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Abstract 20 

In order to confront the constant decline in global biological diversity, amelioration strategies 21 

are needed for threatened species to design reintroduction policies, particularly in plants with 22 

critical reproduction steps, such as orchids. Orchids are part of a highly diverse plant family, 23 

with several species under imminent extinction risk. This is the case of Chilean Orchidaceae, 24 

which have shown a constant decay in their populations due to an increase in the alteration 25 

processes of their natural distribution habitats. Successful orchid reintroductions require a full 26 

understanding of orchid mycorrhizal fungi and their dynamic according to different 27 

developmental stages and environmental conditions because orchid seeds need mycorrhizal 28 

fungi to obtain nutritional compounds at early developmental stages. This article performed a 29 

critical literature review of the ecological studies conducted on Chilean orchids and their 30 

relationships with mycorrhizal fungi in order to focus on the best scientific approach to 31 

achieve successful restoration programs involving orchid seeds and compatible mycorrhizal 32 

fungi. 33 

Keywords 34 

Mycorrhiza. Rhizoctonia-like fungi. Andean orchids. Mycoheterotrophy. Seed germination. 35 

 36 

BACKGROUND 37 

Mycorrhizal interactions are complex plant-fungi interactions present in most earth 38 

ecosystems and are usually associated with a mutualistic symbiosis in which both partners 39 

have ecological advantages to survive under different natural or stressed conditions (Smith 40 

and Read, 2010). These benefits are often related to improved water and mineral nutrient 41 

uptake, tolerance to stress and pathogen attacks, beneficial metabolic properties for the 42 

associated plant, stabilizing soil aggregates, or as a reward for photosynthetically fixed 43 

carbon and other compounds for the fungi (Six et al., 2004; Giovannetti et al., 2017; Jiang et 44 

al., 2017; Kaur and Garg, 2017). These symbiotic mechanisms have been widely studied in 45 

arbuscular mycorrhizae due to their wide distribution and importance for agricultural plants 46 

(Barea and Jeffries, 1995; Jeffries et al., 2003; Abbott and Manning, 2015). Arbuscular 47 

mycorrhizal fungi require an ecological association to grow and survive in symbiosis with 48 

almost 80% of vascular plant species (Smith et al., 2003; Davison et al., 2015). These 49 

mycorrhizal fungi include 25 genera (~300-1600 species) from the classes Glomerales, 50 

Diversisporales, Paraglomerales, and Archaesporales in the subphylum Glomeromycotina 51 

(Johnson and Jansa, 2017; Santander et al., 2017). Such mechanisms are different in the 52 

symbiotic interaction established between orchids and their mycorrhizal fungi (Rasmussen 53 
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and Rasmussen, 2009). There is no more enigmatic symbiotic relationship than the symbiosis 54 

established between the tiny orchid seeds and the soil-borne fungi, because under natural 55 

conditions orchid seeds need to be colonized by compatible mycorrhizal fungi for their seeds 56 

to germinate (Otero et al., 2004; Dearnaley, 2007). At this developmental stage all orchids 57 

are parasites on fungi, obtaining the water and mineral nutrients directly from the colonizing 58 

hyphae (Valadares et al., 2014). These processes are needed to promote embryo development 59 

and plant establishment, because orchid seeds do not have sufficient nutritional reserves to 60 

promote successful seed germination (Herrera et al., 2017; Yeung, 2017). Thus, mycorrhizal 61 

fungi are essential for orchids, especially to achieve seed germination under both, laboratory 62 

and field conditions (Shimura and Koda, 2005; Batty et al., 2006a; Fracchia et al., 2014b; 63 

Khamchatra et al., 2016b).  64 

 65 

Orchids seeds are produced in high amounts, but this process does not translate into higher 66 

orchid populations, which trigger most symbiosis-dependent orchids to become successfully 67 

established (McCormick et al., 2016; Waud et al., 2016b). Thus, to protect orchid 68 

populations, knowledge is needed of the mycorrhizal fungi associated with orchids and the 69 

dynamic of the mycorrhizal interactions under different ecological conditions (Ercole et al., 70 

2015; Jacquemyn et al., 2015; Oja et al., 2015). The orchid mycorrhizal fungi associated with 71 

most orchids involves ectomycorrhiza-forming fungi and different saprophytic, endophytic, 72 

and different free-living fungi from the Rhizoctonia-like complex, which is an artificial 73 

polyphyletic group of unrelated fungi in the anamorphic stage (Otero et al., 2002). These 74 

fungal groupings include Basidiomycetes from the genera Ceratobasidium, Tulasnella, 75 

Thanatephorus, and Sebacina associated with most orchids according to the trophic nature of 76 

orchids (fully photoautotrophic, partially mycoheterotrophic, fully mycoheterotrophic) and 77 

the different ecosystems in which orchids grow (Ogura‐Tsujita et al., 2012). To be classified 78 

as compatible, the fungus must be able to promote seed germination or form peloton 79 

structures in root tissues of the associated orchid species, and must show some morphological 80 

characteristics conserved in the accepted orchid mycorrhizal fungi (uninucleate, binucleate or 81 

multinucleate hyphal cells, septum with 90º branching, no spore formation) (Valadares et al., 82 

2012). Many of these fungi are usually saprotrophs living on the organic matter in soils, 83 

whereas some groups form ectomycorrhizae with trees, and still others are plant parasites 84 

(Yamato et al., 2005; Roy et al., 2009). Several orchid mycorrhizal fungi can be cultivated 85 

axenically, which provides an interesting opportunity to study the mycorrhizal processes 86 

(Valadares, 2014; Herrera et al., 2017). In addition, some orchid mycorrhizal fungi cannot 87 
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develop their habitual infection processes during the interaction with the orchid seeds, which 88 

reflects the powerful metabolism of the tiny seeds when addressing the pathogenic nature of 89 

some strains of Thanatephorus cucumeris, which has been associated with several orchids 90 

(Cowden and Shefferson, 2013; Pereira et al., 2014b; Fracchia et al., 2016; Pecoraro et al., 91 

2018). Orchid mycorrhizal fungi live in root tissues, forming symbiotic structures called 92 

“pelotons”. The pelotons are symbiotic organelles created to store hyphal coils of 93 

mycorrhizal fungi and certainly play a crucial role  in the exchange of metabolic and 94 

nutritional compounds (Peterson et al., 1996; Dearnaley et al., 2016). Pelotons can exchange 95 

nutrients between symbionts and are often digested and absorbed by the plant cell, providing 96 

carbon as well as mineral nutrients and water (Valadares, 2014). The presence of intact and 97 

degraded pelotons is typical in mycorrhizal roots and both are a source of nutrients for the 98 

associated orchid; therefore, pelotons are mycoheterotrophic organs with a key role in orchid 99 

nutrition (Smith and Read, 2010; Kuga et al., 2014). To isolate and cultivate mycorrhizal 100 

fungi, peloton-like structures must be identified and cultured in an appropriate medium with 101 

only a carbon source for the mycorrhizal fungi, as all the nutrition of the orchid embryo 102 

requires of the mineral nutrients supplied by the mycorrhizal fungi, such as the oatmeal agar 103 

