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Besides the plant-fungus symbiosis in arbuscular mycorrhizal (AM) and ectomycorrhizal (EM) plants, many endorhizal and rhizosphere bacteria (Root Associated Bacteria, or RAB) also enhance plant fitness, diversity, and coexistence among plants via bi- or tripartite interactions with plant hosts and mycorrhizal fungi. Assuming that bacterial associations are just as important for the obligate mycorrhizal plant family Orchidaceae, surprisingly little is known about the RAB associated with orchids. Herein, we first present the current, underwhelming state of RAB research including their interactions with fungi and the influence of holobionts on plant fitness. We then delineate the need for novel investigations specifically in orchid RAB ecology, and sketch out questions and hypotheses which, when addressed, will advance plant-microbial ecology. We specifically discuss the potential effects of beneficial RAB on orchids as: (1) Plant Growth Promoting Rhizobacteria (PGPR), (2) Mycorrhization Helper Bacteria (MHB), and (3) constituents of an orchid holobiont. We further posit that a hologenomic view should be considered as a framework for addressing co-evolution of the plant host, their obligate Orchid Mycorrhizal Fungi (OMF), and orchid RAB. We conclude by discussing implications of the suggested research for conservation of orchids, their microbial partners, and their collective habitats.
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INTRODUCTION

Symbiotic association with bacteria is a fundamental condition in plants since their terrestrialization almost 400 mya. Nonetheless, we are just beginning to understand the functional mechanisms and the breadth of the ecological consequences of plant–microbial alliances (Martin et al., 2017). Among the bacterial communities that interact with plants, bacteria that colonize root compartments including the rhizosphere and intraradical regions (i.e., Root Associated Bacteria, or RAB) can regulate the functioning of plant hosts (Box 1). Plants selectively recruit RAB in response to host genotype, metabolic profiles or root exudates and/or physicochemical properties of the soil (Bulgarelli et al., 2013). Many RAB are known to enhance plant growth through nutrient acquisition (Pii et al., 2015), hormonal provisions (Tsavkelova et al., 2016), protection from pathogens (Srivastava et al., 2016) and mitigation of abiotic stresses (Tiwari et al., 2016). Collectively, the RAB that confer growth benefits to plant hosts are termed as plant growth promoting rhizobacteria (PGPR), and generally belong to the bacterial phyla Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes (Bulgarelli et al., 2013; Santoyo et al., 2016). Within these phyla, the genera Rhizobium, Bacillus, Pseudomonas, and Burkholderia feature prominently as PGPR, and some of their demonstrated functional contributions include mediating seed germination and subsequent plant growth (Glick, 2012; Kang et al., 2012; Walia et al., 2014). Though it is no longer questionable that symbiotic associations between roots and PGPR yield multiple growth benefits for the host plants, studies on the role of PGPR or other RAB in shaping plant ecology and evolution are scarce to non-existent (García Parisi et al., 2015; Siefert et al., 2019).


Box 1. Glossary of key terms.

Root Associated Bacteria (RAB)

Bacteria that colonize the rhizosphere and / or endorhizal spaces in a host plant.

Plant Growth Promoting Rhizobacteria (PGPR)

A subset of Root Associated Bacteria (RAB) that are specifically known to enhance plant growth.

Mycorrhization Helper Bacteria (MHB)

A group of Plant Growth Promoting Rhizobacteria (PGPR) that promote mycorrhizal colonization by improving spore germination, hyphal and root branching, or by alleviating biotic and abiotic stresses.

Orchid Mycorrhizal Fungi (OMF)

Fungi that establish mycorrhizal associations with orchids.



Emerging literature has shown variability in the community structure of RAB assemblages across plant taxa (Yeoh et al., 2017), seasons (He et al., 2020), and habitats (Mukhtar et al., 2018). This dynamic recruitment of RAB communities based on host phylogeny and microenvironment suggests their potential role in regulating broader ecological phenomena such as local adaptations and eco-evolutionary changes in plants. As such, rhizospheric microbiomes can impart novel traits to plants that consequently alter their ontogeny (Wagner et al., 2014; Panke-Buisse et al., 2015; Lu et al., 2018). For instance, Panke-Buisse et al. (2015) showed that three genotypes of Arabidopsis thaliana and Brassica rapa exhibited delayed flowering and increased reproductive fitness when inoculated with the rhizosphere microbiome of a late-flowering ecotype of A. thaliana, and this study confirmed the differences in bacterial communities in the rhizosphere of early and late flowering genotypes of A. thaliana and B. rapa by 16S rDNA sequencing. This provides some diffused evidence that by affecting the reproductive traits of plant hosts, RAB could ultimately shape their evolutionary trajectories. Ultimately, evolution is also directly influenced by reproductive barriers that steer divergence among species via reproductive isolation (Baack et al., 2015). Although geography and pollination syndromes are typically implicated in driving reproductive isolation in plants, symbiotic bacteria are known to cause reproductive isolation and speciation in insects by changing the mating preferences and hybrid lethality of their hosts (Sharon et al., 2010; Brucker and Bordenstein, 2013). Whether RAB can exert similar pressures on plant reproduction is currently unknown. Similarly, while covariation in host plant phylogeny and RAB community composition has been demonstrated in multiple studies (Peiffer et al., 2013; Bouffaud et al., 2014; Yeoh et al., 2017), the scientific community is yet to identify whether and how RAB assemblages propel plant phylogenesis and evolution.

