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	In the early life-stages, both epiphytic and terrestrial orchid seeds obtain carbon and nitrogen from mycorrhizal fungi for germination and seedling development. Epiphytic orchids are exposed to comparatively high light levels from an early stage of development and often produce green seeds therefore their responses to light and requirements for mycorrhiza-supplied C is likely to be different from terrestrial orchids. The effect of exogenous C, light and fungal partner on germination and establishment were studied in vitro for three terrestrial orchid and one epiphyte orchid. I found that terrestrial orchids require their fungal partner for development and that light inhibits this process. In epiphytic species, light only inhibited germination and early development in the absence of the mycorrhizal symbiont. The findings in this study shows for the first time the potential ecological importance of mycorrhizal fungi in overcoming light inhibition of seed germination and growth in both terrestrial and epiphytic orchid. I also investigate the impact of light, C and N budgets of terrestrial and epiphytes (using 13C and 15N tracers) and the amount of C and N the plant obtains from fungus to the adult orchid plants. The biomass and transfer of C and N from fungus to plant was increased upon exposure to light but only after germination had been already begun. The most cost benefit of mycorrhizal symbioses was examined as other studies have ignored C flow from plant to fungus. All three species gave C back to the fungus but in different quantities. Encyclia phoenicea provided significantly more C to its mycorrhizal fungi; twice the amount of G. repens and 2.4 times greater than D. fuchsii by mass. This confirms the mutualistic nature of G. repens-mycorrhiza interactions and reveals that this same trophic strategy operates in two additional orchid species for the first time.
[bookmark: _Toc305758943]Chapter 1: General introduction
[bookmark: _Toc291250138][bookmark: _Toc305758944]1.1 What are the Orchids? A historical overview
The family Orchidaceae is the largest family of flowering plants with approximately 32,000 species in around 800 genera and an average of a hundred discoveries of new species are made each year (Arditti, 1992). As well as being specious, orchids are extremely successful in ecological terms, colonising the majority of terrestrial ecosystems, from temperate grasslands to tropical rain forests (Moore et al. 1980; Arditti and Ghani, 2000). This reflects the orchid family’s extraordinary success in dispersing and adaptation to a wide variety of habitats and environments, largely due to their minute, wind-dispersed dust like seeds. Two specialised groups have been recognised within family; the terrestrial species, which germinate underground in soil and represent around 25% of species, widely distributed in forest and grassland biomes, and the epiphytes, which use other plants for mechanical support growing on branches within their canopies, constituting at least 70% of all known orchid species (Ackerman, 1983) and are found mainly in tropical forests. 

[bookmark: _Toc305758945]1.2 Functional classes of orchid
[bookmark: _Toc305758946]1.2.1  Epiphytic Orchids 
Epiphytic orchids grow on trees and branches and they dependent on trees for support and represent approximately 75% of orchid species.  They are not parasitic on the host and have roots sheathed in a sponge-like layer for water absorption, called the velamen.  The epiphytic habit has lead to the evolution of a remarkable array of anatomical and physiological adaptations in orchids, including modified roots and photochemistry. There are two types of roots, roots that are attached to the host plant and have free roots that dangle in the air to absorb moisture. Epiphytic orchid roots are modified to enable plants to anchor to its host, absorb episodic pulses of water and nutrients using a velamen root sheath, a sponge-like material adapted to intercept canopy through-flow (Whitford, 1906) and in many cases, for the roots themselves to be green and photosynthetic. In extreme cases, some orchids, such as Harrisella porrecta, have abandoned leafy-shoot production altogether, and rely exclusively on their roots for photosynthesis (Benzing et al. 1983).  The typical epiphyte shoots have thick leaves that permit water storage (Luttge, 1989), and many epiphyte species, for example Grammatophylum spreciosum and Bletia purpurea, engage in crassulacean acid metabolism (CAM) as adaptations to water limitation (Hietz et al.1999; Johnson et al. 2010; Khampa et al. 2010).
Epiphytic species have thicker leaves than other types of orchids that help the plant to store water. Many epiphytic orchids are found in tropical, they are dependent on rainfall for their nutrients and water, develop storage organs which serve as protection against drought such as Dendrobium aemulum Most epiphytic orchids have specific adaptations allowing them to acquire nutrients and water in the canopy (Luttge, 1989).
Ecologically, orchids are very important species; their relationship with mycorrhizas and their velamentous roots intercept canopy through flow of organic and inorganic nitrogen providing a key mechanisms recycling nitrogen in the low-nutrient canopy environment (Luttge, 1989). Moreover, orchids support the canopy ecosystem is some unexpected ways; for example by providing resources and refugia for insects such as ants (Krömer et al, 2007). Finally, orchids can be considered as indicators of ecosystem health. Indicator species usually can only live in specific conditions, unpolluted by nitrogen and acid rain for example, so they provide an indication the overall health or biodiversity of the ecosystem.
[bookmark: _Toc305758947]1.2.2 Terrestrial orchids
In contrast terrestrial orchids germinate and spend their early years below ground as protocorms before accruing sufficient C and nutrients to produce leaves.  Most terrestrial orchids are green and photosynthetic but others have lost the ability to photosynthesise and/or produce chlorophyll and are so parasitic on their fungal partners over the course of their lifecycles (mycoheterotrophy) (Figure 1.1 [Page14]; Cameron et al. 2009)

[bookmark: _Toc305758948]1.3 Functional classes of mycorrhizal symbioses
Mycorrhizas are classically defined as the reciprocal exchange of plant C for fungal-aquired nutrients (N and P). Mycorrhizasare usually divided into seven functional types; arbuscular mycorrhiza, ectomycorrhiza, ericoid mycorrhiza, ectendomycorrhizas, arbutoid mycorrhizas, monotropoid mycorrhizas and orchid mycorrhizas. Among these, the arbuscular mycorrhiza, ectomycorrhizal, ericoid mycorrhiza are considered the most important (Read, 1991). 
Ectomycorrhizas predominate in temperate and northern forests.  Many species of ectomycorrhizal fungi can grow in laboratory, making them easier to study, although they often grow very slowly.  The hyphae of ectomycorrhizal fungi do not penetrate cells in the root, the fact that these hyphae do not enter the cells but instead stay outside them forming a fungal sheath call the hartig net. 
In contrast, the hyphae of endomycorrhizal fungi penetrate the cell wall, and although the hyphae do penetrate the cortical cell walls, they do not penetrate the cell membrane.  The fungus penetrates the cortex root forming endophytic structures in each of the cells.  In the case of arbuscular  mycorrhizal fungi, which enter into plant without changes on the surface of root  (Terashita and Kawakami, 1991), tree-like transfer structures, termed arbuscules are formed but the exact morphology of these is determined by the interaction between the plant species and fungal species concerned. In contrast to many ectomycorrhizal fungal species, arbuscular mycorrhizas cannot survive without the host plant, making it difficult to grow of arbuscular mycorrhizal fungi in the laboratory without a host. This is because arbuscular mycorrhizal fungi are obligate biotrophs meaning that they cannot obtain their carbon by decomposition.  The majority species of the plants in the world are associated with arbuscular mycorrhizas (Allen, 1991; Masuhara, 1994). 
Ericoid mycorrhiza are another class of endomycorrhizas formed between fungi and the roots of hosts from the order Ericales.  Ericoid mycorrhizal fungi, are formed in general ascomycetes and hyphomycete fungi, and predominate in grow in heathland habitatis.   Ericoid mycorrhiza penetrates the plant through root hairs (Harley and Smith, 1983; Schmidt and Stewart 1999; Read, 1996). 

[bookmark: _Toc305758949]1.4  Orchid mycorrhizas and the orchid lifecycle
	Orchids are critically reliant on the provision of carbon and nutrients for germination by symbiotic fungi called mycorrhiza (Leake, 1994). This reliance on resource provisioning by fungi is because orchids produce thousands of tiny seeds per capsule that contain no or limited energy reserves for germination and early growth in their vestigial endosperms (Arditti, 1979; Eriksson and Kainulainen, 2011; Fig. 1 [Page14]). Therefore, for most terrestrial orchid species, autotrophy occurs only after a expanded stage of heterotrophic growth (Leake and Cameron 2010; Phillips et al. 2011).
 	Orchid species are unable hydrolyse starch or cellulose and so cannot directly access carbon saprotrophically as has been historically suggested (Blamey et al. 2003). As a result, orchids are entirely dependent upon compatible fungal partners to supply the essential carbon and nutrients required for successful establishment and germination in nature (Leake, 1994; Fig. 1 [Page14]). Orchid plants are thus described as mycoheterotrophic for part or all of their lives. The initially mycoheterotrophic nutrition in orchid seedlings normally changes to autotrophy in adult green orchid (lifestage-dependent trophic switch; Fig. 1 [Page14]) and therefore any reliance on the association with fungi for carbon subsidies is reduced or lost (Cameron et al. 2008). Achlorophyllous orchid species remain completely parasitic upon their fungal partner for all of their life cycle; these are accordingly termed fully mycoheterotrophic (Arditti, 1992; Leake, 1994; 2004; Cameron et al. 2006). 
At this stage there is not much known about critical roles played by the fungus mycorrhizal in the green orchids and the level of adoption on fungal partners to obtain nutrients. While transport of N (Cameron et al. 2006) and phosphorus (P) (Cameron et al. 2006; Alexander et al. 1984) has been shown from fungus to plant, this is limited to a few species, most notably, G. repens. Thus it is surprising that research of orchids is under represented in the literature when compared to that of the other important mycorrhizas. The role of mycorrhizal fungi in the nutrition of adult orchids is more fully resolved however, with recent advances suggesting that some green terrestrial orchids form a mutualistic association with their fungal partners, taking carbon in order to germinate only to repay the carbon debt once they are able to fix carbon through autotrophy as well as receiving nutrients from the fungus in the adult life stage (Cameron et al. 2006; 2008), although this trophic strategy has not been investigated in any epiphytic species at the physiological level.
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[bookmark: _Toc305758950]Figure 1.1 Diagrammatic representation of the orchid lifecycle (Based information from Bidartondo and Read 2008; Smith and Read 2008 and Cameron et al. 2006).

It is assumed that mycorrhizal fungi provide a carbon subsidy to support the germination and establishment of all orchid seeds in the early stage (Leake, 1994). The mycelium of the mycorrhizal fungus access external carbon sources and make them available to the orchid seeds.  While the critical importance of mycorrhizas in orchid germination for terrestrial species is relativity well understood, the role of mycorrhizas in the germination of epiphytes orchids that germinates in the canopy that is exposed to light, and develops chlorophyll at a much earlier stage is largely ignored, despite this group representing the majority of orchid species (Leake and Cameron 2012). For example, it is still debated as to whether epiphytic orchids need fungi to germinate at all (Leake and Cameron 2012). Moreover, the role of environmental conditions such as light and carbon availability in regulating orchid germination is unresolved for both epiphytic and terrestrial orchid species. 

[bookmark: _Toc305758951]1.4.1 Germination stages of orchids
[image: ]
[bookmark: _Toc305758952]Figure 1.2 Diagrammatic representation of the orchid germination showing five defined stages: 1 - imbibition; 2 - testa rupture; 3 - rhizoid development, usually proceeded by fungal colonisation (in epiphytic species with green protocorms, chlorophyll synthesis begins); 4 - initiation of the shoot meristem; 5 - development of first leaf (reproduced from Brandner (2005)).

Orchid germination proceeds in 5 stages (Fig. 1.2  [Page15]), firstly dry seeds absorb water and the embryo imbibes (stage 1). Following this, cell division occurs and the embryo grows rupturing the testa, this usually occurs prior to fungal colonisation. In the absence of the fungus, germination arrests in most orchids at this stage (stage 2). Following fungal colonisation, the embryo continues to grow and differentiate, forming rhizoids (stage 3), this is followed by the differentiation of the apical (shoot) meristem (stage 4) and the development of the first fully formed leaf (stage 5) (Brandner 2005).

[bookmark: _Toc305758953]1.5 Nitrogen and carbon relations in orchid mycorrhizal symbioses
While the life histories of mycoheterotrophic plants are increasingly well defined, the underlying mechanisms that facilitate plant parasitism of fungi, in contrast, are poorly understood and the physiological pathways of fungus-to-plant C transfers have not been resolved.  Using isotope tracers to map the flow of C and mineral nutrients between plant and fungus partners, it has been possible to investigate the functional basis of orchid-mycorrhiza associations in terms of bulk transfers of C and mineral nutrients (Kuga et al. 2014). For example, the green-leaved orchid Goodyera repens, which is mycoheterotrophic as a juvenile and photosynthetic as an adult (Cameron et al. 2006), is known to obtain C from its fungal symbionts in the juvenile life stage. As an adult, although some C continues to be transferred from fungus-to-plant, the net flow of C is from plant-to-fungus (Cameron et al. 2006; Cameron et al. 2008) in return for the provision of both nitrogen (N) (Cameron et al. 2006) and phosphorus (Cameron et al. 2007). Although this net polarity of C flow from adult plant to fungus has only been demonstrated for G. repens. While these approaches have been crucial to determine the trophic status of the symbiosis in a representative adult green orchid, they do not shed light on the fundamental mechanisms by which orchid seedlings are able to acquire C from their fungal symbionts.
	Central to understanding the mechanisms of mycoheterotrophy is observation that it is the mode of parasitism in plants that has the largest number of independent evolutionary origins (Merckx and Freudenstein, 2010) and upon which the largest number of vascular plant species depend (Leake and Cameron, 2010; Merckx, 2013).   The fact that mycoheterotrophy is so common leads to the prediction that its physiological basis involves exploitation of one or more essential metabolic pathways involved in core fungal biochemistry (Cameron and Bolin, 2010). This hypothesis is strongly supported by the discovery that the fungal sugar trehalose accumulates in colonised regions of orchid protocorms and so represents a potential candidate transport metabolite (Smith, 1967). In addition, recent studies reveal that N is accumulated in significant quantities in orchid protocorms, however this N enrichment is largely lost after the onset of autotrophy (Stockel et al. 2014). These data suggest that organic nitrogen could act as a potential transfer compound, with N accumulating as a result of the orchid utilising the C skeleton, of an amino acid for example, for heterotrophic growth and thus liberating inorganic N in the process. However, the physiology underpinning this requires substantiating. 

[bookmark: _Toc305758954]1.6 Aims of the research
[bookmark: _Toc305758955]1.6.1 Overarching aim
The objective of this thesis is to understand and extend knowledge of the physiology and ecology on orchid seed germination and development in orchids. This study focuses on two different orchid kinds epiphytic or terrestrial orchids, three species of terrestrial orchid and one epiphytic species grown symbiotically under axenic conditions in the laboratory. 
In chapter two, I investigate the interaction between the roles of light and the mycorrhiza in influencing the germination and development of orchid seedlings. I hypothesised that light would negatively influence germination and early development of the terrestrial species and enhance that of the epiphyte.  In addition, I hypothesised that the fungal symbionts would be more beneficial to the germination and early growth of the terrestrial species when compared with the epiphyte.
In the chapter three, I investigate the mechanisms underpinning mycorrhizal effects on orchid seedling development determining the assimilation and transport of carbon (C) and nitrogen (N) from an amino acid compared with ammonium nitrate and sugar to the orchid plant. My study also attempts to determine a preference for organic compounds as sources of C and N over ammonium nitrate. 
In the chapter four, I determine the flow of C back to the fungus by young orchids with green leaves using 14C to determine transfer of C from plant to fungus in the same orchid speices in association with their mycorrhizal fungi. This design complemnts previous results indicating the net polarity of C flow between the orchid Goodyera repens and its fungal partner to be from plant to fungus.

[bookmark: _Toc305758956]1.6.2 Key questions and aims of Chapter 2
In the early stages both epiphytic and terrestrial orchid seeds obtain C and N from associating with ubiquitous saprotrophic fungi. Many studies have focused on impact of C source (from a fungus or from exogenous carbohydrates such as sugars) on orchid germination but ignore the important interaction with light in regulating germination. The focus of this study is to understand the role of fungal partner on orchid seed germination and early establishment in orchids with terrestrial or epiphytic orchids in both the light and the dark. Specifically, I predicted that light will reduce the germination and growth of terrestrial orchid seedlings which spend their early life underground but will enhance the germination and growth of epiphytic species which are always exposed to light. 

1. Are Epiphytic Orchids less dependent on fungi for germination and establishment than terrestrial orchids?
2. Do terrestrial and epiphytic orchids depend on the fungus for nutrients and / or carbon as adults?
3. What is the role of light in seed germination?
 
[bookmark: _Toc305758957]1.6.3 Key questions and aims of Chapter 3
The purpose of the study is to extend our knowledge of mycorrhizal associations in terrestrial and epiphytic orchids and to understand the function of fungus in uptake and transfer of C and N into orchid species G. repens, D. fuchsii and E. phoenicea.  The study aims to compare the assimilation of C and N into these three species (terrestrial and epiphytic) via their mycorrhizas and determine the amount of C and N obtained by these orchids from different external sources of C and N. A few studies have been published concerning the use of such organic and inorganic compounds by orchids species. In this study organic and inorganic compounds are used as sources of carbon and nitrogen under conditions of light and darkness. These experiments also focused on identifying the impact of light on concentrations of N and C in plant tissues as little is poorly understood. 