(OMA) medium, generally used for orchid seed germination (Zettler, 1997; Valadares et al., 104 

2012)). 105 

 106 

Despite orchid mycorrhizae being specific to the Orchidaceae, this is one of the most 107 

numerous plant families, comprising about 899 genera and more than 27,801 species (The 108 

Plant List, 2013). Thus, Orchidaceae must be considered a widely distributed interaction, 109 

showing orchid individuals present in almost all terrestrial ecosystems, with the exception of 110 

the extremely hot and cold ones (Pridgeon et al., 1999; Roberts and Dixon, 2008). This wide 111 

distribution also holds true for Chilean orchids, with orchid individuals from the Atacama 112 

Desert to southern Patagonia (Novoa et al., 2015). However, as reported for several orchids, 113 

most Chilean species are under constant threat because of several man-made ecosystem 114 

alterations such as deforestation, due to logging, fire, road construction and the expansion of 115 

cities, forest plantations and agriculture, and over-collection for the ornamental, medicinal 116 

and food plant industries (Cozzolino et al., 2006; Gale et al., 2018). Worldwide, orchid 117 

populations are under constant threat because of climate change, segregation of orchid 118 

populations mainly to protected areas, specificity of mycorrhizal associations, and the 119 

economic potential that several orchids have (Schödelbauerová et al., 2009; Kottke et al., 120 

2010). Global IUCN Red List (2018) assessments have classified only 948 (3.3%) of the 121 
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estimated 27,801 orchid species (Govaerts et al., 2016; Gale et al., 2018), considering over 122 

half (56.5%) of these orchids as threatened with extinction. The situation is similar in Chile: 123 

of the estimated 72 orchid species, only 14% have been classified with conservation problems 124 

(Figure 1), and the rest do not have sufficient data to be classified in one of the Global IUCN 125 

Red List categories: LC (Least concern), NT (near threatened), VU (vulnerable), EN 126 

(endangered), CR (critically endangered), EW (extinct in the wild), EX (extinct) (IUCN, 127 

2018) 128 

 129 

COMPLEXITY OF ORCHID SEED DEVELOPMENT 130 

As mentioned above, orchid seeds lack the necessary nutritional reserves to sustain seed 131 

germination, which is the basis for the orchid mycorrhizal processes (Rasmussen and 132 

Rasmussen, 2009; Jacquemyn et al., 2015; Dearnaley et al., 2016). Orchid seed germination 133 

requires compatible mycorrhizal fungi, which are the main nutrient source for the embryo 134 

(Athipunyakom et al., 2004; Yamato et al., 2005; Khamchatra et al., 2016a). Under natural 135 

conditions, orchids produce a higher number of tiny dust-like seeds (Figure 2), which after 136 

the fruit stage are dispersed into the environment by multiple mechanisms (Rasmussen and 137 

Whigham, 1993; Jersáková and Malinová, 2007; Herrera et al., 2017). At this point, 138 

compatible mycorrhizal fungi must associate with orchid seeds, a strategy developed to 139 

compensate the undeveloped endosperm, which does not have sufficient reserves for the 140 

embryo to advance to the protocorm, and the further plantlet growth and establishment in the 141 

field (Brundrett, 2002; Bonnardeaux et al., 2007). At the seedling stage, mycoheterotrophy is 142 

essential for orchids and it is certainly an ecological advantage that orchids have evolved to 143 

improve their nutritional demands (Leake, 1994; Yam and Arditti, 2009). After the initial 144 

colonization by their compatible mycorrhizal fungus, orchids may vary their mycorrhizal 145 

interactions, and fungal switches have been reported for several orchid species, which denote 146 

different mycorrhizal fungi for seed germination and for protocorm growth to plantlet 147 

(Bidartondo et al., 2004; McCormick et al., 2006). Therefore, orchids may remain parasites 148 

on fungi throughout their life, exploiting carbon and other nutrient resources directly from the 149 

fungal hyphae (Merckx et al., 2009; Motomura et al., 2010). These parasitic interactions are 150 

broken-up when the first green leaf emerges and the orchid turns partially autotrophic 151 

(Barrett et al., 2010; Gebauer et al., 2016). 152 

 153 

Orchid embryos are extremely simple, and are not as well developed as in other plant species 154 

(Gale et al., 2018), which is caused by the numerous seeds produced in each capsule 155 
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(200,000 to 1,000,000), showing a variable degree of viability (Chen et al., 2012; Valadares 156 

et al., 2012; Herrera et al., 2017). Seed germination in orchids promoted by mycorrhizal 157 

fungi is necessary to achieve one of the most crucial steps is the orchid life cycle: to generate 158 

a primary root and shoot meristem able to start the transition to photoautotrophy (Shefferson 159 

et al., 2005; Bidartondo and Read, 2008; Yeung, 2017). Recently, Yeung (2017) listed some 160 

details of the orchid life cycle related to embryos, seeds and protocorms: i) orchid embryos 161 

are characterized by a small embryo proper, lack of a functional endosperm, a suspensor (in 162 

most orchids) with a key role as a nutrient uptake site for water and water soluble substances, 163 

embryos with a structural polarity in which cells from the apical zone form meristems and the 164 

cells from the basal zone form symbiotic interactions, cells with storage products that are not 165 

used unless mycorrhizal establishment has begun, and a final acquisition of desiccation 166 

tolerance; ii) importance and involvement of the phytohormones auxin, cytokinins, 167 

gibberellins and abscisic acid in the fruit and seed development; iii) presence of a carapace to 168 

improve seed survival to enhance their chances of establishing the mycorrhizal association; 169 

iv) formation of a protocorm as a further developmental stage to promote plantlet 170 

development after mycorrhizal colonization; v) mycorrhizal fungi entrance by suspensor or 171 

rhizoid according to the orchid species; and vi) end of the protocorm stage after the shoot 172 

apical meristems appear and the plantlet stage begins. All these processes are examples of the 173 

complexity of the tiny orchid seeds, and refer to the metabolic and anatomic changes that 174 

occur in the first two weeks when orchid seeds are dispersed into the environment. After that, 175 

mycorrhizal interactions are extremely dynamic and depend on the trophic nature of the 176 

orchids, but all changes point to complex metabolic regulations at both the genomic and 177 

symbiotic levels (Perotto et al., 2014; Valadares et al., 2014; Fochi et al., 2017). 178 