While the magnitude of RAB effects on host ontogeny, phylogeny, and evolution remain poorly investigated, mechanisms of microbial influence on individual plants, their populations, and communities are slightly better studied and understood. Plants and microbes interact via a process described as plant soil feedbacks. As plants develop, they influence physical (soil temperature, moisture, and structure) and chemical properties (root cell lysates, pH and nutrients) of the soil surrounding them (Miki, 2012). This change in physicochemical properties causes shifts in the composition of rhizospheric bacterial and fungal communities (Miki, 2012; Krishna et al., 2020; Lin et al., 2020), which in turn alter the performance and fitness of the host. Microbe-mediated plant soil feedbacks range from positive to negative whereby either can promote species coexistence and community stabilization by affecting the fitness of key host taxa (Chung and Rudgers, 2016; Siefert et al., 2019). Negative plant soil feedbacks are generally attributed to the host-specific pathogens in soil, which often restrict the dominance of individual species in a community. In contrast, positive plant soil feedbacks reduce inter- or intraspecific competition for resources such as nutrients and soil moisture, fostering coexistence of diverse host taxa by precluding competitive exclusion. Along with promoting co-existence in plant communities, plant soil feedbacks are also known to steer community succession trajectories (Koziol and Bever, 2017; Wang et al., 2019; Zhang et al., 2020). For instance, a recent study showed that the soil fungal and bacterial communities conditioned by early successional plant species had positive effects on the mid successional species whereas soils conditioned by mid successional plant species exhibited negative effects on early successional species (Zhang et al., 2020). Interestingly, most of the plant soil feedbacks studies heretofore have focused either on Arbuscular Mycorrhizal Fungi (AMF) (Semchenko et al., 2018; Chen et al., 2019; Wang et al., 2019), or fungal pathogens (Hannula et al., 2020), whereas the stabilizing effects of PGPR, or other RAB, on plant communities largely remain neglected (Siefert et al., 2019). Such investigations are warranted for RAB to reveal their contributions, and possibly the coupled contributions of fungi and RAB, to plant community succession.

In fact, it is becoming increasingly evident that plant growth, diversity, and productivity is linked to tripartite interactions among plant hosts, PGPR, and mycorrhizal fungi (García Parisi et al., 2015; Van Der Heijden et al., 2016; Wang et al., 2016). For example, PGPR can interact with fungi to provision for plants by enhancing mycorrhizal associations. This group of PGPR is identified as Mycorrhization Helper Bacteria (MHB) that are known to stimulate expansion of mycelium, enhance lateral root formation, or modify host immunity to increase fungal infection (Bonfante and Anca, 2009; Kurth et al., 2013). Further, multiple studies have shown that RAB communities in AM and ectomycorrhizal (EcM) plant hosts are closely linked to the mycorrhizal communities (Singh et al., 2008; Vestergård et al., 2008; Bonfante and Anca, 2009; Nguyen and Bruns, 2015; Marupakula et al., 2016). Although it largely remains untested, non-random assemblies of RAB and mycorrhizal fungi in roots might be attributable to the variable specificities of RAB toward mycorrhizal fungi, or to the potential functioning of hosts, bacteria, and fungi as a unit, i.e., as a holobiont, that is putatively governed by a hologenome (Rosenberg and Zilber-Rosenberg, 2016).

First introduced by Margulis (1991) to define a host and the entirety of its endosymbionts, the term holobiont now also includes exosymbionts (Rosenberg and Zilber-Rosenberg, 2018). Simultaneously, the more recently described concept of a hologenome, defined as the combined genomes of a host and its associated microbes, represents a paradigm shift in ecology and has rapidly become a topic of interest in a wide array of organisms (Rosenberg and Zilber-Rosenberg, 2016). The hologenome concept of evolution states that a holobiont with its hologenome is a distinct biological entity and an independent unit of selection for evolution (Rosenberg and Zilber-Rosenberg, 2016). The four tenets that form the basis of the hologenome concept include: (1) all organisms possess diverse microbiota (2) organisms, along with their microbes, function as distinct biological entities, (3) a microbiome is transmitted across generations, and (4) a change in microbiome structure contributes genetic variation to hologenomes (Rosenberg and Zilber-Rosenberg, 2016). These tenets also apply to plants given the diversity of microbes found in plant species and their ability to affect plant functions. Yet, hologenomic investigations in plant systems are exceedingly scarce (Hassani et al., 2018), which is increasingly seen as a compelling argument for our general inability to explain many of the complex ecological and evolutionary phenomena.