1. How much carbon does the plant get from the fungus?.
2. In what form is carbon transported from the fungus to adult orchid plants?. 
3. How much N and C does the plant get from its fungal partner?
4. Do both terrestrial and epiphytic adult orchids with receive carbon from their fungal partner in the form of amino acids?

[bookmark: _Toc305758958]1.6.4 Key questions and aims of Chapter 4
The assessment carbon (C) ‘cost’ of orchid mycorrhizas have been made but are dependent on indirect measurements or incomplete studies. In the current study I supply 14C and trace the flow between plant and fungus in an orchid mycorrhizal symbiosis. This design complemented previous findings the net polarity of C flew between the orchid and mycorrhizal symbiosis to be available for understand the parasitism and mutualism  (Francis and Read, 1995; Smith and Smith, 1996). The measurement of the C cost ‘down flow-up flow’ is important for understanding mycorrhizal operation. The opposite direction of movement of 14C  maybe means dynamic transfer for C flux. 
1. Are the plants autotrophic do they transfer C from plant to fungus? Resolving a carbon budget of terrestrial and epiphytic orchids (13C and 14C).
2. How much carbon does the adult and juvenile plant get from the fungus?
3. Do the orchid species studies support their fungi equally with C?
4. Is it that epiphytes do not need their fungal partners as adults and thus do not support them with significant C?

[bookmark: _Toc291253431][bookmark: _Toc305758959]1.7 Study species of orchid
In this study, I will use three species of UK terrestrial orchids and one species of tropical epiphytic orchid:
[bookmark: _Toc305758960]1.7.1 Goodyera repens (terrestrial)
Goodyera repens (L.) R. Br. (Fig. 1.3a [Page22]) is a perennial, evergreen species widely distributed throughout Europe (including Russia, China, Germany, Poland and the United Kingdom), Asia and North America (including Canada and the United States). While G. repens is locally abundant, it is considered to be a rare species. Goodyera repens typically inhabits bogs but is more commonly found in the understory of evergreen pine forests. Goodyera repens reproduces by seed, being pollenated by bumble bees, but may also reproduce vegetatively by means of long underground stolons (Fitter and Peat 1994). Goodyera repens has been shown to form mycorrhizal associations with the rhizoctonia fungus, Ceratobasidium cornigerum (basidiomycota) (Cameron et al. 2006).
[bookmark: _Toc305758961]1.7.2 Orchis mascula (terrestrial)
Orchis mascula L. (Fig. 1.3b [Page22]) is a perennial, herbaceous species widely distributed throughout (but limited) to Europe. Orchis mascula typically inhabits mesotrophic grasslands, open heath and can be found at the margins of deciduous woodlands (Fitter and Peat 1994).
[bookmark: _Toc305758962]1.7.3 Dactylorhiza fuchsii (terrestrial)
Dactylorhiza fuchsii (Druce) Soó (Fig. 1.3c [Page22]) is a perennial, herbaceous species widely distributed throughout (but limited) to Europe. Dactylorhiza fuchsii typically inhabits open habitats including mesotrophic grasslands, open heath and mires and can be found at the margins of deciduous woodlands (Fitter and Peat 1994). 
[bookmark: _Toc305758963]1.7.4 Encyclia phoenicea (epiphytic)
Encyclia phoenicea (Lindl.) (Fig. 1.3d [Page22]) Neumann is a perennial tropical epiphytic species, growing on trees or shrubs, but can occasionally be lithophytic. Encyclia phoenicea is native to the Cayman Islands (specifically Cayman Brac and Little Cayman islands) and to Cuba (Roberts 2015).
[image: ]
[bookmark: _Toc305758964]Figure 1.3 Images of the terrestrial study orchid species a) Goodyera repens, b) Orchis mascula, c) Dactylorhiza fuchsii and the epiphyte d) Encyclia phoenicea. Licence information is given at the bottom of each image.

[bookmark: _Toc305758965]Chapter 2: The ecological importance of mycorrhizal fungi in overcoming light-induced inhibition of seed germination and early growth in terrestrial and epiphytic orchids.

[bookmark: _Toc291253432][bookmark: _Toc305758966]2.1 Introduction 
In the early stages of their life cycle, all terrestrial orchids are non-photosynthetic, totally lacking chlorophyll and relying on carbon (C) acquired from a fungal symbiont for growth until the production of the first green leaves above ground, a nutritional strategy termed mycoheterotrophy (Leake 1994; Leake and Cameron 2010). This is underpinned by the prodigious production of thousands of tiny seeds per plant containing minimal C and nutrient reserves for germination and growth leaving them totally dependent on a mycorrhizal fungal partner for the provision of C and mineral nutrients (Arditti, 1979). After initiation of the symbiosis, each embryo develops into a protocorm, a specialised organ that defines the first stage of germination. In terrestrial orchids the protocorms are achlorophyllous but in epiphytic species, the portocorm rapidly becomes green upon exposure to light and is presumably photosynthetic (Leake and Cameron 2012). In in vitro culture, some orchid species can be grown asymbiotically when sugars, amino acids and vitamins are exogenously provided in culture media, however, it is assumed these are normally obtained from the fungal partners in nature (Read, 1991; Arditti and Ghani, 2000; Bayman et al. 2002). With the exception of 1% of species that remain fully mycoheterotrophic throughout their life cycle (Leake 1994), terrestrial orchids eventually emerge from the soil after months or even years, to synthesise chlorophyll and become photosynthetic.   In the autotrophic adult phase of terrestrial orchids, mycorrhiza can be important in uptake of mineral nutrients such as phosphorus (P) and N (N) (Cameron et al. 2006; 2007; Alexander et al. 1984). 
In contrast, the functional importance of mycorrhizal fungi throughout the life cycles of epiphytic orchids is less well known, and may be distinct from that in terrestrial species, especially during germination, since epiphytic orchids develop in the canopy and are thus exposed to relatively high light levels from an early stage of development (Leake and Cameron 2012).  Recent studies of the fungal associates of over 150 tropical orchid species (Martos et al. 2012) have revealed a major ecological barrier between above- and belowground mycorrhizal fungal networks, with only about 10% of the fungal taxa partnering both epiphytic and terrestrial orchids, raising the hypothesis that there are important functional differences in mycorrhiza between the two kinds of orchid related to their distinct habitats (Leake and Cameron, 2012).  Light intensity during seedling germination may play a role in this.  The optimum light requirement growth varies between epiphytic as well as terrestrial orchid species (Heifetz et al. 2000). In some terrestrial orchid species such as Goodyera repens even low levels of light inhibit germination, whereas other species such as Dactylorhiza purpurella germination appears to be insensitive to light. Some studies have found that light can stimulate germination and early seedling establishment in the absence of exogenous C (Downie, 1941; Smith, 1973; Harvais, 1974). 

[bookmark: _Toc291253433][bookmark: _Toc305758967]2.1.1 Aims and hypotheses: 
Despite these early investigations, there remains no comparative study that investigates the role of light, and exogenous C supply of the germination and early development of terrestrial and epiphytic orchids. In this study, we investigate effects of light, exogenous C and colonisation by mycorrhizal fungi on four orchids species studied in vitro for 56 days using the terrestrial orchids Goodyera repens, Dactylorhiza fuchsii and Orchis mascula and the epiphytic orchid Encyclia phoenicea.  We hypothesised that: (a) germination rate and protocorm formation by all orchids would increase when germinated in the presence of a fungal symbiont or exogenous C (supplied as sucrose) and (b) light will significantly reduce the germination and growth of terrestrial orchid seeds but enhance the germination and growth of the epiphytic species.

[bookmark: _Toc291253434][bookmark: _Toc305758968]2.2 Material and Methods.
[bookmark: _Toc291253435][bookmark: _Toc305758969]2.2.1 Plant and fungal material
Three temperate terrestrial orchid species were selected, Goodyera repens, Orchis mascula and Dactylorhiza fuchsii. These species range in their habitat requirements from being exclusively being found in shaded forests to growing in a range of ecosystems from woods to scrub, fens and short grassland in full sun (Davies et al. 1995).  The epiphytic orchid, Encyclia phoenicea, which grows throughout tropical areas of Mexico, Cuba and other islands in the Caribbean, typically on tree branches, close to sea level.  
Seed capsules of G. repens were collected from beneath a stand of Pinus sylvestris at Tentsmuir Forest, Fife, UK, D. fuchsii capsules were collected from a grassland in the Rivelin Valley, Sheffield and O. mascula capsules were collected from a grassland at Lathkill Dale, Derbyshire, UK. Encyclia phoenicea, was supplied by Phil Seaton, Kew Gardens, London, UK. Cultures of mycorrhizal fungi for each terrestrial orchid species were obtained from intracellular hyphal pelotons isolated from surface-sterilized pieces of orchid root and transferred aseptically to Petri dishes containing non-nutrient agar (Plant agar; Duchefa, Haarlem, the Netherlands). Vegetative hyphae growing from these pelotons were sub-cultured onto Fungal Isolation Medium (supplementary table A1.1 [Page138]) to obtain pure cultures for long-term storage at a constant temperature of 18oC (Clements et al. 1986).  Prior to use in this experiment, new cultures were established on non-nutrient plant agar from these stock plates that were then used for the inoculation of the experimental microcosms.

[bookmark: _Toc291253436][bookmark: _Toc305758970]2.2.2 Testing seed viability 
Prior to the study, all seed were subjected to 2,3.5-trypheyltetrazolium chloride (Sigma-Aldrich UK, Gillingham) vital staining to investigate viability. The seeds were placed in five replicate small mesh bags and treated with 4% (w/v) calcium hypochlorite solution for 10 min to weaken the testa. The seeds were then put in sterile water for 24 h in darkness. They were then treated with 2% (w/v) tetrazolium, the pH of tetrazolium solution was adjusted to 7 and then left for 24 h in darkness. Seeds were examined under a microscope; seeds containing embryos with red staining were considered viable while unstained (white) embryos were considered non-viable (van Waes and Debergh, 1986). Seed from all four species were at least 50% viable (data not shown) and thus included in the study.

[bookmark: _Toc291253437][bookmark: _Toc305758971]2.2.3 Experimental microcosms
One hundred and twenty plates were prepared for the terrestrial species.  Due to a lack of seeds for E. phoenicea, half of the number of replicate plates with the same seed density as the other species were used. Plates were prepared using 9 cm diameter vented Petri dishes containing 50 ml of either Rorison’s nutrient agar (for terrestrial species, supplementary table A1.2 [Page138]) of Knudson’s C nutrient agar (for the epiphyte, supplementary table A1.3 [Page138]). Forty of these plates contained sucrose at a concentration of 1g L-1, the remainder were supplied with no sugar (see table 1 [Page38]). All plates contained plant agar (Duchefa) at a concentration of 12g L-1 and the pH of the media was adjusted to 5.5 prior to autoclaving for 45 mins at 121oC. 
Forty sucrose-free plates were inoculated in the centre with a 5-mm disc of the fungus from established colonies isolated from adult plants (described above). In the case of Encyclia phoenicea, fungi isolated from D. fuchsii adults was used as this yielded the best germination in preliminary trials and roots of adult orchids in the wild were not available.  The remaining 40 plates contained only plant agar with nutrients (either Knudson’s C or Rorison’s). This gave three experimental treatments each with 40 replicates replicated for each of the four study species outlined in table 1. Approximately 200 seeds were then transferred onto each dish in a UV-sterilised laminar flow (Holten model-TL 2448). Prior to transfer, seeds were sterilised with 4% (w/v) calcium hypochlorite contained two drops of Tween 80 (Sigma-Aldrich UK) solution shaken continuously for 10 minutes in a rotary shaker. Seed suspensions were filtered with Whatman N0 1 filter paper (GE Healthcare, UK) and rinsed with 100 ml of sterile distilled water. The plates were immediately sealed in Parafilm and incubated at a constant 18oC with light provided at a photon flux density, 150 μmol m-2 s-1 with 85% relative humidity. Half of the plates for each treatment were wrapped in aluminium foil to exclude light with the remainder exposed to the light (see table 2.1  [Page38]for details). Ten embryos per dish randomly selected by superimposing a grid over the dish, generating random coordinates and selecting the closest seed to that coordinate location and the lid of the dish marked. The length and breadth of each selected seed was measured after 14, 28, 42 and 56 days under the light microscope (Nikon Dissecting Microscope coupled to a Leica fibre optic light source- CLS150). The volume of each embryo was calculated using equation 1.1 (Hadley and Williamson, 1971; Dutra et al. 2008; 2009).

[image: ]
Equation 1.1
Where v = volume (mm3), l= length (mm) and b= breadth at the widest point (mm) See figure 1 for definitions.
Mean seedling volume per individual plate was then calculated and used as the primary replicate variable in subsequent analyses to overcome pseudo replication. One plate containing D. fuchsii seeds was discarded from analysis after contamination by an additional fungus.

[bookmark: _Toc291253438][bookmark: _Toc305758972]2.2.4 Fungal growth rates
Fungal isolates for all species described above were used to inoculate 9 cm diameter vented Petri dishes containing 50 ml of nutrient-free, water agar (N = 5).  Dishes were either maintained in darkness (light excluded from dishes with aluminium foil) or in the light in growth cabinets (conditions as above).  Dishes were viewed 2, 4, 6 and 8 days post inoculation and the diameter of the resulting colony recorded across two axes at right angles to one another.  The average diameter per dish was then calculated. 

[bookmark: _Toc291253439][bookmark: _Toc305758973]2.2.5 Data analysis
Differences between treatment means of seedling volume were analysed by three-way repeated measures Analysis of Variance (ANOVA) (Minitab release 17) at P < 0.05. Tukey’s multiple comparison test was subsequently applied the 56 days data across all treatment-species combinations. Autocorrelation over time was considered in the ANOVA model introducing the factor 'time' as a random factor. ANOVA was performed using Log10-transformed data as raw data failed to meet the ANOVA assumption of a centred Gaussian distribution. A histogram of residuals and a plot of fitted values to residuals as tests of normality and homogeneity of variance respectively of the transformed data are given in Appendix 1.1. Seedling volumes in all figures are presented as untransformed means. Differences between mean fungal colony diameter at 2, 4, 6 and 8 days were resolved using 3-way repeated measures ANOVA, again autocorrelation over time was considered in the ANOVA model introducing the factor 'time' as a random factor. Data for fungal colony diameter met the ANOVA assumptions of a centred Gaussian distribution and homogeneity of variance so were untransformed. 


[bookmark: _Toc291253440][bookmark: _Toc305758974]2.3 Results
In general, the germination responses of the orchids studied to fungal colonisation, sucrose and light are strongly species. Light suppressed the germination of all species studied in the absence of the fungal partner. However, the presence of fungus restored germination to differing extents in the four species studied; the greatest recovery was seen in E. phoenicea where germination in the presence of the fungus in the light was almost equal to those germinated with the fungus in the dark (Fig. 2.1 a [Page40]). Goodyera repens did not germinate in the light in the absence of the fungus, germination in the light in the presence of the fungal partner recovered to 50% of that observed in the dark with the fungus present (Fig. 2.1 b [Page40]). Some fungus-induced recovery of germination was seen in D. fuchsii while O. mascula never germinated in the light, even if the fungus was present (Fig. 2.1 c  [Page40]and d  [Page40]respectively).
The three factors, trophic status (aseptic plates, plates supplied with sucrose and plates inoculated with the fungus) as well as light and growth period significantly increased G. repens seed germination (d.f. =3, 477; F = 584.02; P<0.001). Seedlings of G. repens that were germinated with their mycorrhizal fungus experienced higher germination in the dark whereas those with sucrose only showed limited germination, even when cultured in darkness. The seeds cultured with fungus in the light gave lowest germination rate and did not develop significantly over the 56-day growth period (Fig. 2.1a [Page40]). 
Almost all of the G. repens seeds that were in contact with the mycorrhizal fungus and cultured in darkness germinated within two weeks, whereas those that were supplied with sucrose in the dark did not begin germinating until three weeks after imbibition. Testa rupture occurred at 28 days, and by day 42, rhizoids were observed. On day 56, the apical meristem had developed in mycorrhizal plants in darkness, however no greening was evident based on a visual inspection of the seedlings. Germination and early development was limited when seeds were cultured in darkness without the mycorrhizal fungus. Growth of seedlings of this species was strongly inhibited by light in the absence of the fungal partner (Fig. 2.1a [Page40]). 
	Both light and C supply significantly affected the rate of germination of D. fuchsii (df = 3; 475 F = 124.80; P<0.001).  With sucrose, D. fuchsii germination was stimulated after two weeks in the dark (Fig. 2.1b [Page40]), but the greatest growth was achieved by mycorrhizal plants by 56 days. Poorest growth occurred in the light in the absence of the fungus or sucrose (Fig. 2.1b [Page40]). D. fuchsii seeds were able to germinate under both light and dark conditions although their growth in the light was very slow.  In contrast to G. repens, the fungus did not substantially enhance orchid germination in the light although growth of these plants was significantly greater then those grown without the fungus (Fig. 2.2 [Page41]). c
a
b
b

There was no germination or growth of O. mascula in the light in any treatment (Fig. 2.1c [Page40]). In the dark, this species showed low rates of germination and growth across all treatments.  O. mascula achieved its best growth in the dark with a fungal partner. Sucrose was unable to fully replace the benefits of symbiotic germination (d.f. = 3; 477 F = 44.06; P<0.001) (Fig. 2.1c [Page40]).   b
c
a

Light and fungus/C treatments had highly significant interaction effects germination of E. phoenicea germination (ANOVA: df = 3; 237 F =76.45; P<0.001) (Table 2.2 [Page39]). With fungus, seeds started to increase in size after 14 days and the testa ruptured by 28 days, irrespective of darkness or light treatment, although light exposure slightly reduced the rate of seedling development.  In contrast, under asymbiotic conditions germination and seedling development was strongly inhibited by light, even in the presence of sucrose (Fig. 2.1d [Page40]). Seedling development was extremely limited when seeds were cultured in the light without a fungal or sugar source of C.
Exposure to light lead significantly reduced the radial growth rates of the fungal symbionts of G. repens and D. fuchsii over 8 days (Fig. 2.2 [Page41], Table 2.2 [Page39]).  These fast growing fungi grew across the full area of the agar plates within 8 days, whereas the fungal symbiont from O. mascula grew much slower (Fig. 2.2 [Page41], Table 2.2 [Page39]).  

