al. (2007) was further accepted 

110 through the International Nomenclature Committee for Fungi (Norvell et al., 2010; 

111 Ramírez-Cruz et al., 2013). Psilocybe cubensis is the best-known species with 

112 traits (Cowan and Elkins, 2017) and forms part of the group of mushrooms that are  

113 not difficult to cultivate (Kirsten and Bernardi, 2010). 

 

114 1.5 The identification of fungal species 
 

115 The identification of fungi is a fundamental step, and species are observed based on 

116 morphological systems that are constructed on established methods. Identification is 

117 vital in conservation biology, ecology and fungal application research because all 

118 biological features relating to a given species in an ecosystem can only be accounted 

119 with an unambiguous identifier such as a species name (Begerow et al., 2010). While 

120 molecular information is currently applied for fungal phylogeny and systematics, 

121 morphological classification based on the Botanical Code of Nomenclature (Turland 

122 et al., 2017) is still required for accurate characterization and naming of a species. 

123 Identification, however, cannot rely solely on morphological characteristics because in 

124 some cases morphological characteristics are scarce and plastic, thus lacking 

125 discriminatory power to distinguish species. Fungi's di-morphic and pleomorphic life 

126 cycles also often hinder accurate morphological identification and allocation to a 
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127 species level, such as that in yeast-mycelial transitions (Begerow et al., 2010). Dried, 

128 shredded, or otherwise processed fungi may not be readily morphologically identifiable 

129 and therefore require cultivation or molecular identification (Berruti et al., 2014). 

 

130 The Genealogical Concordance Phylogenetic Species Recognition (GPCSR) concept 

131 originated in response to rapid growing use of phylogenies that more accurately 

132 represents closely related species. This has led researchers to investigate the 

133 resolution power of multiple genes; instead of one (Fisher et al., 2000; Taylor et al., 

134 2000). The reason GPCSR works effectively in fungi is that most of the fungal 

135 species appear to be haploid, having fewer paralogous genes thereby making it easier 

136 to analyze using several gene regions (Taylor et al., 2000). In addition to this research, 

137 Hofstetter et al. (2007) used multi-locus phylogenetic studies to investigate the 

138 contrast between ribosomal Ribonucleic acid (rRNA)-coding genes and protein-coding 

139 genes and resolved phylogenetic relationships within Lecanoromycetes species 

140 (Miadlikowska et al., 2014). The results revealed that the most suitable for the molecular 

141 systematics of Lecanoromycetes were RNA Polymerase II (RPB 1), and RNA  

142 Polymerase II (RPB 2), the second largest subunit (Hofstetter et al., 2007;  

143 Miadlikowska et al., 2014). More studies resembling the one of Hofstetter et al. (2007) 

144 are required to determine the most suitable region for other fungal groups. 
 

145 The Internal Transcribed Spacer (ITS) region is deemed to be the DNA barcoding 

146 region that is acceptable for the identification of fungi at a species-level identification, 

147 and as a result has been sequenced for the majority of mushroom studies (Schoch et 

148 al., 2012; Raja et al., 2017). ITS was selected as the primary barcode marker and this 

149 was based on the easy use and accuracy it possesses, rather than a high level of 

150 resolution (Schoch et al., 2012; Stefani, Jones and May, 2014). However, published 

151 data observed that the ITS region unaided is not always enough, even though it is the 

152 most suitable candidate to be classified as primary fungal DNA barcode marker 

153 (Schoch et al., 2012; Stefani, Jones and May, 2014). 

 

154 For taxonomic groups that have a low ITS sequence divergence, several genes, 

155 including RNA Polymerase II (RPB 1), Large Subunit ribosomal gene (LSU), Small 

156 Subunit ribosomal gene (SSU), and Translational Elongation Factor 1α (TEF-1α) have 

157 been selected and identified as possible secondary fungal barcode markers (Stefani, 
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158 Jones and May, 2014). Additionally, TEF-1α region is suggested to be the secondary 

159 universal fungal barcode for suitable for all fungi species (Schoch et al., 2012; Stielow 

160 et al., 2015). Other genes that are used to identify psilocybin-producing mushrooms 

161 include RPB 1, RPB 2, LSU and SSU (Ueno, Urano and Suzuki, 2003; Matheny, 2005; 

162 Redhead et al., 2007; Schoch et al., 2012, 2014; Raja et al., 2017; Lee et al., 2020; 

163 Ramírez-Cruz et al., 2020; Zhang et al., 2021). However, the genetic diversity of the 

164 fungal kingdom, makes it implausible for a single-marker barcode system to identify 

165 each specimen or culture at a species level (Schoch et al., 2012). It is therefore 

166 important to examine multiple genes as a method for advanced species identification. 

 

167 Problem Statement: 

168 The biodiversity of fungi in South Africa is poorly studied (Gryzenhout 2012, 

169 2015; Kinge et al., 2020). This includes the biodiversity of psilocybin- containing 

170 species. Furthermore, the extent that psychedelic mushrooms are used in South 

171 African practices are not well documented, including their legal and illegal use. We 

172 therefore, need better and more standardized methods to identify these mushrooms  

173 as well as more research to contribute to existing databases. To this point, it is unknown  

174 precisely which species we have of genera that are known producers of these psychedelic  

175 compounds. However, this information is required to accurately identify species from 

176 South Africa as well as to identify illegal magic mushroom contraband, employing a  

177 standardized method for detection. 
 

178 A number of psilocybin-containing species are known to occur in South Africa (Kinge 

179 et al., 2020; Gryzenhout 2021), such as species from Panaeolus, Panaeolina, Inocybe, 

180 Pluteus, Gymnopilus, and Psilocybe (Guzmán, Allen and Gartz, 1997). None of these 

181 species, however, have been characterized based on published DNA sequence data. 

182 A previous study by Strauss (2022) showed that based on DNA sequence data of the 

183 ITS region, a number of possible new species may exist in South Africa. Furthermore, 

184 using only the ITS region presented, some inconclusive results were obtained in some  

185 cases, and the inclusion of more gene regions may clarify these relationships and  

186 confirm the status of some specimens as new species. No such other gene regions  

187 have thus far been sequenced for South African specimens. 
 

188 Aim 

189 This project aims to characterize two sets of samples of Psilocybe obtained from Pretoria,  

190 South Africa, and Lesotho. This was based on morphological examination, and DNA  

191 sequence comparisons. In order to improve species resolutions, secondary DNA markers  
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192 rather than the using the only the ITS marker was included. This will include the RPB 1 

193 and TEF-1α regions that have been sequenced for Psilocybe species in previous studies  

194 (Zhang et al., 2021). Additionally, since the samples were suspected to represent new 

195 species, the samples will be described using morphological methods. 

 

196 Objectives 

197 Morphological characterization (measurements, descriptions, and illustrations) will be  

198 done on the novel species following nomenclatural procedures. DNA sequence data of  

199 of the ITS genomic regions of the rRNA regions are also generated, as well as for the 

200 housekeeping genes translation elongation factor (TEF-1α) and a region of the RNA 

201 polymerase II gene (RPB 1). An additional objective of this study is to investigate the 

202 the contrast in results between sequence data of the different gene regions. 

 

203 Hypothesis 

204 Ultimately, novel species of psychedelic mushrooms exist in South Africa that need to 

205 be discovered and described. We investigated this in the current study, and the hypothesis  

206 that secondary genes have the potential as barcode markers to strengthen a database 

207 and increase species resolution for characterizing novel Psilocybe species. Consequently, 

208 using multiple genes will provide a more accurate and reliable approach to identify and 

209 differentiate psychedelic mushrooms than using only ITS, which has resolution  

210 limitations. 

 

211 Expected outcomes 

212 Two new Psilocybe species are expected to be described from the thesis. The discovery  

213 of new species from Southern Africa will advance the relevant research and preserve the 

214 the natural resources and biodiversity of South Africa. Morphological studies will reveal  

215 differentiating characteristics to distinguish the novel species from South Africa.  

216 Furthermore, the various DNA sequence markers will show that the two putative novel 

217 species are indeed unique. Findings will show that sequencing multiple markers will 

218 will improve identification. 

 

219 The structure of this dissertation 

220 Research on psychedelics has advanced significantly since the first descriptions in 

221 Mexico by Heim (1958), Heim and Hofmann (1958), Hofmann et al. (1958). 

222 Unfortunately, the biodiversity of psilocybin-containing mushrooms in South Africa is 
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223 poorly documented. Majority of the species discovery is documented in unpublished 

224 articles or are found on mycology websites and only a few research studies have 

225 reported on the existing mushroom diversity (Crous et al., 2006; Gryzenhout et al. 

226 2012, 2015, 2020; Kinge et al., 2020). There are over 150 Psilocybe species all over 

227 the world, including Psilocybe semilanceata and P. cubensis (Redhead et al., 2007; 
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228 Norvell et al., 2010). In this study, Chapter 1 provides a brief background and  

229 introduces the current challenges associated with the identification of psychedelic 

230 mushrooms. This chapter outlines the structure of this dissertation including the aims 

231 and expected outcomes of this study. The importance and subsequent contribution of 

232 this research to South Africa's diversity is also indicated. The aim, objectives, 

233 hypothesis and expected outcomes of this thesis are included in this chapter. 
 

234 In Chapter 2, the literature review briefly highlights the history of psychedelic 

235 mushrooms and the subsequent impact of their discovery on modern-day applications. 

236 The hallucinogenic mushrooms containing psilocybin in their respective genera was 

237 discussed more in this chapter. Key mushroom descriptions as well as known  

238 South African psilocybin-producing mushrooms are summarized and this will help 

239 citizen mycologists across South Africa to identify the mushrooms in their 

240 surrounding environments and areas of interest. Different molecular genes were 

241 examined in the literature review to establish their potential as DNA barcode 

242 markers, their use in studies, and related limitations. The use of multiple genes for 

243 differentiating species will also be included in this chapter.  

244 Many potential medicinal applications exist for psilocybin-assisted therapy 

245 especially in neurological conditions and more studies should investigate this  

246 naturally occurring substance (Strauss et al., 2022c). From what is known about these 

247 important fungi, it has become apparent that more species have to be described  

248 using new and improved identification methods. This research will benefit South  

249 Africa significantly, by finding alternative identification techniques, revealing the great  

250 and vast diversity that the country has, and developing possible therapies from 

251 locally produced mushrooms. 
 

252 Chapter 3 discusses the methodology followed. DNA was extracted using a published, 

253 student- friendly extraction method for mushrooms. This method of genomic DNA 

254 extraction is quick and easy to use and provides optimal results using dried mushroom
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255 samples. The Internal Transcribed Spacer (ITS), Translational Elongation Factor 1α 

256 (TEF-1α), and the RNA Polymerase II (RPB 1) were sequenced to identify Psilocybe  

257 samples from different locations. Phylogenetic studies were done using the three  

258 molecular markers and a multiple-gene phylogeny was constructed for the Psilocybe.  

259 The different genes produced high-quality genomic DNA and allowed for unique DNA 

260 sequence comparisons. The morphological traits of the different mushroom samples 

261 provide an overview on the different characteristics that make each individual 

262 specimen diverse. 
 

263 In Chapter 4, the findings of this research are revealed. DNA sequence-based 

264 identifications showed that the Lesotho and other species are two distinct species, 

265 that don’t group with any other known and sequenced Psilocybe species. They are also 

266 distinguishable based on unique morphological characteristics and are described 

267 with the provisional names Psilocybe malotiensis and Psilocybe orontawuli. Whereas 

268 the Lesotho species is currently only known from the Lesotho area, the other species 

269 is known from Pretoria and Cape Town, indicating that it could possibly be more 

270 widespread. 
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460 CHAPTER 2. Literature Review 
 

461 2.1 The discovery of magic mushrooms 
 

462 The earliest reference of psychedelic mushrooms were produced from Mexico in the 16th century 

463 (Van Court et al., 2022). The report described a type of mushroom used during spiritual 

464 ceremonies, that induced visions and caused intoxication (Van Court et al., 2022).  