While considerations of RAB and hologenomes are generally in their infancy with respect to plant ecology and evolution, their functional contributions are almost entirely neglected in one of the largest and most evolutionarily advanced plant families, the Orchidaceae. This particular group of plants represents an excellent evolutionary model system with its high diversity of taxa and ecological strategies (including pollination and mycorrhizal dependencies), unique habits, habitats, and carbon-acquisition modes across the estimated 30,000 species, and pan-global distribution. All members of the orchid family are considered rare and are afforded protection at local, regional, national, and international scales (Fay, 2018). One of the distinctive ecological requirements in all orchids is their dependence on mycorrhizal fungi that are known as Orchid Mycorrhizal Fungi (OMF) during germination and development of the rudimentary embryos. Besides, the orchid-OMF associations continue as partial or full dependence in later life stages of an orchid species depending on its photosynthetic capacity. Owing to this mycorrhizal requirement, taxonomic specificity and interactions of orchids and their OMF are generally well studied by now. Curiously though, the roles of RAB, particularly MHB, in orchid ecology have not been considered in an appreciable manner. Considering the emerging recognition of functional contributions of RAB to plant performance and evolution in other systems, it is conceivable that RAB, holobiomes, and hologenomes hold a significant unexplored potential for orchids (Figure 1). Especially considering that in a number of cases where OMF and microenvironment, either individually or together, fail to explain orchid distributions or fitness, a consideration of RAB together with OMF, environment, and holobiomes/hologenomes might allow scientists and practitioners to explain ecological and evolutionary processes in one of the largest and most distinct plant families on earth. In this review, we first present and discuss the current knowledge of orchid RAB and then present potential testable hypotheses that, when tested, will advance plant microbial ecology. The proposed conceptual models will especially inform the understanding of symbiotic interactions in one of the largest, most at-risk, and biologically complex plant families on earth.
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FIGURE 1. A schematic representation of the known and putative effects of orchid Root Associated Bacteria (RAB) on plant fitness, which eventually governs species ecology and evolution. Some orchid RAB are known to enhance plant fitness as Plant Growth Promoting Rhizobacteria (PGPR), and although currently unknown, they also may confer beneficial effects by helping Orchid Mycorrhizal Fungi (OMF) as Mycorrhization Helper Bacteria (MHB). The coupling of orchid RAB and OMF, and a combination of the host orchid and its microbiota (i.e., the orchid holobiont) likely also influence plant fitness, but these mechanisms are currently unknown in orchids. In the schematic, the unknown or underexplored interactions or effects are represented with dashed arrows and questions marks, while the known effects are represented with solid arrows.




THE CONSPICUOUSLY LIMITED KNOWLEDGE OF ORCHID RAB AND THEIR FUNCTIONS

The first reports of culture-based isolations of bacteria from orchid root systems are from Australian terrestrial orchids (Wilkinson et al., 1989, 1994). Based on the fatty acid analyses, these isolates primarily belonged to the genera Pseudomonas, Xanthomonas, Arthrobacter, and Bacillus (Table 1). Similarly, based on various morphological, biochemical and / or molecular analyses, orchid RAB isolates belonging to the genera Mycobacterium, Arthrobacter, Bacillus, Pseudomonas, and Rhodococcus were identified from roots of epiphytic and terrestrial orchids in Russia (Tsavkelova et al., 2001, 2004, 2007a; Table 1). Subsequently, a study by Júnior et al. (2011) isolated bacterial strains from roots of a tropical orchid Cattleya walkeriana, which belonged to genera Bacillus, Pseudomonas, Enterobacter, and Burkholderia based on 16S rDNA sequencing. More recently, multiple studies have repeatedly reported orchid RAB belonging to the genera Pseudomonas, Enterobacter, Sphingomonas, and Bacillus from orchids in China and South America (Yang et al., 2014; Wang et al., 2016; Herrera et al., 2020).