[bookmark: _Toc291253441][bookmark: _Toc305758975]2.4 Discussion  
I examined the impact of different light and C sources on the of germination and early seedling development over a time course in three terrestrial orchid species Goodyera repens, Dactylorhiza fuchsii and Orchis mascula and one species of epiphytic orchid, Encyclia phoenicea. Based on these differential life histories, I hypothesised that terrestrial orchid germination would be greatest in the dark in the presence of fungi and lowest under irradiated conditions in the absence of mycorrhizal partners, as this situation is furthest from their natural growth conditions.  To exclude the possibility that a lack of exogenous C availability would prevent germination in the absence of mycorrhizal fungi, I provided orchid seeds with sucrose under these conditions.  Unsurprisingly, we found that the germination of G. repens (terrestrial orchid) seeds occurred in the presence of fungus when seeds were cultured in darkness, with the fungus also stimulating subsequent growth of G. repens seedlings. However, asymbiotic seed germination, even in the presence of exogenous carbohydrates was reduced, suggesting limited access of the plant to simple carbohydrates in the culture medium (Majerowicz and Kerbauy, 2002; Stewart and Kane 2010). Goodyera repens seeds did not germinate under irradiated conditions in the absence of the fungus.  Even in association with its fungal symbiont, germination in the light was not only reduced in absolute terms, but delayed in initiation with symbiotic seeds cultured in darkness germinating within the first 14 days post-imbibition while symbiotic seeds cultured exposed to light did not germinate until 42 days post-imbibition. A similar pattern was observed for the terrestrial D. fuchsii, although seeds of this species were able to germinate under all conditions, the greatest germination and subsequent growth was achieved symbiotically in darkness with light and the absence of the fungal symbiont acting to dramatically reduce germination and growth. Again, O. mascula did not germinate in the light although the presence of its fungal symbiont enhanced germination and growth over those individuals supplied only with exogenous carbohydrate but did not mitigated suppression of germination by light.  
In direct contrast, the epiphytic orchid, E. phoenicea, germinated readily in the dark, both with and without the fungal symbiont, although unsurprisingly, germination was enhanced in this asymbiotic state by the provision of sugar in the culture medium. While, in the light, germination was reduced to a quarter of the levels achieved in the dark when grown symbiotically, when grown with its fungal partner in the light, germination and subsequent growth was restored to levels comparable with those individuals grown in the dark (Johnson et al. 2007; 2011). 
In nature, most orchids are critically reliant upon fungi for germination, establishment and early growth as they are lacking in sufficient seed reserves. However, the symbiotic status of terrestrial orchid mycorrhizal associations can be temporally dynamic within a single generation; for example, Cameron et al. (2006; 2007; 2008) showed that the green terrestrial orchid, G. repens, is supported by heterotrophic (parasitic) C and nutrient acquisition from its mycorrhizal partner at the protocorm stage, before switching to a mutualistic association underpinned by reciprocal exchange of plant C for fungal nutrients (both N and P). This relationship, while a key feature of soil-dwelling terrestrial orchid species that produce achlorophylous seedlings (termed protocorms), is poorly understood in epiphytic species with photosynthetic protocorms (Leake and Cameron 2010). In spite of the paucity of data, it seems logical that in the epiphytic habitat, mycorrhizas may be less important for germination and development of orchids as they are exposed to light in the canopy at an early stage and produce green, and presumably photosynthetic, protocorms. In contrast to this view, recent evidence showing intensive fungal colonisation in epiphytic species growing in the aerial environment (Martos et al. 2012) has led to the suggestion that the mycorrhizal symbiosis may be more important in the epiphytic environment than has been previously acknowledged (Leake and Cameron 2012). A hypothesis supported by our results.
In order to understand the dynamics of this complex relationship, a number of studies have focused on in vitro asymbiotic and symbiotic germination of orchids (Dutra et al. 2009; 2008; Arditti 1979; Downie 1941) but they ignore the important interaction between light and C supply in the regulation of orchid seed germination; whether germination is influenced by diurnal cycles of irradiance in epiphytic, or indeed terrestrial species is poorly understood in relation to mycorrhizal colonisation. Given the vital role of fungi in orchid establishment and the potential for environmental modulation of orchid germination, there is an urgent need to ascertain whether the relationship between the fungal symbiont and the plant is essential for germination and growth in the earliest stages of epiphytic orchid development. Indeed, orchid conservation efforts are dependent on such data for ex-situ conservation and reintroduction projects (Ramsay and Stewart 1998). 
The underpinning mechanisms for this sensitivity of orchids to light remain unclear (Andrews, 1997; Baskin and Baskin 1998). Inhibition via light signalling, possibly mediated by phytochromes or other photoreceptors known to play a role in the regulation of seed germination (Stewart and Kane 2010) could represent candidate mechanism as they are able to regulate plant responses to red and far-red light, and are moderated during seedling emergence (Bae and Choi, 2008; Sharrock, 2008).  This is further supported by the observation that the phytochrome spectrophotometric signal rapidly increases through seed imbibition as a result of rehydration of inactive phytochrome (Kendnck and Spruit, 1977). In the case of the terrestrial orchids G. repens and D. fuchsii, the presence of the fungus partially mitigated the negative effects of light with germination and early growth greater in mycorrhizal individuals exposed to light compared to either the sucrose or no carbohydrate treatments exposed to light.  In both cases however, germination and early growth was not restored to the levels attained when plants were cultured in darkness. Orchis mascula plants however, did not germinate under irradiated conditions. These observations are likely underpinned by a range of factors, including direct modulation of plant metabolism through bilateral signalling between symbiotic partners, potentially influencing phytochrome sensitivity, or by the enhanced nutrition of symbiotic individuals compared with asymbiotic co-specifics grown in the light facilitating enhanced photosynthetic activity via increased synthesis of photochemical pigments and proteins such as Rubisco (Fukai et al. 1997). The latter explanation is particularly applicable to the epiphytic E. phoenicea, which forms green protocorms and so presumably initiates photosynthesis at a much earlier growth stage.
An allied hypothesis to explain reduced orchid germination under irradiated conditions lies with the basal physiology of the fungal symbiont. We hypothesised that growth of the heterotrophic fungal isolates would be reduced when exposed to light and concurrent with our hypothesis, fungal growth was reduced when cultured under diurnal irradiation in all cases, most dramatically in fungi isolated from O. mascula. This reduced fungal growth rate, and presumably impaired physiology, is one of the likely drivers of reduced germination of orchid seeds and growth of symbiotic seedlings in the light. Furthermore, this provides an additional insight into the extreme suppression of O. mascula germination and early growth when exposed to light.  Given that the fungi we have studied varied in the magnitude of their responses to light exposure, the role of multiple fungal species simultaneously co-infecting both terrestrial and epiphytic species (Leake and Cameron 2012) potentially buffering orchid responses to a dynamic light environment certainly warrants further investigation.
In conclusion, it is clear that the terrestrial orchid seeds need to establish a relationship with an appropriate fungal symbiont(s) to facilitate germination and support the earliest stages of growth in order to obtain the necessary C to reach maturity, at which point they become autotrophic. It is then surprising that the germination responses of the terrestrial orchids to light differed so significantly between the three terrestrial species studied. My data provide no direct explanation for this variability.  However the ecology of the species may provide some further insight (see chapter 1, section 1.4.1). Orchis mascula, inhabits mesotrophic grasslands and is one of the earliest emerging species. In this habitat, seeds may be exposed to light prior to burial thus light inhibition of germination is a logical ecological strategy to ensure seedling survival. In contrast, D. fuchsii and G. repens are more commonly found in closed habitats; late-stage grasslands and evergreen forest understories respectively, and so their seeds, once on the soil surface, will be exposed to very low light levels negating the need for germination suppression by light. Encyclia phoenicea however, is an epiphyte and is likely to be constantly exposed to light, indeed this species forms green and presumably photosynthetic protocorms prior to initiation of the shoot meristem. Here the role of light inhibition of germination and its reversal by mycorrhization is less clear. However, if the mycorrhizal fungus is capable of delivering substantial N and P to the developing orchid, mycorrhizal alleviation of nutrient limitation and the subsequent facilitation of the synthesis of photosynthetic pigments may provide a possible explanation. In any case, the ecological implications of my work warrant further study.
[bookmark: _Toc291253442]

[bookmark: _Toc305758976]2.5 Tables

	[bookmark: _Toc291253443][bookmark: _Toc305758977]Table 2.1. Light, sugar and fungus treatments imposed on all species of orchid seed in in vitro culture on agar plates containing appropriate nutrients (species specific: all terrestrial species were grown on Rorison’s nutrient agar and the epiphyte on modified Knudsen’s C).

	Day length (h)
	Light
(mmol m-2 s-1)
	Sugar 
(g L-1)
	Fungus
	Replicate plates

	0
	None
	None
	None
	20

	0
	None
	None
	Present
	20

	0
	None
	1
	None
	20

	16
	150
	None
	None
	20

	16
	150
	None
	Present
	20

	16
	150
	1
	None
	20







	[bookmark: _Toc291253445][bookmark: _Toc305758978]Table 2.2. Three-way ANOVA table comparing the growth of orchid mycorrhizal fungi in in vitro culture (without the associated orchid seedling) over 8 days in the light and dark.

	Source
	d.f
	F
	P

	Fungal Species
	2
	3051
	<0.001

	Light
	1
	 675.3
	<0.001

	Time
	3
	1502
	<0.001

	Species*Light
	2
	 144.8
	<0.001

	Species*Time
	6
	 363.0
	<0.001

	Light*Time
	3
	 106.4
	<0.001

	Species*Light*Time
	6
	   26.26
	<0.001

	Total
	119
	
	





[bookmark: _Toc291253446][bookmark: _Toc305758979]2.6 Figures

[image: Macintosh HD:Users:duncancameron:Documents:Publications - Orchids & MHP:Sameera paper 1:Fig 3.jpg]

[bookmark: _Toc291253447][bookmark: _Toc305758980]Figure 2.1 Effect of light and carbon supply on the asymbiotic and symbiotic Goodyera repens (a), Dactylorhiza fuchsii (b), Orchis mascula (c) and Encyclia phoenicea (d) seedling volume. Error bars represent one standard error of treatment means. Within each graph, differences between mean volumes at 56 days were resolved using 2-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 2).
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[bookmark: _Toc291253448][bookmark: _Toc305758981]Figure 2.2 Effect of light on the growth of the fungal symbiont without the orchid protocorm over an 8 day period. Error bars represent one standard error of treatment means. Differences between mean colony diameter at 2, 4, 6 and 8 days were resolved using 3-way ANOVA (Table 3).


[bookmark: _Toc305758982]Chapter 3: Allocation of carbon and nitrogen to juvenile orchids from three species (two terrestrial and one epiphytic species) in the light and dark

[bookmark: _Toc305758983]3.1 Introduction 
Orchid seeds consist only of undifferentiated tissues with no endosperm or cotyledon. An individual orchid plant produces millions of these tiny seeds with limited reserves of necessary nutrients and carbon (C). This leaves the orchid dependent on mycorrhizal fungi for the provision of C and mineral nutrients sources necessary for germination and growth to the protocorm (seedling) life stage  (Rasmussen, 1995; Dixon et al. 2003; Arditti and Ghani, 2000). Once the orchid has accrued sufficient resources from the fungus, it will produce green shoots and may develop a mutualistic symbiosis with its fungal symbiont, returning C invest in the earliest life stages (Cameron et al. 2006; 2008).  In addition to these initially mycoheterotrophic plants, fully mycoheterotrophic orchid species depend on their mycorrhizal partner for their C supply throughout their lives (Leake, 1994; Smith and Read, 1997; Merckx and Freudenstein, 2010). 
In Chapter two I investigated orchid responses to light and their requirements for exogenous C heterotrophically or via mycorrhizal fungi for three terrestrial orchid species and one tropical epiphyte in vitro during germination and establishment. Chapter two revealed that the terrestrial species are generally more dependent on their mycorrhizal fungi for early growth than the epiphyte; moreover exogenous sucrose was not an equivalent replacement for the mycorrhizal partner in terms of orchid growth and development. The presence of both mycorrhizal and exogenous sucrose in the dark increased the growth of epiphytic species. Exposure to light inhibited growth, whereas mycorrhiza encouraged growth, even in the light for Encyclia phoenicea. However, for Orchis mascula, growth rates achieved in the dark were never reached in the light, even in the presence of the mycorrhizal fungus.
A number of studies have estimated that 10% of all plant species are mycoheterotrophic at some point in their life depending on fungi for C at a range of stages throughout their life cycle (Leake and Cameron, 2010). Despite the prevalence of this trophic strategy, many questions remain regarding the fundamental biology of the symbiosis; for example, the metabolic basis of mycoheterotrophy is still unknown, and little is known of dependence on fungal partners to obtain nutrients in the adult stage. Some insights however, have been gained through the measurement natural abundance isotopic enrichments revealing that mycoheterotrophic plants, such as orchids, have high enrichment of tissues in 13C and 15N and also elevated tissue concentrations of tissue nitrogen (N) suggesting that C and N are co-transported from fungus-to-plant (Arditti, 1992; Leake, 1994; 2004; Cameron et al. 2006,2008; Gebauer and Meyer, 2003; Cameron and Bolin, 2010). However, the effects of light and thus the onset of photosynthesis on mycorrhizal transport of C and N to the host plant are unknown. Understanding the mechanistic basis for the differences in orchid seedling growth induced by irradiance in terrestrial and epiphytic species (demonstrated in Chapter 2) was the focus of chapter 3. Here, I investigated the prediction that the transport of C and nutrients from-fungus-to-plant was influenced by irradiance using agar-based microcosms coupled to 15N and 13C isotope tracers to resolve the dynamics of C and N transport from fungus-to-plant.

[bookmark: _Toc305758984]3.2 Hypotheses
The fungal mycelia of the orchid can acquire considerable amounts of C and N from an amino acid and N ammonium nitrate and the fungus facilitates transport of these elements to the plant. 13C and 15N enrichment of plant tissue cultures can be enhanced by small amounts of organic nutrients. The measurements of the assimilation and transport of amino acids as organic sources of C and N or ammonium nitrate as inorganic sources of N with or without sources of C by fungal mycelia and accumulation in orchid plant tissues will indicate a preference for organic compounds as sources of C and N over ammonium nitrate. Mycorrhizal fungi will differ in uptake and transfer of C to terrestrial and epiphytic orchids with light having a significant effect on C accumulation from the fungus in both groups.