465 The Mexican Indian ethnic groups in America considered hallucinogenic mushrooms 

466 sacred and have thought mythologically that these mushrooms were mediators with God (Gry, 

467 Andersson and Kristinsson, 2009; Azeem, Hakeem and Ali, 2020). The Nahum Aztecs as well 

468 as the Chichimecas, perceived small mushrooms growing in pastures to be "teonanacatl", 

469 which means the flesh of God (Gry, Andersson and Kristinsson, 2009; Azeem, Hakeem and 

470 Ali, 2020). Recent publications document the rise in popularity in the recreational use  

471 of psychedelic substances among young adults (Krebs and Johansen, 2013; Yockey and King, 

472 2021; Strauss et al., 2022c). Research on the popularity and use of these psychedelics can 

473 inform mental health interventions and related policies and other applications (Yockey and 

474 King, 2021). However, the history of these psychedelic substances must first be understood. 

 

475 Even though the origins of this practice includes using psychedelic mushrooms date back 

476 to 1500 B.C (Before Christ) (Wasson, 1957), it was only introduced and documented in 1453, 

477 in the work of Andrés de Olmos; "Antigüedades Mexicanas" from 1453 (Gry, Andersson and 

478 Kristinsson, 2009). In 1939, the first "teonanácatl" samples were identified as Panaeolus 

479 campanulatus var. sphinctrinus by Dr. David Linder, and it was determined that the shamans 

480 used more than one species of hallucinogenic mushrooms for spiritual ceremonies (Gry, 

481 Andersson and Kristinsson, 2009). The mushrooms included species from the genera 

482 Psilocybe, such as Psilocybe caerulescens, and Psilocybe cubensis, as well as Panaeolus, 

483 such as Panaeolus acuminatus, and Panaeolus campanulatus var. sphinctrinus (Gry, 

484 Andersson and Kristinsson, 2009). Roger Heim’s work (1958) supported by his fellow 

485 colleagues, Heim and Hofmann (1958), Hofmann et al. (1958) discovered hallucinogenic 

486 active elements such as aeruginacin, baeocystin, psilocin, psilocybin, and norbaeocystin in 

487 the species Inocybe aeruginascens, Psilocybe mexicana, and Psilocybe baeocystis (Gry, 

488 Andersson and Kristinsson, 2009). This resulted in the identification of the same elements in 

489 different mushrooms throughout the world (Gry, Andersson and Kristinsson, 2009). The 

490 discovery of hallucinogens and their prevalence in the current social climate have led to interest  

491 in the benefits that these natural substances have. The use and applications of hallucinogens 

492 will be outlined in this section. 
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493 2.1.1 Psilocybin application in ancient spiritual practices 
 

494 The psychedelic mushrooms most significant to these practices are those from the genus 

495 Psilocybe, which includes species such as P. aztecorum, P. cubensis, P. caerulescens, P. 

496 zapotecorum, and P. mexicana (Van Court et al., 2022). Under the guidance of a shaman or 

497 spiritual guides, individuals would consume these Psilocybe mushrooms and experience 

498 neurological alterations such as synesthesia and hallucinations, resulting in a disconnection 

499 of the body and soul (Van Court et al., 2022). It is believed that the medicinal properties 

500 produced by the mushrooms enabled the consumer to alter their perceptions of the condition 

501 they were seeking to be healed from and cure themselves (Wasson, 1957; Strauss et al., 

502 2022c; Van Court et al., 2022). Participants of these rituals would also be able to embark on 

503 a journey of self-introspection or would receive visions of missing loved ones in order to locate 

504 them (Van Court et al., 2022). Indigenous communities continue to use Psilocybe mushrooms 

505 as a remedy for rheumatism, a pain killer for pain associated with stomach pain and 

506 toothaches, and a treatment for anxiety (Van Court et al., 2022). 

 

507 2.1.2 Modern applications for psilocybin 
 

508 The scientific breakthrough of psilocybin identification and synthesis by Agurell and Nilsson 

509 (1968) ushered in the start of psilocybin research (Nichols, 2020). Subsequently, between 

510 1960 and 1980, there were over 100 reports about psilocybin written and published in the  

511 literature (Nichols, 2020; Strauss et al., 2022c). These reports included anecdotal accounts 

512 of human use as well as biochemical and analytical studies (Nichols, 2020; Strauss et al., 

513 2022c). Subsequent studies included those of Krebs and Johansen (2013), that analyzed six 

514 clinical studies conducted between 1966 and 1970, that were aimed at treating alcohol 

515 addiction, and revealed substantial recovery of patients six months after treatment  

516 (Strauss et al., 2022c). For terminally sick cancer patients with anxiety, Grob et al. (2011)  

517 used psilocybin treatment, which resulted in an improved overall mood in patients that 

518 lasted over six months (Strauss et al., 2022c). Another example, Rucker et al. (2016), 

519 reported that 79% of patients had decreased depression-related symptoms after psilocybin 

520 treatment in 19 studies conducted between 1949 and 1973 (Strauss et al., 2022c). However, 

521 these studies were not controlled studies (Nichols, 2020; Strauss et al., 2022c), a fundemental 

522 requirement for research ethics. The upside to this was because there were no reported deaths 

523 from the conducted trials (Metzner, 2005), other upcoming researchers were able to amend and 

524 adapt their research based on these favorable outcomes. 
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525 More recently, Garcia-Romeu et al. (2014) targeted tobacco addiction by using psilocybin 

526 treatment, and 80% of patients reduced or stopped smoking completely within six months 

527 after the treatment (Strauss et al., 2022c). Bogenschutz et al. (2015) treated alcohol addiction 

528 using psilocybin and instantly observed improved behavior in patients after the treatment 

529 (Strauss et al., 2022c). Other ailments that used psilocybin include mental health disorders 

530 (Carhart-Harris et al., 2016; Strauss et al., 2022c), chronic pain and cluster headaches 

531 (Castellanos et al., 2020; Strauss et al., 2022c), obsessive-compulsive disorder (Reiff et al.,  

532 2020; Strauss et al., 2022c), post-traumatic stress disorder (Chi and Gold, 2020; Strauss  

533 et al., 2022c) among many others. 

 

534 2.2. Psilocybin-containing genera 
 

535 Psychedelics can be found in nature or can be produced from natural compounds, therefore 

536 forming a broad group of different substances such as Ayahuasca, lysergic acid (LSD), 

537 ketamine, peyote, mescaline, 3,4-methylenedioxymethamphetamine (MDMA), and psilocybin,  

538 just to name a few (Krebs and Johansen, 2013; Hase et al., 2022; Strauss et al., 2022c). 

 

539 Psychedelic mushrooms are the most popularly used hallucinogen and can be easily 

540 cultivated (Strauss et al., 2022a). Although the majority of these mushrooms were discovered 

541 in central America, these mushrooms occur worldwide (Gry, Andersson and Kristinsson, 2009; 

542 Strauss et al., 2022c). Some of the psychedelic mushrooms include Panaeolus, Pluteus, 

543 Psilocybe, Inocybe, and Gymnopilus, which are known to have psilocybin, however not all 

544 psychedelic mushrooms contain this compound (Guzmán, Allen and Gartz, 1997; Musshoff, 

545 Madea and Beike, 2000; Guzmán 2008; Awan et al., 2018; Strauss et al., 2022a, 2022c). 

546 Other mushrooms include Amanita, Conocybe, Copelandia, Cordyceps, Dictyophora, 

547 Pholiotina, Psathyrella, and Stropharia (Guzmán, 2008; Strauss et al., 2022a, 2022c). The 

548 four major psilocybin-producing genera Psilocybe, Panaeolus, Gymnopilus and Pluteus will 

549 be discussed in this section. 

 

550 2.2.1 Psilocybe 
 

551 Of all the hallucinogenic mushroom genera, Psilocybe is one of the most well-known, with an 

552 estimated 150 species occurring all over the world with the exception of Antarctica (Borovička 

553 et al., 2011; Dhanasekaran et al., 2020; Strauss et al., 2022a). Psilocybe is a member of the 

554 agaric family Strophariaceae (Noordeloos, 1995; Boekhout et al., 2002; Guzmán and  

555 Cortez, 2005). Psilocybe species contain the hallucinogenic alkaloids psilocybin, psilocin, and 
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556 baeocystin, and the concentration levels of these alkaloids differ between species (Beug and 

557 Bigwood, 1981; Strauss et al., 2022a). 

 

558 Psilocybe mushrooms are regularly found in substrates such as soil, dung, wood, and mosses 

559 (Stamets, 1996; Strauss et al., 2022a). The ecology of species is described by two categories 

560 (Borovička et al., 2011; Strauss et al., 2022a). In one group, the species grow on the debris of 

561 plants in locations such as gardens, parks and forests, and in the other group the species 

562 grow on dung, in pastures or meadows (Borovička et al., 2011; Strauss et al., 2022a). 

563 Psilocybe cubensis, the most commonly known species can be seen growing on cattle 

564 faeces or surrounding areas (Ramírez-Cruz et al., 2013). 

 

565 ‘Little brown mushrooms’ (LBMs) is a common term coined to describe the morphology of 

566 Psilocybe mushrooms (Li, Yuan and Liang, 2014; Strauss et al., 2022b). These mushrooms 

567 have a viscid cap when moist, a dark to purplish black coloured spores and a dark purple- 

568 brown spore print (Melgarejo-Estrada et al., 2020; Strauss et al., 2022a). Several other 

569 distinguishing traits that make these mushrooms easy to identify include mycenoid or 

570 collyboid sections, gelatinous pellicle that can separate and white coloured gill edges 

571 (Stamets, 1996; Ramírez-Cruz et al., 2013; Strauss et al., 2022a). Psilocybe was 

572 classified into sixteen subgenera based on the following criteria; the morphology of the fruiting 

573 bodies, the thickness of the spore walls, the shape of the spores, and whether or not it has 

574 cheilocystidia and pluerocystidia (Guzmán, 1978; Strauss et al., 2022a).  

 

575 2.2.2 Panaeolus 
 

576 Panaeolus, a genus with an estimate of 77 species, also forms part of the hallucinogenic group 

577 (Bustillos et al., 2014; Silva-Filho, Seger and Cortez, 2019). Richard Evans Schultes, an  

578 American biologist, mistakenly identified Panaeolus sphinctrinus as one of the used mushrooms  

579 among the indigenous people of Mexico (Davis, 1996), but this erroneous reporting has  

580 subsequently been rectified (Guzmán-Dávalos et al., 2008). The family relationship of this  

581 genus remains to be resolved (Strauss et al., 2022a) and was once thought to belong to the 

582 Coprinaceae, however, upon further investigation it was assigned to the Strophariaceae 

583 mainly because of the presence of chrysocystidia and the color of the basidiospores (Strauss 

584 et al., 2022a). Some publications recognize Panaeolus as part of the Psathyrellaceae family 

585 (Kaur, Kaur and Malik, 2014), while others recognize Panaeolus as forming part of the 

586 Bolbitiaceae family (Ajana et al., 2020). In an effort to overcome this challenge, He et al. 

587 (2019) and Wijayawardene et al. (2020) assigned Panaeolus to the taxonomic category 
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588 Incertae sedis, which is designated for taxa having larger relationships that are undefined 

589 or unknown (Strauss et al., 2022a). Recent DNA sequence results, however, assigned the 

590 genus to the Galeropsidaceae family (Kalichman, Kirk and Matheny, 2020; Strauss et al., 2022a). 

 

591 This genus contains high levels of psilocin and psilocybin, with the commonly known species, 

592 Panaeolus cyanescens, having higher levels than Psilocybe (Musshoff, Madea and Beike, 

593 2000; Maruyama et al., 2003; Kaur, Kaur and Malik, 2014; Strauss et al., 2022a). Panaeolus 

594 can be coprophilic with species found in manure heaps or livestock dung such as that of 

595 horses, cows, buffalos, or elephant dung (Ediriweera, 2015; Wang and Tzean, 2015). For 

596 example, four species in the Panaeolus antillarum group were isolated from wild elephant 

597 dung in Thailand's Khao Yai National Park (Desjardin and Perry, 2017). Non-coprophilic 

598 Panaeolus species such as Panaeolus bisporus grow on grassy lawns and in pastures, fruiting 

599 when the environment is moist (Stamets, 1996; Senn-Irlet, Nyffenegger and Brenneisen, 

600 1999; Kaur, Kaur and Malik, 2014) 

 

601 Panaeolus are also termed LBMs and can range in colour from grey to brown to black 

602 and have a bell-shaped or conical cap, gills that are attached, long stalks, and a brown to purple 

603 to black coloured spore print (Stamets, 1996; He et al., 2019; Strauss et al., 2022a).  

604 Panaeolina foenisecii have distinguishing features such as a convex-to-bell-shaped cap, and  

605 their gills develop into a mottled darker brown color as spore mature (Goldman and 

606 Gryzenhout, 2019). P. foenisecii was previously classified in the genus Panaeolus but is now 

607 a separated group because of microscopic features (Goldman and Gryzenhout, 2019). 
 

608 2.2.3 Gymnopilus 
 

609 Gymnopilus includes over 200 species classified in the Agaricales as either in the 

610 Strophariaceae (1980) or Cortinariaceae (1986) (Guzmán-Dávalos et al., 2003; Holec, 2005). 

611 However, Gymnopilus is not linked to the above mentioned families, as it is has become part 

612 of a separate clade termed "Gymnopilae" (Matheny et al., 2006; Campi et al., 2021), 

613 a member of the Hymenogastraceae family (Kirk et al. 2008; Campi et al., 2021). The  

614 The psychoactive compounds baeocystin, psilocin and psilocybin can be found in Gymnopilus 

615 (Gartz, 1989; Gry, Andersson and Kristinsson, 2009; Strauss et al., 2022a). 

 

616 This genus has an abundant number of xylophagous species, species feeding on or in wood, 

617 (Guzmán-Dávalos and Ovrebo, 2001; Colavolpe and Albertó, 2014; Campi et al., 2021). 
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618 Gymnopilus species are distinguished by the presence yellow fruiting bodies as well as 

619 lamellae, ferruginous spore print, and the absence of a spore germ pore (Colavolpe and 

620 and Albertó, 2014; Campi et al., 2021).  

 

621 2.2.4 Pluteus 
 

622 Pluteus is a very species-rich genus and geographically widespread with more than 500 

623 species reported worldwide and forms part of the family Pluteaceae (Malysheva, Malysheva 

624 and Justo, 2016; Strauss et al., 2022c). Molecular evidence supports the traditional division of 

625 Pluteus into three groups (Pluteus, Celluloderma, and Hispidoderma) (Justo et al., 2010; 

626 Strauss et al., 2022c). Pluteus contains psilocybin-producing species, including Pluteus 

627 atricapillus, Pluteus nigroviridis, Pluteus cyanopus, Pluteus villosus, Pluteus glaucus, Pluteus  

628 salicinus (Saupe,1981; Strauss et al., 2022a). 