 179 

THE CHILEAN ORCHIDACEAE 180 

Mycorrhizal interaction in Chilean ecosystems has focused on the study of arbuscular and 181 

ectomycorrhizal symbioses, contributing to the knowledge of functionality, distribution and 182 

presence in native flora, stress responses, and improvement of yield production of diverse 183 

agronomic species (Palfner, 2001; Castillo et al., 2006; Aguilera et al., 2014; Aguilera et al., 184 

2015; Marín et al., 2017). However, there is little research related to orchid mycorrhizal 185 

associations, although recently the number of published studies analyzing fungal associations, 186 

ecology and germination of orchid seeds has increased (Table 1). 187 

 188 
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Orchids belong to the numerous and cosmopolitan Orchidaceae family. This plant family 189 

accounts for roughly 10% of angiosperms, of which 70% are epiphytes. According to Tsai et 190 

al. (2017), the Orchidaceae family can be divided into 5 subfamilies: Apostasioideae, 191 

Vanilloideae, Cypripedioideae, Orchidoideae, and Epidendroideae. Chilean Orchidaceae 192 

includes different genera of the subfamily Orchidoideae, tribe Cranichideae [subtribes 193 

Cranichidinae (Myrosmodes Rchb. f.), Spiranthinae (Brachystele Schltr.), Orchidinae 194 

(Habenaria Willd.), and Chloraeinae (Bipinnula Comm. ex Juss., Chloraea Lindl., and 195 

Gavilea Poepp.)] and Codonorchideae (Codonorchis Lindl.) (Novoa et al. 2015). 196 

Phylogenetic relationships between different species of Chilean Orchidaceae have been 197 

performed by Cisternas et al. (2012), who have indicated that a new classification in the 198 

subtribe Chloraeinae is necessary. 199 

 200 

Chile is a country with contrasting climatic and ecosystem conditions, which varies from the 201 

extremely hot and dry desert in the north to the very cold and wet pristine ecosystems in the 202 

south (Armesto et al., 2010; Herrera et al., 2017). These different climatic conditions shape 203 

the high diversity of orchid populations. Chile has 72 orchid species distributed throughout 204 

the national territory and the Alejandro Selkirk Island (Novoa et al., 2015). They are 205 

distributed in 8 genera: Chloraea, which include 43 species; Gavilea, with 17 species; 206 

Bipinnula, with 6 species; Correorchis, with two species; and the genera Brachystele, 207 

Codonorchis, Habenaria, Myrosmodes, accounting for 1 species each (Figure 1). 208 

Furthermore, several native orchid species can form hybrids. Considering all Chilean orchids, 209 

42 are endemic to the country, and 30 are native mainly to Chile and Argentina (Figure 1) 210 

(Pereira et al., 2014a; Herrera et al., 2017). Only eight Chilean orchid species are considered 211 

to be threatened, with the conservation state of most Chilean orchids not having been 212 

evaluated (Novoa et al., 2015). In the field, we have shown that several orchid populations 213 

are decreasing rapidly, which will cause various conservation problems if the scientific 214 

community, government and private companies do not undertake responsible natural resource 215 

use and/or support the development of conservation programs for threatened species. 216 

 217 

Chilean orchids are terrestrial with a strong rhizome that grows in the first centimeters of the 218 

soil, living in organic matter, on rocks and in the cortex of big trees (Figure 2). They usually 219 

lose the shoot biomass in the cold season, which makes orchids dependent on 220 

mycoheterotrophic processes, especially in the period when orchids defoliate (Herrera et al., 221 

2017). In the warm season, orchids develop photosynthetic tissues, with a shoot ranging from 222 
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~20 to ~100 cm, with a floral escape with 1 to ~12 floral capsules, which is relative for the 223 

different orchid species (Novoa et al., 2015). However, the mycorrhizal fungi associated with 224 

Chilean orchids are almost unexplored (Steinfort et al., 2010; Pereira et al., 2014a; Herrera et 225 

al., 2017). Only six published studies have been carried out identifying mycorrhizal fungi 226 

associated with native and endemic orchids, three assessing asymbiotic germination media, 227 

and only three analyzing the symbiotic potential to promote orchid seed development of 228 

several mycorrhizal fungi belonging to the Rhizoctonia-like complex (Table 1). With respect 229 

to the nutritional mode of endemic orchids, there are no published studies analyzing the 230 

isotopic fingerprint of orchids and the surrounding plant species, processes that have been 231 

described as key to classifying orchids as fully autotrophic, partially mycoheterotrophic or 232 

fully mycoheterotrophic (Zimmer et al., 2008; Girlanda et al., 2011; Bougoure et al., 2014). 233 

However, we expect partial mycoheterotrophy as the main carbon source for Chilean orchids. 234 

This indicates that orchids must obtain carbon first photosynthetically and second 235 

heterotrophically, processes that have been reported for other chlorophyllous orchids 236 

(Gebauer et al., 2016). Obtaining carbon and other mineral nutrients from their mycorrhizal 237 

fungi is essential in several “green” orchids and is a key factor to determining the survival of 238 

different orchid species under stress conditions, such as in winter, where most Andean 239 

Chilean orchids live as underground organs with no presence of aerial biomass (3-5 months) 240 

(Jurkiewicz et al., 2001; Shefferson et al., 2008; Herrera et al., 2017). Despite Chilean orchid 241 

habitats being mainly protected areas, there are some orchids that colonize hostile substrates 242 

such as sand, rocks, and understory forest of introduced exotic species (Herrera et al., 2017). 243 

It is believed that some of these tolerant orchids activate symbiotic mechanisms to obtain 244 

nutritional benefits of their fungal partners, but more research is needed to characterize these 245 

resistance mechanisms as well as the Chilean orchid population hot-spot in Cordillera de 246 

Nahuelbuta, a bedrock soil where almost 40% of Chilean orchid species are found (Kennedy 247 

et al., 2002; Romero, 2012). 248 

 249 

In each natural distribution environment, orchids have developed a particular symbiotic 250 

mechanism to achieve fitness to the particular ecosystem conditions, such as limited light 251 

exposure, seasonal cold and hot climatic conditions and extremely anthropogenically altered 252 

ecosystems (McCormick et al., 2006; Kottke et al., 2010). These adaptations are often related 253 

to symbiotic associations with compatible mycorrhizal fungi adapted to the particular 254 

nutritional and climatic conditions that allow orchids to complete their life cycle, promoting 255 

the transition from seed to protocorm and finally to a partially mycoheterotrophic plantlet, 256 
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which will ultimately be able to colonize a determined ecosystem (Dearnaley, 2007; 257 