[bookmark: _Toc305758985]3.3 Materials and methods
Two terrestrial orchid species were selected, Goodyera repens and Dactylorhiza fuchsii and one epiphytic orchid, Encyclia phoenicea. After two months of germination, the terrestrial orchid as described in chapter two, one hundred and twenty seeds with their mycorrhizal fungi were selected for transfer to new petri dishes five seeds for each petri dishes in a UV-sterilised laminar flow (Holten model-TL 2448) on the media which contained plant agar (Duchefa) at a concentration of 12g L-1 and quarter strength Rorison's nutrient solutions and the same number of epiphytic orchid seeds were grown on media which contained plant agar (Duchefa) at a concentration of 12g L-1 with added Knudson’s C nutrient agar.  The pH of the media was adjusted to 5.5 prior to autoclaving for 45 minutes at 121oC. Protocorms were left to grow for four months with their fungal partners, in the dark or in the light. Sixty plates were prepared for each of the three species in 9cm diameter three compartment Petri dishes (Figure 3.1 [Page70] and see supplementary Figure A2.1 [Page143] in the appendix). The first compartment contained 12g L-1 plant agar incorporating a quarter-strength Rorison's nutrient solutions with C and N sources supplied as double stable isotopes labelled 13C and 15N amino acid mixture (99 atom % enriched in 13C and 15N, see supplementary table A2.1 [Page] for the chemical composition of the mixture), which acted as organic source or stable isotope labelled N 15N ammonium nitrate (99 atom % enriched in 15N), integrated with labelled 13C glucose (99 atom % enriched in 13C), at a concentration of 1g L-1 or without glucose were provided for estimating 13C and 15N enrichment in vitro. All labelled microcosms contained the same amount of N and 15N (and of C and 13C where added), irrespective of the chemical form in which the isotopes were supplied (see table 3.1 for the amounts of C and N added). In the other thirty petri dishes C and N were supplied as unlabelled 12C and 14N amino acids mixture or 14N ammonium nitrate with added 12C glucose or no glucose. The solutions of ammonium nitrate were sterilized in the agar in an autoclave, while the amino acids mixture was filtered sterilized using a 0.2 µm pore membrane (Nalgene, syringe filter, modified acrylic housing) and were then added to autoclaved agar. The pH of the media was adjusted to 5.5 prior to autoclaving for 45 minutes at 121oC.
All seedlings were approximately the same size to provide uniform material for the study. The seedlings were grown in the compartment containing only plant agar (Duchefa) at a concentration of 12g L-1 with access to C and N compounds in the second compartment. The third compartment contained plant agar which was cut off two sides to provide a hydrophobic barrier to prevent passive diffusion of nutrients from the second compartment that contained C and N sources into the part of dish containing the plant or prevent access the hyphae of fungi to the nutrients compartment as a basis for comparison (Table 3.1). 
The plates were immediately wrapped in Parafilm to avoid contamination. Thirty petri dishes were covered by aluminium foil and incubated in the dark in polyethylene bags and then protected in a controlled growth chamber at 18 oC for two months during which time an extensive hyphal network extended to colonize the Petri dish. The remainder were exposed to the light in a controlled chamber provided at a photon flux density, 150 μmol m-2 s-1 with 85% relative humidity until harvesting after two months. There were five replicate plates for each treatment. G. repens was cut at the root-shoot junction. For D. fuchsii and E. phoenicea the whole plant was measured. After measuring the fresh weight of each individually plant, the samples were put in 1.5ml eppendorf tubes, which were immediately placed in a freezer for two days. The lid of each tube was later quickly opened, covered with parafilm, and holes punctured in this before lyophilisation for approximately five days. The dry weight of all samples were measured and the samples placed into tin cups. The element isotope ratios were analysed in orchid plant tissues by isotope ratio mass spectrometry (IRMS).  Three technical replicates for each biological replicates and every 50 samples and poplar leaf standard of know 13C and 15N content was analysed as a control for machine drift. All values were subsequently corrected for any drift detected. Enrichment was recorded as atom % to 4 decimal places.

	Differences between mean biomass and isotope enrichment as a function of Connection to the label, labeled substrate type or irradiance (Light or Dark) were resolved using 3-way ANOVA. Data met the ANOVA assumptions of a centred Gaussian distribution and homogeneity of variance so were untransformed.

[bookmark: _Toc305758986]3.4 Results
[bookmark: _Toc305758987]3.4.1 Biomass of juvenile orchid shoots
The biomass of shoots of G. repens plants disconnected from the isotopically labelled C and N sources was significantly lower than those with their connections intact when grown in the light however there was no significant difference between G. repens shoot biomass of connected and disconnected from the isotopically labelled C and N sources when grown in the dark (Figure 3.2 [Page 71], Table 3.2 [Page 63]). The type of N source (ammonium or amino acids) and supply of carbohydrate (glucose) did not significantly affect shoot biomass of G. repens when grown either in the light or dark. 
The biomass of shoots of D. fuchsii plants connected with the isotopically labelled C and N sources via their fungal partners was significantly different from those disconnected from the labelled sources (Figure 3.3 [Page 72], Table 3.2 [Page 63]). When connected to the labelled N and C sources, D. fuchsii plants grown in the light achieved a significantly higher biomass than those grown in the dark while there was no significant difference in the biomass of D. fuchsii shoots in the light compared to the dark when disconnected from the labelled C and N sources (Figure 3.3 [Page 72], Table 3.2 [Page 63]). The C and N sources (ammonium, amino acids and carbohydrate) did not significantly affect D. fuchsii shoot biomass apart from the amino acid treatment grown in the dark where shoot biomass was significantly greater than plants grown with ammonium or ammonium and glucose (Figure 3.3 [Page 72], Table 3.2 [Page 63]). 
The biomass of E. phoenicea shoots grown with different sources of 15N and 13C labelled inorganic and organic compounds was significantly affected by the light environment with the ammonium, ammonium + sugar and the amino acid treated plants being 226%, 141% and 253% bigger respectively in the light when compared with the dark (Figure 3.4 [Page 73], Table 3.2 [Page 63]). This result was different from two terrestrial species. There were significant differences between biomass in the shoots of E phoenicea grown with amino acids in the light and with highest biomass, it was significantly high than in the dark, (Figure 3.4 [Page 73], Table 3.2 [Page 63]). There was no significant difference in biomass in E. phoenicea shoots in the dark. Generally the biomass of E. phoenicea shoots was higher in the light than in the dark with shoots plants supplied with access to ammonium nitrate compounds, (Figure 3.4 [Page 73], Table 3.2 [Page 63]).

[bookmark: _Toc305758988]3.4.2 Mass and tissue 15N and 13C concentration and content of juvenile orchid shoots
Unsurprisingly, juvenile G. repens shoots did not assimilate significant amounts (in terms of either mass or tissue concentration) of 13C when disconnected from the labelled source and little 13C enrichment was seen plants supplied only with 15N-labelled ammonium either in the light or the dark (Figure 3.5 [Page 74], Table 3.3 [Page 64]). The total 13C delivered to the shoots with fungal partners accessing amino acids was 33.17ug, greater than ammonium nitrate plus glucose treatment which only transferred 26.88 ug in the light, although this difference was not significant (Figure 3.5 [Page 74], Table 3.3 [Page 64]). There was a significantly greater mass of 13C detected in G. repens shoots of plants supplied with 13C-labelled amino acids in the light compared with those grown in darkness. However, this was not recorded for plants supplied with 13C-labelled glucose and ammonium nitrate (Figure 3.5 [Page 74], Table 3.3 [Page 64]).
The concentration of the isotopes in shoot tissues revealed a different relationship, with no significant difference in the %13C content of shoots irrespective of whether plants were grown in the light or dark or supplied with ammonium nitrate and 13C-labelled glucose or amino acids (Figure 3.6 [Page 75], Table 3.4 [Page 65]).
The juvenile D. fuchsii shoots did not assimilate significant amounts of 13C when disconnected from the labelled source. The total 13C delivered to the shoots with fungal partners accessing amino acids was 16.66 ug in the light, significantly greater than in the dark which only transferred 15.26 ug (Figure 3.10 [Page 79], Table 3.3 [Page 64]). There was a significantly greater mass of 13C detected in D. fuchsii shoots of plants supplied with 13C-labelled amino acids compared with those supplied with ammonium nitrate plus sugar 12.76 ug grown in light (Figure 3.10 [Page 76], Table 3.3 [Page 64]).
The concentration of the isotopes in shoot tissues of D. fuchsii had significant difference in the %13C content of shoots (Figure 3.8 [Page 77], Table 3.4 [Page 65]). Generally the total 13C content of D. fuchsii shoots was higher in the dark than in the light with amino acids. Moreover, D. fuchsii plants supplied with glucose assimilate significantly more 13C from the labelled ammonium nitrate than plants without glucose.
The total of shoots of E. phoenicea plants connected to the isotopically labelled C and N sources was significantly higher in 13C enrichment than those with disconnection  (Figure 3.9[Page 78], Table 3.3 [Page 64]). In addition, plants grown in the light achieved significantly higher mass than those grown in the dark with amino acids and ammonium nitrate plus sugar organic and inorganic compounds (Figure 3.9[Page 78], Table 3.3 [Page 64]). The same result with E. phoenicea shoots did not assimilate significant amounts (in terms of either mass or tissue concentration) of 13C when disconnected from the labelled source. The total 13C founded in the shoots with fungal partners accessing ammonium nitrate plus glucose was 26.21ug, significantly greater than amino acids treatment, which only transferred 20.32 ug in the light (Figure 3.9[Page 78], Table 3.3 [Page 64]).
The concentration of the isotopes in E. phoenicea shoot tissues had a significant difference in the %13C content of shoots (Figure 3.10 [Page 79], Table 3.4 [Page 65]). The concentration 13C content of E. phoenicea shoots was lower in the light than in the dark with shoots plants supplied with access to C compounds (Figure 3.10 [Page 79], Table 3.4 [Page 65]). The concentration 13C content of E. phoenicea shoots was highest with amino acids in the dark. Moreover, E. phoenicea plants supplied with glucose assimilate significantly more 13C from the labelled ammonium nitrate than plants without glucose (Figure 3.10 [Page 79], Table 3.4 [Page 65]).
The total 15N found in the shoots of G. repens was not significantly affected by the N sources (Figure 3.11 [Page 80], Table 3.5 [Page 66]), and there was no significant interaction between N source and  light on total 15N in the shoots (Figure 3.11 [Page 80], Table 3.5 [Page 66]).  Generally the total 15N content of G. repens shoots was higher in the light than in the dark with plants supplied with a N compounds, but only significantly so in plants supplied with 15N-labelled amino acids (Figure 3.14 [Page 83],  Table 3.5 [Page 66]). Moreover, G. repens plants supplied with glucose did not assimilate significantly more 15N from the labelled ammonium nitrate than plants without glucose  (Figure 3.11 [Page 80], Table 3.5 [Page 66]).
Again, this trend was not mirrored in the concentration of 15N in shoots of G. repens. Plants grown in the light assimilated significantly more of the 15N from the ammonium nitrate and amino acids compared with G. repens plants grown in the dark but there was no significant increase in 15N assimilation in plants supplied with glucose and ammonium nitrate (Figure 3.12 [Page 81], Table 3.6 [Page 67]).
The mass of 15N in shoots of D. fuchsii grown in the light assimilated significantly more of the 15N from the ammonium nitrate and ammonium nitrate plus sugar compared with D. fuchsii plants grown in the dark (Figure 3.13 [Page 82],  Table 3.5 [Page 66]) but there was no significant increase in 15N assimilation in plants supplied with glucose and ammonium nitrate in the light (Figure 3.13 [Page 82],  Table 3.5 [Page 66]). The amount15N transferred to the shoots with fungal partners accessing ammonium was 2.90ug, significantly greater than with glucose transferred 2.87ug in the light (Figure 3.13 [Page 82],  Table 3.5 [Page 66]).
D. fuchsii shoots did not assimilate significant amounts of 15N when connected from the labelled source of N (Figure 3.14 [Page 83],  Table 3.6 [Page 67]) There was a significantly greater concentration of 15N detected in D. fuchsii shoots of plants supplied with ammonium nitrate plus sugar in the light compared with those grown in darkness. Moreover, D. fuchsii plants supplied with glucose did not assimilate significantly more 15N from the labelled ammonium nitrate than plants without glucose in the light (Figure 3.14 [Page 83],  Table 3.6 [Page 67])
The mass of E. phoenicea grown with different sources of 15N-labelled inorganic and organic compounds was  significantly affected by  the light environment (either grown in the light or in total darkness) (Figure 3.15 [Page 84],  Table 3.5 [Page 66]). There were significant difference in15N enrichments in the shoots of E. phoenicea grown with amino acids in the light and with highest mass, it was significantly high than ammonium nitrate plus sugar. There were no significant difference in 15N enrichments in the shoots of E. phoenicea when disconnected to access to N compounds(either in the dark or in the light) (Figure 3.15 [Page 84],  Table 3.5 [Page 66]).
The concentration 15N found in the shoots of E. phoenicea was significantly affected by the N sources (Figure 3.16 [Page 85], Table 3.6 [Page 67]), and there was significant interaction between N source and light on concentration 15N in the shoots (Figure 3.16 [Page 85], Table 3.6 [Page 67]). The concentration15N content of E. phoenicea shoots was higher in the dark than in the light with shoots plants supplied with access to N compounds (Figure 3.16 [Page 85], Table 3.6 [Page 67]). Moreover, E. phoenicea plants supplied with glucose assimilate significantly more 15N from the labelled ammonium nitrate than plants without glucose (Figure 3.16 [Page 85], Table 3.6 [Page 67]).

[bookmark: _Toc305758989]3.4.3  Biomass and 15N and 13C content of juvenile orchid roots
The biomass of G. repens roots grown with different sources of 15N and 13C labelled inorganic and organic compounds was not significantly affected by the light environment (either grown in the light or in total darkness) (Figure 3.17 [Page 86], Table 3.7 [Page 68]),There were significant difference between the 13C and 15N enrichments in the roots of G. repens grown with amino acids in the light and with highest biomass, it was significantly high than ammonium nitrate plus sugar. There were not significantly different in 15N and 13C enrichments in the roots of G. repens in the dark. 

[bookmark: _Toc305758990]3.4.4  Mass and tissue concentration and 15N and 13C content of juvenile orchid roots
The mass of 13C in the G. repens root with different labelled sources of 13C was (Figure 3.18 [Page 87], Table 3.7 [Page 68]).  There were no significant difference between 13C enrichment in the G. repens grown connection with 13C in the dark and also with ammonium nitrate in the light. Although there was significant difference between 13C enrichment with ammonium nitrate plus glucose in the light and amino acids in the light too. 
Both light and nutrient supply not significantly affected the concentration of 13C (Figure 3.19 [Page 88], Table 3.7 [Page 68]).  Roots of G. repens that were connected by their mycorrhizal fungi with ammonium nitrate plus sugar experienced higher 13C concentration in the light whereas those with ammonium nitrate only showed lower 13C concentration in the dark and in the light with no significant difference in G. repens that were severed with nutrients , even when cultured in darkness. The Seedlings of G. repens cultured with amino acids had not significant effect with amino acids in the dark and in the light. 
There were not significantly increased in G. repens roots mass of 15N (Figure 3.20 [Page 89], Table 3.8 [Page 69]). All of the G. repens roots that were in contact with the cultured in the light had no significant difference, and also there were no significant difference in 15N mass in the darkness, whereas those that were supplied with nutrient compounds in the light were significantly difference on the G. repens roots in the darkness.
The concentration of 15N of G. repens roots was significantly affected by N sources (Figure 3.21 [Page 90], Table 3.8 [Page 69]),  protocorms supplied with ammonium nitrate plus sugar in the dark had the highest enrichment of 15N followed by ammonium in the light. Lowest concentration of 15N occurred in the dark with ammonium only. 

[bookmark: _Toc305758991]3.4.5  Relationship between 15N and 13C content of juvenile orchid shoots and roots
	A regression analysis was undertaken to discover the relationship between the two isotopes, 13C and 15N in seedlings labeled with 13C and 15N sources. The regression analysis showed a highly significant linear relationship between 13C and 15N uptake (R2 = 0.907, P<001) (Figure 3.22 [Page 91]) in G. repens seedlings. Moreover regression analysis confirmed a significant liner regression relationship with D. fuchsii (R2 = 0.840, P<001) (Figure 3.23 [Page 92])  also E. phoenicea presented a highly significant linear relationship between 13C and 15N carbon and nitrogen sources (R2 = 0.846 , P<001) (Figure 3.24 [Page 93]).  A strong linear relationship between 13C and 15N was seen in G. repens seedlings (R2 = 0.907  , P<001) (Figure 3.25 [Page 94]).
      In order to understand the relationship between the total carbon and nitrogen sources of G. repens, the behavior of its shoots and roots in the light and dark was investigated. Figure 3.22, 3.23 and 3.24 show the regression analysis of G. repens in the dark, light and both, respectively. A more significant relationship exists between the carbon and nitrogen compounds in the light (R2 = 0.9021) than in the dark (R2 = 0.8442). The higher intake of N and C compounds in the light suggest that G. repens shoots and roots expand broader and respond to light more than in the dark. In combination, a more significant relationship (R2 = 0.9078%) exists than the plant in the light only (R2 = 0.9021).
	As opposed to G. repens, E. phoenicea shoots react differently to the uptake of C and N compounds in the light and dark and in both. In the dark, a highly significant relationship (R2 = 0.938) exists between the uptake of carbon and nitrogen in the shoots of E. phoenicea as against the uptake in the light (R2 = 0.8856) (Figure. 3.25 [Page 94] and 3.26 [Page 95]). When analysed together, as in (Figure. 3.27 [Page 96]), the significance of the relationship between the C and N uptake is lowest (R2 = 0.8402) as compared to its behavior in the light or dark separately. This also contrasts the behavior observed in G. repens, which is higher (R2 =0.9078%) than when observed in light (R2 =0.9021) or dark (R2 =0.8442) separately.
	Figure. 3.28, 3.29 and 3.30 [Pages 97, 98 and 99] show the regression analysis between the total uptake of carbon and nitrogen D. fuchsii, in the dark, light and in both.  In the dark, the relationship is more significant (R2 =0.938) than in the light (R2 =0.7651). The relationship of C and N compounds in the shoots in light is considerably less and the least recorded in all three species. When compared in both, the significance (R2 =0.8462) is higher than when in the dark but lower than in the light. Higher values of the relationship were recorded in the light and lower values of the relationship were obtained in the dark.
	The relationship between the carbon and nitrogen compounds in D. fuchsii, when compared with G. repens and E. phoenicea, in the dark is the same with the latter (R2 =0.938) and higher than the former (R2 =0.8442). As earlier stated, D. fuchsia recorded the least significant relationship between the C and N compounds in the light with (R2 = 0.7651%), G. repens (R2 =0.9021) and in E. phoenicea  (R2 =0.8856).
	The regression analysis when all species are analyzed in the light and dark together shows that a higher significant relationship exist in G. repens (R2 = 0.9078), followed by in D. fuchsia  (R2 =0.8642) and the least, E. phoenicea  (R2 =0.8402).