TABLE 1. A summary of the genera or families of orchid Root Associated Bacteria (RAB) identified either by culture-dependent or culture-independent methods.
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Reports of orchid RAB based on culture-independent methods are scarcer still (Table 1). Only five such studies are available, of which two utilized Sanger sequencing (Yu et al., 2013; Novotná and Suárez, 2018) and the other three utilized high throughput sequencing to sequence the 16S rDNA barcoding region of bacterial communities directly from root or OMF DNAs (Li et al., 2017; Alibrandi et al., 2020; Lin et al., 2020). The study by Yu et al. (2013) amplified endophytic bacteria belonging to Burkholderia, Rhodanobacter, Pseudomonas and Sphingomonas from the roots of Dendrobium officinale while Novotná and Suárez (2018) identified several bacterial strains representing genera Bacillus, Streptococcus, and Acidobacter associated with an orchid mycorrhizal fungus [a Serendipita sp.] of a tropical epiphytic orchid Stanhopea connata. On the other hand, Li et al. (2017) reported taxa within Pseudomonas, Shigella, Delftia, Burkholderia, Sphingomonas, and Pantoea dominating the endophytic bacterial communities in roots of an epiphytic orchid Dendrobium catenatum in China while Alibrandi et al. (2020) reported Cutibacterium, Luteibacter, and Corynebacterium as the dominant taxa from three terrestrial orchids of Italy. The third report utilizing high throughput sequencing documented the dominance of endophytic bacterial families Comamonadaceae, Chitinophagaceae, Cytophagaceae, and Sphingobacteriaceae in roots of an Asian orchid Gymnadenia conopsea (Lin et al., 2020). We have provided a complete list of bacteria isolated from orchid root systems in Table 1. Interestingly, orchid RAB reported so far show a remarkable overlap with bacteria commonly known as PGPR, or more specifically as MHB (Frey-Klett et al., 2007; Glick, 2012). This trend suggests that orchid RAB likely exert similar, and other as yet unknown, influences on orchids (Figure 1). We discuss below the few known, and the many potential, but yet untested, pathways through which orchid RAB can underpin orchid ecology and evolution but remain obscure. Toward this end, we first present the known roles of RAB in plant fitness and then use this information to provide similar and novel perspectives on the role of orchid RAB in orchid ecology.



FUNCTIONAL ROLES OF RAB IN PLANT BIOLOGY AND PERSPECTIVES ON THE ROLE OF ORCHID RAB IN ORCHID NICHES


RAB as PGPR


Abiotic and Biotic Stress Alleviation by Acting as Bio-Ameliorators

Plant cells perceive abiotic stresses such as freezing temperatures through the production of Reactive Oxygen Species (ROS) and calcium spiking in cytosol whereby high levels of ROS degrade nucleic acids, proteins and lipids, leading to physical damage of plant cells (Liu et al., 2017). RAB are known to mediate abiotic stress tolerance in plants by modulating the production of ROS. For instance, endophytic Pseudomonas strains conferred cold resistance in tomato plants through production of antioxidant enzymes that maintain ROS homeostasis in cytosol (Ding et al., 2011; Subramanian et al., 2015). Similarly, a study by Sheibani-Tezerji et al. (2015) showed that an endophytic Burkholderia strain was able to sense the drought stress and change its own transcriptome profile to upregulate genes associated with maintaining cellular homeostasis to destroy excessive ROS, resulting in improved plant performance under drought stress. Beneficial RAB also alleviate plant biotic stresses either directly or indirectly (Liu et al., 2017). Direct beneficial effects may be exerted by producing allelochemicals such as antibiotics, hydrogen cyanide, iron chelating siderophores or volatile organic compounds to increase resistance to plant pathogens and pests (Liu et al., 2017). Alternatively, RAB may also inhibit pathogens through the quenching mechanism that destroys the quorum sensing signals in pathogenic microorganisms (Kusari et al., 2014). Besides, endophytic RAB can inhibit pathogens indirectly by inducing systemic resistance in plants through jasmonic acid, salicylic acid, or ethylene dependent pathways and consequently priming plants for more intense defense responses (Brock et al., 2013; Glaeser et al., 2016).



Production of 1-Aminocyclopropane-1-Carboxylate (ACC) Deaminase

Biotic and abiotic stresses induce ethylene production in plants, which limits plant growth and enhances cell death at high concentrations (Afzal et al., 2019). Under stressful conditions, plants produce ACC (an immediate precursor to ethylene) in roots, from where it is transported to shoots and gets converted to ethylene in leaves (Liu et al., 2017). Beneficial RAB sequester ACC in roots, hydrolyze it by producing ACC deaminase and then use the byproducts as nitrogen and carbon sources (Sun et al., 2009; Glick, 2014), leading to lower ethylene levels and enhanced plant growth under stressed conditions. This effect was shown by Qin et al. (2014) when root endophytic bacteria capable of producing ACC-deaminase enhanced seed germination and plant growth in a halophyte host Limonium sinense under salt stress.



Production of Phytohormones

Genomes of RAB often possess genes encoding for proteins involved in the biosynthesis of phytohormones such as indole acetic acid (Zhang et al., 2019) and gibberellins (Nett et al., 2020). Indeed, multiple studies have corroborated the production of phytohormones in RAB (Tsavkelova et al., 2007a; Hoffman et al., 2013; Toumatia et al., 2016) and their growth enhancing effects in plants. A large body of literature has illustrated the role of bacterial indole acetic acid in increasing root biomass, surface area, and lateral branching (Patten and Glick, 2002; Tsavkelova et al., 2007a). Gibberellins produced by RAB has been shown to enhance shoot growth and chlorophyll content under abiotic stresses (Kang et al., 2014; Khan et al., 2014), and similarly RAB cytokinins improve root and shoot biomass under stressed conditions (Arkhipova et al., 2005; Liu et al., 2013).