Bidartondo and Read, 2008; Rasmussen and Rasmussen, 2009). 258 

 259 

MYCORRHIZAL FUNGI ASSOCIATED WITH CHILEAN ORCHIDS 260 

Research into mycorrhizal fungi associated with Chilean orchids has characterized diverse 261 

fungal partners associated with different endemic and native orchids (Table 1). Chilean 262 

orchids preferably associate with Tulasnellales; however, other mycorrhizal fungi 263 

(Thanatephorus, Ceratobasidium) may also be isolated from Chilean orchids (Steinfort et al., 264 

2010; Pereira et al., 2014a; Atala et al., 2015; Mujica et al., 2016; Herrera et al., 2017). 265 

Table 1 shows a complete analysis and description of the published studies related to 266 

symbiotic and asymbiotic strategies applied to Chilean orchids. To date, all the studies have 267 

focused on characterizing orchid mycorrhizal fungi associated with orchids and determining 268 

the ecological and potential specificity established between the orchids and the isolated 269 

mycorrhizal fungi (Steinfort et al., 2010; Herrera et al., 2017), identifying several 270 

Tulasnellales as the main mycorrhizal fungi associated with endemic orchids. Tulasnellales 271 

seems to be the main genus associated with terrestrial orchids (Ogura‐Tsujita et al., 2012). 272 

They are often fungal associates of several orchids and live in the photosynthetic roots of 273 

some epiphytic orchids or in the underground organs of terrestrial orchids (Jacquemyn et al., 274 

2017; Oberwinkler et al., 2017). 275 

 276 

The common technique to isolate mycorrhizal fungi is the peloton isolation method, in which 277 

the mycorrhizal fungi are directly isolated from the mycorrhizal tissues (pelotons) (Otero et 278 

al., 2002, 2004; Valadares et al., 2012). These techniques are widely used to study orchid-279 

mycorrhizal interactions, but in some cases mycorrhizal fungi isolated from mature roots are 280 

not effective in promoting seed germination (Hou and Guo, 2009; Herrera et al., 2017; Fay et 281 

al., 2018; Zeng et al., 2018). This is the main technique used to study orchid mycorrhizal 282 

interactions, and certainly it is crucial to promoting the seed germination of several terrestrial 283 

orchids (Tešitelová et al., 2012; Chen et al., 2017; Zeng et al., 2018). However, not all 284 

mycorrhizal fungi can grow in in vitro conditions (Egidi et al., 2018). Therefore, identifying 285 

orchid mycorrhizal fungi under axenic conditions is a limited methodology to study the 286 

ecology of orchid mycorrhizae, and this may explain the low germination rates obtained in 287 

some orchids. Hence, any study of orchid-mycorrhizal interactions must include the 288 

identification of mycorrhizal fungi through non-culture-dependent methods. 289 

 290 
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Mycorrhization in orchids is complex and influenced by several ecological mechanisms. 291 

Recently published studies have reported various mycorrhizal associations with several 292 

mycorrhizal fungi (Rasmussen, 1995; Girlanda et al., 2011; Cowden and Shefferson, 2013; 293 

Xing et al., 2013; Xing et al., 2015). The specificity of orchid-mycorrhizal associations are 294 

influenced by the environmental conditions associated with the orchid plants, neighboring 295 

plant species associated with the orchid, and the abundance and distribution of mycorrhizal 296 

fungi in the soil (Waterman and Bidartondo, 2008; Waud et al., 2016a; Waud et al., 2016b; 297 

Mehra et al., 2017; Pecoraro et al., 2018). Mycorrhizal associations are extremely variable, 298 

even at the individual level, because several orchid species have more than one mycorrhizal 299 

fungus in their roots (McCormick et al., 2004; Wang et al., 2017; Xing et al., 2015).Multiple 300 

mycorrhizal partners will likely allow orchids to improve nutritional benefits and symbiotic 301 

benefits under different natural and stressed conditions (Gebauer and Meyer, 2003; 302 

Bidartondo et al., 2004; McCormick et al., 2016). The existence of a fungal switch has been 303 

characterized in the life cycle of some orchid species, which indicates that the mycorrhizal 304 

fungi necessary to promote seed germination are not functional at further developmental 305 

stages (McCormick et al., 2006; Xu et al., 2015). These aspects must be considered in the 306 

design of restoration strategies of endemic flora in order to understand the ecology of the 307 

mycorrhizal symbioses of endemic orchids. 308 

 309 

Eventually, symbiotic seed germination has been achieved in endemic orchids, promoting 310 

seed germination to the protocorm stage, and the initial stage of the plantlet (presence of 311 

rhizoids and foliar primordia) (Herrera et al., 2017; Steinfort et al., 2010).These mycorrhizal 312 

fungi are usually obtained through the peloton isolation method and are effective in 313 

improving protocorm growth to differing degrees (Bonnardeaux et al., 2007; Valadares et al., 314 

2012; Pereira et al., 2014b). These mycorrhizal fungi are functional despite being isolated 315 

from mature roots; it is probably an intrinsic characteristic of the orchid seeds, because some 316 

studies have shown that orchid seeds cultured in a symbiotic medium without fungal 317 

inoculation can also generate orchid protocorm with rhizoids (Fracchia et al., 2014a; Fracchia 318 

et al., 2014b; Herrera et al., 2017). We expect that these mycorrhizal fungi isolated from 319 

mature roots can enter the orchid protocorm through rhizoids and promote seed development, 320 

but the low germination rates must be related to the low generation of protocorms reaching 321 

rhizoid production. However, in order to improve germination rates and the opportunity for 322 

plantlet establishment, it might be necessary to consider different mycorrhizal fungi for seed 323 

germination and further mycorrhizal fungi for plantlet establishment. Hence, to achieve a 324 
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complete understanding of the orchid life cycle of the different endemic genera, other 325 

“friendly” methodologies should be used to focus the research in the wild, obtaining more 326 

plantlets established in their natural distribution areas (Batty et al., 2006a). 327 

 328 

Mycorrhizal associations in seed germination and later developmental stages of terrestrial 329 

orchids may also include fungal species outside the Rhizoctonia-like complex (Hou and Guo, 330 

2009; Ogura‐Tsujita et al., 2012). Furthermore, various fungal and bacterial endophytes can 331 

also be found inhabiting the roots of several orchids, and a putative beneficial role cannot be 332 

ruled out (Bayman and Otero, 2006; Novotná et al., 2018). In Chilean orchids, various fungal 333 

endophytes have been reported inhabiting the root tissues (Phomopsis columnaris, 334 

Leptodontidium spp., Cadophora sp., Chaetomium sp., Chaetomium globosum, Peziza sp., 335 

Phomopsis sp., Hypocrea sp. Fusarium sp. Neonectria sp. Piromyces sp., Cylindrocarpon sp., 336 