 

629 The genus Pluteus is very prevalent in forested habitats and decaying wood (Menolli et al., 

630 2014). This genus inhabits sandy regions, humus, and on living plant tissue and is typified by 

631 P. cervinus, which is comprised of saprobic agaricoid fungi described for growing most 

632 commonly on decayed wood (Menolli and Capelari, 2010; Lezzi et al., 2014). 

 

633 Pluteus has a pilepellis as a cutis and metuloid pleurocystidia (Justo et al., 2010). The other 

634 two sections are without metuloid pleurocystidia (Justo et al., 2010). Hispidoderma pileipellis 

635 is comprised of elements made longer spatially as a cutis, one of either a trichoderm or a 

636 hymeniderm, and the Celluloderma pileipellis is comprised of clavate, short or spheropeduncu- 

637 late elements formed as a hymeniderm, with the transitions to an epithelium (Justo et al., 2010). 
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638 2.3 Psilocybin-containing species from South Africa 
 

639 A number of hallucinogenic mushrooms occur in South Africa. These mushrooms include 

640 species of Psilocybe, Panaeolus, Gymnopilus and Pluteus found across all provinces of South 

641 Africa and are summarized (Table 1). 

 

642 The table was compiled from the Gryzenhout (2021) guide for South African mushrooms 

643 The information in table was supplemented by Kinge et al., (2020)’s documentation of psilocybin- 

644 producing mushrooms from South Africa based on fungorium and relevant literature as well  

645 as online resources and websites such as www. themycologyblog.com and the database of the 

646 National Collection of Fungi of South Africa. Studies have not been done in South Africa to  

647 confirm if these mushrooms are indeed hallucinogenic or not, and to verify the psilocybin and 

648 psilocin levels in the mushrooms. 

 

649 2.4. Morphological identification 
 

650 All fungi that have primary structures such as basidia and cystidia on gills are referred to as 

651 mushrooms (Tsujikawa et al., 2003). These fungal organisms can live above or beneath the 

652 surface of the ground (Elkhateeb et al., 2021), may vary in size and can be extracted from  

653 their natural habitat (Cho, Myint and Khin, 2010). In the taxonomy of fungi, the shape,  

654 occurrence of stipe and spore size of mushrooms are characteristics frequently used 

655 to identify species (Parmasto & Parmasto 1987; Kauserud, Tsujikawa et al., 2003; 

656 Colman and Ryvarden, 2008). The nutritional mode and the rot type of mushrooms are 

657 vital components in identification (Kauserud, Colman and Ryvarden, 2008). The variation  

658 between mushrooms are influenced by factors such as the developmental stages of the 

659 species, the availability of key macronutrients essential for growth in the soil such as 

660 nitrogen and phosphorous and finally weather conditions (Tsujikawa et al., 2003; Zhang et  

661 et al., 2017). 

 

662 The traditional approach to identifying mushrooms relies solely on the combination of 

663 morphological and ecological characteristics. Analysis of fruiting bodies, biological and ecological  

664 characteristics, as well as cultivation of fungi on different media to distinguish between mycelia 

665 of various species (Gadd, Watkinson and Dyer, 2007; Ao, Deb and Rao, 2020) for identification. 

666 This information is then compared against the description of other species using the principles 

667 and methods of taxonomy (Gadd, Watkinson and Dyer, 2007; Ao, Deb and Rao, 2020). 
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668 Identification of fungi to the species level presents several difficulties because of the great 

669 diversity within and between fungal species and could be ineffective taking into account 

670 species similarities (Tekpinar and Kalmer, 2019). The taxonomy of these species rely on three 

671 principles; classification, nomenclature and systematics (Gadd, Watkinson and Dyer, 2007). 

672 The current state of fungal taxonomy is in turmoil because many known species have 

673 similar variants and numerous undescribed species exist (Gadd, Watkinson and Dyer, 2007). 

674 Mycologists are integrating the traditional methods centred on morphological and 

675 ecological traits into currently available methods that use molecular traits (Gadd, Watkinson 

676 and Dyer, 2007). Ultimately, it is important to establish reliable and accurate identification 

677 techniques that overcome the inaccuracies and errors associated with using traditional 

678 methods (Ao, Deb and Rao, 2020). Additionally, the most frequent misleading causes for 

679 misidentification of mushroom species is the similarity in morphology and colour of these 

680 species (Ao, Deb and Rao, 2020). Furthermore, these approaches ultimately can take a long 

681 time to complete (Appiah, Agyare and Luo, 2017; Ao, Deb and Rao, 2020). 

 

682 2.5. DNA Sequence comparisons 
 

683 To prevent misidentification, a reliable identification system had to be developed, and in 

684 instances where morphological traits ultimately failed, molecular data provided a method to 

685 distinguish species phylogeny and taxonomy (Mutanen et al., 2015; Ghorbani, Saeedi and De 

686 Boer, 2017; Maharachchikumbura et al., 2021). There are different molecular techniques that 

687 are used for identification, including Polymerase Chain Reaction-Restriction Fragment Length 

688 Polymorphism (PCR-RFLP) and real time PCR (q  PCR)  (Ben Abda et al., 2011). DNA  

689 sequencing comparisons are also commonly used and are informative, especially for unknown  

690 samples difficult to identify. These comparisons provide parameters for precision and  

691 collectively include a valid taxonomic name, sampling details, accession information,  

692 verifiable raw sequence reads and data (Fajarningsih, 2016). Data from molecular systematics,  

693 primarily based on ribosomal DNA sequences, have revealed previously unknown natural  

694 in fungi (Lee, Cole and Linacre, 2000; Moncalvo et al., 2002). 

 

695 At present, DNA sequences represented by distinct and different regions of the genome have 

696 progressed into molecular data for species identification, exceeding the limits reached by 

697 traditional methods of identification (Tekpinar and Kalmer, 2019). Ultimately, to achieve 

698 species identification in fungi, molecular markers are used to target DNA regions that are 

699 aligned to sequences in the database to locate matching sequences, and this is followed by 

700 phylogenetic studies to determine which clades will define the species in question (Tekpinar 

701 and Kalmer, 2019). Further discussion of the different genes used for fungal species 

702 identification can be found in this section. 
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703 2.5.1 rRNA genes used for identification of fungi 
 

704 Nuclear ribosomal RNA (rRNA) regions are used for fungal identification because of their 

705 ability to align to conserved primer sites without the redundancy of the third codon, and also 

706 maintain a high sequence variability aimed at species level identification of fungal organisms 

707 (Porras-Alfaro et al., 2014). These rRNA regions are often used as molecular markers. 

708 These include the large subunit (LSU) gene (Gollotte, Van Tuinen and Atkinson, 2004;  

709 Pivato et al., 2007; Rosendahl, McGee and Morton, 2009; Stockinger, Krüger and S  

710 chüßler, 2010), the small subunit (SSU) gene (Helgason, Fitter and Young, 1999; 

711 Wubet et al., 2006; Lee, Lee and Young, 2008; Stockinger, Krüger and Schüßler, 2010; 

712 Nadimi, 2014), and the internal transcribed spacer (ITS) region (Wubet et al., 2004; Hempel, 

713 Renker and Buscot, 2007; Stockinger, Krüger and Schüßler, 2010). 

 

714 2.5.1.1 The Internal Transcribed Spacer (ITS) region 
 

715 The ITS region originates in the fungal DNA as multiple copies and demonstrates intraspecies 

716 similarity and interspecies variation (Tisserat, N.A., Hulbert, S.H. and Sauer, K.M., 1994; Ueng 

717 et al., 1998). The base pair length varies between 450 and 750 bp (Op De Beeck et al., 2014). 

718 Extensive research studies have used the ITS region as a DNA barcode, and the related 

719 sequences are documented in public online databases such as Genbank and EMBL as a 

720 reference (Samson et al., 2010; Fajarningsih, 2016). According to a quantitative analysis of 

721 244 studies that were published between the period of 1998 and 2003, 66% of those 

722 publications contained ITS sequence data, and 34% of the published phylogenetic hypotheses 

723 were solely based on ITS sequences (Álvarez and Wendel, 2003). Early studies of White et 

724 al. (1990) provided primers for amplifying ITS sequences samples for the majority of fungal 

725 and plant species and were set in the way so that ITS sequence data could be easily  

726 accessible. The ITS region is polymorphic, and can therefore distinguish between sequences 

727 at the species level (Samson et al., 2010; Stockinger, Krüger and Schüßler, 2010; Schoch et  

728 al., 2012; Fajarningsih, 2016). 

 

729 There are a number of short comings associated with the use of these genome regions. The 

730 occurrence of polymorphism within sequences from various taxonomic groups, on the 

731 contrary, can also complicate identification (Aanen, Kuyper and Hoekstra, 2001; Nilsson et 

732 al., 2008; Tekpinar and Kalmer, 2019). The ITS region may not always distinguish between 

733 species, especially cryptic species and consists of multiple, possibly variable, copies in 

734 the genome (Schoch et al., 2012; Stielow et al., 2015; Magray et al., 2019). This region is not 

735 effective for differentiating many fungal species that are closely related, particularly when they 

736 have been cloned and have difficulties with intraspecific variation (Kiss, 2012). Additionally, 
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737 the resolution for more complex taxonomic level fungal relationships for ITS is low in quality 

738 (Seifert, 2009; Begerow et al., 2010; Schoch et al., 2012; Stielow et al., 2015). 

 

739 Several molecular genetic mechanisms have implications for the accuracy of ITS sequences 

740 which could result in incorrect phylogenetic inference (Álvarez and Wendel, 2003). Homoplasy 

741 is a similarity that arises from independent evolution rather than inheritance at the hierarchical 

742 level and is identified by a lack of alignment with other traits in a phylogenetic study (Wake, 

743 Wake and Specht, 2011). Homoplasy affects whole genomes in the same way that it affects 

744 nucleotide sequences (Gaertig et al., 2013). Homoplasy is more elevated in the ITS region 

745 than in any other DNA sequence data sets as a result of mutations, misalignment, sequencing 

746 errors, or all three of the factors combined (Álvarez and Wendel, 2003). 

 

747 ITS sequences are able to undergo a process known as concerted evolution, a process in 

748 which nucleotide sequences evolve together rather than individually (Álvarez and Wendel, 

749 2003). This occurs when the variation between repeated copies in the sequence becomes 

750 subjected to mechanisms such as gene conversion or unusual crossing over. As a 

751 consequence, the genetic variation within the genome is reduced, thus affecting the outcomes 

752 of phylogenetic reconstruction (Álvarez and Wendel, 2003; Small, Cronn and Wendel, 2004). 

753 In contrast, single-copy nuclear genes that are biparentally inherited are not subject to 

754 concerted evolution and have gene variants that minimize alignment ambiguity and improve 

755 the outcomes of homologous analysis (Bailey and Doyle, 1999; Cronn, Small and Wendel, 

756 1999; Bortiri et al., 2002; Sang, 2002; Álvarez and Wendel, 2003; Bailey et al., 2003; Senchina 

757 et al., 2003). Additionally, compared to ITS data results, single-copy nuclear genes exhibit 

758 decreased homoplasy (Álvarez and Wendel, 2003). Due to these factors, Álvarez and Wendel  

759  (2003) proposed using multiple or more single-copy nuclear loci (Cronn et al., 2002; Marcela, 

760 2021). 

 

761 2.5.1.2 Small subunit (SSU) 
 

762 The SSU region which is positioned directly upstream to the ITS region, evolves more 

763 gradually than the related ITS and LSU regions, which results in reduced variance across 

764 examined species (Mitchell and Zuccaro, 2006; Tekpinar and Kalmer, 2019). In phylogenetics, 

765 the SSU is mostly used at higher taxonomic classifications as it contains less hypervariable 

766 domains in fungi, contrary to the homolog (16S), which is generally used to identify bacteria 

767 species (Schoch et al., 2012). 

 

768 However, for phylogenetic analyses of Basidiomycota, the SSU region is used in conjunction 

769 with other nuclear molecular DNA or protein-coding regions (Skrede et al., 2011; Zhao et al., 
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770 2017; Tekpinar and Kalmer, 2019). Still, there are few studies that identified Basidiomycota 

771 species using the SSU region (Tekpinar and Kalmer, 2019). In a study, Swann and Taylor 

772 (1993) characterized Basidiomycota using the SSU region for the reason that the SSU region 

773 limited resolution in the 5.8S rRNA sequence, which was their region of interest (Tekpinar and 

774 Kalmer, 2019). The SSU region is an excellent region for detecting conserved regions at the 

775 genus or higher taxonomic level because of the previously mentioned slow rate of molecular 

776 evolution (White et al., 1990; Wu et al., 2003; Tekpinar and Kalmer, 2019). 

 

777 The region is restricted to classifying fungi at a lower taxonomic level and the variation present 

778 is insufficient for differentiation at the species level (White et al., 1990; Wu et al., 2003; Cole 

779 et al., 2014; Tekpinar and Kalmer, 2019). Regardless of the above stated, there is still a lack 

780 of SSU sequence accuracy in database entries making it a less optimal marker, and this needs 

781 to be an area that is focused on (Tekpinar and Kalmer, 2019). Additionally, the validity of SSU 

782 sequence deposits in the current database is low, rendering it a less suitable marker (Tekpinar 

783 and Kalmer, 2019). This should therefore be a specific area of focus in research using this 

784 marker. 