Nutrient Acquisition

Nutritional provisioning by increasing the availability of nitrogen, iron and phosphorus is another way some RAB can directly promote plant growth. These elements are key components of proteins, enzymes, and other cellular compounds that drive plant physiological processes such as transpiration and respiration. Often, they are present in organic or inorganic insoluble forms that cannot be utilized by plants, and RAB can mediate their uptake. For example, RAB support the uptake of iron by producing siderophores or chelating agents that bind to the insoluble ferric ions in soil. Plants then acquire iron from bacterial siderophores through root-mediated degradation of siderophores (Rajkumar et al., 2009). Likewise, some beneficial RAB improve the availability of phosphorus by solubilizing phosphorus through acidification, chelation, or by releasing phosphatases. Besides, RAB also enhance the availability of nitrogen to plants by fixing atmospheric nitrogen through nitrogenase activity. In fact, along with the well-known legume-Rhizobium symbioses for nitrogen fixation, bacteria within the genera Azospirillum, Burkholderia, Gluconacetobacter, and Paenibacillus also fix atmospheric nitrogen and enhance plant biomass under nitrogen limited environments (Scherling et al., 2009; Gupta et al., 2013; Afzal et al., 2019).

Apart from promoting the growth of individual plants, PGPR are also known to enhance coexistence among plant species and thus stabilize community structures via plant soil feedback mechanisms. For instance, Siefert et al. (2019) have shown the stabilization effects of PGPR (Rhizobium sp.) in experimental communities where four Trifolium species were sown together at variable relative frequencies and inoculated with strains of Rhizobium isolated either from conspecific or congeneric plant hosts. The results showed that inoculation with strains from conspecific hosts reduced the fitness of Trifolium taxa in a frequency-dependent manner, indicating that species-specific mutualists provide negative plant soil feedback to impose self-limitation on hosts, resulting in stabilization of plant communities. In another study, Van Der Heijden et al. (2016) established gnotobiotic microcosms simulating European grasslands and demonstrated that co-inoculations of Rhizobium strains and mycorrhizal fungi resulted in higher plant diversity, seedling recruitment and enhanced nutrient uptake in comparison to single symbiont inoculations. This study suggested that bacteria and mycorrhizal fungi complement each other in enhancing community diversity and productivity.




Orchid RAB as PGPR

Explaining many aspects of orchid ecology and evolution including patterns of seed germination, vegetative dormancies (i.e., absence of plant emergence or aboveground growth from perennating structures) in geophytes, or species distributions, however, has always been an enigmatic task, especially when mycorrhizal fungi and/or abiotic environment have not been entirely successful in predicting the triggers and outcomes of these processes (McCormick et al., 2016; Calevo et al., 2020). Considering the growth enhancing roles of beneficial RAB, it is highly likely that orchid RAB include beneficial bacteria that facilitate plant growth, fitness, and a number of other ecological or evolutionary processes in orchids (Figure 1). For instance, McCormick et al. (2016) reported a lack of orchid seed germination at locations away from conspecific plants even though the species-specific OMF was present, while germination was higher at locations near conspecific plants in the presence of OMF. These observations convincingly reveal that factors other than OMF steer orchid seed germination. As such, it is possible that the growth promoting activity of orchid RAB could be contributing to the variation in seed germination responses, and hence plant distributions, in situ.

In fact, the limited amount of literature available on orchid RAB suggests that orchid RAB can supplement orchid niches through phytohormone production, nutritional support, or by enhancing stress tolerance. The potential of several orchid RAB to produce indole acetic acid and improve seed germination and plant growth has been demonstrated by several researchers (Wilkinson et al., 1989, 1994; Tsavkelova et al., 2007b, 2016; Júnior et al., 2011; Yang et al., 2014) and hypothesized to occur in vivo (Teixeira da Silva et al., 2015). For example, bacterial isolates from roots of multiple orchid taxa produced indole acetic acid and enhanced mycorrhiza-assisted germination of Pterostylis vittata seeds (Wilkinson et al., 1989, 1994). In another study, Tsavkelova et al. (2007b) showed that bacteria isolated from the rhizoplane of Dendrobium moschatum produced indole acetic acid and promoted asymbiotic seed germination. More recently, Júnior et al. (2011) showed that endophytic and rhizoplane bacteria isolated from Cattleya walkeriana produced indole acetic acid and promoted the growth of asymbiotically germinated seedlings of C. walkeriana under greenhouse conditions. Overall though, besides a handful of studies focused on phytohormone production, other possible orchid RAB-mediated growth effects remain largely unknown in orchids. To our knowledge, only one study has reported the potential of orchid RAB to support the nutritional niche of orchids and to provide biotic stress tolerance (Yang et al., 2014). Therein, an endophytic bacterium Sphingomonas paucimobilis, isolated from the roots of Dendrobium officinale exhibited the capacity to fix atmospheric nitrogen, and increased seedling growth and biomass; although, a direct relationship between nitrogen fixation and seedling growth was not presented. Nonetheless, orchid RAB-mediated nutrient uptake is a plausible scenario in orchids especially within the context of their nutritional dependencies during seed germination and in subsequent life stages. Further, Yang et al. (2014) also reported that seedlings inoculated with S. paucimobilis showed high concentration of salicylic acid, indole acetic acid, and abscisic acid, which possibly promote growth or provide systemic resistance against biotic stresses to the host orchid as seen in other plants.