Acremonium sp., and Pythium sp.) (Mujica et al., 2016; Herrera et al., 2017). These fungi do 337 

not have a functional role in the orchid metabolism, but their isolation from various orchid 338 

species merits further investigation to identify potential ecological advantages for orchids to 339 

host a broad spectrum of non-mycorrhizal endophytic fungi. Some of the ecological functions 340 

likely include stress response, nutrient interchange, resistance to pathogen attack and 341 

beneficial metabolic changes. 342 

 343 

CONSERVATION STATE OF CHILEAN ORCHIDS 344 

Nowadays, conservation of flora is a worldwide problem, mainly due to alterations in natural 345 

ecosystems (McCarty, 2001; Robbirt et al., 2011). This is the case of orchids, which undergo 346 

crucial reproduction steps in their life cycle, and are often related to the specific interactions 347 

with their mycorrhizal fungi (Cozzolino et al., 2006; Egidi et al., 2018). There are many 348 

constraints to orchid development and conservation, and these are often related to human-349 

induced ecosystem alteration as well as depredation (animals for food and humans for 350 

ornamental plants and urbanization) (Kottke et al., 2010; Herrera et al., 2017). An 351 

examination of the specificity and dynamics of mycorrhizal associations is the starting point 352 

to designing safeguarding strategies for endangered species and it is certainly essential to 353 

designing restoration programs. 354 

  355 

To date, none of the taxa included in Chilean Orchidaceae has been assessed for the IUCN 356 

Red List, but the Chilean Ministry of the Environment has reported 8 Chilean species as 357 

vulnerable ( IUCN, 2018; MMA, 2011; Novoa et al., 2015), but we believe that several 358 
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endemic orchids must be classified as near threatened according to the IUCN Red List 359 

IUCN/SSC, in light of their constant decline in distribution and populations observed in the 360 

wild (IUCN/SSC Orchid Specialist Group, 1996). An appropriate classification system must 361 

be developed to accurately define the conservation of endemic orchids in order to define 362 

critically threatened orchids to study and implement recovery programs to prevent extinction. 363 

 364 

Mycorrhizal fungi in orchids are essential and certainly have a more complex role in orchid 365 

metabolism than simple seed germinators. We encourage focusing research on the ecosystem, 366 

promoting seed germination in the field in order to generate more effective reproduction 367 

strategies for critically endangered and vulnerable species, such as Bipinnula apinnula, 368 

Bipinnula taltalensis, Bipinnula volckmannii, Bipinnula gabriel, Chloraea cristata, Chloraea 369 

cuneata, Chloraea disioides, Chloraea heteroglossa, Chloraea prodigiosa, Gavilea insularis 370 

and Gavilea kingii (Novoa et al., 2015) 371 

 372 

To date, there have been no published studies reporting a successful reintroduction 373 

methodology for terrestrial endemic orchids. However, there are some remarkable studies 374 

addressing symbiotic and asymbiotic reproduction (Table 1). Focusing on symbiotic 375 

reproduction, it would be extremely necessary to germinate orchid seeds with mycorrhizal 376 

fungi useful for seed germination and design strategies to reintroduce orchids to the wild. 377 

These fungi may be obtained by sowing seed packets in order to isolate fungal partners 378 

directly from naturally germinated protocorms, a technique known as seed-baiting (Batty et 379 

al., 2006a; Khamchatra et al., 2016a). Mycorrhizal fungi for further developmental stages can 380 

be obtained from the typical peloton isolation method and are candidates for subsequent 381 

inoculations. With respect to asymbiotic seed germination, there have been some reports of 382 

endemic orchid testing in different asymbiotic media, but further inoculation with other 383 

mycorrhizal fungi is not considered. There are reports of successful orchid plantlet 384 

reintroductions obtained from asymbiotic germination media, but the presence of mycorrhizal 385 

fungi in mature plants is ecologically important to different stress conditions and improves 386 

the final establishment in the wild (Hou and Guo, 2009; Oja et al., 2015; Khamchatra et al., 387 

2016a; Waud et al., 2016b).  388 

 389 

Despite no published information being available with regard to successful Chilean orchid 390 

reintroductions, several efforts are being made on behalf of threatened orchid populations; for 391 

example, the different restoration programs developed by Jardin Botanico Nacional, 392 
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EXPLORA projects, and PROENTA-UFRO, who have developed some methodologies for 393 

the reintroduction, reproduction or transplant of threatened orchids to natural ecosystems. 394 

 395 

The design of a restoration program for endemic orchids must include a full understanding of 396 

the mycorrhizal fungi associated with orchids, the ecological conditions in which orchids are 397 

established (climate and presence of other plant species), distribution of mycorrhizal fungi in 398 

the soil, presence of pollinators and viability of the generated orchid seeds, and the 399 

conservation state of the endemic orchids (Bonnardeaux et al., 2007; Dearnaley, 2007; 400 

Selosse, 2014; Dearnaley et al., 2016). This last point is crucial to designing restoration 401 

programs and should include initial work with an endemic orchid not under conservation 402 

threat. This is essential to preventing the extinction of endemic orchids, particularly of 403 

species with limited individuals such as B. Gabriel (Bravo-Monasterio et al., 2014). 404 

Designing an appropriate methodology will reduce the risk of extinction and damage to the 405 

orchid individuals. Therefore, we propose a working methodology that considers all the 406 

symbiotic aspects of the endemic orchids, starting with the recognition of appropriate 407 

mycorrhizal fungi for seed germination so as to identify mycorrhizal fungi for plantlet 408 

establishment (candidate for inoculation in symbiotic and asymbiotic-germinated protocorm), 409 

and the use of bioaugmentation technologies of mycorrhizal fungi and other root endophytes 410 

in the wild because orchid mycorrhizal fungi distribution has been characterized as one of the 411 

most crucial steps related to the distribution of several orchid species (Figure 3). All these 412 

aspects point to improving the number of mycorrhizal plantlets for successful establishment, 413 

growth and phenotypic characteristics of the flowers in the wild. 414 

 415 

Despite mycorrhizal fungi associated with orchids being greater in number than those 416 

cultured in vitro, these isolates are the main candidates for use in restoration strategies 417 