 

785 2.5.1.3 Large subunit (LSU) 
 

786 The LSU region, which is positioned immediately downstream of the ITS region, is generally 

787 used to address the shortcomings in fungal phylogenetics (Tekpinar and Kalmer, 2019). 

788 Similarly, relationships between basidiomycetes at the genus and family level (Bruns, Lee and 

789 Taylor, 1990; Koziak, Kei and Thorn, 2007) are best resolved by this gene (Fell et al., 2000; 

790 Moncalvo et al., 2000, 2002; Wei and Oberwinkler, 2001). The two hypervariable domains of 

791 LSU; D1, and D2, present in fungi are the regions of interest for research (Raja et al., 2017; 

792 Tekpinar and Kalmer, 2019). This is demonstrated by Porras-Alfaro et al. (2014), indicating 

793 that longer sequences provide higher discriminatory power than shorter length sequences for 

794 both the ITS and LSU regions (Tekpinar and Kalmer, 2019). This research further supports  

795 that LSU is the best conservative molecular marker for species identification in fungal groups 

796 (Fell et al., 2000; Moncalvo et al., 2000, 2002; Wei and Oberwinkler, 2001; Matheny et al., 

797 2007; Zhao, Luo and Zhuang, 2011; Schoch et al., 2012; Tekpinar and Kalmer, 2019). 

 

798 Although there are no complications related to the process of alignment, amplification, editing, 

799 or sequencing when using the LSU region (Schoch et al., 2012; Tekpinar and Kalmer, 2019), 

800 issues such as low-quality data and variable sequence length are still encountered in LSU 

801 databases. The limitation associated with the LSU gene would be that it discriminates between 
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802 species (Schoch et al., 2012). Even though rRNA genes are mostly used in molecular 

803 systematic investigations of fungi, some fungal taxa may exhibit poor resolution results 

804 from SSU and LSU (Tekpinar and Kalmer, 2019). 

 

805 2.5.2 Other genes that identify fungi 
 

806 Housekeeping genes are regions found in a genome and are highly conserved (Zhang and Li, 

807 2004). These regions are fundamental to the existence of a cell and can be studied across the 

808 target organism by designing PCR primers complementary to nucleotide sequences to amplify 

809 more variable intervening regions (Bustin, 2002; Andersen, Jensen and Ørntoft, 2004; 

810 Brunner, Yakovlev and Strauss, 2004; Dheda et al., 2004; Makhzani and Frey, 2014). 

811 Housekeeping genes that are widely used include α-tubulin and β-tubulin genes, actin (ACT), 

812 glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and protein-coding genes such as 

813 translocation elongation factor-1 (TEF1-α) and the RNA polymerase II (RPB 1) (Goidin et al., 

814 2001; Kim et al., 2003; Radonić et al., 2004; Siaut et al., 2007; Makhzani and Frey, 2014). 

815 Additional candidate DNA barcoding markers beside the ITS regions are referred to as 

816 secondary barcode markers (Stefani, Jones and May, 2014). This was established to assist 

817 in the resolution of taxonomic groups of species that ITS has failed to resolve (Brazee et al., 

818 2011; Gazis, Rehner and Chaverri, 2011; Stefani, Jones and May, 2014). In order to become 

819 a secondary identification marker, a prospective gene has to meet the following criteria: the 

820 gene is required to be easy to amplify and be capable of differentiating between closely related 

821 species (Visagie et al., 2014). Additionally, it is also fundamental that species in every genus  

822 be represented in the reference dataset (Visagie et al., 2014). 

 

823 Protein-coding genes are commonly used for species identification and provide a useful tool 

824 to complement the phylogenetic analysis of rRNA regions for the resolution of relationships at 

825 different taxonomic levels. The key benefit of using protein-coding genes is that these genes 

826 exist in the fungal genome as a single copy, eliminating the potential challenges associated 

827 with paralogs (Tekpinar and Kalmer, 2019). The introduction of the use of protein-coding  

828 genes use for establishing significant phylogenetic relationships has been demonstrated by  

829 many studies (Liu, Whelen and Hall, 1999; Brandon Matheny et al., 2002; Tanabe et al., 2004; 

830 Tekpinar and Kalmer, 2019). 

 

831 2.5.2.1 The RNA polymerase II (RPB 1) 
 

832 The RPB 1 is useful because it has a universal copy and it has a slow sequence divergence 

833 rate (Schoch et al., 2012). In order to investigate fungi at lower taxonomic levels, the upper 

834 end of the RPB1 gene and the region between the 6th and 7th conserved domains of the RPB 

835 2 genes were used because they contain a substantial amount of parsimony-informative sites 

836 (Liu, Whelen and Hall, 1999; Brandon Matheny et al., 2002; Tanabe, Watanabe and Sugiyama, 
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837 2002). RPB1 became a valuable marker based on the genes ability to be easily amplified 

838 (Tanabe et al., 2004; Tekpinar and Kalmer, 2019) and was used to identify and describe 

839 species in the genus Inocybe and resolve Inocybe species phylogeny (Matheny, 2005). 

840 Additionally, RPB1 together with RPB2 were used together with LSU and SSU to examine the  

841 phylogeny of various genera of Ascomycota (Brandon Matheny et al., 2002; Reeb, Lutzoni and 

842 and Roux, 2004; Tanabe et al., 2004; Frøslev, Matheny and Hibbett, 2005; Matheny, 2005; 

843 Matheny et al., 2007; Schoch et al., 2012; O’Donnell et al., 2013; Dokianakis et al., 2018; 

844 Zhang et al., 2021). 

 

845 An incorrect copy number in the genome these genes may cause a problem because it 

846 affects PCR and sequencing successes (Tekpinar and Kalmer, 2019). Even though most 

847 fungal species have only one copy of the RPB1 and RPB2 genes, Chytridiomycota and 

848 Zygomycota indicated contradicting results by demonstrating two RPB1 genes with slightly 

849 different sequences and two comparable RPB2 copies (Liu, Hodson and Hall, 2006; Tekpinar 

850 and Kalmer, 2019). The RPB1 and RPB2 genes are capable of completely resolving species, 

851 but cannot provide a complete solution (Tekpinar and Kalmer, 2019). The biggest challenges 

852 these genes present include negative amplification results during PCR cycles, sequencing 

853 difficulties, and alignment issues (Tekpinar and Kalmer, 2019). Additionally, the performance 

854 of PCR reactions and sequencing results are affected by the genes genome copy number  

855 (Tekpinar and Kalmer, 2019). These complications restrict RPB1 and RPB2 from serving as 

856 universal barcodes (Tekpinar and Kalmer, 2019).  

 

857 2.5.2.2 Translation elongation factor 1-α 
 

858 The TEF1-α genes are used for more species-specific identification databases. The 

859 aminoacyl-tRNA coupling mechanism to ribosomes is mediated by the expression translation 

860 elongation factor EF1 protein, a signal encoded by the translational elongation factor 1-alpha 

861 gene (Triana-Alonso, Chakraburtty and Nierhaus, 1995; Zhao, Luo and Zhuang, 2011). 

862 Although primers often vary between genera because of the significant level of sequence 

863 polymorphism between them, the TEF1-α genes was taken into consideration as a possible 

864 candidate for a molecular marker (O’Donnell, 2000; Mirhendi et al., 2015). Research from  

865 Stielow et al. (2015) suggested primers EF1-1018F and EF1-1620R as secondary universal 

866 DNA barcode primer pair for fungi. These findings revealed the promising results of using the  

867  phylogenetic approach that relies on TEF1-α sequences as an identification tool for  

868 differentiating and classifying Armillaria mushroom species (Zhao, Luo and Zhuang, 2011). 

869 In the investigation to find the best molecular marker, factors such as PCR amplification, and 

870 the variance existing between and among species were taken into consideration 

871 (Zhao, Luo and Zhuang, 2011). Whilst sequencing and PCR amplification of the TEF1-α  

872 gene was not particularly successful, the inter-specific distances were greater than 

873 the intra-specific distances (Zhao, Luo and Zhuang, 2011; Tekpinar and Kalmer, 2019). 
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874 2.5.2.3 β-tubulin  
 

875 β-tubulin from the tubulin family develops in almost all eukaryotes and is made up of highly 

876 conserved proteins (Keeling and Doolittle, 1996) making this gene an excellent candidate for 

877 phylogenetic analysis, particularly for predicting species-level phylogenies (Einax & Voigt 

878 2003). Tubulin proteins are the major parts of microtubules, which play important functions in 

879 eukaryotic cellular activities including shape preservation, cell division, intracellular transport, 

880 and the motility of the cell (Yang, Jan and Komatsu, 2007; Tekpinar and Kalmer, 2019). β- 

881 tubulin (BenA), was used to identify fungal species in the Penicillium genus (Schoch et al., 

882 2012; Tekpinar and Kalmer, 2019; Visagie et al., 2021) and is the entrusted marker of  

883 identification for the Penicillium genus (Visagie et al., 2014). 

 

884 Despite the preceding statement, it needs to be considered that Penicillium has large 

885 ambiguousy aligned sites that could potentially have a negative effect on phylogeny (Visagie 

886 et al., 2014). Furthermore, the outcome of studies for other Penicillium species shows 

887 discrepancies that require cloning to be executed, and consequently, more research is 

888 required to determine the efficiency of the gene as a molecular marker (Schoch et al., 2012; 

889 Visagie et al., 2014; Stielow et al., 2015). 

 

890 2.6. Using multiple genes for species delimitation 
 

891 The use of single-copy markers for mushrooms for extensive research is still limited, and the 

892 information known has made small advancements for biodiversity. However, these markers 

893 are now incorporated more and more into multi-locus studies. In 2007, it was reported that 

894 82% of phylogenetic trees were based on single-locus datasets (Kauff, Cox and Lutzoni, 

895 2007). The reason for this low production of multigene phylogenetic analyses for a large and 

896 diverse set of taxa is because of the uncoordinated nature of data sequencing (Kauff, Cox and 

897 Lutzoni, 2007). 

 

898 The integration of two or more molecular markers gives way to more accurate identification 

899 results (Schoch et al., 2012; He et al., 2022). Various studies on mushrooms have used data 

900 from more than one gene. For example, the use of multigene phylogenies has made a way for 

901 the taxonomy of the genus Agaricus to be well described (He et al., 2022). Mentioned below 

902 are research breakthroughs that support the resolution obtained by multigene findings. 

 

903 2.6.1 Multi-locus identification of fungi 
 

904 One of the biggest in-depth multi-locus phylogenies to date is that of James et al. (2006), 

905 which was made up of some of the commonly used genes including the 5.8S rRNA, 18S rRNA, 
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906 and the 28S rRNA as well as the protein-coding genes RPB 1 and RPB 2, and the TEF1-α. 

907 This study recognized that the phylogenetic resolution between fungal basal groups and their 

908 relative relationships to the phyla Ascomycota and Basidiomycota, is important in the overall 

909 knowledge of the sequence of events preceding the evolution and colonization of land 

910 ecosystems (James et al., 2006). The results of this multi-locus phylogeny further revealed 

911 that approximately four individual disruptions led to the loss of the cellular structure that is 

912 responsible for motility, i.e. the flagella that occurred throughout the evolution of the Kingdom 

913 Fungi (James et al., 2006; Stielow et al., 2015). However, the lack of standardized sets of 

914 procedures for acquiring and sequencing data creates obstacles in the development of large- 

915 scale multi-locus phylogenetic trees across a wide variety of species, accounts for the lack 

916 of studies similar to the one seen in James et al., 2006. 

 

917 By using multi-locus phylogeny comprised of RPB 1, RPB 2, SSU, and ITS markers, 

918 wild mushrooms that was found in local markets of India were able to be positively identified 

919 into the correct species description, for example Tricholoma viridiolivaceum and Laccaria 

920 vinaceoavellanea (Khaund and Joshi, 2014). Other noteworthy multi-locus studies included 

921 the multi-locus sequence analyses (MLSA) of the basidiomycetous yeast Papiliotrema 

922 flavescens using ITS and LSU sequences that highlighted the significant shortcomings of the 

923 two markers, while somehow still confirming the presence of two new cryptic species within 

924 the group (He et al., 2022). 

 

925 2.6.2 Multi-locus identification of psilocybin - producing mushrooms 
 

926 There are many publications that are focused on psilocybin-producing mushrooms, and most 

927 of them support the use of multiple genes. These reports suggest that integrating nuclear 

928 rRNA genes with protein-coding genes, i.e., including genes such as β-tubulin, RPB 1, and 

929 RPB2 in multi-genes, will increase the identification potential and the number ot the branches 

930 in phylogenetic trees (Hansen, LoBuglio and Pfister, 2005; Hofstetter et al., 2007; Tang, Jeewon 

931 and Hyde, 2007; Raja et al., 2011). Thus far, the prevalent multi-locus studies include those  

932 of the LSU, RPB 1 (Böttcher et al., 2022) and TEF1-α in addition to the ITS regions, for the 

933 the identification of Psilocybe cubensis (Raja et al., 2017; Zhang et al., 2021). These studies, 

934 however, only included a limited number of species (Raja et al., 2017; Zhang et al., 2021). 