Beyond enhancing plant growth, another intriguing functional possibility is the orchid RAB-mediated regulation of vegetative dormancy in geophytic orchids. Whether such dormancies are an adaptive or a bet-hedging trait remains unknown (Shefferson et al., 2020), though they are believed to be triggered by stresses such as drought and herbivory (Shefferson et al., 2018). Abiotic and biotic stresses may cause orchid dormancy within or across growing seasons within an individual plant when resource accumulation in perennating structures is insufficient to support emergence (Shefferson et al., 2018) even when the stresses dissipate. Within this context, it is reasonable to hypothesize that orchid RAB might prevent the onset of dormancy via at least two mechanisms: (1) by providing nutritional and hormonal support to improve carbon accumulation, and/or (2) by secreting ACC deaminase and gibberellins to counteract the activity of the stress hormones ethylene and abscisic acid. Further, it is possible that orchids derive such benefits by utilizing a synergistic coupling of orchid RAB and OMF; hence, their combined contributions to orchid fitness merit just as much attention.



RAB as MHB

While orchid RAB may directly influence orchid fitness, it is equally plausible that complementation or synergies between orchid RAB and OMF mediate the fitness of their hosts, thereby directing the fate of individuals, their populations, and the species. The concept of mycorrhization helper bacteria (MHB) was first discussed by Garbaye (1994) who defined MHB as the bacteria that promote formation of mycorrhizae. As such, MHB can be considered a subset of PGPR that may reside intimately with mycorrhizal fungi in the hyphosphere, mycorrhizosphere, or sporocarps or in other environments like plant endosphere, rhizosphere, and soil that are not directly related to fungal tissues (Deveau and Labbé, 2017). In fact, MHB are implicated in improving mycorrhizal colonization by enhancing spore germination, mycelial extension and by increasing the receptivity of roots to fungi by increasing root surface area (Frey-Klett et al., 2007). For example, Labbé et al. (2014) showed that 17 of the 21 Pseudomonas strains isolated from the rhizosphere or endosphere of Populus deltoides increased radial growth of Laccaria bicolor in fungal-bacterial co-cultures. Some potential mechanisms through which MHB can improve fungal growth include production of compounds such as branching factors that increase hyphal extension by changing the actin cytoskeleton of fungal hyphae (Frey-Klett et al., 2007; Schrey et al., 2007) or through nutritional complementation with vitamins or compounds that are not synthesized by mycorrhizal fungi (Hildebrandt et al., 2006; Deveau et al., 2010). In the study by Labbé et al. (2014), dual inoculation of rooted cuttings of three Populus species with L. bicolor and Pseudomonas strains increased the number of secondary roots and consequently mycorrhizal colonization. Nevertheless, the effects of MHB on root proliferation and morphology are not yet clear but could possibly be modulated through auxin homeostasis and ethylene production by MHB (Deveau and Labbé, 2017).

Other mechanisms by which MHB are known to promote mycorrhization include amelioration of stresses for better growth of fungi (Frey-Klett et al., 2007). To this effect, Hashem et al. (2016) showed that inoculation of Acacia gerardii with Bacillus subtilis enhanced AMF colonization by alleviating salt stress. As a consequence, plant biomass, nodulation, and crude protein content of A. gerardii increased when plants were co-inoculated with AMF and B. subtilis as opposed to independent inoculations with either symbiont. In this study, inoculations of B. subtilis alone or in combination with arbuscular mycorrhizal fungus resulted in higher uptake of N, P, K, Mg, Ca, enhanced activity of phosphatases and decrease in concentrations of Na and Cl in plant tissues that consequently resulted in improved mycorrhizal colonization and plant growth under salinity stress. While there are additional studies showing a positive effect of dual inoculations with bacteria and mycorrhizal fungi on plant growth and stress tolerance (Neeraj and Singh, 2011; Almethyeb et al., 2013; Vafadar et al., 2014), they all represent agricultural or forestry systems. Unfortunately, no literature is available to date that determines if and how MHB functioning shapes plant ecology and evolution in natural systems. It is especially likely that the ecology of partially- or fully mycoheterotrophic plants is more closely tied to MHB functions considering their near-complete dependence on mycorrhizal fungi.