(Swarts et al., 2010; Khamchatra et al., 2016b). Therefore, the starting point to design 418 

reintroduction methodologies is to consider a pool of mycorrhizal fungi isolated from 419 

endemic orchids. To do that, we suggest designing a standard methodology to isolate and 420 

deposit mycorrhizal fungi in culture collection centers to preserve mycorrhizal fungi isolated 421 

from endemic orchids, as well as to collect orchid seeds to deposit in a seed bank of endemic 422 

orchids. 423 

  424 

CURRENT METHODOLOGIES FOR WORKING WITH ENDEMIC ORCHIDS 425 
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According to the literature review, we point to different methodologies and strategies that can 426 

be applied to the study of orchid mycorrhizae for safeguarding endemic flora, which are 427 

mainly detailed in Figure 3. 428 

  429 

Asymbiotic seed germination  430 

Asymbiotic seed germination has been applied to reproduce several orchid species and seeks 431 

to emulate the nutrition obtained by the mycorrhizal fungi under in vitro conditions (Dutra et 432 

al., 2008; Dutra et al., 2009). Several culture media have been tested and usually vary in the 433 

chemical composition and concentration of several micronutrients and natural compound 434 

extracts (Fay, 1992; Li et al., 2018). Furthermore, the use of phytohormones as growth 435 

stimulators has been reported (Romero et al., 2017). However, plantlet establishment has 436 

been low when plantlets are transplanted out the flask, where there are different atmospheric 437 

and nutritional conditions, and where the pathogen attack and climate conditions cause low 438 

plant establishment in the wild (Clements et al., 1986; Ramsay and Dixon, 2003). 439 

  440 

Asymbiotic seed germination has been tested in the native orchids Chloraea virescens, 441 

Chloraea crispa, Chloraea gavilu, and Bipinnula fimbriata, analyzing the protocorm growth 442 

promotion of seeds sown in asymbiotic media, such as agar water, culture medium banana, 443 

culture medium tomato, Knudson C, and Malmgren modified, BM-2 terrestrial orchids, and 444 

Vacin and Went (Pereira et al., 2015; Pereira et al., 2017; Romero et al., 2017). Working 445 

with asymbiotic methodologies requires the the phenolic carapace to be present in endemic 446 

orchids and the high presence of abscisic acid as a common characteristic of the orchid seed 447 

development, which adversely affects asymbiotic seed germination (Yeung, 2017). An 448 

evaluation of the asymbiotic potential must be done by applying different methods to remove 449 

the carapace or selection of ‘green’ capsules (immature seeds) to increase the asymbiotic seed 450 

germination rate of endemic orchids (Yamazaki and Miyoshi, 2006; Mweetwa et al., 2008; 451 

Hosomi et al., 2011; Hosomi et al., 2012). Immature capsules can also produce viable seeds, 452 

whose embryos have completed the histodifferentiation program for protocorm formation; 453 

and the low ABA levels and the thin cuticle around the embryo proper limits the physical 454 

barriers of the orchid seeds, which are not yet fully developed, facilitating the germination of 455 

immature seeds (Lee et al., 2007). Furthermore, physical barriers such as the thick seed coat 456 

and the carapace are not well developed (Yeung, 2017). All these features facilitate the 457 

asymbiotic germination of immature seeds. These aspects have been recently considered by 458 

Romero et al. (2017), who studied the symbiotic germination of the endemic orchid C. 459 
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gavilu, achieving plantlet production in several germinated seeds. In order to improve 460 

survival and establishment in the wild, we recommend that further inoculation with 461 

mycorrhizal fungi isolated from mature orchids be considered, because these fungi act as 462 

important nutritional and metabolic sources for the orchid, even under stress conditions 463 

(Jurkiewicz et al., 2001; Kuga et al., 2014; Fay et al., 2018). This subsequent inoculation of 464 

mycorrhizal fungi must decrease the negative impacts on the germinated orchids after 465 

transplantation, because in several cases the protocorm development of asymbiotic and 466 

symbiotic germinated seeds show a different growth rate (Yeung, 2017). 467 

  468 

Symbiotic seed germination 469 

Although different orchid species can be reproduced by asymbiotic germination methods, 470 

symbiotic germination of the same orchid can generate more developed embryos and the 471 

growth is better in the mycorrhizal ones (Johnson et al., 2007). Hence, obtaining mycorrhizal 472 

protocorms is extremely necessary to the reintroduction of orchid populations to their natural 473 

distribution environments. To perform symbiotic germination, the mycorrhizal fungi 474 

associated with orchids must be isolated and identified (Otero et al., 2002; Valadares et al., 475 

2012). The use of OMA has been described as the main inoculation medium to promote the 476 

in vitro symbiotic seed germination of several orchids (Clements et al., 1986; Zettler, 1997; 477 

Tešitelová et al., 2012). In Petri dishes, the symbiotic potential of mycorrhizal fungi to 478 

promote seed germination can be tested on the same plate (Herrera et al., 2017). Mycorrhizal 479 

association in orchids are extremely variable; some orchids have shown narrow fungal clades 480 

associated with their roots, whereas others have shown wider fungal mycobionts (Tešitelová 481 

et al., 2012; Valadares et al., 2012). This is commonly related to the distribution of orchid 482 

species, with the orchid being associated with several widely distributed mycorrhizal fungi 483 

compared to orchids with specific mycorrhizal associations (Swarts et al., 2010). In 484 

symbiotic seed germination trials the identification of the ecological specificity (fungal 485 

associations established under natural conditions) and the potential specificity (mycorrhizal 486 

fungi able to promote seed germination that can be isolated from different orchid species) 487 

must be defined (Steinfort et al., 2010). A mycorrhizal fungus with high potential specificity 488 

would be a very interesting candidate to incorporate in restoration programs of endemic 489 

orchids. 490 

 491 

Symbiotic seed germination has been tested in endemic orchids promoting seed development 492 

to differing degrees (Table 1). These studies have identified several mycorrhizal fungi with a 493 
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potential use in reintroduction strategies for the orchids studied. However, the diversity of the 494 

mycorrhizal associations seems to be high and related to the different climatic and ecosystem 495 

conditions. This reveals the need to study mycorrhizal associations of endemic orchids 496 

individually, and to consider the design of preservation strategies for the different isolated 497 

mycorrhizal fungi. 498 

  499 

The seed baiting technique 500 

Isolating mycorrhizal fungi using in situ methods by burying seed packets in the field is 501 

useful for isolating effective mycorrhizal fungi for seed germination (Rasmussen and 502 

Whigham, 1993; Batty et al., 2006a; Khamchatra et al., 2016a). However, this methodology 503 

has not yet been applied to study the germination of endemic orchids. Inoculation with 504 

mycorrhizal fungi from a mature orchid is also an accepted strategy to germinate orchid 505 

seeds, especially for orchids that are able to swell in size to the protocorm stage (Fracchia et 506 

al., 2014a; Herrera et al., 2017). However, not all orchids are able to grow initially in the 507 

absence of mycorrhizal fungi, needing specific mycorrhizal fungi to germinate.  508 