935 Remarkably, magic mushrooms were identified from Japanese local markets using LSU and  

936 ITS, which was significant because they were in dry powders or capsules (Maruyama et al.,  

937 2006). This method was done because it is highly challenging to determine the species of  

938 these mushroom solely based on morphological description (Maruyama et al., 2006).



38 

 

 

 

939 Other psilocybin-producing mushrooms have also been successfully identified using multiple 

940 genes. The diversity present in the ITS region significantly led to the positive identification of 

941 the new species Gymnopilus swaticus through the use of the LSU and ITS regions (Schoch et  

942 al., 2012; Khan et al., 2017; He et al., 2022; Strauss et al., 2022). The use of the molecular  

943 markers SSU, LSU, and ITS regions enabled the identification of Pluteaceae division in  

944 the direction of Celluloderma, Hispidoderma, and Pluteus (Justo et al., 2011). Furthermore,  

945 the combination of the TEF1-α genes and the Internal Transcribed region effectively identified 

946 Pluteus hubregtseorum (Ševcikova et al., 2021). 

 

947 2.6.3 South African multi-gene studies 

948 In South African studies, there have been important developments inclusive of morphological 

949 and multi-locus phylogenetic identification. According to a recent study, eight different species 

950 of the genus Ganoderma were identified from all over the country, with two novel species 

951 discovered, by using β-tubulin, ITS, and TEF1-α (Tchotet Tchoumi et al., 2019). Now 13 

952 species of the South African Ganoderma population are known, including the two new reports 

953 Ganoderma cf. cupreum and Ganoderma cf. resinaceum (Tchotet Tchoumi et al., 2019). From 

954 the above-mentioned, we now know the importance and impact that multigene studies can 

955 have. An in-depth multigene phylogeny for South African mushroom species is critically needed 

956 to understand the existing phylogenetic relationships, eliminate cryptic species and the 

957 complexities associated with these species as well as discover novel species (Goldman and 

958 Gryzenhout, 2019; Gryzenhout, 2021). 

 

959 2.6.4 Limitations of using multi-locus genes 

960 Unfortunately, several studies showed that combining more than one gene region may not 

961 always provide clear answers. For example, combining ITS and LSU with the aim of a pairwise 

962 comparison to separate taxa for Mrakia gelida, Solicoccozyma aeria, Saitozyma 

963 podzolica, and Vishniacozyma victoriae did not produce the best results (He et al., 2022). 

964 When the results from this study were compared with sequences from publicly available 

965 resources, closely related species could not be differentiated (Yurkov et al. 2015; He et al., 

966 2022). To achieve effective analysis of multiple loci, the addition of protein-coding genes in 

967 conjunction with the precursive ITS and LSU may provide more resolution power, and the 

968 most appropriate gene or genes for the particular taxonomic group must be investigated first. 

 

969 
2.7. DNA Barcoding 

970 Identification and classification completely rely on DNA barcoding, which is the use of DNA 

971 sequences of several standardized genetic markers (Schoch et al., 2012; Stielow et al., 2015; 



39 

 

 

 

 972 Crous et al., 2021). DNA barcoding plays an important role in identification in research related 

 973 to biotechnology, conservation biology, ecology as well as evolutionary biology (Schoch et al., 

 974 2012). Up to this point, DNA barcoding has proven to be an extremely beneficial tool for 

 975 minimizing ambiguity in species identification (Schoch et al., 2012). DNA barcoding requires 

 976 standardized sequences to classify species using suitable primers that are relevant to the 

 977 largest taxonomic group (Schoch et al., 2012; Stielow et al., 2015; Magray et al., 2019). It is 

 978 quite a powerful tool for species identification and discovery (Schoch et al., 2012). 

 979 DNA barcoding depends on reliable reference libraries for which unknown specimens can be 

 980 compared (Sun et al., 2016). Therefore, by comparing new data against previously published 

 981 sequences, the taxonomic reliability of the DNA barcodes is established (Sun et al., 2016). To 

 982 evaluate DNA barcoding as one of the mechanisms for biodiversity investigation, a 

 983 classification system that predicts the species present in the specimen sample from the 

 984 sequence data is required and simultaneously assigns taxonomic names independently from 

 985 the previous taxonomic species assignments (Barcaccia, Lucchin and Cassandro, 2016; Sun 

 986 et al., 2016). 

 987 The DNA barcoding initiative has significantly improved the strategy for achieving sequence 

 988 accuracy by establishing a benchmark that each considered molecular marker must meet. 

 989 These parameters for precision collectively included a valid taxonomic name, sampling details, 

 990 and accession information, verifiable raw sequence reads and data (Fajarningsih, 2016). 

 991 The All Fungi Barcoding meeting first acknowledged the ITS region as the best candidate for 

 992 the barcoding of all the Fungal Kingdom in 2007 (Rossman 2007; Tekpinar and Kalmer, 2019). 

 993 Following this, Schoch et al. (2012) reported that the ITS region was the official barcode for 

 994 fungi (Begerow et al., 2010; Bellemain, 2010; Stielow et al., 2015; Acar, Dizkirici and Kalmer,  

 995 2017; Beker et al., 2018; Vu et al., 2019; Crous et al., 2021) because it can be effortlessly  

 996 amplified and has a big enough barcode gap (Schoch et al., 2012; Tekpinar and Kalmer, 2019) 

 997 Using the ITS region as a DNA barcode for fungal identification has numerous advantages, 

 998 including high sequence diversity, a high number of copies per cell, conserved primer sites,  

 999 and a large database of sequences (Tekpinar and Kalmer, 2019). It is fundamental to have  

1000 genes that can accurately identify species, and for this reason other regions are considered. 

1001 TEF1-α region is proposed as the secondary universal DNA barcode primer pair for fungi 

1002 (Stielow et al., 2015). 
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1003 2.8 Conclusion 

1004 Psilocybin-producing mushroom species of the world are increasingly studied because of the 

1005 numerous medical and psychiatric applications that can be developed from them. These 

1006 mushrooms are also commonly used recreationally, but also have traditional use in many 

1007    cultures of the world. However, their biodiversity in many regions is however, also is poorly 

1008    studied and numerous novel species await discovery and description. 

1009 It is important to point out that morphology-derived identifications done by citizen mycologists 

1010 or in scientifically executed publications, are not always reliable. In addition to morphology, 

1011 the use of DNA sequence markers will be crucial for accurately identifying specimens, 

1012 including those that are dry, incomplete or in the form of powder. Furthermore, it will assist in 

1013 clarifying any taxonomic or misidentification problems. It is possible to include these 

1014 different genes  in  novel  research  to  improve  identifications  because sequences  for 

1015 genes other than ITS for these fungi are already available. 
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1501 

CHAPTER 3 Methods and Materials 

1502 3.1 Sample Collection 

1503 Samples (dried psychedelic mushroom species) were received from experienced 

1504 citizen scientists, in the year 2021 from various locations in South Africa (Table 2). The 

1505 dried fungorium samples were stored at room temperature in the Fungorium of 

1506 Marieka Gryzenhout, Genetics Department, University of the Free State. These 

1507 specimens will be deposited in the National Fungorium of South Africa, Agricultural 

1508 Research Council, Pretoria. 

 

1509 
3.2 DNA extraction 

1510 The genomic DNA extraction was performed in accordance with Strauss et al. (2021). 

1511 The dried fungal specimens received from citizen mycologist collection were cut into 

1512 small pieces and inserted into 1.5mL Eppendorf tubes. These small pieces of 

1513 mushroom specimen were pulverized in a tissue lyser (©QIAGEN, TissueLyserll, 

1514 Germany) using metal balls. A lysis buffer solution comprised of Tris (100mM)-EDTA 

1515 (ethylenediaminetetracetic acid) (10 mM) - SDS (Sodium Dodecyl Sulfate) (2%) was 

1516 prepared, and from this solution, an amount of 900 µL was aliquoted to 40 mg of each 

1517 mushroom specimen. The solution was briefly mixed by inversion, and the cells 

1518 opened and released the DNA. Thereafter, the lysis buffer mixture was incubated at 

1519 65°C for 30 min. This solution was centrifuged at the speed of 13,000 rpm for the 

1520 period of 5 min at 4°C yielding in the formation of a supernatant. This formation 

1521 separated the supernatant from the cellular debris, the supernatant was slowly 

1522 pipetted out and the cellular debris was discarded. This step was repeated in order to 

1523 reduce the cellular debris present. To purify the solution, 600 µL of chloroform:isoamyl 

1524 (24:1) was added to the supernatant, and this was followed by a centrifugation stage 

1525 at a speed of 13,000 rpm for 5 min at 4°C. The aqueous phase that contains the DNA 

1526 was cautiously pipetted out. This process was performed twice to minimize the amount 

1527 of cellular debris as well as to remove the PCR inhibiting chemicals in the solution. 



67 

 

 

 

1528 Lastly, the recovered DNA was precipitated with refrigerated 100% ethanol and 

1529 centrifuged using a speed of 16000 rpm for 30 min at 4°C. Consequently, the resultant 

1530 DNA pellet was spun down, dried, and thereafter re-suspended in 40µL of warm 

1531 nuclease-free water. Once the extraction process was successively concluded, the 

1532 DNA was then preserved and stored at a temperature of - 20°C until the next step. 

 

1533 
3.3 Quantification of DNA 

1534 For the qualitative analysis, the DNA samples were stained using Gel-Red nucleic acid 

1535 gel stain (ThermoFisher Scientific, USA) and using gel electrophoresis (Cleaver 

1536 Scientific Ltd, UK) in a 1% agarose gel, at 100 Volt, 400 Ma at 45 min and this was 

1537 immersed in 1X TAE (Tris-EDTA (ethylenediaminetetraacetic acid)). The DNA was 

1538 visualized using a gel doc (Vacutec, Roosevelt Park, South Africa). Subsequently, for 

1539 quantitative analysis, the DNA concentrations of the extracted samples were 

1540 quantified employing the NanoDrop® Spectrophotometer ND-1000 (ThermoFisher). 

1541 Using the absorbance range 260/280 nm, the overall purity of the isolated DNA was 

1542 determined. The DNA concentrations were standardized by dilution of 1:10. The 

1543 Nanodrop measurements were repeated twice, and the averages were recorded. 

 

1544 
3.4 PCR amplification 

1545 Three target regions of the genome were used to amplify DNA, using the process of 

1546 Polymerase Chain Reaction (PCR). The target regions were; TEF1-α, RPB 1, and the 

1547 ITS, ITS-5.8S region of the ribosomal operon. The primer information is listed (Table 

1548 3). Two different sets of the ITS primers were used; namely ITS1 (5'- TCCGTAGGTG 

1549 AACCTGCGG-3') and ITS4 (5'-TCCTCCGCTTATTGATATGC-3') (20bp) (White et al.,  

1550 1990) and for DNA that did not amplify using the previously mentioned primers, an 

1551 alternative primer set, ITS1-F_KY02 (5'- TAG AGG AAG TAAAAG TCG TAA -3') 

1552 (Toju et al., 2012) and ITS4 (5'-TCCTCCGCTTATTGATATGC-3') (20bp) (White et al.,  

1553 1990) was used. The ITS region, which is given the term of the primary barcode  

1554 marker for fungi, this region has the greatest likelihood of accurate identification 

1555 results for the widest range of fungal species (Schoch et al., 2012), making these 

1556 primers the optimal selection for the objectives of this study. For the protein coding 

1557 regions, the TEF1-α and the RPB 1 regions were used, mainly because the RPB 1  

1558 had previously been used for the identification of Inocybe and Agaricales  
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1559 (Zhang et al., 2021) and the TEF1-α gene successfully targeted and identified 

1560 Psilocybe species in the study from Cowan and Elkins (2018).  

1561 The selection of the TEF1-α and RBP 1 primer pairs for this current study was 

1562 based on successful amplification of hallucinogenic mushrooms, including Psilocybe 

1563 as mentioned in Zhang et al. (2021). The primers used for TEF1- α were 

1564 TEF PC-EF-F (5'-FTTCATCAAGAAGGTCGGTTAC-3') (21bp) and TEF PC- 

1565 EF-R: (5'- TCTCCGTGCCATCCAG-3') (16bp) with an expected base pair size of 67 

1566    bp. For the RBP 1 region, the primers that were used were RBP 1 PC-R1-F  (5'- CTC  

1567 TACTCGTTTCGCACCC-3') and RBP 1 PC-R1-R (5'-CGCACTCCTCGTTCAGC-3’) 

1568 (Zhang et al., 2021) with an expected base pair size of 246 bp. 

 
 1569 A 25 µL PCR reaction contained 1µL of template DNA (≈ 100-200ng), 1.25µL each for 

1570 the forward and the reverse primers (10 µM), 12.5µL One Taq® 2X MM w/standard 

1571 buffer (New England BioLabs, Inqaba Biotechnical Industries (Pty) Ltd, Pretoria, South 

1572 Africa) and 9µL nuclease free water (Ghosh et al., 2021; Strauss et al., 2021). The 

1573 thermal cycling conditions used for the ITS PCR included the following: an initial phase 

1574 of denaturation set at a temperature of 94°C for 2 min 30 sec, the second phase of 

1575 denaturation at 40 cycles set at a temperature of 94°C for 30 sec, followed by an 

1576 annealing step at 54°C for 30 sec, subsequently an initial extension step at 72°C for 

1577 40 sec. The last extension step was done at a final temperature of 72°C for a period 

1578 of 10 min. This procedure was executed using the BioRad T100 Thermal Cycler 

1579 (BIORAD, Johannesburg, South Africa). PCR products were visualized on 1% agarose 

1580 gels. The same conditions were applied for the RPB 1 PCR and for TEF1-α PCR. PCR 

1581 products were visualized on 1% agarose gels. 