Orchid RAB as MHB

Considering that the life histories of orchids are intimately tied to their mycorrhizal fungal partners whereby OMF may regulate the fundamental niches of orchids by limiting germination, recruitment, and plant fitness (Swarts et al., 2010; Kaur et al., 2019), the potential contributions of MHB in orchid ecology are expected to be appreciable. Yet, to our knowledge, nothing is known of the identity, functions, and interactions of MHB associated with orchids and their OMF. Given the complete absence of studies on MHB-OMF interactions, some basic queries are warranted as a starting point. These might include an investigation of whether MHB associated with OMF, orchid tissues or orchid rhizosphere improve mycorrhizal colonization either during germination or otherwise. Investigations must also address whether MHB-OMF associations exhibit specificity toward each other and toward their orchid hosts. If such extreme specializations exist in the MHB-OMF-host interactions, their collective potential for explaining plant distributions could be remarkable, and could eventually explain species distributions and community compositions in the context of microbial niche partitioning. For instance, a community of four orchid taxa that utilize a same orchid mycorrhizal fungus might otherwise compete for soil nutrients or soil moisture, whereas their unique specificities toward MHB strains could facilitate access to non-overlapping nutrient pools such as different chemical forms of nitrogen (ammonium, nitrate, etc.), thereby promoting co-existence through niche differentiation and resource partitioning.



RAB as Constituents of Holobionts and Hologenomes

Despite the relative infancy of plant-microbial frameworks in explaining functions, distributions, and evolution of plants, plants are no longer viewed as autonomous units (Vandenkoornhuyse et al., 2015). Microbes are implicated in ontogenic, physiological and evolutionarily development of plants (Wagner et al., 2014; Yang et al., 2014; Rosenberg and Zilber-Rosenberg, 2016). Yet, we are far from understanding the coupled effects of the various microbes, their interactions with environment, and even farther from considering holobionts and their hologenomes within these contexts (Vandenkoornhuyse et al., 2015). While the role of microbiota in host plant fitness is somewhat understood (Hassani et al., 2018), the mechanistic underpinnings of hologenomes in shaping plant ecology and evolution remain elusive. The limited empirical evidence of the contribution of hologenomes in evolution and speciation comes mostly from the animal kingdom. Accordingly, the hologenome acted as a reproductive barrier in the parasitoid wasp genus Nasonia (Brucker and Bordenstein, 2013) when hybrids generated by cross-breeding closely related lineages of Nasonia were inviable. In contrast, an antibiotic treatment rescued this hybrid lethality, suggesting that the gut microbiome of the Nasonia species prevented interspecific breeding. Similarly, Sharon et al. (2010) showed that a tetracycline treatment terminated the diet-induced mating preferences in Drosophila melanogaster and that these preferences were reinstated when flies were infected with microbes isolated from their guts. Hence, it is not only conceivable but very likely that similar mechanisms operate in the plant kingdom where microbiota alters reproductive or other biological processes that directly impact ecology and evolution of organisms.



Orchid RAB as Constituents of Holobionts and Hologenomes

The hologenome concept has a particular relevance for orchids because of their obligate mycoheterotrophic habit during seed germination and the continued dependency on microbes throughout their life cycle depending on their trophic mode. Simultaneously, questions related to the often puzzling distribution of orchids and their rapid diversification into 25,000-30,000 species should also perhaps be framed within the context of hologenomes. As such, Givnish et al. (2015) ascribed the radiation in orchids to the evolution of pollinia, epiphytism, crassulacean acid metabolism photosynthesis, deceit pollination and tropical distributions, while leaving out OMF by citing a lack of relevant information. Not surprisingly, bacterial preferences, microbiomes, or hologenomes were not even mentioned as potential predictors in their study. Nevertheless, a few researchers have attempted to link OMF to diversification in photosynthetic orchids (Roche et al., 2010; Waterman et al., 2011; Suárez et al., 2016), suggesting that OMF do not, as yet, explain speciation within orchid lineages. Notably, with the exception of Waterman et al. (2011), each of the other two studies was focused only on a single genus of orchids, limiting the interpretation of these results and leaving much room for continued investigations. In contrast to photosynthetic orchids, the evolution of achlorophyllous, fully mycoheterotrophic orchids and mixotrophic taxa is linked to a shift in their OMF partners (Ogura-Tsujita et al., 2012; Těšitelová et al., 2015). The establishment of new and stable symbioses with microbes requires major physiological adjustments for the host as well as their microbial symbionts, and can lead to co-evolution of both partners. For this reason, the switch from mixotrophy to complete mycoheterotrophy is often accompanied by a loss of genes related to photosynthesis and an expansion of the genes involved in digestion of fungal hyphae (Yuan et al., 2018). Although not investigated, similar genomic adaptations could be expected in the mycorrhizal fungal genomes to adapt to the endophytic lifestyle in achlorophyllous orchids. Another classic case of co-evolution is evident in the evolution of endofungal bacteria that persist within AMF and have lost the ability to live independently after undergoing genome reductions (Bonfante et al., 2019). Altogether, the current state of knowledge suggests that genome rearrangements are inevitable in the establishment of highly specialized symbioses, suggesting that a consideration of hologenomes may help explain diversification in orchids.