[bookmark: _Toc305758992]3.4.6  Relationship between root and shoot 15N and 13C content of G. repens
	Comparing the uptake of 15N and 13C into roots can only be done in G. repens as the other orchid species did not produce any easily discernable of root tissue over the course of the experiment. In G. repens there was no significant relationship between the 15N enrichment of roots and shoots (R2 = 0.0006, P=0.969) (supplementary figure A2.2a [Page 142]), there was however a significant linear relationship between significant relationship between the 13C enrichment of roots and shoots (R2 = 0.95, P=0.006) (supplementary figure A2.2b [Page 142]).

[bookmark: _Toc305758993]3.4.7  Relationship between shoot 15N and 13C content and biomass
	Figure 3.31 [Page 100] reveals that there was a significant positive linear relationship between biomass and 13C content of both D. fuchsii (Dark - R2 = 0.83, P=0.031; Light - R2 = 0.95, P=0.004) and E. phoenicea (Dark - R2 = 0.94, P=0.007; Light - R2 = 0.88, P=0.019) in both the light and dark. In contrast there was no significant relationship between biomass and 13C content in G. repens either in the light or dark (Dark - R2 = 0.70, P=0.077; Light - R2 = 0.003, P=0.931).
	Figure 3.32 [Page 101] also reveals that there was a significant positive linear relationship between biomass and 15N content of D. fuchsii in both the dark and light (Dark - R2 = 0.92, P=0.009; Light - R2 = 0.85, P=0.026).  There was also a significant positive linear relationship between biomass and 15N content of G. repens in the dark (R2 = 0.90, P=0.015) but not in the light (R2 = 0.17, P=0.492).  In contrast, there was a weaker but non-significant relationship between biomass and 15N content of E. phoenicea in the dark (R2 = 0.89, P=0.094) or in the light (R2 = 0.59, P=0.128).  


[bookmark: _Toc305758994]3.5 Discussion 
In this chapter, I investigated the effects of light, C and nutrients on the growth and nutrition of orchids seedlings. In all orchid species, biomass was increased upon exposure to light but only after germination had been initiated beforehand.  In general, after germination and when connected to the resource patch, light increases the biomass accumulation of all orchid species studied. Light significantly enhanced the mass of 13C taken up by all species but this is not a function of refixation of respired 13CO2 for the fungal compartment as light did not influence 13C content in plants disconnected from the labelled patch. The concentration of 13C in plant tissues was not influenced by light however. In contrast, the effects of light on 15N uptake were species specific. In contrast, there was no repeatable trend in the effects of light on the tissue concentrations of either of the isotopes, in most cases there was in fact little effect. 

Unsurprisingly, the greatest increase in biomass upon exposure to light was achieved by the epiphytic E. phoenicea as protocorms of this species become green prior to shoot emergence, in direct contrast with the terrestrial species G. repens and D. fuchsii, which only become photosynthetic upon the production of shoots (Stewart and Kane 2010; Martos et al. 2012). However, disconnection of the fungus from the nutrient and/or carbohydrate resources led to significant reductions in growth of all species relative to plants connected to the supplies resources, clearly indicating the strong reliance of the young orchid plants on their mycorrhizal fungi for growth.  In light of this, the question remains as to the nature of the resources provided by the fungus in the early stages of growth; are the young orchid plants simply receiving nutrients from their mycorrhizas or are they still partially heterotrophic, receiving substantial C subsidy? The dependence of orchids on mycorrhizal fungi can be substantially different from species to species especially at the earliest growth stages as terrestrial orchids remain mycorrhizal throughout their life cycle. Cameron et al. (2006; 2007; 2008) found that in adult orchids, mycorrhizas supply nutrients, especially N and phosphorus, in return for C. The study confirmed that C and N, obtained from an amino acid, was assimilated by the orchid mycorrhizal fungus and transferred to the adult orchid plant. In protocorms, it is presumably this pathway that supports heterotrophic growth.  The question remains, in what form does the C move from plant-to-fungus? Smith (1967) suggests that the C flux from the fungal partner to the orchid plant occurs via the fungal sugar trehalose, while Cameron (2006 and 2008) prefer an amino acid as the candidate transfer molecule. Using a co-labeling approach with 15N and 13C-labelled substrates, I set out to resolve the fluxes of C and N from their fungus to the epiphytic and terrestrial orchids, investigate the effects of post-germination light exposure on the process and shed light on the transfer mechanisms involved.
I investigated whether post germination increases in protocorm growth were associated with a concurrent reduction in the supply of C to the plant partner.  Surprisingly, the greatest amount of 13C transported from plant-to-fungus occurred in the light then in the dark in all three species. The epiphyte, E. phoenicea, becomes photosynthetic at an earlier stage in its life cycle than the two terrestrials and thus I hypothesized that the import of 13C would be suppressed by light as the plants switch from being principally heterotrophic to autotrophic (Leake and Cameron 2012).  In fact, the opposite trend was observed in terms of mass of 13C transferred, which, was actually greatest in the light, irrespective of whether the C source was from an amino acid or sugar. On face value, this seems counter intuitive but must reflect increased metabolic C demand at the initial onset of plant photosynthesis before the becoming fully autotrophic. I can exclude simple re-fixation of 13CO2 respired by the fungus as plants disconnected from the isotopes did not become enriched in 13C on exposure to light (Alexander et al. 1984; Cameron et al. 2006). The same trend was seen in 15N translocation, adding weight to Cameron’s hypothesis of co-transport of C and N via an amino acid (Cameron et al. 2006; 2008; Leake and Cameron 2010). 
While I consistently observed similarly enhanced 13C transfer to both terrestrial species upon exposure to light, the greatest increase in the mass of 13C transported to the protocorm upon illumination was seen in G. repens in the presence amino acids. This therefore suggests that the plant is dependent on organic compounds, such as amino acids, assimilated from the supplied inorganic N and carbohydrate sources.   Here, both N and C were transported to the plant both in the light and dark.  The higher concentration of 13C enrichment in protocorms supplied with the amino acid source in the dark as opposed to sugar and mineral N indicates that the amino acids can essentially be used as a C source by the fungus, potentially as they can be taken up and transported intact (Cameron et al. 2006). Furthermore, the positive relationship between 13C or 15N uptake and biomass seen in most species suggests source-sink relations drive this process, the growth of the plant driving resource uptake. 
Using 15N isotope tracers, I show that all species received substantial amounts of N from their mycorrhizal fungi. There is clear evidence that orchids species under study are particularly dependent upon their fungal partners for N nutrition. Orchid roots are very weakly adapted for nutrient absorption directly from the soil due to that coarse nature and restricted size, indicating that the fungal partner is the major pathway of nutrient transfer from soil into the orchid plants (Leake, 1994). The higher amount of 15N in G. repens and E. phoenicea supplied with the amino acid source in the light indicates that amino acids are also used as a N source by the fungus. Previous work on Catasetum fimbriatum by Majerowicz et al. (2000), who supplied organic and inorganic sources of N to orchid seedlings, reported that the highest growth rates of non-mycorrhizal plants occurred with amino acids, indicating these compounds are important natural sources of N for C. fimbriatum. These data are indicative that C and N are transported to the plant intact.  My work provides strong support for this hypothesis; my work shows strong linear relationships between the amount of 13C and 15N transported into shoots of G. repens (R2 = 0.9, P<0.001) when the 15N and 13C are provided in the separate agar compartments as amino acids or ammonium nitrate with or without glucose. Whereas the linear relationships between the transport of 13C and 15N into shoots of D. fuchsii (R2 = 0.76%, P<0.001) and E. phoenicea  (R2 = 0.75%, P<0.001) were lower but still showed a highly linear positive relationship between 13C and 15N. These findings provide evidence of co-transfer of C and N, strongly implicating an amino acid(s) as the transport compound. The results presented in this study therefore indicate the probable links between C and N metabolism in plants and fungi. 
This study indicated that terrestrial and epiphytic protocorms are totally reliant on fungi for the provision of N. The higher concentration of 15N enrichment with amino acids in G. repens shoots whereas the higher concentration of 15N enrichment with ammonium nitrate plus glucose in D. fuchsii in the light. In contrast, the higher concentration of 15N enrichment in the tropical plants with ammonium nitrate plus glucose in the dark. The fungal partner then, clearly has a vital role in provisioning epiphytic species with N and C as seedlings growing in the aerial environment, in contrast to the notion that this symbiosis may be less important in the epiphytic environment. 
Some studies have found that light can stimulate seedling establishment in the orchids species (Smith, 1973; Harvais, 1974). In contrast, my work in Chapter 2 showed that light inhibited the germination and development of terrestrials and only had no effect on epiphyte germination in the presence of the fungus.  I initially hypothesised that this could be a function of a negative effect on the physiology of the fungal symbiont; clearly the data presented above do not support this notion and hint at a more plant-based mechanism in regulating orchid seed germination, for example as a result of phytochrome signalling (Chapter 2).

[bookmark: _Toc305758995]3.5.1 Conclusions
The important interaction between light and C and N supply in regulating growth allows us to understand the dynamics of relationship, as the assimilation and transfer of C and N influenced by light/dark treatments.  The question remains as to the status of the symbiosis, is this a mutualistic or parasitic association, even in earliest stages of autotrophy? Cameron et al. (2006) show that adult G. repens plants are mutualistic as adults, supplying C in return for N (Cameron et al. 2006; 2008) and P (Cameron et al. 2007) however such evidence is lacking for E. phoenicea and D. fuchsii. In chapter 4, I will investigate the allocation of C to the mycorrhizal fungus in mature associations in order to resolve this key outstanding issue.


[bookmark: _Toc305758996]3.6.1 Tables

	[bookmark: _Toc305758997]Table 3.1 Table C and N sources 13C,15N, 12C and 14N quantities in the experiment. (NB: These values provide the same amount of nitrogen and carbon and 15N-labelled nitrogen and 13C-labelled carbon to each microcosm irrespective of the chemical form used).


	Carbon and nitrogen sources
	Isotopes
	Labelled (mg l-1)
	Unlabelled (mg l-1)

	Amino acids
	14N, 12C
	0
	351.50

	Ammonium nitrate +
sugar
	14N, 12C
	0
0
	120.06
444.51

	Ammonium nitrate only
	14N
	0
	120.06

	
	
	
	

	Amino acids
	14N, 15N, 12C, 13C
	39.56
	316.39

	Ammonium nitrate +
sugar
	14N, 15N, 12C, 13C
	13.17
48.23
	108.05
400.25

	Ammonium nitrate only
	14N, 15N
	13.17
	108.05







	[bookmark: _Toc305758998]Table 3.2 3-way ANOVA table for Shoot biomass of three orchid species

	Species
	Factor
	d.f.
	F
	P

	
G. repens
	Connection
	1,59
	31.59
	<0.001

	
	Substrate
	2,59
	4.48
	0.016

	
	Light or Dark
	1,59
	63.07
	<0.001

	
	Connection x Substrate
	2,59
	5.22
	0.009

	
	Connection x Light or Dark
	1,59
	0.20
	0.660

	
	Substrate x Light or Dark
	2,59
	3.43
	0.041

	
	Connection x Substrate x Light or Dark
	2,59
	4.19
	0.021

	
D. fuchsii
	Connection
	1,59
	66.57
	<0.001

	
	Substrate
	2,59
	0.02
	0.980

	
	Light or Dark
	1,59
	83.21
	<0.001

	
	Connection x Substrate
	2,59
	4.21
	0.021

	
	Connection x Light or Dark
	1,59
	22.81
	<0.001

	
	Substrate x Light or Dark
	2,59
	8.50
	0.001

	
	Connection x Substrate x Light or Dark
	2,59
	0.57
	0.567

	
E. phoenicea
	Connection
	1,59
	146.30
	<0.001

	
	Substrate
	2,59
	1.64
	0.206

	
	Light or Dark
	1,59
	310.54
	<0.001

	
	Connection x Substrate
	2,59
	6.47
	0.003

	
	Connection x Light or Dark
	1,59
	40.91
	<0.001

	
	Substrate x Light or Dark
	2,59
	4.07
	0.023

	
	Connection x Substrate x Light or Dark
	2,59
	9.16
	<0.001








	[bookmark: _Toc305758999]Table 3.3  3-way ANOVA table for Shoot mass of 13C of three orchid species

	Species
	Factor
	d.f.
	F
	P

	
G. repens
	Connection
	1,59
	133.41
	<0.001

	
	Substrate
	2,59
	27.90
	<0.001

	
	Light or Dark
	1,59
	12.15
	<0.001

	
	Connection x Substrate
	2,59
	24.98
	<0.001

	
	Connection x Light or Dark
	1,59
	9.06
	0.004

	
	Substrate x Light or Dark
	2,59
	4.30
	0.019

	
	Connection x Substrate x Light or Dark
	2,59
	2.91
	0.064

	
D. fuchsii
	Connection
	1,59
	202.31
	<0.001

	
	Substrate
	2,59
	51.36
	<0.001

	
	Light or Dark
	1,59
	10.43
	0.002

	
	Connection x Substrate
	2,59
	52.01
	<0.001

	
	Connection x Light or Dark
	1,59
	13.98
	<0.001

	
	Substrate x Light or Dark
	2,59
	6.6 0
	0.003

	
	Connection x Substrate x Light or Dark
	2,59
	5.06
	0.010

	
E. phoenicea
	Connection
	1,59
	113.32
	<0.001

	
	Substrate
	2,59
	19.40
	<0.001

	
	Light or Dark
	1,59
	34.47
	<0.001

	
	Connection x Substrate
	2,59
	18.79
	<0.001

	
	Connection x Light or Dark
	1,59
	34.47
	<0.001

	
	Substrate x Light or Dark
	2,59
	7.66
	<0.001

	
	Connection x Substrate x Light or Dark
	2,59
	7.16
	<0.001






	[bookmark: _Toc305759000]Table 3.4 3-way ANOVA table for Shoot concentration of 13C of three orchid species

	Species
	Factor
	d.f.
	F
	P

	
G. repens
	Connection
	1,59
	156.85
	<0.001

	
	Substrate
	2,59
	30.71
	<0.001

	
	Light or Dark
	1,59
	0.08
	0.776

	
	Connection x Substrate
	2,59
	28.66
	<0.001

	
	Connection x Light or Dark
	1,59
	0.03
	0.863

	
	Substrate x Light or Dark
	2,59
	2.43
	0.099

	
	Connection x Substrate x Light or Dark
	2,59
	2.18
	0.124

	
D. fuchsii
	Connection
	1,59
	233.07
	<0.001

	
	Substrate
	2,59
	58.00
	<0.001

	
	Light or Dark
	1,59
	1.36
	0.249

	
	Connection x Substrate
	2,59
	58.32
	<0.001

	
	Connection x Light or Dark
	1,59
	4.60
	0.037

	
	Substrate x Light or Dark
	2,59
	8.70
	<0.001

	
	Connection x Substrate x Light or Dark
	2,59
	5.33
	0.008

	
E. phoenicea
	Connection
	1,59
	144.65
	<0.001

	
	Substrate
	2,59
	26.96
	<0.001

	
	Light or Dark
	1,59
	1.26
	0.268

	
	Connection x Substrate
	2,59
	22.81
	<0.001

	
	Connection x Light or Dark
	1,59
	1.38
	0.246

	
	Substrate x Light or Dark
	2,59
	3.36
	0.043

	
	Connection x Substrate x Light or Dark
	2,59
	3.54
	0.037






	[bookmark: _Toc305759001]Table 3.5 3-way ANOVA table for Shoot mass of 15N of three orchid species

	Species
	Factor
	d.f.
	F
	P

	
G. repens
	Connection
	1,59
	236.80
	<0.001

	
	Substrate
	2,59
	10.79
	<0.001

	
	Light or Dark
	1,59
	62.06
	<0.001

	
	Connection x Substrate
	2,59
	10.34
	<0.001

	
	Connection x Light or Dark
	1,59
	60.07
	<0.001

	
	Substrate x Light or Dark
	2,59
	3.25
	0.048

	
	Connection x Substrate x Light or Dark
	2,59
	2.97
	0.061

	
D. fuchsii
	Connection
	1,59
	91.61
	<0.001

	
	Substrate
	2,59
	0.69
	0.504

	
	Light or Dark
	1,59
	3.39
	0.072

	
	Connection x Substrate
	2,59
	0.72
	0.493

	
	Connection x Light or Dark
	1,59
	3.40
	0.071

	
	Substrate x Light or Dark
	2,59
	2.69
	0.078

	
	Connection x Substrate x Light or Dark
	2,59
	2.67
	0.080

	
E. phoenicea
	Connection
	1,59
	165.77
	<0.001

	
	Substrate
	2,59
	38.82
	<0.001

	
	Light or Dark
	1,59
	31.83
	<0.001

	
	Connection x Substrate
	2,59
	38.60
	<0.001

	
	Connection x Light or Dark
	1,59
	31.53
	<0.001

	
	Substrate x Light or Dark
	2,59
	11.69
	<0.001

	
	Connection x Substrate x Light or Dark
	2,59
	11.78
	<0.001






	[bookmark: _Toc305759002]Table 3.6 3-way ANOVA table for Shoot concentration of 15N of three orchid species