 

1582 
3.5 DNA Sequencing 

1583 PCR amplicons were purified using an ExoSAP-IT Express PCR Product Clean-up kit. 

1584 For sequencing, the PCR products were marked using BigDye™ Terminator v3.1 

1585 Cycle Sequencing Kit including 2 µL each of the following reagents; the BigDye buffer, 

1586 the forward and reverse primers (5 µM) of every molecular marks, sterile water, and 

1587 lastly the purified PCR product was added. The thermal cycling conditions used for 

1588 sequencing PCR included the following: an initial phase of denaturation set at a 

1589 temperature of 96°C for 1 minute, the second phase of denaturation at 34 cycles set 

1590 at a temperature of 96°C for 30 sec, followed by an annealing step at 52°C for 30 sec, 
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1591 subsequently an initial extension step at 60°C for 4 min. The last extension step was 

1592 done at a final temperature of 60°C for 3 min. This procedure was once again 

1593 performed using the BioRad T100 Thermal Cycler. Sequencing was performed using 

1594 a Genetic analyzer ABI3500 (Applied Biosystems, South Africa) available at the 

1595 Genetics Department of the University of the Free State. 

 

1596 
3.6 Phylogenetic analysis 

1597 The chromatograms of different molecular markers including ITS, TEF1-α and RPB 1 

1598 were edited using Geneious Prime® 2022.2 (Dotmatics, Boston, Massachusetts) 

1599 software, and consensus sequence alignments of forward and reverse sequences 

1600 were generated. The assembled sequences were used to generate datasets based 

1601 on sequences that were retrieved from GenBank, the nucleotide database of NCBI 

1602 (National Centre for Biotechnology Information) (Benson et al., 2013) using BLAST 

1603 (Basic Local Alignment Search Tool). For each sample, contigs were assembled and 

1604 combined. The BLAST results were compared against existing sequences available 

1605 on GenBank. The first 50-60 sequences were selected based on the percentage 

1606 identity above 90% and limited to uncultured and environmental sample sequences. 

1607 Two searches were performed, one with sequences limited to type material and the 

1608 second was unlimited to type material sequences. The selected sequences confirmed 

1609 that each of the collected sequences represented species from the genera Psilocybe 

1610 and therefore only Psilocybe sequences were chosen for further analysis. 

 

1611 From the downloaded sequences, a dataset for each sample was built using the 

1612 Molecular Evolutionary Genetics Analysis (MEGA) software 7.0 (Katoh et al., 2002; 

1613 Wang et al., 2022) and subsequently aligned using the online server of the Multiple 

1614 Sequence Alignment program (MAFFT) (Katoh et al., 2002; Hunter, Glen and 

1615 McDougal, 2016) with the selection of alignment to leave the gappy regions. The 

1616 downloaded sequences formed a complete dataset, and the missing data from the 

1617 beginning and ends of the dataset were filled with n. The construction of phylogenetic 

1618 trees was done using MEGA and the phylogenetic analysis on the maximum-likelihood 

1619 and the best fit model feature. Other selections included the test of phylogeny set on 

1620 the bootstrap method, and the number of bootstrap replications set to 1000. Finally, 

1621 the tree displayed branch length were set to hide values shorter than 80. 



70 

 

 

 

1622 3.7 Morphological characterization 

1623 In the field, mushrooms were photographed, and morphological characteristics such 

1624 as the size, shape, color and any other possible features of the mushroom were 

1625 recorded. 

1626 Microscopic characteristics and slides were prepared and observed from dried 

1627 material under a DM500 Leica compound, with Leica ICC50W digital camera and 

1628 LasEZ software (Leica Microsystems DM LB) in 3% potassium hydroxide (KOH) and 

1629 10% lactic acid. Measurements at × 1000 magnification of all features were taken on 

1630 the available material, including 50 measurements of basidospores and cystidia. 

1631 Measurements were presented in the following format: (minimum)(average – standard 

1632 deviation) - (average + standard deviation) (-max). Colour annotations were done  

1633 

1634 

1635 

using the HSC colour plates for Mycology (http://website.nbm-mnb.ca/mycologyweb 

pages/EssaysOnFungi/Collecting_mushrooms_for_scientific_study/Illustrations/HSV_ 

plates_for_mycology.pdf, accessed 27 Nov 2022). 

http://website.nbm-/
http://website.nbm-/
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1667 

Chapter 4 Results and Discussion 

1668 4.1 Phylogenetic Analysis 

1669 The three molecular markers used in this phylogenetic analysis, namely TEF1-α, ITS, and 

1670 RPB 1, were analysed individually and in a combined dataset, in order to provide the maximum 

1671 amount of information (Zhang et al., 2021). All the phylogenetic trees from this analysis 

1672 produced different topologies. This was because not all of the species represented in the ITS 

1673 tree, which is the most sequenced gene region across species and specimens for the 

1674 Psilocybe genus, had corresponding TEF1-α and RPB 1 gene sequences (Table 4). 

1675 Additionally, the species and specimens that were made available for the TEF1-α and RPB 1 

1676 genes also did not correspond. As a result, the TEF1-α and RPB 1 datasets did not include all 

1677 the species from the ITS tree, and the different combinations of the species. Subsequently, 

1678 this skewed the results of the phylogenetic analyses, and further indicated different closest 

1679 relatives based on the species that were available in the datasets. This made comparing the 

1680 various datasets against each other challenging. Lastly, in some cases, the RPB 1 gene region 

1681 could not distinguish between species, and split the same species due to a single base 

1682 sequence difference. However, the overall phylogenetic analyses for the samples from 

1683 Lesotho and Pretoria, respectively, showed that these samples grouped separately, and 

1684 confirmed the discovery of two new species. Furthermore, the two Psilocybe samples from 

1685 Pretoria were shown to be genetically similar. 

1686 The ITS analysis formed the foundation of the results because it is the primary marker for 

1687 Psilocybe species, and is also defined as the primary DNA barcode of fungi (Schoch et al., 

1688 2012). Therefore, the ITS dataset was the largest and included the most species. For this 

1689 study, 101 sequences were examined. The phylogenetic tree (Fig. 4.1) showed that the 

1690 Psilocybe sequences were divided into two major clades, with the Southern African samples 

1691 grouping within the first clade and grouping separately from each other within that clade. 

1692 Sample JL, collected from Lesotho, grouped distinctly, but was closely related to a sequence 

1693 labeled as Psilocybe subaeruginosa voucher Mushroom Observer 128946 (MH488731.1), 

1694 which was collected from South Africa, Cape Town, Constantia by Alan Rockefellar, a citizen 

1695 mycologist. 

1696 The Pretoria samples LP 225.1 and LP227.1 (Fig.4.1) were grouped together. Another 

1697 sequence from a previous, unpublished study and collected from the same area LP 62, was 

1698 added, and was shown to be almost identical to the sequences of LP 225.1 and LP227.1, at 

1699 a bootstrap value of 99%. Two sequences labelled as Psilocybe ovoideocystidiata from the 
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1700 United States of America, namely sample TVR13 (OL757580.1) which was identified in 

1701 Missouri, St. Louis County, and voucher MushroomObserver.org/238931 (MK214734.1) that 

1702 

1703 

was identified in the Big Gunpowder Falls Trail, Baltimore Co., Maryland, formed a distinct but 

closely related sister group to LP 225.1 and LP 227.1. However, other P. ovoideocystidiata 

1704 sequences could be found in various other places in the phylogenetic tree, indicating that the  

1705 former sequences could be misidentified. 

1706 Numerous studies have used TEF1-α with effectiveness as a molecular marker (O’Donnell, 

1707 2000; Mirhendi et al., 2015). Subsequently, Stielow et al. (2015) proposed that this gene 

1708 should be the secondary universal DNA barcode. The TEF1-α dataset had 33 sequences, 

1709 and the results confirmed that the groupings of the other genes that the Lesotho and Pretoria 

1710 samples had, grouped separately from each other (Fig. 4.2). None of the samples grouped 

1711 with any other known species, and in fact, the Lesotho sample formed closely related sister 

1712 groups (bootstrap support 100%), with the Pretoria samples that are grouped together with 

1713 a bootstrap value of 100%. The closest related sequence was labelled as Psilocybe 

1714 chuxiongensis voucher IFRD_414-011 (KF586476.1), a species that was first identified in  

1715 China and is closely related to Psilocybe cubensis, but with significant morphological 

1716 characteristics differentiating between the two species (Ma et al., 2014). 

1717 However, the two available sequences of P. chuxiongensis grouped separately from each 

1718 other in the analyses, with the second sequence forming a sister clade with P. cubensis. 

1719 RPB 1 gene could potentially be a powerful molecular marker based on the genes ability to  

1720 be easily amplified, and has been used to resolve the phylogeny of many species (Tanabe et  

1721 al., 2004; Matheny, 2005; Tekpinar and Kalmer, 2019), making identification of species much  

1722 easier. This region RPB 1 had the least number of sequences in the dataset, including 18  

1723 sequences. The phylogenetic results (Fig. 4.3) once again divided the Southern African  

1724 

1725 

samples from this study. However, the RPB 1 sequences could not always distinguish  

between known species of Psilocybe, and in some cases sequences for some species  

1726 grouped separately from each other, for example P. thaiduplicatocystidiata and P.  

1727 thaiaerugineomaculans. This had an impact on the grouping of the sample JL that was identi- 

1728 cal to two P. cubensis sequences. The first P. cubensis sequence RHP5203 (TENN)  

1729 (KC669345.1) is from Costa Rica and the second was labelled as P. cubensis voucher,  

1730 V. Ramirez-Cruz 87 (XAL)(KC669344.1) from Mexico. P. cubensis is one of the best known  

1731 Psilocybe species and is found in subtropical and tropical environments (Ramírez-Cruz et al.,  

1731 2013). The grouping that formed in this case of the sample JL, occurred even though, the very  

1732 same sample grouped separately from P. cubensis sequences in the ITS and TEF1-α  

1733 datasets. 
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1734 

1735 

1736 

The Pretoria samples grouped separately from each other based on a single base difference. 

Sample LP 225.1 was identical to P. thaiduplicatocystidiata from Thailand voucher S.C. 

Karunarathna NTS120 Isotype (XAL) (KC669362.1) and P. thaiaerugineomaculans from

 

1737 Thailand voucher S.C. Karunarathna NTS121 Holotype (XAL) (KC669361.1), at a boot- 

1738 strap value of 100%. LP227.1 branched independently due to the single base sequence 

1739 difference between the two samples. However, this was mirrored by other sequences of 

1740 P. thaiduplicatocystidiata and P. thaiaerugineomaculans that also grouped separately from  

1741 other representatives based on such minor sequence differences. These species are 

1742 indigenous to the tropical environments of Thailand (Ramírez-Cruz et al., 2013). It thus  

1743 appears that RPB 1 is not an ideal gene region for Psilocybe, and it was compounded by 

1744 the fact that there are also few sequences available. An accurate identification for the 

1745 Southern African samples could thus not be derived from this gene region. 

1746 The combined dataset was only compiled from sequences of the ITS and TEF1-α region, 

1747 since too few RPB sequences were available, which would have reduced the number of 

1748 species that could be included significantly. The combined dataset was represented by 16 

1749 sequences (Table 4), and the results from the analysis (Fig.4.4) showed a robust and well- 

1750 resolved phylogeny with a 100% bootstrap support for all the groups. 

1751 The Pretoria and Lesotho samples still grouped separately from each other and none of the 

1752 samples grouped with known species. The Lesotho sample formed a closely related sister 

1753 group  with  two  sequences  labelled  as Psilocybe  chuxiongensis, IFRD_414-011,  and 

1754 IFRD_414-010. It is noteworthy that the Pretoria samples grouped together once again 

1755 independently. 

1756 It was difficult to determine which gene is best suited for Psilocybe identification because the 

1757 RPB 1 and TEF1-α databases only contained a limited dataset of sequences. However, results 

1758 showed that RPB 1 is most likely not a suitable gene for identification since it lacks resolution 

1759 between known species. The TEF1-α sequences provided more sequence differences, but 

1760 the gene use is limited given that it is still not sequenced representatively across species of 

1761 Psilocybe. Another challenge detected for all gene regions is that species appear to be 

1762 polyphyletic due to minor sequence differences between samples within species. This could 

1763 possibly represent misidentifications or could possibly confirm that the species are indeed 

1764 polyphyletic. 

1765 Sequencing standards should be set for Psilocybe and more genes could possibly be 

1766 investigated to aid ITS sequences. Other genes used in previous studies include LSU (Fell et 

1767 al., 2000; Moncalvo et al., 2000; Wei and Oberwinkler, 2001; Matheny et al., 2007; Zhao, 
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1768 Luo and Zhuang, 2011; Schoch et al., 2012; Tekpinar and Kalmer, 2019), and SSU (White et 

1769 al., 1990; Wu et al., 2003; Tekpinar and Kalmer, 2019). However, these genes are more 

1770 conserved than ITS. Additionally, few species types are represented in sequencing efforts, 

1771 which  makes  it  more  difficult  to  distinguish  between  true  species  identities  and 

1772 misidentifications. It is anticipated that numerous new species occur in areas that were 

1773 previously understudied, such as Africa, should be described soon. 