Besides the evolutionary implications of hologenomes, both spatial and temporal changes in the hologenomic components could help optimize the functioning of holobionts and eventually predict the distribution patterns of orchids. Orchids are represented pan-globally even though the distribution ranges of individual species range from highly endemic (Swarts et al., 2010; Pandey et al., 2013; Kaur et al., 2021) to wide ranging (Hutchings, 2010; Davis et al., 2015; Kaur et al., 2019). Regardless of their distributions, however, a large majority of orchid taxa are faced with declining trends as their local populations, which are often small, are exposed to anthropogenic or environmental threats (Swarts and Dixon, 2009; Fay, 2018). Under such increasingly stressed conditions, genetic variability in hologenomes through differential recruitment of OMF and / or orchid RAB might underpin local adaptations of the orchid holobionts. In particular, association with distinct orchid RAB might be especially beneficial in conferring hologenomic variability when host orchids exhibit extreme specificity (Swarts et al., 2010; Kaur et al., 2018, 2019; Calevo et al., 2020) in their OMF preference. Altogether, we posit that combined considerations of OMF, orchid RAB and the host orchid as holobionts and hologenomes, along with their interactions with the environment, thus, merit increasing attention in our efforts to explain the distributions, adaptations, and evolution of orchids.




IMPLICATIONS OF ORCHID RAB FOR ORCHID CONSERVATION

Acknowledging the pivotal role(s) of bacteria and other microorganisms in the origin and maintenance of plants and biodiversity on the planet, we specifically propose that conservation programs employ a holistic approach that emphasizes conservation of symbiotic microbes along with their hosts and their collective habitats. In fact, we suggest that conservation programs should also adopt a holobiont perspective when designing tools and strategies to preserve and protect ecosystems and their biotic components. This approach is especially suited and necessary for the Orchidaceae that are all considered ‘rare’ in nature, represent approximately 10% of all angiosperm flora on earth (and 80% of the protected species on the Convention on International Trade in Endangered Species of Wild Fauna and Flora appendices; Fay, 2018), are obligate mycoheterotrophic during germination, and represent some of the most unique evolutionary strategies among higher plants. Yet, their bilateral or multilateral interactions with bacteria remain sorely neglected. We posit that while a deeper understanding of the role of MHB may seem more urgent with respect to orchid conservation, all endophytic and epiphytic microbes deserve consideration to inform holistic conservation that embraces the functional roles of microbes in individual plants, and their capacity to regulate plant growth, species distributions, species interactions, evolution, and ecosystem functions. While such efforts are warranted, they also require a clear understanding of the contributions of distinct organisms individually and altogether. For instance, the knowledge of the structure and function of bacterial guilds associated with orchid roots is extremely limited at present though some distinct trends are noticeable and informative. As such, mirroring the patterns of OMF availability in soil, orchid RAB also tend to have lower abundances in rhizosphere soil (Kaur et al., 2020). This observation suggests that orchid RAB likely remain restricted primarily to the perennating tubers without maintaining a significant presence outside the orchid tissues. Simultaneously, if orchid RAB primarily represent MHB, then the current OMF paradigm may need to be reconsidered entirely. In essence, it may not just be the OMF but the coupling of OMF along with their MHB that regulate orchid germination and growth.



CONCLUSION

Microbes are increasingly being understood to modulate plant distributions and productivity (Van Der Heijden et al., 2008). After plants, bacteria form the largest proportion of the global biomass (Bar-On et al., 2018). Combined with their current dominance, the relatively recent understanding of their evolutionary role in respiration, photosynthesis, and terrestrialization of plants (Cheng et al., 2019) points to the fact that scientists are only beginning to understand the role of bacteria in plant biology and ecology. While the symbiosis between eukaryotes and plastids has existed for 1.5 Ga, nitrogen-fixation in symbiosis with legumes is estimated to have originated about 66 mya (Doyle, 2011; Shih and Matzke, 2013). With long evolutionary histories of intimate partnerships that have driven plant evolution, it would hardly be surprising to discover additional plant functions that are underpinned by root associated bacteria.

Altogether, the largely neglected roles of microbes, including bacteria, in modulating plant and ecosystem functions deserve a deeper understanding and consideration in conservation programs. Fortunately, technological advances are assisting such efforts by allowing scientists to profile microbial communities and functions at a more accelerated pace. We suggest that the time is upon us to holistically examine, understand, and incorporate bacteria and their communities in the science and practice of orchid ecology and conservation.
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