 509 

The seed baiting technique has been applied to study the mycorrhizal interactions of several 510 

terrestrial orchids (Wang et al., 2011; Zi et al., 2014). These in situ baiting studies buried 511 

seed packets in the field during the growth period to study the mycorrhizal fungi able to 512 

germinate seeds in the wild, which is similar to other techniques used to quantify the 513 

germination of other plants and to detect other plant parasites (Brundrett et al., 2003). In this 514 

technique, soil samples are collected from the leaf litter layer and uppermost topsoil layer (ex 515 

situ seed baiting) or the seed packets are buried directly in the field (in situ seed baiting) to 516 

promote seed germination. Seed baits can be performed using individual or multiple 517 

compartment packets with a nylon mesh (90 µm) to retain the seeds without impeding fungal 518 

growth (Brundrett et al., 2003). After the growth period, seeds in the seed packets are 519 

examined and mycorrhizal fungi are appropriated for germination can be isolated and 520 

identified.  521 

 522 

The use of seed baiting techniques is necessary to identify mycorrhizal fungi associated with 523 

the first developmental stages of orchids, and it certainly can improve the knowledge of 524 

fungal associations of endemic orchids, providing crucial data for the implementation of 525 

reintroduction strategies for threatened orchid populations.  526 

 527 
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Mycorrhizal fungi and seed preservation  528 

Mycorrhizal fungi and seed conservation is considered an effective measure to improve the 529 

population numbers of several endangered species. Orchid seeds for banking need to be dried 530 

to low moisture (3 to 7%) and stored at different temperatures, whereas the fungal associates 531 

are commonly grown on agar-based culture media and stored at room temperature or 4°C 532 

(Popova et al., 2016; Schofield et al., 2018). All scientific studies analyzing seed germination 533 

of endemic orchids must consider applying ex situ conservations methods. Germplasm 534 

conservation has been used as a measure to preserve orchids with reproduction problems 535 

(Martin, 2003; Sarasan et al., 2006). Different preservation methods have been tested in Batty 536 

et al. (2001), describing a methodology to store dried orchid seeds in liquid nitrogen, and 537 

analyzing the germination rates of freshly collected seeds or those stored at 4, 18 and 22 °C, 538 

which were usually better in the treatments with liquid nitrogen. Furthermore, the 539 

mycorrhizal fungi that promoted the germination and growth of different orchid species could 540 

also be stored in liquid nitrogen and other methods including lyophilization and freezing 541 

(Swarts and Dixon, 2009). In the study of the mycorrhizal association of Chilean orchids, we 542 

suggest that a collection of native orchid seed and associated fungi be created so as to design 543 

appropriate methodologies of reintroduction of endemic orchids to the natural distribution 544 

habitats. 545 

  546 

Reintroduction of endemic orchids to natural distribution areas  547 

Reintroducing orchid species into their natural ecosystem involves more than reproducing 548 

suitable plants, because the decline in the orchid population is related to the absence of 549 

compatible mycorrhizal fungi in the soil (Swarts and Dixon, 2009; Swarts et al., 2010; 550 

Pecoraro et al., 2018). Therefore, to save endemic orchids, knowledge of compatible 551 

mycorrhizal fungi for both seed germination and plant establishment is required. These 552 

mycorrhizal fungi can be isolated, identified and stored to develop the restoration 553 

methodologies. One of the new methodologies applied to promote the reintroduction of 554 

orchids in the wild are related to the use of microencapsulation technologies. 555 

Microencapsulation involves isolating compatible mycorrhizal fungi (mainly from ex situ 556 

seed baiting techniques) and dried seeds, which are encapsulated mainly in sodium alginate 557 

beads using various protocols (Crasta and Bopaiah; Martin, 2003; Thammasiri, 2008; 558 

Sommerville et al., 2008). According to Gantait et al. (2012), the alginate coat of 559 

encapsulated explants shields plant tissues from physical and environmental injury, reduces 560 

dehydration, and offers mechanical pressure to grip the explants inside the gel matrix during 561 
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storage. Usually, an encapsulation methodology disinfects the orchid seeds superficially 562 

(usually NaOCl, 0.5% active Cl) and rinses them with sterile deionized water. After that, 563 

seeds or protocorm-like bodies must be added to a sterile solution of sodium alginate. Fungal 564 

hyphae from OMA cultures need to be scraped and incorporated to the sodium alginate 565 

solution. After that, sodium alginate is mixed and the resulting suspensions are pipetted drop 566 

by drop into a sterile solution of calcium chloride to form the individual beads. Then, the 567 

beads are added to a sucrose solution to be dried and stored according to the different 568 

protocols available (Wood et al., 2000; Sommerville et al., 2008; Luo et al., 2009; Gantait et 569 

al., 2012). 570 

 571 

The development of ex situ conservation programs of seeds or other propagules are necessary 572 

for orchid conservation, especially for threatened species, and for reintroduction into the wild 573 

(Batty et al., 2006b; Li and Pritchard, 2009; Seaton et al., 2010; da Silva, 2013). In orchids, 574 

the reintroduction methodologies must consider the different mycorrhizal fungi associated 575 

with orchids in order to obtain symbiotic benefits for the plantlet in the field (Cameron et al., 576 

2006; Cameron et al., 2008; Herrera et al., 2017). Usually, symbiotic germinated plants are 577 

obtained under laboratory conditions (Clements et al., 1986; Athipunyakom et al., 2004; 578 

Batty et al., 2006b). However, when mycorrhizal orchid seedlings are transplanted to the 579 

field, the inexistence of compatible mycorrhizal fungi may result in no germination by the 580 

subsequent orchid seeds (Stewart et al., 2003; Zettler et al., 2003). Therefore, the 581 

encapsulation of mycorrhizal fungi for augmentation strategies, soil microsite for germination 582 

of terrestrial orchids, and the simultaneous encapsulation of mycorrhizal fungi and seeds are 583 

necessary to design an appropriate methodology for safeguarding endemic orchids (Wood et 584 

al., 2000; Sommerville et al., 2008; Ercole et al., 2013). 585 

 586 

Various encapsulation-dehydration protocols have been applied to the ex situ conservation of 587 

orchids, and aim to simplify the procedures for reintroduction or population augmentation of 588 

threatened orchid species. The simultaneous encapsulation of orchid seeds (Dactylorhiza 589 

fuchsia and Anacamptis morio) and mycorrhizal fungi (Ceratobasidium cornigerum) in 590 

sodium alginate beads can be prepared for long storage at 196°C for 30 days, with high levels 591 

of seed and fungal viability (Wood et al., 2000). In addition, Sommerville et al. (2008) 592 

developed an encapsulation-dehydration protocol for conservation of two threatened 593 

terrestrial orchids from Australia and their fungal symbionts, which can be used for the 594 

restoration of sites slated for population enhancement or from which orchid and fungal 595 
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populations have disappeared entirely. In addition, Gantait et al. (2012) and Luo et al. (2009) 596 

tested the microencapsulation of protocorm-like bodies as plantlet restoration strategies for 597 

endangered medicinal and commercial orchids. 598 

 599 

EXPLORING THE ECONOMIC POTENTIAL OF ENDEMIC ORCHIDS 600 

Certainly, Chilean orchids have unique shapes and colors that are potentially attractive for 601 

commercial purposes. Once the conservation issues have been addressed and working with 602 

reintroduction programs, we recommend exploring the economic potential of the endemic 603 

orchid; safeguarding the endemic orchid flora and knowing the appropriate reproduction 604 

traits for reintroduction will achieve a successful commercial reproduction program for 605 