	Species
	Factor
	d.f.
	F
	P

	
G. repens
	Connection
	1,59
	643.10
	<0.001

	
	Substrate
	2,59
	17.1 8
	0.016

	
	Light or Dark
	1,59
	35.44
	<0.001

	
	Connection x Substrate
	2,59
	16.84
	0.009

	
	Connection x Light or Dark
	1,59
	33.93
	0.660

	
	Substrate x Light or Dark
	2,59
	2.68
	0.041

	
	Connection x Substrate x Light or Dark
	2,59
	2.70
	0.021

	
D. fuchsii
	Connection
	1,59
	152.57
	<0.001

	
	Substrate
	2,59
	2.85
	0.068

	
	Light or Dark
	1,59
	0.00
	0.994

	
	Connection x Substrate
	2,59
	2.94
	0.063

	
	Connection x Light or Dark
	1,59
	0.00
	0.999

	
	Substrate x Light or Dark
	2,59
	2.14
	0.129

	
	Connection x Substrate x Light or Dark
	2,59
	2.11
	0.132

	
E. phoenicea
	Connection
	1,59
	324.93
	<0.001

	
	Substrate
	2,59
	59.72
	<0.001

	
	Light or Dark
	1,59
	23.06
	<0.001

	
	Connection x Substrate
	2,59
	62.92
	<0.001

	
	Connection x Light or Dark
	1,59
	30.19
	<0.001

	
	Substrate x Light or Dark
	2,59
	9.14
	<0.001

	
	Connection x Substrate x Light or Dark
	2,59
	7.28
	0.002

	
	
	
	
	




	[bookmark: _Toc305759003]Table 3.7  3-way ANOVA table for Root biomass, 13C and 15N content of Goodyera repens

	
	Factor
	d.f.
	F
	P

	
Biomass
	Connection
	1,59
	15.64
	<0.001

	
	Substrate
	2,59
	3.42
	0.041

	
	Light or Dark
	1,59
	106.44
	<0.001

	
	Connection x Substrate
	2,59
	3.13
	0.053

	
	Connection x Light or Dark
	1,59
	0.87
	0.350

	
	Substrate x Light or Dark
	2,59
	0.43
	0.690

	
	Connection x Substrate x Light or Dark
	2,59
	1.42
	0.253

	
13C mass
	Connection
	1,59
	45.67
	<0.001

	
	Substrate
	2,59
	6.3 2
	0.004

	
	Light or Dark
	1,59
	12.36
	<0.001

	
	Connection x Substrate
	2,59
	5.97
	0.005

	
	Connection x Light or Dark
	1,59
	11.62
	<0.001

	
	Substrate x Light or Dark
	2,59
	2.22
	0.120

	
	Connection x Substrate x Light or Dark
	2,59
	1.85
	0.168

	
13C concentration
	Connection
	1,59
	56.51
	<0.001

	
	Substrate
	2,59
	9.53
	<0.001

	
	Light or Dark
	1,59
	0.0 6
	0.0806

	
	Connection x Substrate
	2,59
	9. 72
	<0.001

	
	Connection x Light or Dark
	1,59
	0.0 2
	0.885

	
	Substrate x Light or Dark
	2,59
	0.53
	0.594

	
	Connection x Substrate x Light or Dark
	2,59
	0.34
	0.715







	[bookmark: _Toc305759004]Table 3.8 continued: 3-way ANOVA table for Root biomass, 13C and 15N content of Goodyera repens

	
	Factor
	d.f.
	F
	P

	
15N mass
	Connection
	1,59
	97.76
	<0.001

	
	Substrate
	2,59
	2.45
	0.097

	
	Light or Dark
	1,59
	26.90
	<0.001

	
	Connection x Substrate
	2,59
	2.39
	0.102

	
	Connection x Light or Dark
	1,59
	24.60
	<0.001

	
	Substrate x Light or Dark
	2,59
	0.58
	0.566

	
	Connection x Substrate x Light or Dark
	2,59
	0.71
	0.498

	
15N concentration
	Connection
	1,59
	396.03
	<0.001

	
	Substrate
	2,59
	5.33
	0.008

	
	Light or Dark
	1,59
	0.80 
	0.377

	
	Connection x Substrate
	2,59
	4. 45
	0.017

	
	Connection x Light or Dark
	1,59
	0.32
	0.577

	
	Substrate x Light or Dark
	2,59
	4.85
	0.012

	
	Connection x Substrate x Light or Dark
	2,59
	6.02
	0.00 5













[bookmark: _Toc305759005]3.7 Figures
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[bookmark: _Toc305759006]Figure 3.1  Photograph of the experimental set up: The first compartment contained labelled-unlabelled different sources of C and N incorporating with Rorison's nutrient. The seedlings were grown in the second and third compartment containing only plant agar. G. repens in the dark after one week. The same case in the light.



[bookmark: _Toc305759007]Figure 3.2.  Goodyera repens shoot biomass of connected and disconnected from the isotopically labelled C and N sources when grown in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.2).


[bookmark: _Toc305759008]Figure 3.3.  The biomass of shoots of D. fuchsii plants connected with the isotopically labelled C and N sources via their fungal partners or disconnected in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.2).


[bookmark: _Toc305759009]Figure 3.4. The biomass of Encyclia phoenicea shoots grown with different sources of 15N and 13C labelled inorganic and organic compounds or disconnected from the isotopically labelled C and N sources when grown in the light or in total darkness. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.2).



[bookmark: _Toc305759010]Figure 3.5. Mass of 13C in Goodyera repens shoots after adding different sources of 15N and 13C labelled inorganic and organic compounds or disconnected from the isotopically labelled C and N sources when grown in the dark and in the light.  Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.2).


[bookmark: _Toc305759011]Figure 3.6.   Goodyera repens shoot 13C concentration of connected and disconnected from the isotopically labelled C and N sources when grown in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.4).
	


[bookmark: _Toc305759012]Figure 3.7.  The mass of 13C in shoots of Dactylorhiza fuchsii plants connected with the isotopically labelled C and N sources via their fungal partners or disconnected in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.3).



[bookmark: _Toc305759013]Figure 3.8.  The concentration of 13C in shoots of Dactylorhiza fuchsii plants connected with the isotopically labelled C and N sources via their fungal partners or disconnected in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.4).




[bookmark: _Toc305759014]Figure 3.9.  Mass of 13C in Encyclia Phoenicea shoots after connected and disconnected to 13C and 15N sources when grown in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.3).
	


[bookmark: _Toc305759015]Figure 3.10. The concentration of 13C in Encyclia phoenicea shoots connected and disconnected from the isotopically labelled C and N sources when grown in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.4).
 





[bookmark: _Toc305759016]Figure 3.11.  The mass of 15N in shoots of Goodyera repens plants connected with the isotopically labelled C and N sources via their fungal partners or disconnected in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.5).






[bookmark: _Toc305759017]Figure 3.12.  The concentration of 15N in Goodyera repens shoots of connected and disconnected from the isotopically labelled C and N sources when grown in the dark and in the light. Error bars represent positive standard error of mass means. Within each graph, differences between mean concentration were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.6).





[bookmark: _Toc305759018]Figure 3.13.  The mass of 15N in shoots of Dactylorhiza fuchsii plants connected with the isotopically labelled C and N sources via their fungal partners or disconnected in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.5).






[bookmark: _Toc305759019]Figure 3.14.  Dactylorhiza fuchsii shoot 15N concentration of connected and disconnected from the isotopically labelled C and N sources when grown in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.6).



[bookmark: _Toc305759020]Figure 3.15. The mass of 15N in shoots of Encyclia phoenicea plants connected with the isotopically labelled C and N sources via their fungal partners or disconnected in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.5).




[bookmark: _Toc305759021]Figure 3.16.  Encyclia phoenicea shoot 15N concentration of connected and disconnected from the isotopically labelled C and N sources when grown in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean concentration were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.6).


[bookmark: _Toc305759022]Figure 3.17. Goodyera repens root biomass of connected and disconnected from the isotopically labelled C and N sources when grown in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.7).











[bookmark: _Toc305759023]Figure 3.18.  Goodyera repens root mass of connected and disconnected from the isotopically labelled C and N sources when grown in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean mass were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.7).





[bookmark: _Toc305759024]Figure 3.19.  Goodyera repens root 13C concentration of connected and disconnected from the isotopically labelled C and N sources when grown in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean concentration were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.7).






[bookmark: _Toc305759025]Figure 3.20.  Mass of 15N in Goodyera repens roots connected and disconnected from the isotopically labelled C and N sources when grown in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean mass were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.8).


[bookmark: _Toc305759026]Figure 3.21.  Goodyera repens root 15N concentration of connected and disconnected from the isotopically labelled C and N sources when grown in the dark and in the light. Error bars represent one standard error of dry weight means. Within each graph, differences between mean concentration were resolved using 3-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 3.8).







[bookmark: _Toc305759027]Figure 3.22  Regression line between total 13C and total 15N in the shoots and roots of Goodyera repens with C and N compounds in the dark.



[bookmark: _Toc305759028]Figure 3.23.  Regression line between total 13C and total 15N in the shoots of Goodyera repens with C and N compounds in the light




[bookmark: _Toc305759029]Figure 3.24.  Regression line between total 13C and total 15N in the shoots of Goodyera repens with C and N compounds in the dark and light











[bookmark: _Toc305759030]Figure 3.25.  Regression line between total 13C and total 15N in the shoots of Encyclia phoenicea with C and N compounds in the dark.




[bookmark: _Toc305759031]Figure 3.26.  Regression line between total 13C and total 15N in the shoots of Encyclia phoenicea with C and N compounds in the light





[bookmark: _Toc305759032]Figure 3.27.  Regression line between total 13C and total 15N in the shoots of Encyclia phoenicea with C and N compounds in the dark and in the light.












[bookmark: _Toc305759033]Figure 3.28.  Regression line between total 13C and total 15N in the shoots of Dactylorhiza fuchsii with C and N compounds in the dark.




[bookmark: _Toc305759034]Figure 3.29.  Regression line between total 13C and total 15N in the shoots of Dactylorhiza fuchsii with C and N compounds in the light





[bookmark: _Toc305759035]Figure 3.30.  Regression line between total 13C and total 15N in the shoots of Dactylorhiza fuchsii with C and N compounds in the dark and in the light.
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[bookmark: _Toc305759036]Figure 3.31.  Relationship between mass of 13C in plant tissues and biomass in three orchid species grown in the dark and the light.
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[bookmark: _Toc305759037]Figure 3.32.  Relationship between mass of 15N in plant tissues and biomass in three orchid species grown in the dark and the light.


[bookmark: _Toc305753173][bookmark: _Toc305759038]Chapter 4: Allocation of carbon from green seedlings of three orchid species to their mycorrhizal fungal partners (two terrestrial and one epiphyte) 

[bookmark: _Toc305753174][bookmark: _Toc305759039]4.1 Introduction 
Photosynthesis occurs in most of the chlorophyllous orchids at adulthood and it is assumed that this is sufficient, as with most other green plants, to exceed metabolic C demand (Cameron et al. 2006; Smith and Read, 2008). The situation is very different in juvenile orchids. Orchid seeds measure from 0.05 to 6.0 mm in length, and these dust seeds have minimal carbon reserves with few embryonic cells and rely on C acquired from the mycorrhizal fungal partners until they become green and photosynthetic. It has now been confirmed that the polarity of C flow shifts from fungus-to-plant in the fully mycoheterotrophic below-ground stage of development (Smith, 1966) to plant-to-fungus in green-leaved adult life stage of the terrestrial species, Goodyera repens (Cameron et al. 2006; 2008). In the adult life stage, the C ‘cost’ of maintaining the symbiosis is then reciprocated by the provision of mineral nutrients such as phosphorus (Cameron et al. 2007) and nitrogen (Cameron et al. 2006) (Smith and Read, 2008).
While clear for this one terrestrial species, there is no confirmation that, at any orchid growth phase of, net C flux occurs from plant-to-fungus in other species of terrestrial or indeed, epiphytic orchids. In chapter two I studied the effect of light and exogenous carbon and mycorrhizal colonisation on terrestrial and epiphytic orchid germination and development in vitro reveling that the terrestrial and epiphytic species depend on their mycorrhizal fungi for germination and early growth to differing extents. In the chapter three I investigated the effects of light, carbon and nutrients on the growth and nutrition of orchids seedlings. In all orchid species, biomass was increased upon exposure to light but only after germination had been initiated previously.  I also studied whether post germination increases in protocorm growth were associated with a synchronous decrease in the amount of C given to the plant by the fungal partner. The missing piece of the story now lies with the amount of C transferred from plant to fungus once the orchid has matured as my data do not provide an insight into the C allocated back to the fungus as proposed by Cameron et al. (2006), once the orchid has formed green leaves. Therefore the trophic status of the symbiosis remains in question for all species apart from G. repens.

[bookmark: _Toc305753175][bookmark: _Toc305759040]4.2 Aim of study and hypothesis
Here, I will assess the C ‘cost’ of orchid mycorrhiza in the orchids G. repens and Dactylorhiza fuchsii (both terrestrial species) and one epiphyte, Encyclia phoenicea. Specifically, I measure the flow of radioactive C, assimilated from 14CO2, from plant to mycorrhizal fungus. I hypothesized in that when the orchids become autotrophic, they will supply C from plant to fungus in all species studied.

[bookmark: _Toc305753176][bookmark: _Toc305759041]4.3 Materials and methods 
Two terrestrial orchid species were selected, Goodyera repens and Dactylorhiza fuchsii and one epiphytic orchid, Encyclia phoenicea. All species were germinated on agar as described previously. Once they produced green shoots, each plant was incorporated into a petri dish microcosm. Four replicate 9-cm Petri dish microcosms were provided with 10 ml of 1% w : v Plant agar (Duchefa, Haarlem, the Netherlands) at pH 5.5 and used for each species. The orchid plants were put, with their roots and their fungal partner on the agar in the top of each dish. The shoots of the plants could then protrude through a lanolin-sealed groove into the headspace of the labeling chambers into which they were subsequently enclosed (Fig. 4.1 [Page 110]). 
The microcosms were incubated in a controlled environment chamber (Conviron Ltd, Winnipeg, Canada) at 18°C with a photon flux density of 150 μmol m-2 s-1 and under 85% relative humidity one month (Fig. 4.1 [Page 110]) at which point a widespread network of fungus had expanded to colonize the surface of the agar in the Petri dish. The replicate microcosms were closed into labelling chambers into which 14CO2 was liberated from 1 MBq of 14C -labelled sodium bicarbonate (specific activity 4.2 GBq mmol-1) with 2 ml of 27% (v/v) lactic acid. Microcosms were incubated in an illuminated fume hood (PFD = 150 μmol m−2 s−1 at canopy height) for one photoperiod.
The plant agar (representing the fungus), roots and shoots of the three species were removed from the agar plates and imaged for the distribution of 14C for 4 hours using real time radio-isotope imaging (Packard Instant Imager; Isotech) after which they were freeze-dried separately for 72 h and their dry weights recorded. Each tissue fraction was oxidized (Model 307 Packard Sample Oxidiser; Isotech) and the resultant 14CO2 released was trapped and the radioactively measured using liquid scintillation counting. 
The amount of C from fixed in the labelling chamber was calculated from the 14C content of tissues using equations 4.1 and 4.2 below, previously published by Cameron et al. (2006).
Tpf  =  A/Asp ma +( Pr x mc )
Equation 4.1
(Tpf, total carbon transferred from plant to fungus in any given pool (g); A, radioactivity (Bq); Asp, specific activity of the source (Bq Mol−1); and ma, atomic mass of the element, in this case the isotope 14C; Pr, proportion of the total 14C label supplied (as 14CO2) that is present in the tissue; mc, mass of C in the CO2 present in the labelling chamber in m3 (from the ideal gas law, Eqn 4.2))

mcd = Mcd  (PVcd/RT) thus mc = mcd×0.27292
 (mcd, mass of CO2; Mcd, molecular mass of CO2; P, pressure; Vcd, volume of CO2 in the chamber (Vcd = 0.044% of the total chamber volume based on an atmospheric [CO2] of 440 ppm); m, mass of unlabelled C in the labelling chamber; M, molar mass (M of C = 12.011 g); R, universal gas constant; T, absolute temperature; mc, mass of C in the CO2 present in the labelling chamber in m3; 0.27292 represents the proportion of C in CO2 on a mass fraction basis).
Equation 4.2

[bookmark: _Toc305753177][bookmark: _Toc305759042]4.3.1 Data analysis
Differences between treatment means were analysed by three-way ANOVA followed by Tukey’s multiple comparison test using Minitab 16 at P < 0.05. Data met the ANOVA assumptions of a centred Gaussian distribution and homogeneity of variance so were untransformed.

[bookmark: _Toc305753178][bookmark: _Toc305759043]4.5 Results
Orchid-to-fungus C transport was visualised in all three orchid species by radioisotope imaging (Figure 4.2 [Page 111]) and quantified using liquid scintillation counting (Figure 4.3 [Page 112, Table 4.1 [Page 109]) revealing all species assimilated the14CO2. The 14C was transferred to the external fungal mycelium growing out of the orchid roots (Figure 4.2 [page 112]). 
There was no significant difference between the amounts of the 14C assimilated from the 14C-labled CO2 by the orchid shoots in the three species. There was also no significant difference in the amount of 14C transported to the fungal mycelium by each of the 3 species (Figure 4.3 [Page 112, Table 4.1 [Page 109]).