1774 4.2 Taxonomy 

1775 Specimens for the two Psilocybe species that grouped separately and on their own 

1776 based on multi-gene phylogenetic analyses, were found to differ greatly based on 

1777 macro- and micromorphology. These features also distinguished the two species from 

1778 other morphologically similar species, especially those known form South Africa. The 

1779 descriptions for these two species as well as the provided names will follow in this 

1780 section. 

1781 Psilocybe orontawuli Gryzenh., Maloka & Popich, nom. prov. Figures 4.5a-f, and 

1782 4.6. 

 

1783 Diagnosis: Pileus: umbonate with broadly umbonate, papillate apex, buff becoming 

1784 brown, margin striate, hygrophanous; subdecurrent lamellae; sheathed annulus; non- 

1785 gutullate elliptical to ovoid to citriniform basidiospores guttulated, elliptical to  

1786 ovoid to citriniform on cylindrical basidia; Pleurocystidia: clavate to obovoid to oval;  

1787 cheilocystidia obovoid to spathulate to lecythiform to mucronate. 

1788 Mushrooms growing in soil, grouped. Pileus: 18-23 mm in diam. as dried, umbonate, 

1789 top view orbicular, apex broadly umbonate and slightly papillate. Colour: buff (hue 

1790 50, saturation 100, value 100) when young becoming brown (hue 50, saturation 100, 

1791 value 60) when older, margin striate, hygrophanous, smooth; dark purple-brown spore 

1792 deposit sometimes found. Lamellae: subdecurrent, close with intermediate lengths, 

1793 margin smooth, mottled. Stipe: central, equal, sheathing central annulus, beige 

1794 (hue 50, saturation 30, value 100), smooth, with concentric fibrils. Odour: unknown.  

1795 Basidiospores: (8.5-)9-10.5(-11) x (5-)5.5-7(-7.5) µm, thick-walled, elliptical to ovoid to  

1796 citriniform, brown (hue 50, saturation 100, value 60), non- guttulate, occasional germpore   

1797 at apex, apiculus truncated. Basidia: (18.5-)19.5-22.5(-23.5) x (5.5-)6-7.5(-8) m, 4-spored, 

1798 cylindrical to having a slight broadened base, hyaline, thin-walld, sterigmata (2.5-)3-4.5(-5)  

1799 m long, widened base. 
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1800 Pleurocystidia: (11.5-)12.5-22(-24) x (6.5-)7-11(-12.5) m, clavate to obovoid to  

1801 oval, hyaline, thin-walled. Cheilocystidia: (12-)12.5-15.5(-15.5) x (6.5-)7-8 m,  

1802 ovoid to spathulate to lecythiform to mucronate, hyaline, thin-walled, unbranched,  

1803 often with apices slightly thickened. Stipitipellis: unknown. Pileipellis: tri-layered.  

1804 Clamp connections: unknown. Psilocybin content: Unknown. 

 
1805 Type: SOUTH AFRICA, Pretoria, Gauteng Province, 2018, L. Popich, holotype LP227. 

1806 Etymology: Orontawuli (Xhosa language) - traditional hut with thatched roof 

 
1807 Habitat and distribution: Gauteng province, South Africa. 

1808 Additional specimen examined: SOUTH AFRICA, Pretoria, Gauteng Province, 

1809 2018, L. Popich, holotype LP225 

1810 Psilocybe malotiensis Gryzenh., Maloka & MacGillivray, nom. prov. Figures 

1811 4.5g-m, and 4.7. 

 
1812 Diagnosis: Pileus:  narrowly parabolic to narrowly conical, rounded to papillted apex, 

1813 straw coloured, margin incurved, rarely hygrophanous; adnexed lamellae, no annulus, 

1814 stipe with bulbous base; guttulate elliptical to subovate to citriniform basidiospores;  

1815 subclavate basidia is mostly nonsymmetrical; Pleurocystidia: clavate to ovoid to 

1816 slightly mucronate; cheilocystidia subclavate to ventricose-rostrate to capitulate to 

1817 lecythiform to mucronate; pileipellis with dermatocystidia. 

1818 Mushrooms growing in grasslands, single to scattered. Pileus: (5-)4-17(-22) mm long  

1819 in diameter, (3-)1-11(-12) mm wide as dried, narrowly parabolic to narrowly conical, 

1820 top view orbicular, apex rounded to umbonate to papillate. Colour: dark straw (hue 

1821 50, saturation 50, value 100) when young paling to straw (hue 50, saturation 20,  

1822 value 100) with age,margin even, appendiculate when very young, incurved  

1823 when mature, rarely hygrophanous, smooth, bluish veins when old. Lamellae: to 

1824 adnexed, subdistanced close, margin smooth. Stipe: (8-)13-44(-82) mm long,  

1825 (0.5-)0.1-2.1(-3) mm wide,central, equal with abrupt bulbous base, (0.5)-2-9(-10)   

1826 (0.5-)2.1-10(-9) mm, white (hue 50, saturation 0, value 100) to light straw (hue 50,  

1827 saturation 5, value 100), no annulus. Odour: unknown. Basidiospores: (12.5-)13-14 x 

1828 (8-)8.5-9(-9.5) m, hick- walled, elliptical to subovate to citriniform, mostly nonsymmetrical, 



78 

 

 

 

1829 brown (hue 50, saturation 00, value 60), guttulate, occasional germpore at apex, apiculus 

1830 truncated, no appendage to slight. Basidia: (23-)24-26.8(-28) x (12-)13-13.5(-14.5) 

1831 m, 4-spored, clavate, hyaline, thin-walled, sterigmata 2 m. Pleurocystidia: (11-)12- 

1832 18(-22) x (6.5-)7.5-10(-12.5) m, clavate to ovoid to slightly mucronate, hyaline, thin- 

1833 walled. Cheilocystidia: (18.5-)20-22(-24) x (8.4)10-15(-19.6) m, subclavate to 

1834 ventricose- rostrate to capitulate to lecythiform to mucronate, hyaline, thin-walled, 

1835 unbranched. Stipitipellis: parallelocutic, single layered. Pileipellis: tri-layered, 

1836 dermatocystidia present. Clamp connections present. Psilocybin content: reputed to 

1837 be active. 

1838 Type: LESOTHO, Kolojane, Berea Province, 17 January 2021, J. MacGillivray, 

1839 holotype LM. 

1840 Etymology: The Maloti mountains form the highland region of the Kingdom of 

1841 Lesotho, where the mushrooms were found; -ensis (Latin) refers to location. 

1842 Habitat and distribution: Grasslands and pastures in the Maloti mountains, Lesotho. 

1843 4.2.2 Taxonomy 

1844 Currently, only five species of Psilocybe (Table 2.1) have been formally reported from 

1845 South Africa (Kinge et al., 2020; Gryzenhout, 2021). These include P. cubensis, P. 

1846 subaeruginascens, P. cylindrispora, P. coprophila (currently Deconia coprophila) and 

1847 the only locally described species, P. natalensis. None of these species resembles P. 

1848 orontawuli and P. malotiensis morphologically. The remote occurrence of P. 

1849 malotiensis makes it unlikely that this species originated from outside the country, or 

1850 represents a species that was introduced from elsewhere. This species was grouped  

1851 

1852 

closely to the sequences generated by Alan Rockefellar for a sample from Constantia in  

Cape Town. However, the record (128946) in the Mushroom Observer website 

1853 (https://mushroomobserver.org/128946) showed mushrooms with convex to flattened 

1854 caps, which are vastly different from the closed caps of P. malotiensis. 

 
1855 The samples representing P. orontawuli were grouping very closely, yet still distinctly, 

1856 from ITS sequences of P. ovoideocystidiata, a species described from the United 

1867 States of America (Gaines, 2007). However, P. ovoideocystidiata has adnate gills and 

1868 basidiospores roughly 8 x 6 m (Gaines, 2007), while P. orontawuli has subdecurrent 

https://mushroomobserver.org/128946
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1869 

1870 

gills, with longer basidiospores (8.5-)9-10.5(-11) x (5-)5.5-7(-7.5) m. Besides these features, 

mushrooms of this species looked similar to those of Mushroom Observer record 238931. 
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1925 CHAPTER 5 CONCLUSION 
  

1926 It is important to investigate hallucinogenic fungi that contain psilocybin because of the 

1927 therapeutic application potential. This study could serve as a guide to better-identify 

1928 these fungi in South Africa. The robust multiple-gene phylogeny supported the 

1929 distinctive morphological features of the two collections of Southern African samples,  

1930 despite the many limitations encountered. The study now sets a standard to describe  

1931 other specimens from South Africa that might be new to characterize the biodiversity  

1932 of these important psychedelic species. It will also aid the identification of known  

1933 species not expected to occur in South Africa. 

  

 

1934 Novel species occur in Southern Africa and continue to be discovered. All that is 

1935 required to support these findings are publications documenting and describing the 

1936 diversity present in this region. Additionally, relevant taxonomic monographs are 

1937 necessary for each of the psilocybin-producing genera, and future research should 

1938 focus on this. This will significantly aid in the regulation of these fungi for recreational 

1939 use, (which is still illegal in South Africa), and the possible cultivation of native species  

1940 since interest in growing these psychedelic mushrooms is rapidly escalating across  

1941 the world (Strauss et al., 2022c). 
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Appendices 

Appendix A List of Tables 

Table 1 

Table 1: List of South African psilocybin-producing mushrooms 

 

Genus Species Geographical location Reference 

Psilocybe Psilocybe coprophila South Africa Kinge et al., 2020 

 Psilocybe cubensis Eastern Cape, on the 
KwaZulu-Natal coastline, 
Mpumalanga, Limpopo 

Gryzenhout, 2021 

 Psilocybe 
subaeruginascens 

Gauteng, KwaZulu-Natal Gryzenhout, 2021 

 Psilocybe natalensis Gauteng,Pretoria, 
KwaZulu-Natal, Western 
Cape 

Gryzenhout, 2021 
Kinge et al., 2020, 
Nkadimeng et al., 2020 

 Psilocybe cylindrispora South Africa Kinge et al., 2020 

Panaeolus Panaeolus cyanescens KwaZulu-Natal, 
Mpumalanga 

Gryzenhout, 2021 

 Panaeolus subbalteatus Gauteng, Pretoria Goldman and Gryzenhout, 
2019 

 Panaeolus papilionaceus Widespread across South 
Africa 

Gryzenhout, 2021 
Kinge et al., 2020 

 Panaeolus caliginosus South Africa Kinge et al., 2020 

 Panaeolus fimicoloides South Africa Kinge et al., 2020 

 Panaeolus fimicola South Africa Kinge et al., 2020 

 Panaeolus retitugus South Africa Kinge et al., 2020 

 Panaeolus semivatus South Africa Kinge et al., 2020 

 Panaeolus semiovatus f. 
exannulatus 

South Africa Kinge et al., 2020 
Pearson, 1950 

 Panaeolus solidipes South Africa Kinge et al., 2020 

 Panaeolus sphinctrinus South Africa Kinge et al., 2020 

 Panaeolus subbalteatus South Africa Kinge et al., 2020 

 Panaeolus campanulatus South Africa Van der Westhuizen and 
Eicker 1988, Kinge et al., 
2020 
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Pluteus Pluteus salicinus Gauteng, Pretoria Goldman and Gryzenhout, 
2019 
Kinge et al., 2020 

 Pluteus romellii Gauteng, Pretoria Goldman and Gryzenhout, 
2019 
Kinge et al., 2020 

 Pluteus atromarginatus South Africa Kinge et al., 2020 

 Pluteus pellitus South Africa Kinge et al., 2020 

 Pluteus semibulbosus South Africa Kinge et al., 2020 

 Pluteus thomsonii South Africa Kinge et al., 2020 

Gymnopilus Gymnopilus junonius Western Cape and 
Gauteng 

Goldman and Gryzenhout, 
2019, 
Gryzenhout, 2021, 
Kinge et al., 2020 

 Gymnopilus 
purpureosquamulosus 

Eastern Cape, Western 
Cape, Gauteng, 
Mpumalanga KwaZulu- 
Natal, Limpopo 

Gryzenhout, 2021 

 Gymnopilus subearlei KwaZulu-Natal Gryzenhout, 2021 

 Gymnopilus penetrans South Africa Kinge et al., 2020 

 Gymnopilus sapineus South Africa Kinge et al., 2020 

 Gymnopilus hydridus South Africa Kinge et al., 2020 
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Table 2 

Table 2: Species used in this study 

 
Number Specimen code Genus Collector Country 

 

1. 
 

JL 
 

PSILOCYBE 
 

JON 
 

Lesotho 

 
2. 

 
LP 225.1 

 
PSILOCYBE 

 
LIZ PAPICH 

South Africa, 
Pretoria 

 
3. 

 
LP 227.1 

 
PSILOCYBE 

 
LIZ PAPICH 

South Africa, 
Pretoria 
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Table 3 

Table 3: Primers used for amplifying DNA barcoding of species. 
 