Chilean orchids. To date, limited commercial projects have addressed the economic potential 606 

of endemic orchids (FIA-PI-C-1998-1-A-022; FIA-PI-C-2003-1-A-81; FIA-PI-C-2007-1-A-607 

003) (FIA, 2018). However, to date we have been unable to show massive native orchids for 608 

sale, and the conservation problems persist. To explore the economic potential of endemic 609 

orchids, the phenotypic characteristic of the flowers must be improved and the growing time 610 

from seed to flowering plant must be reduced. One strategy to improve plant characteristics 611 

that have been applied to orchids for commercial purposes is polyploidy induction. 612 

According to Chen and Chen (2011), polyploidy can improve floral and growth 613 

characteristics, generating protocorms that can be propagated (Chen et al., 2009; Chen and 614 

Chen 2011), but these processes are time-consuming and need the economic investment of 615 

the government and the interest of the private sector to exploit the endemic orchid flora. 616 

 617 

CONCLUSION 618 

Conservation problems in orchids are caused by the particular mechanism of the seed 619 

structure, the need for compatible mycorrhizal fungi to begin seed germination and progress 620 

to protocorm, changes in mycorrhizal partners for plantlet development and establishment, 621 

and associations with several bacterial and fungal endophytes that certainly play an important 622 

role in orchid metabolism. Certainly, our knowledge about orchid mycorrhizal interactions in 623 

Chilean ecosystems has increased considerably. However, further research into endemic 624 

orchids must be encouraged to develop more applicable methodologies for a universal 625 

propagation and reintroduction protocol for Chilean orchids in order to prevent the decay and 626 

extinction of these orchids with particular and original flowers, colors and reproduction 627 

strategies.   628 

  629 
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TABLE LEGEND 638 

Table 1. Published studies on Chilean orchids identifying main mycorrhizal fungi and 639 

promoting orchid seed germination. 640 

  641 

FIGURE LEGEND 642 

Figure 1. Schematic representation of the Chilean Orchidaceae family, showing the number 643 

of endemic and native orchids (bars), the eight genera and the number of species 644 

(parenthesis), and the abundance and state of the conservation of orchid species (circle) 645 

according to Novoa et al. (2015). 646 

  647 

Figure 2. Shoot development of Gavilea lutea after the cold season in the Andean mountains 648 

from the Region of La Araucanía (a). Root biomass of Chloraea bletioides from the coastal 649 

mountain in the Region of Maule (b). Seed capsules showing the dust-like seeds of Bipinnula 650 

fimbriata from littoral ecosystems in the Region of Valparaíso. Scale (bar = 1 cm). 651 

  652 

Figure 3. Proposed working diagram for reintroduction of threatened Chilean orchid species 653 

(terrestrial). Concepts in boxes are crucial steps in the work with orchid mycorrhizae. Text in 654 

bold are suggestions of the methodologies for further reintroduction programs.  655 
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Table 1. Published studies in Chilean orchids identifying main mycorrhizal fungi and promoting orchid seed 

germination.  

Target Orchid Main mycorrhizal fungi Aim Methods Reference  

Bipinnula fimbriata 

Chloraea crispa 

Ceratobasidium sp. 

Tulasnella calospora 

Uncultured Ceratobasidium 

Thanatephorus cucumeris 

To isolate and identify 

mycorrhizal fungi 

Symbiotic seed 

germination. 

Isolation and molecular identification 

of mycorrhizal fungi. 

Symbiotic germination in OMA 

media. 

Steinfort et al. 

(2010) 

B. fimbriata Not identified 

To germinate orchid 

seed in asymbiotic 

germination media. 

Culture in agar water, culture medium 

banana, culture medium tomato, 

Knudson C, and Malmgren modified 

terrestrial orchid media. 

Pereira et al. 

(2015) 

B. fimbriata 

Bipinnula plumosa 

T. calospora,  

Tulasnella danica  

Tulasnella asymmetrica 

Ceratobasidium sp.  

C. albasitensis  

Rhizoctonia sp. 

R. butinii.  

To show how soil 

nutrient availability 

relates to composition 

and diversity of 

mycorrhizal fungi. 

Fungal isolations and molecular 

identification. 

Estimation of nitrate content and 

Olsen P. 

Mujica et al. 

(2016) 

Chloraea chrysantha 

Chloraea gavilu 

Chloraea bletioides 

B. fimbriata 

C. crispa 

Chloraea longipetala 

Chloraea grandiflora 

Ceratobasidium sp. 

Thanatephorus sp. 

Uncultured Tulasnellaceae 

Tulasnella sp. 

Tulasnellaceae sp. 

To isolate and identify 

orchid mycorrhizal 

fungi from the Region 

of Maule. 

Symbiotic seed 

germination. 

Fungal isolation and molecular 

identification. 

Multiple symbiotic germination trials 

in OMA media. 

Herrera et al. 

(2017) 

Chloraea virescens 

C. crispa  

C. gavilu 

Not identified 

To germinate the 

orchid seeds under 

different asymbiotic 

media.  

Culture in Agar Water, Knudson 

C, Banana Culture Media, Tomato 

Culture Media, Malmgren Modified, 

Murashige and Skoog, and Murashige 

and Skoog (50% salt and vitamins). 

Pereira et al. 

(2017) 

Chloraea cuneata Not identified 
To isolate fungal 

partners of C. cuneata. 

Culture in PDA media. Morphological 

identification. 

Atala et al. 

(2015) 

Chloraea collicensis 

C. gavilu 

T. calospora 

Tulasnellaceae sp. 

To isolate and identify 

mycorrhizal fungi. 

Fungal isolation and molecular 

identification. 

Pereira et al. 

(2014a) 

C. gavilu Not identified 

To test various 

asymbiotic 

germination media for 

C. gavilu. 

Culture in Murashige and Skoog (50% 

salt and vitamins); Modified 

Malmgren; BM-2 Terrestrial Orchids; 

and Vacin and Went. All culture 

media supplemented with 1% 

(w/v) sucrose, 0.05% (w/v) yeast 

extract, 4.44 µmol-1 BAP, 0.7% (w/v) 

Agar, and pH 5.8. 

Romero et al. 

(2017) 

C. crispa Rhizoctonia sp. 

To characterize 

morphometrically the 

symbiotic germination 

stages of C. crispa 

seeds 

Symbiotic culture in OMA media and 

examination of germination stages 

using software image analysis  

Verdugo et al. 

(2007) 
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