[bookmark: _Toc305753179][bookmark: _Toc305759044]4.6 Discussion
The most terrestrial orchids are dependent upon mycorrhizal partner for germination and during their seedling establishment phases. Orchids are defined by the production of millions of tiny seeds that contain minimal carbon and nutrient reserves for growth. In the early stages of their life cycle terrestrial orchids are non-photosynthetic because they lack chlorophyll. Later in the life cycle most terrestrial become green but some remain achlorophyllous. The epiphytic orchids have been considered less reliant on mycorrhizal fungi for germination and development although recent work (Martos et al. 2012; Leake and Cameron 2012) including my own research (Chapters 2 and 3) casts doubt on this assertion. 
Carbon transfer from plant to fungus in orchids has been hotly debated.  Initially, it was suggested that orchids never gave carbon back to their mycorrhizal fungi. This hypothesis is based on a study by Hadley and Purves (1974) in which mycorrhiza-infected and uninfected plantlets of G. repens were supplied with 14CO2. They found very tiny amounts 14C transported to the rhizomes. When transplanted onto agar, the fungus easily grew out from infected plantlets on to Pfeffer agar and small quantities of radioactivity was detected in the resultant mycelium. 14C leakage from uninfected plantlets was also small. On the basis of this, Alexander and Hadley (1985) suggested that 14C fixed by shoots stayed in the root even after enhancement of the fungal sink strength by incubation in darkness. The results of study give evidence that carbon transfer only from fungus to orchid and that this transfer of C ends when the host achieves a certain period of growth. In contrast, Cameron et al. (2006; 2008) demonstrated significant net flux of C from green plant to fungus in the same species, G. repens, using more sophisticated C budgeting methods. 
In my study I traced 14C from orchid photosynthate passing from orchid plant to the fungus in three species. I confirmed the plant to fungus C flux in G. repens but also show this C transfer to the fungus occurs in D. fuchsii and E. phoenicea, two species in which C allocation to the fungal symbiont had never previously been recorded. 
Goodyera and Dactylorhiza gave approximately the same proportion of the C they fixed to the fungus (with G. repens 1.2 fold greater than D. fuchsii).  In contrast, E. phoenicea gave substantially more carbon to its fungus partner; double the allocation of G. repens and 2.4 times greater than D. fuchsii by mass. The percentage of the total carbon fixed by the plant and allocated to the fungus is 1%, 6% and 10% for G. repens, D. fuchsii and E. phoenicea respectively. 
The products of photosynthesis can be used to support nutrient acquisition by the fungus and transfer to the plant. For example, Smith (1966) made important progress in understanding of orchid mycorrhizal demonstrating 32P and 14C assimilation and active transfer through mycorrhizal mycelium to orchid seedlings. This pathway was further investigated by Cameron et al. (2007) confirming P transfer from fungus to plant and by Cameron et al. (2006) who also showed nitrogen transfer from fungus to plant.
My study shows that C transfer from plant to fungus in orchids is not unusual and is certainly not restricted to G. repens. I also reveal that the functionality of the epiphyte I studied, in terms of plant to fungus C transfer, functions in the same way as for the terrestrial species studied. 
[bookmark: _Toc305753180]

[bookmark: _Toc305759045]4.7 Table

	[bookmark: _Toc305753181][bookmark: _Toc305759046]Table 4.1 2-way ANOVA table for Shoot biomass of three orchid species


	
	d.f.
	F
	P

	Species
	2,35
	2.93
	0.070  

	Tissue
	2,35
	17.16
	<0.001

	Interaction
	4,35
	1.34
	0.281






[bookmark: _Toc305753182][bookmark: _Toc305759047]4.8 Figures
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[bookmark: _Toc305753183][bookmark: _Toc305759048]Figure 4.1 Compartmentalized 9-cm Petri-dish microcosm used to supply a radiolabelled (14C) to the orchid mycorrhizal mycelial network, the plant enclosed in a gas-tight labelling chamber, a, Perspex labelling chamber with neoprene seal; b, clamps to facilitate a gas-tight seal; c, Petri dish with lid and base sealed with sterile anhydrous lanolin; d, orchid plants; e, septum in the HC to allow for gas sampling; f, Subaseal to allow the introduction of 14C-labelled sodium bi-carbonate and for gas sampling of the labelling chamber.
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[bookmark: _Toc305753185][bookmark: _Toc305759049]Figure. 4.2 False-colour digital autoradiographs obtained after 24 h of exposure of the shoot to 14CO2 in microcosms (a) E. phoenicea (b) D. fuchsii (c,d) G. repens  shows 14C allocation through external mycorrhizal mycelium along with a diagram of the experimental set up (e). The colour scale indicates the number of counts detected in pixel areas of 0.25 mm2 in a period of 60 min.


[bookmark: _Toc305753184][bookmark: _Toc305759050]Figure. 4.3 The total amount of carbon over the labelling period movement from Goodyera repens, Dactylorhiza fuchsii and Encyclia phoenicea plants to their fungal partners. Error bars represent one standard error of dry weight means. Within each graph, differences between mean dry weight were resolved using 2-way ANOVA followed by Tukey’s multiple comparison test; bars with differing letter are significantly different at P < 0.05 (Table 4.1).


[bookmark: _Toc305753186][bookmark: _Toc305759051]Chapter 5: General discussion
	This study aimed to understand the degree to which terrestrial and epiphytic orchids differ in the extent to which they depend on mycorrhizal fungus. To do this, I investigated the interaction between the roles of light and mycorrhiza in influencing the germination and development of orchid seedlings, the mechanisms underpinning light and mycorrhizal effects on orchid seedling development by determining the assimilation and transport of carbon (C) and nitrogen (N) and finally the status of the symbiosis in the adult phase by determining the flow of C back to the fungus by young orchids.

[bookmark: _Toc305753187][bookmark: _Toc305759052]5.1 Why is the interaction between orchids, their fungi and light poorly understood?
Many of orchids, particularly terrestrial species that mature in soil, have proved difficult to germinate on any synthetic media in the without their natural fungal partner (Rasmussen, 1995). In addition, progress in understanding the factors driving orchid germination, growth and physiology using asymbiotic cultures gives a very incomplete, and possibly poor understanding of the biology of the plants which, in nature, are usually critically reliant on symbiotic fungal symbiotic for germination growth. Although an increasing number of studies but they have focussed on the development of methods for symbiotic germination of orchid seeds from the 1960’s, generally many studies of orchid physiology are still dependent on industrial production using asymbiotic culture methods (Yam and Arditti. 2009; Pereira et al. 2011; Valadares et al, 2012). The selection of appropriate fungal partners and their isolation have been a crucial innovations symbiotic germination research. 
Some orchids such as Goodyera repens, appeared to have a high specificity for a given species of fungus (Hadley, 1970). Others such as Dactylorhiza purpurella associate symbiotically with a number of fungi. As a source of a carbon, agar medium with powdered cellulose was used to study the role of fungal partner to stimulate germination of some Australian terrestrial orchids (Warcup, 1971 Warcup, 1973). Previous studies by Johnson et al. (2007) germinated the terrestrial orchid Endophia on complex media to resolve the growth realized with fungal symbiont compared with asymbiotic germination and development. The study found the higher benefits of the symbiosis for seed germination than for plant growth (Johnson et al, 2007). My work reveals that asymbiotic orchids are physiologically different to symbiotic orchids in terms of their responses to light and this then raises the question as to how relevant asymbiotic studies are in understanding other aspects of orchids physiology.

[bookmark: _Toc305753188][bookmark: _Toc305759053]5.2 Carbon sources for juvenile terrestrial orchids 
Hadley (1969) demonstrated that seeds germination of the terrestrial orchids Goodyera repens and Dactylorhiza purpurella and the tropical terrestrial orchid Spathoglottis plicata could germinate in vitro if they are given an exogenous provision of sugar, however symbiotic infection is important for further growth of protocorms as well as for the development of shoots or roots in juvenile orchid plants. In nature, terrestrial orchids protocorms usually develop underground and lack chlorophyll and therefore have a mycoheterotrophic stage of their life cycles in which their essential nutrient and carbon demands depend upon provision from their mycorrhizal fungal partners (Leake, 2005). The green leaves and onset of autotrophy in orchid adults occurs when seedling emergence above the ground, therefore orchids are usually only initially mycoheterotrophic through their underground growth stage (Leake and Cameron, 2010). 

[bookmark: _Toc305753189][bookmark: _Toc305759054]5.3 Carbon sources for juvenile epiphytic orchids 
The role of mycorrhizas in the germination of epiphytes, the majority of orchid species, is mainly ignored although this relationship may play an important role in the germination epiphytes in the canopy (Leake and Cameron 2012), especially as they become green much earlier in their lifecycle. It is still unknown as to whether epiphytic orchids require mycorrhizal fungi to germinate at all (Leake and Cameron 2012). In chapter two I study three terrestrial orchid species and one tropical epiphyte in vitro during germination and growth how reactions to light and their conditions for exogenous carbon heterotrophically or using fungal partner. In all three terrestrial orchid species and one tropical epiphyte, the effects of the presence of fungal partner or sucrose on germination was more clear when seeds were germinated in darkness. It is therefore a challenge to understand the dynamics of this complex relationship. Much research has focused on in vitro asymbiotic and symbiotic germination of orchids but they ignore the important interaction between light and C provide in the progression of orchid seed germination (Downie 1941; Arditti 1979; Dutra et al. 2008; 2009). The response orchids to light is unclear meaning much research is required to understand the regulatory mechanisms of germination (Andrews, 1997; Baskin and Baskin 1998). Inhibition through light signalling, perhaps underpinned by phytochromes or other photoreceptors has been identified to play a role in the regulation of seed germination (Stewart and Kane 2010). This underpins the mechanism through which plants react to red and far-red light, and are moderated through seedling appearance (Bae and Choi, 2008; Sharrock, 2008). However it is clear that the terrestrial orchid seeds need to establish a relationship with an appropriate fungal partner to aid germination and help the earliest phases of development in order to get the essential carbon to achieve maturity, at which after that they become autotrophic.  The epiphyte become photosynthetic in the earlier life phase, previous to maturity and substantially before the development of leaves, therefore it appears probable that epiphytic species are less dependent on the fungus for the providing of C in the post-germination points of their lifecycle but the presence of the fungal partner remains an essential condition for germination.  

[bookmark: _Toc305753190][bookmark: _Toc305759055]5.4 Carbon and nitrogen metabolism in orchids and their mycorrhizas
Plants have many mechanisms to maximise the success of C and N metabolism but we have little information about how orchids obtain C and N from their environment. For example many vascular plants get nitrogen as NO3 or NH4 which are the main forms of N in soil (Marschner, 1995). In the chapter three I investigated the fungal mycelia of the orchid can get large amounts of C and N from an amino acid and ammonium nitrate and the fungus supports transfer of C and N elements to the orchid plant. 13C and 15N enrichment of orchid plant tissue cultures can be improved by small amounts of organic nutrients. I investigated whether post germination rates of protocorm development were associated with a concurrent reduction in provide of carbon to the plant partner.  Unsurprisingly, the highest amount of 13C transferred from plant-to-fungus happened in the light then in the dark in all three species. In earlier phase in its life cycle the epiphyte, E. phoenicea, grow to be photosynthetic than the two terrestrials and therefore I hypothesized that the import of 13C would be stopped by light as the plants change from being principally heterotrophic to autotrophic (Leake and Cameron 2012). Smith (1967) suggests that this carbon flux from the fungal symbionts to the orchid plants occurs through the fungal sugar trehalose, whereas Cameron (2006; 2008) choose an amino acid as the transfer molecule. Using a co-labeling move toward with 15N and 13C-labelled substrates, I set out to resolve the fluxes of carbon and nitrogen from their fungus to the epiphytic and terrestrial orchids, investigate the consequences of post-germination light contact on the development and shed light on the move mechanisms involved. There was a highly linear relationship between 15N and 13C transferred from the labeled sources suggesting that the carbon transfer compound is likely to be and organic N compound, most probably one or many amino acids.
The highest increase in the mass of 13C transported to the protocorm upon illumination was seen in G. repens supplied with amino acids. This result gave option that the plant is reliant on organic compounds, such as amino acids, assimilated from the complete inorganic N and carbohydrate sources.   In my study nitrogen and carbon were transferred to the plant both in the light and dark. 
By using 15N isotope tracers, I confirmed that all species receive extensive quantities of N from their fungal partner. There is apparent confirmation that all species under experiment are mainly reliant upon their mycorrhizal fungi for nitrogen nutrition. Orchid roots are not for adapted to directly get nutrients from the soil because the roots of these plants are of a coarse nature and restricted size, representing that the mycorrhizal fungi is the most important pathway of nutrient shift from soil into the orchid plants (Leake, 1994). The upper quantity of 15N in G. repens and E. phoenicea provided with the amino acid source in the light shows that amino acids are could used as a nitrogen source by the mycorrhizal fungi. 
My experiments confirmed that terrestrial and epiphytic protocorms are completely dependent on fungi for the acquisition of nitrogen. The rising concentration of 15N enrichment with amino acids in G. repens shoots whereas the rising concentration of 15N enrichment with ammonium nitrate plus glucose in D. fuchsii in the light. In contrast, the rising concentration of 15N enrichment in the epiphytic species with ammonium nitrate plus glucose in the dark. The fungal partner obviously plays a critical role in supplying epiphytic species with N and C as seedlings, that this support may be less significant in the epiphytic environment however.

[bookmark: _Toc305753191][bookmark: _Toc305759056]5.5 Understanding the status of the symbiosis
My work, along with the other studies discussed above, shows that orchids are dependent of mycorrhizal C in their earliest life stages.  Moreover, this extended heterotopic stage is longer in terrestrial orchids than in epiphytes thus mycorrhizas might be less important for early C nutrition in these epiphytic species. In the chapter four, I investigated whether the orchids were able to supply their fungal partners with C as in a classical mycorrhizal association (such as in arbuscular mycorrhizas). In my study I examined the flux of 14C from orchid photosynthate crossing from orchid to fungal partner through the external mycelium of its mycorrhizal fungi. The results of photosynthesis may be applied to assist nutrient supplying by the fungus. Smith (1966) study provided essential evolution in knowledge of orchid mycorrhizal. She exercised a diffusion barrier of 32P and 14C to determine fungal absorption and active shift during mycorrhizal mycelium to orchid plants. The experiment system was developed by Cameron et al. (2006, 2008) who details for the first time full bidirectional C budget and gaseous changes for fungal partner. Their research proven that C insert to the orchid shoots as 14CO2 was assimilated and stimulated to the roots after that to the external mycelial system of the mycorrhizal fungi in G. repens and is confirm in Chapter 4. Thus this research assistances the previously research of move of C in the photosynthetic orchid G. repens. However, until my study, this remained the only case where C transfer from orchid to mycorrhiza was confirmed.  My work subsequently shows the fluxes observed for G. repens are actually lower than the amount of C provide to the fungus by either E. phoenicea or D. fuchsii and so suggesting that this might be more common than first thought.

[bookmark: _Toc305753192][bookmark: _Toc305759057]5.5 Conclusions
	My research shows, for the first time, that light has a significantly negative effect on orchid germination and early development in the terrestrial and epiphytic species I studied. In most species, including the epiphyte E. phoenicea, germination and early development was improved over and above that observed in plants supplied with exogenous carbohydrate.  This suggest that the orchid mycorrhiza might have and important non-nutritional role in breaking seed dormancy. I also showed that light negatively influenced the transport of C and N to the plant.  Moreover, in the dark and in the light, the relationship between the transfer of 15N and 13C form labeled sources was highly linear, suggesting strongly that C and N are co-transported from fungus-to-plant as organic N.
	To finally resolve the trophic status of the symbiosis, whether mutualistic or otherwise, I directly measure C allocation form current photosynthate to the mycorrhizas.  All species transfer C to their fungal partners, an important result as this has only ever been show in two species before, G. repens (Cameron et al. 2006) and D. purpurella (Smith 1967), and that the most C was allocated by the epiphyte E. phoenicea. This was surprising given epiphytic orchids are believed to be less reliant on their fungal symbionts.  This is unlikely to be true in light of my data as they need the fungus to germinate efficiently in their light, received significant C and N as juveniles from their fungal symbiont and give substantial amounts of C back to their fungal partners once adult. Thus the epiphytic species studied is remarkably similar to most other green orchid-mycorrhizal associations.
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	[bookmark: _Toc291253450][bookmark: _Toc305759060]Supplementary table A1.1. Composition of Fungal Isolation Medium (FIM) (based on Clements et al. 1986) as in 1L of nutrient solution.

	Compound
	g L-1

	NaNO3
	0.3

	KH2PO4
	0.2

	MgSO4. 7H2O
	0.1

	KCl
	0.1

	Yeast extract
	0.1

	Sucrose
	5.0

	Plant agar
	10.0



	[bookmark: _Toc291253451][bookmark: _Toc305759061]Supplementary table A1.2. Nutrient composition of 1/10 strength Rorison's mineral solution (based on Hewitt, 1966) as in 1L of nutrient solution.

	Compound
	mg L-1 in final solution

	CaCl
	29.35

	MgSO4. 7H2O
	24.73

	K2HPO4.3H2O
	22.76

	Fe EDTA
	1.97

	MnSO4.4H2O
	0.20

	H3BO3
	0.29

	NaMoO4.2H2O
	0.025

	ZnSO4.7H2O
	0.044

	CuSO4.5H2O
	0.039


                          
	[bookmark: _Toc291253452][bookmark: _Toc305759062]Supplementary table A1.3. Knudson C modified orchid medium (based on Knudson, 1946) as in 1L of nutrient solution. 