 
PRIMER 

 
PRIMER 

SEQUENCE 

 
SIZE 

 
AMP SIZE 

 
MELTING 

TEMPERATURE  

 
REFERENCE 

 
ITS 1 

 
5’- 

TCCGTAGGTGAA 

CCTGCGG-3’ 

 
19bp 

 
500 – 800 bp 

 
54.0 

 
White et al., 1990 

 

Romanelli et al., 

2014 

 
ITS 4 

 
5’- 

TCCTCCGCTTATT 

GATATGC-3 

 
20bp 

 
500 – 800 bp 

 
54.0 

 
White et al., 1990 

 
ITS1-F_KY02 

 
5'- TAG AGG AAG 

TAA AAG TCG TAA 

-3' 

 
20bp 

 
200 - 1,000 bp 

 
54.0 

 
Toju et al., 2012 

 
ITS 4 

 
5’- 

TCCTCCGCTTATT 

GATATGC-3 

 
20bp 

 
500 – 800 bp 

 
54.0 

 
White et al., 1990 

 
RPB PC-R1-F 

 
5'- 

CTCTACTCGTTTC 

GCACCC-3' 

 
19bp 

 
246 bp 

 
54.0 

 
Zhang et al., 2021 

 
RPB PC-R1-R 

 
5'- 

CGCACTCCTCGTT 

CAGC-3’ 

 
17bp 

 
246 bp 

 
54.0 

 
Zhang et al., 2021 

 
TEF1 PC-EF-F 

 
5'- 

FTTCATCAAGAAG 

GTCGGTTAC-3' 

 
21bp 

 
67 bp 

 
54.0 

 
Zhang et al., 2021 

 
TEF1 PC-EF-R 

 
5'- 

TCTCCGTGCCATC 

CAG-3' 

 
16bp 

 
67 bp 

 
54.0 

 
Zhang et al., 2021 
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Table 4 

Table 4: Specimens of Psilocybe and outgroups used in this study. 
 
 
 

Species Voucher Number/ Isolate Location ITS TEF 

Psilocybe allenii PRM 899876 
Specimen voucher PRM 
899876 
Specimen voucher PRM 
899876 isolate P26 

USA NR 119821.2 
HE994440.1 

HE994455.1 

Psilocybe allenii Specimen voucher PRM 
899877 
Specimen voucher PRM 
899877 isolate 40 

USA HE994441.1 HE994456.1 

Psilocybe cyanescens PRM 901481 
Voucher PRM 901481 

Germany NR 111478.1 GU565158.1 

Psilocybe cyanescens Voucher PRM 902040 Belgium GU565176.1 GU565161.1 

Psilocybe chuxiongensis IFRD 414-011 China NR 156572.1 KF586476.1 

Psilocybe chuxiongensis Voucher IFRD414-010 China KF586470.1 KF586472.1 

Psilocybe cubensis Specimen voucher PRM: 
909585 

Czech 
Republic 

HF912352.1 HF912338.1 

Psilocybe cubensis Voucher MFUL10-0335 
18S ribosomal RNA gene 
partial sequence 

Thailand KF586478.1 KF586480.1 

Psilocybe serbica Isolate PRM 934302 
basilicata 

Italy MF958471.1 MF958455.1 

Psilocybe serbica Isolate Cacialli Panchetti Italy MF958472.1 MF958456.1 

Psilocybe serbica Isolate 031022-25 legit C. 
Lavorato 

Italy MF958473.1 MF958457.1 

Psilocybe azurescens Voucher PRM 901020 18S 
small subunit ribosomal 
RNA gene partial sequence 
 

USA: Oregon GU565173.1 GU565159.1 
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 Sample LP 227.1 
 Sample LP 225.1 

 Sample LP 62 
 OL757580.1:21-659 Psilocybe ovoideocystidiata isolate TVR:13 
 MK214734.1:28-666 Psilocybe ovoideocystidiata voucher MushroomObserver.org/238931 

 MK108184.1:22-647 Psilocybe serbica voucher 14409 D125 
 MK108008.1:29-654 Psilocybe serbica voucher 14408 D123 

 MK141008.1:22-636 Psilocybe subaeruginosa voucher 2011-Sporo3 
 KM975430.1:1-612 Psilocybe makarorae voucher PDD:87554 

 MF955203.1:1-573 Psilocybe cyanescens voucher UBC F-17533 
 KC669296.1:18-597 Psilocybe subaeruginosa voucher L.Taylor (PDD) 

 MW939918.1:16-602 Psilocybe sp. XH-2021a isolate 
 OM647827.1:1-584 Psilocybe ovoideocystidiata isolate 20210407-06 
 OM647826.1:1-584 Psilocybe ovoideocystidiata isolate 20210407-05 
 OM647825.1:1-584 Psilocybe ovoideocystidiata isolate 20210407-07 
 MH549571.1:1-583 Psilocybe ovoideocystidiata voucher Mushroom Observer 321199 
 MH050397.1:1-583 Psilocybe ovoideocystidiata voucher MushroomObserver.org/91440 

 HE994451.1:1-552 Psilocybe ovoideocystidiata specimen voucher SFSU (leg. Auweia 11.XI.2010) 
 KX357890.1:3-550 Psilocybe thaiaerugineomaculans voucher MFLU:10-0851 

 KX357888.1:1-553 Psilocybe thaiduplicatocystidiata voucher MFLU:10-0850 
 MH614275.1:3-529 Psilocybe cubensis voucher Mushroom Observer 295160 
 MH285262.1:1-527 Psilocybe cubensis voucher Jaime Cultivated Portland 
 MH684527.1:1-527 Psilocybe cubensis voucher Mushroom Observer 324410 

 KC669297.1:1-518 Psilocybe subcubensis voucher G. Guzman 35102 (XAL) 
 MK439502.1:1-550 Psilocybe cubensis voucher MHHNU31391 

 MN893868.1:3-557 Psilocybe cubensis isolate 1 
 MH718209.1:1-546 Psilocybe cubensis isolate PK7695 voucher F30017 

 KU640170.1:23-599 Psilocybe cubensis isolate 6S 
 KF830094.1:20-596 Psilocybe cubensis strain DNA2052 
 KF586478.1:6-582 Psilocybe cubensis voucher MFUL10-0335 

 KC669283.1:3-495 Psilocybe cubensis voucher V. Ramirez-Cruz 87 (XAL) 
 KC669299.1:4-494 Psilocybe thaiduplicatocystidiata voucher S.C. Karunarathna NTS-120 Isotype (XAL) 
 KC669298.1:4-494 Psilocybe thaiaerugineomaculans voucher S.C. Karunarathna NTS-121 Holotype (XAL) 

 MF955160.1:1-529 Psilocybe cyanescens voucher UBC F-30972 
 MF955163.1:1-529 Psilocybe cyanescens voucher UBC F-32231 
 MH718230.1:1-529 Psilocybe cyanescens isolate VUL630 voucher F33017 
 MF955162.1:1-529 Psilocybe cyanescens voucher UBC F-32228 
 MH862466.1:1-531 Psilocybe cyanescens culture CBS:295.94 strain CBS 295.94 
 HE994447.1:1-532 Psilocybe aff. subaeruginosa PDD 783551 specimen voucher PDD 783551 
 HE994444.1:1-532 Psilocybe cyanescens specimen voucher PRM 899875 
 NR 111478.1:1-532 Psilocybe cyanescens PRM 901481 
 GU565176.1:1-532 Psilocybe cyanescens voucher PRM 902040 
 HE994440.1:1-532 Psilocybe allenii specimen voucher PRM 899876 
 HE994443.1:1-532 Psilocybe allenii specimen voucher WTU (leg. P. Stamets December 2002) 
 HE994442.1:1-532 Psilocybe allenii specimen voucher PRM 899878 
 HE994441.1:1-532 Psilocybe allenii specimen voucher PRM 899877 
 HE994450.1:1-532 Psilocybe allenii specimen voucher SFSU (leg. Rockefeller 14.XI.2010) 
 HE994448.1:1-532 Psilocybe allenii specimen voucher SFSU (Klein 30.XI.2011) 
 HM035076.1:1-533 Psilocybe cyanescens strain CBS 295.94 

 MG738214.1:2-540 Psilocybe cyanescens voucher Mushroom Observer 304677 
 KC669285.1:4-542 Psilocybe cyanescens voucher J. Workman P. Werner s.n. (XAL) 

 HF912361.1:12-571 Psilocybe weraroa strain P34 specimen voucher PRM:899226 
 OL771733.1:11-570 Psilocybe subaeruginosa strain Forensic 3119/18 isolate FBT1292 

 MH861863.1:4-563 Psilocybe cyanescens culture CBS:139.85 strain CBS 139.85 
 MH860971.1:5-564 Psilocybe cyanescens culture CBS:189.76 strain CBS 189.76 
 KJ137276.1:20-579 Psilocybe cyanescens 

 DQ494691.1:3-524 Psilocybe cyanescens isolate AFTOL-ID 819 
 LN714596.1:1-521 Psilocybe cyanescens isolate CCBAS820 

 OM722128.1:1-513 Psilocybe cyanescens voucher MushroomObserver.org/448925 
 KY655331.1:2-511 Psilocybe cyanescens isolate Mushroom Observer 270724 

 MK169342.1:1-504 Psilocybe azurescens voucher WTU-F-019095 
 KC669286.1:1-502 Psilocybe cyanescens voucher Ower 257(F) 

 KC669287.1:10-512 Psilocybe cyanescens voucher S. Chornick s.n. (IBUG) 
 OM009303.1:24-424 Psilocybe cyanescens voucher iNAT:101222685 

 Sample JL 
 MH488731.1:1-420 Psilocybe cf. subaeruginascens voucher Mushroom Observer 128946 

 MF955119.1:187-343 Psilocybe azurescens voucher UBC F-30970 
 MF955120.1:185-341 Psilocybe azurescens voucher UBC F-30971 
 ON248532.1:185-341 Psilocybe azurescens voucher MushroomObserver.org/490279 
 MF955122.1:188-344 Psilocybe azurescens voucher UBC F-32225 
 KC669278.1:382-538 Psilocybe subaeruginosa voucher PBM 3218 (TENN) 
 HE994449.1:333-489 Psilocybe aff. subaeruginosa SFSU specimen voucher SFSU (Feelers 26.IV.2011) 
 NR 119821.2:334-490 Psilocybe allenii PRM 899876 
 GU565174.1:333-489 Psilocybe azurescens voucher PRM 901174 
 MF664109.1:394-550 Psilocybe subaeruginosa voucher PDD:105312 
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 OK447879.1:330-484 Psilocybe sp. voucher MushroomObserver.org/455473 
 OK491080.1:331-487 Psilocybe natalensis voucher MushroomObserver.org/472561 
 KF586470.1:385-540 Psilocybe chuxiongensis voucher IFRD414-010 
 AY281021.1:332-488 Psilocybe cubensis isolate 145 
 HF912352.1:401-557 Psilocybe cubensis strain P30 specimen voucher PRM:909585 
 HM035082.1:339-495 Psilocybe cubensis 
 HM035074.1:353-509 Psilocybe cubensis strain CBS 140.85 
 KC669284.1:413-569 Psilocybe cubensis voucher RHP5203 (TENN) 
 MH860968.1:381-537 Psilocybe cubensis culture CBS:134.76 strain CBS 134.76 
 HM035075.1:336-492 Psilocybe cubensis strain CBS 590.79 
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 OP133455.1:6-162 Psilocybe sp. voucher DBG:F-010122 
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1 Figure 4.1: Unrooted phylogenetic tree (phylogram) representing a Maximum Likelihood 

2 analysis for Psilocybe species based on DNA sequences of the Internal Transcribed region. 
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3 The bootstrap values are indicated on the branch 

4 Figure 4.2: Phylogenetic tree (phylogram) representing a Maximum Likelihood analysis for Psilocybe  

5 species based on the translation elongation factor 1-alpha region. The bootstrap values are indicated  

6 on the branch. 
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Figure 4.3 
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7 The bootstrap values are indicated on the branch 

8 Figure 4.3: Phylogenetic tree (phylogram) representing a Maximum Likelihood analysis for Psilocybe  

9 species based on the the RNA polymerase II (RPB-1) region.  
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Figure 4.4 
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10 The bootstrap values are indicated on the branch 

11 Figure 4.4: Phylogenetic tree (phylogram) representing a Maximum Likelihood analysis for  

12 Psilocybe species based on the combined regions of the Translation elongation factor 1- 

13 alpha, Internal Transcribed region, RNA polymerase II (RPB-1). 
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Figure 4.5 
 

 

 
 

 
 

14 Figure 4.5 (a-f). Psilocybe orontawuli. Spore deposit indicated by black arrow. (g-m). 
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15 Psilocybe malotiens
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Figure 4.6 

 
 
 

 

16 Fig. 4.6 Micrographs of Psilocybe orontawuli. (a-c) Pileipellis. (d-f) Cheilocystidia.  

17 (g) Hymenphoral trama. (h-i) Basidiospores. (j-m) Basidia (black arrows) and  

18 pleurocystidia (grey arrows). Scale bars 20 µm. 
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 Figure 4.7 
 

19 Fig. 4.7 Micrographs of Psilocybe malotiensis. (a-c) Pileipellis. (d) Stipitipellis. (e-f) 

20 Basidiospores. (g-i) Basidia (black arrows) and pleurocystidia (grey arrows). (j-m)  

21 Cheilocystidia. Scale bars 20 µm.
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