	Compound
	mg L-1 in final solution

	     (NH4)2SO4
	500.00

	MgSO4. 7H2O
	122.125

	K2HPO4.3H2O
	250.00

	FeSO3. 7H2O
	25.00

	MnSO4.4H2O
	5.682

	H3BO3
	0.056

	Ca(NO3)2
	694.4

	ZnSO4.7H2O
	0.331

	CuSO4.5H2O
	0.0624
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[bookmark: _Toc305759063]Supplementary figure A1.1: Histogram of residuals (A) and plot of fitted values against residuals (B) arising from a three-way repeated measures ANOVA of seedling volume responses of G. repens to mycorrhizal inoculum, exogenous carbohydrate and light over a time course demonstrating (A) normal distribution of the data and (B) homogeneity of variance. 
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[bookmark: _Toc305759064]Supplementary figure A1.2: Histogram of residuals (A) and plot of fitted values against residuals (B) arising from a three-way repeated measures ANOVA of seedling volume responses of D. fuchsii to mycorrhizal inoculum, exogenous carbohydrate and light over a time course demonstrating (A) normal distribution of the data and (B) homogeneity of variance. 
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[bookmark: _Toc305759065]Supplementary figure A1.3: Histogram of residuals (A) and plot of fitted values against residuals (B) arising from a three-way repeated measures ANOVA of seedling volume responses of O. mascula to mycorrhizal inoculum, exogenous carbohydrate and light over a time course demonstrating (A) normal distribution of the data and (B) homogeneity of variance. 
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[bookmark: _Toc305759066]Supplementary figure A1.4: Histogram of residuals (A) and plot of fitted values against residuals (B) arising from a three-way repeated measures ANOVA of seedling volume responses of E. phoenicea to mycorrhizal inoculum, exogenous carbohydrate and light over a time course demonstrating (A) normal distribution of the data and (B) homogeneity of variance. 
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[bookmark: _Toc305759068]Supplementary figure A2.1: Petri dish with three compartments for measuring 13C and 15N enrichment of (A) Goodyera repens, (B) Dactylorhiza fuchsii and (C) Encyclia phoenicea juveniles their fungal partners access to isotope labelled 15N and 13C ammonium nitrate plus sugar in the first compartments. The plant agar in the second compartment barrier to avoid fungal partners access to isotope labelled compounds.


	[bookmark: _Toc305759069]Supplementary table A2.1: Chemical composition of the commercially available (Sigma-Aldrich) 13C and 15N 99 atom %-labelled amino acid mixture.

	Amino acid
	Composition by mass (%)

	L-Alanine    
	2.72

	L-Arginine 
	6.90

	L-Aspartic acid 
	12.09

	L-Glutamic acid 
	13.59

	Glycine                               
	13.24

	Histidine 
	0.81

	Isoleucine 
	4.23

	Leucine 
	13.89

	Lysine                     
	12.39

	Methionine
	6.63

	Phenylalanine 
	2.82

	Proline 
	3.97

	Serine  
	2.60

	Threonine
	4.13
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[bookmark: _Toc305759070]Supplementary figure A2.2: Relationship between root and shoot 15N and 13C content
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corrected 13C	1.262617885778374	0.790476906539359	3.992936735931877	3.797365138365139	2.544080349077601	5.024877550707886	0.363395294154093	0.102993966854997	0.394404172888428	0.723586922681443	0.184880592501509	0.621782494634356	1.0	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15N	15N	13C +15N	13C +15N	13C +15N	13C +15N	15N	15N	13C +15N	13C +15N	13C +15N	13C +15N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	3.577195361	2.17406407064	13.71163102432	26.88133637219956	18.643553976	33.17213414800087	1.516121751439976	2.1548538646	2.53213230152	2.772920898	1.311326435079973	2.359165156599999	
Mass of 13C (mg)

Concentration 13C	0.0506458117702169	0.0257259504881918	0.311672448890301	0.127511135839719	0.0951320203988947	0.19051313650385	0.0339105455048727	0.00364717292176771	0.033680973928652	0.024511394340068	0.0207500171477563	0.0210224635877014	1.0	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	0.228365891521783	0.078943097584583	1.037458485036276	1.405868796618588	1.455338920029894	1.142817424469773	0.0511974555048849	0.00555649093309679	0.0499776364492322	0.0615502306027261	0.0353711994684267	0.0464446709891921	
corrected 13C	0.0687662017141915	0.039262360017897	0.14008164128563	0.243657517905727	0.366134183876086	0.200672450705069	0.0215231118423549	0.0257575766357351	0.0	0.0111256931137773	0.0236216104480652	0.0	1.0	Ammonium	Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	Ammonium	Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	13C +15N	13C +15N	13C +15N	13C +15N	15 N	15 N	13C +15N	13C +15N	13C +15N	13C +15N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	1.049890564	2.1551631702	3.1799144976	12.7664550442	15.266857408	16.6604904986	0.557746711000003	0.343072401280007	0.0	0.0847307544000001	0.754348678200013	0.0	
Concentration 13C	0.0487242796561905	0.0291662638852254	0.165587833170454	0.134661078061115	0.306614291446862	0.141851780465232	0.0227245118800067	0.0236689729665485	0.0	0.0100869945714285	0.0256534310913142	0.0	1.0	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	0.261259935769972	0.332916746267997	0.621252214746926	1.522810624950994	2.132856884452467	1.831788896890248	0.0547073759060501	0.0439643781121482	0.0	0.0100869945714285	0.0447935847765021	0.0	
corrected 13C	0.28716108480641	1.199709348287984	1.374632202564938	3.663089588224061	2.315592279082688	3.668915653776115	0.0	0.0	0.0	0.00194389056000015	0.0914381275304362	0.0786337118090365	1.0	Ammonium	Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	Ammonium	Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	13C +15N	13C +15N	13C +15N	13C +15N	15 N	15 N	13C +15N	13C +15N	13C +15N	13C +15N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	1.007421102799974	3.0200627988	5.120579073999965	26.21632835839999	8.37328759800016	20.32982627199977	0.0	0.0	0.0	0.00194389056000015	0.244081484480003	0.3051018556	
Mass of 13C (mg)

Concentration 13C	0.029928696023271	0.0470386899646708	0.192062474967149	0.147665124299798	0.179248033444294	0.117449008751702	0.0	0.0	0.0	0.000154277028571439	0.0216898126536754	0.0149327054228537	1.0	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	0.142380078045441	0.130212025885741	1.16372675101383	0.91986664405643	1.22854131392391	0.706479685093547	0.0	0.0	0.0	0.000154277028571439	0.0611694154338368	0.0697836483701961	
corrected 15N	0.522156037889301	1.158430597388169	0.708339829760681	0.938264167499013	0.521684662217135	1.239011401302328	0.00277652301240513	0.0192044545594936	0.0022379785335185	0.00864720208	0.00172108716000003	0.0308244054973918	1.0	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15N	15N	13C +15N	13C +15N	13C +15N	13C +15N	15N	15N	13C +15N	13C +15N	13C +15N	13C +15N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	1.432639198599972	6.979035255000002	2.9536174128	6.518670371679995	3.9942692288	12.0130628728	0.00411357815999999	0.0360145548	0.00339215976000001	0.00864720208	0.00172108716000003	0.1040878108	
Mass of 15N (mg)

Concentration 15N	0.0181299964807767	0.0237628392958799	0.0165167601949415	0.027217328318746	0.0174863564958966	0.0485027983362514	0.00027980322113004	0.000723563392352685	0.000277163724215233	0.000293125494237293	0.000195578086363642	0.00105134138363369	1.0	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	0.0994274293431002	0.305423526395034	0.250838052856808	0.339111487866773	0.310842887749398	0.414572030650703	0.00045087592477612	0.00149418346216804	0.000382419851538467	0.000293125494237293	0.000195578086363642	0.00358574520762382	
corrected 15N	0.0824335226835446	0.929191515119021	0.454943603320471	0.0802037435233815	0.809453829838565	0.551878719509891	0.00166429146133592	0.00265752891601995	0.0	0.000181366207497569	0.000123716963563881	0.000171366207497569	1.0	Ammonium	Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	Ammonium	Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	13C +15N	13C +15N	13C +15N	13C +15N	15 N	15 N	13C +15N	13C +15N	13C +15N	13C +15N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	1.29855901456	2.90464435922	1.5927650452	2.8737231324	1.94655779400002	1.3631084016	0.00216360200000003	0.00276957920000006	0.0	0.006757182	0.0070927548	0.00359581144	
0.0549483446294389	0.0720022018233256	0.0305042217710316	0.0524003127187056	0.056194470904152	0.0406925745123888	0.000217534210162121	0.000322329841874583	0.0	0.0	0.000160474330812873	0.000262806333555565	1.0	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	0.212883673841225	0.313667313503889	0.324386431073857	0.338539746	0.262439878596028	0.147062942823359	0.000429511391484135	0.000426946026236559	0.0	0.0	0.00140778594165791	0.000709979269169106	
corrected 15N	0.0059835200855954	0.151482146452266	0.397958614502963	0.886326623422273	0.607716634420075	1.224313374776799	0.00065192040000001	0.00540926633797493	0.0016188202	0.00707312005013328	0.00414640661324251	0.00427305548194446	1.0	Ammonium	Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	Ammonium	Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	13C +15N	13C +15N	13C +15N	13C +15N	15 N	15 N	13C +15N	13C +15N	13C +15N	13C +15N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	0.534005264	0.488044502200004	3.482609459599998	5.589391352400003	2.6404535496	9.5284729978	0.000651920400000011	0.00879580176	0.0016188202	0.0172332506	0.0139797106	0.0158501211	
Mass of 15N (mg)

Concentration 15N	0.00400925962369379	0.00556842855293259	0.0693557748194058	0.0316260976735481	0.0368145903150175	0.0424964808661418	0.000250738615384621	0.000429306852220229	0.000522200064516129	0.000571753743945818	0.00113581257319237	0.0149586034141096	1.0	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	0.0796351915915702	0.0214461946231494	0.643008003602594	0.291447114088889	0.426271154017173	0.335093251206974	0.000250738615384621	0.000698079504761905	0.000522200064516129	0.00139988218539915	0.00383293732888889	0.018446378313291	
Average	21.1187120819427	436.14676428927	84.53401682163222	227.8464395157427	147.9391766909631	398.705405029829	56.9561234635918	49.69909455915671	65.26867548832292	22.22611077089287	61.3188388670234	11.57583690279039	1.0	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	 13 C	 13 C	 15N	 15N	15 N	15 N	 13 C	 13 C	 15N	 15N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	624.0	1682.0	564.0	1612.0	894.0	2544.0	338.0	1480.0	310.0	1382.0	430.0	1342.0	

corrected 13C	0.280449810904995	1.620382326356699	1.374632202564938	4.657354948010532	2.288032933930827	4.561408863767832	0.243597342802069	0.085390379	0.195486319357763	0.243591007105426	0.10928905392	0.297883575097432	1.0	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15N	15N	13C +15N	13C +15N	13C +15N	13C +15N	15N	15N	13C +15N	13C +15N	13C +15N	13C +15N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	1.690192409600021	3.22258808112	5.120579073999965	17.58515843988	5.980087467599986	17.09199094880003	0.306941783680006	0.085390379	0.23035502992	0.26500156456	0.309289053920003	0.685247230000002	
Mass of 13C (mg)

Concentration 13C	0.0350656393475647	0.0596064611311625	0.192062474967149	0.270005499511722	0.186161250613286	0.154651232402055	0.0439064705656079	0.00533689868749999	0.034718558853367	0.0130503324946335	0.00533689868749999	0.0155792255605373	1.0	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	0.266206083773376	0.131043738374084	0.863726751013842	0.994581641386935	0.656521537239524	0.580641216368731	0.0622402538857143	0.00533689868749999	0.0453950316907835	0.0145150472654356	0.00533689868749999	0.0380400374896213	
corrected 15N	0.359687155383394	2.050954303623039	0.397958614502963	1.743054170422607	0.940675645914782	2.416194583062511	0.0063699066172817	0.0141506114608586	0.00177917128055062	0.222215757216826	0.00945517157993887	0.0209632518693953	1.0	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15N	15N	13C +15N	13C +15N	13C +15N	13C +15N	15N	15N	13C +15N	13C +15N	13C +15N	13C +15N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	1.729008237599973	8.1218415922	3.482609459599998	8.137007032380001	4.135726309599995	12.2767024538	0.01192699352	0.02832041932	0.00294057580000003	0.299525914720004	0.01357771076	0.1294147034	
Mass of 15N (mg)

Concentration 15N	0.0502233427278268	0.0501859095321279	0.0693557748194059	0.071587757381607	0.0472867712437859	0.0506100436680148	0.0011025526626248	0.000879711752195045	0.000456267517465557	0.0154120640696657	0.00144044671914188	0.000898543721578702	1.0	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	Dark	Light	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	 Ammonium	 Ammonium	Sugar+NH4	Sugar+NH4	AA lab	AA lab	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	15 N	15 N	13 C+15 N	13 C+15 N	13 C+15 N	13 C+15 N	Connected	Connected	Connected	Connected	Connected	Connected	severed	severed	severed	severed	severed	severed	0.272775100921232	0.501691435538209	0.643008003602596	0.492006932614786	0.458380163720808	0.483347144016765	0.00295069296842857	0.00182317037771293	0.000730793921554258	0.0202578181214459	0.0024710629844543	0.00747612283865628	
7.352603739999997	9.332923600000001	12.16200519	14.94301284	13.40298564	15.71870979	19.55489500000022	28.92815369999997	24.0876552	31.48544499999964	2.183481000000024	2.46902188	2.11470259	4.048673160000003	2.729875499999998	3.51373344	4.874120999999985	5.077803780000012	5.743936799999997	8.578444320000002	Total 13C (mg)
Total 15N (mg)
27.48348775000001	15.31557115	36.23196808	32.59486345499995	35.4978774919999	43.0056312	26.474290944	35.5479313	46.00296288000001	46.466614777	3.05395038	2.47652328	6.29068377	4.64178099	5.024052263999916	7.547005799999996	3.516772289999999	6.136567289999999	8.957748800000002	7.883287005000002	Total 13C (mg)
Total 15N (mg)
7.352603739999997	9.332923600000001	12.16200519	14.94301284	13.40298564	15.71870979	19.55489500000015	28.92815369999999	24.0876552	31.48544499999964	27.48348775000001	15.31557115	36.23196808	32.59486345499995	35.49787749199995	43.0056312	26.474290944	35.5479313	46.00296288000001	46.466614777	2.183481000000015	2.46902188	2.11470259	4.048673160000003	2.729875499999998	3.51373344	4.874120999999985	5.077803780000012	5.743936799999997	6.506356320000001	6.053950379999935	2.47652328	6.29068377	5.657487989999935	6.059192523999998	7.547005799999996	6.02151849	6.136567289999999	8.957748800000002	7.883287005000002	Total 13C (mg)
Total 15N (mg)

2.452563035999998	3.291534795000022	3.8423961	2.591867692	2.196422	7.352603739999997	9.332923600000001	12.16200519	14.94301284	13.40298564	0.060786132	0.1189085493	0.1591761	0.041355276	0.025769178	1.183481	2.46902188	2.11470259	4.048673160000003	2.729875499999998	Total 13C (mg)
Total 15N (mg)
14.647325	9.636670359	8.631772576000001	8.236353510000001	12.022159485	41.1624883200003	23.193315072	41.6436183980003	38.31810687	43.194788	1.1669985	0.466015356	0.315585088000002	0.402037218	0.581988728999995	3.788116992000021	3.353109504	7.470830964000001	6.980980364999985	7.032174407999976	Total 13C (mg)
total 15N (mg)
2.452563035999998	3.291534795000008	3.8423961	2.591867692	2.196422	7.352603739999997	9.332923600000001	12.16200519	14.94301284	13.40298564	14.647325	9.636670359	8.631772576000001	8.236353510000001	12.022159485	41.16248832000012	23.193315072	41.64361839800012	38.31810687	43.194788	0.060786132	0.1189085493	0.1591761	0.041355276	0.025769178	1.183481	2.46902188	2.11470259	4.048673160000003	2.729875499999998	1.1669985	0.466015356	0.315585088000001	0.402037218	0.581988728999999	3.788116992000007	3.353109504	7.470830964000001	6.980980364999985	7.032174407999976	total 13C (mg)
total 15N (mg)
2.452563035999998	3.291534795000008	3.8423961	2.591867692	2.196422	7.352603739999997	9.332923600000001	12.16200519	14.94301284	13.40298564	0.060786132	0.1189085493	0.1591761	0.041355276	0.025769178	1.183481	2.46902188	2.11470259	4.048673160000003	2.729875499999998	Total 13C (mg)
Total 15N (mg)

4.064699430000001	7.103603249999995	8.077552150000002	8.816914080000003	9.929360999999998	10.9747313	16.709118516	21.89804131	18.062365104	16.33283329999999	0.867661740000001	1.797204599999997	1.23988995	2.024590880000001	2.498458299999997	1.28243544	2.148085776000001	4.698473519999969	3.420117036	2.819503889999999	Total 13C (mg)
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