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Plants and animals evolve different attachment structures and strategies for reversible or permanent adhesion to different substrate types. For vascular epiphytes, having the ability to permanently attach to their host plants is essential for establishment and survival. Unlike mistletoe roots, roots of vascular epiphytes do not penetrate the host tissues but instead achieve attachment by growing in close contact to the surface of the substrate. However, the fundamental understanding of the attachment functions of epiphytic roots remains scarce, where majority of studies focused on the general root morphology, their functional properties and the descriptions of associated microbial endophytes. To date, research on attachment strategies in plants is almost entirely limited to climbers. Therefore, this study aims to fill the knowledge gap and elucidate the attachment functions of roots of epiphytic orchids. With the use of histology and high-resolution cryo-scanning electron microscopy (cryo-SEM) technique with freeze fracturing, the intimate root-bark substrate interface of epiphytic orchid Epidendrum nocturnum Jacq was investigated. Results showed a flattened underside of the root upon contact with the substrate surface, and the velamen layer appeared to behave like a soft foam, closely following the contours of the substrate. Root hairs emerged from the outermost velamen layer and entered into the crevices in the substrate, whenever possible. A layer of amorphous substance (glue-like substance) was observed on the surface of the root hairs. Combining the observations from this study and knowledge from previous studies, we hypothesised that epiphytic orchid roots produced a layer of glue-like substance to adhere the root to the substrate. Then root hairs are produced and enter into the voids and crevices of the substrate. This further generates a mechanical interlocking mechanism between root and substrate, thus reinforcing the attachment of the root (and hence the whole plant) to its substrate.
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INTRODUCTION

Attachment structures and strategies that evolved in animals and plants allow reversible or permanent adhesion under diverse environmental conditions and/or to different substrate types (Gorb, 2008). Attachment is achieved by a diversity of biological structures: hooks and spikes (Darwin, 1875; Rowe and Isnard, 2009), smooth pads (Gorb, 2001, 2007; Drechsler and Federle, 2006; Barnes, 2007), thin hairs (Autumn et al., 2002; Geim et al., 2003; Gao et al., 2005), suction cups (Ditsche and Summers, 2019), byssus plaques (Silverman and Roberto, 2007), or attachment pads on adventitious roots (Groot et al., 2003; Seidelmann et al., 2012). As summarized in the review of Gorb (2008), these structures fulfill different biological functions including: (1) firm anchorage for stability (e.g., Walker, 1981; Flammang, 2006); (2) reversible adhesion for effective locomotion (e.g., Irschick et al., 1996; Federle and Endlein, 2004; Tian et al., 2006); (3) firm grip on prey (e.g., Bauer and Kredler, 1988; Betz and Kölsch, 2004); (4) temporary attachment for copulation (e.g., Aiken and Khan, 1992; Voigt et al., 2017); or (5) attachment to a surface in the context of, e.g., pollination or dispersal (Kiviniemi, 1996; Krenn et al., 2005). Both the first and last function aptly apply to the lifeform of vascular epiphytes since they are permanently attached to their host plants (Zotz, 2016).

Epiphytes are, by definition, non-parasitic plants structurally dependent on trees. This lifeform takes advantage of previously unexploited spatial resources (Lüttge, 2007) such as crotches and branches in a tree canopy. Apart from having to cope with the low and intermittent supply of water and – to a lesser degree – nutrients associated with epiphytism (Zotz et al., 2021b), a major challenge for epiphytes is to stay attached to their hosts. Compared to terrestrial plants that develop deep root systems for stable anchorage (Coutts, 1983; Ennos, 2000), many epiphytes grow on bare bark with little to no substrate. Unlike mistletoe roots, roots of vascular epiphytes do not penetrate host tissue, but typically achieve attachment by growing in close contact to the surface of the substrate. Secured attachment is vital for the survival of epiphytes, because the chances of survival on the ground are low (Matelson et al., 1993) in case of dislodgement by wind or heavy rain (Rodríguez-Robles et al., 1990; Tremblay, 2008). Surprisingly, the fundamental understanding of how these plants achieve attachment to their host via their roots is still lacking. Most of the available studies on epiphytic roots focus on general root morphology (e.g., Benzing et al., 1982; Brighigna et al., 1990; Oliveira and Sajo, 1999; Moreira and Isaias, 2008; Thangavelu and Ayyasamy, 2017), functional properties such as the water and nutrients absorption capacity of the orchid velamen (e.g., Pridgeon, 1987; Zotz and Winkler, 2013; Joca et al., 2017), and descriptions of associated microbial endophytes (e.g., Bernard, 1911; Pereira et al., 2003; Tsavkelova et al., 2007; Sathiyadash et al., 2012).

To date, research on attachment strategies in plants is almost entirely limited to climbers (Isnard and Silk, 2009). Climbing is achieved via different devices or mechanisms, such as twining (e.g., Ipomoea purpurea; Scher et al., 2001), by hooks (e.g., Galium aparine; Bauer et al., 2011), by tendrils (e.g., Parthenocissus tricuspidata; Steinbrecher et al., 2010), or with adventitious pads originating from roots (e.g., Hedera helix; Melzer et al., 2010). Several attachment systems of climbers from various families are well-characterized: for example, Moraceae (Ficus pumila; Groot et al., 2003), Araliaceae (H. helix; Zhang et al., 2008; Melzer et al., 2010, 2011), Vitaceae (Parthenocissus quinquefolia, P. tricuspidata; Scherge and Gorb, 2001; Bowling and Vaughn, 2008; Steinbrecher et al., 2010, respectively), Bignoniaceae (Amphilophium crucigerum; Seidelmann et al., 2012), and Passifloraceae (Passiflora discophora; Bohn et al., 2015). Most recently, the attachment mechanism of seagrass using a combination of mechanical interlocking of subdividing root hairs and glue-like substances was described (Posidonia oceanica; Zenone et al., 2020a,b).

Considering that epiphytes attach via their roots to the host plant, their attachment mechanism may be similar to that of root climbers and seagrasses that adhere to either bare bark or rocks. Hence, their adhesion strategies might shed some light on the attachment mechanism of epiphytes. For example, Melzer et al. (2011) state that the root climber English Ivy H. helix attaches to nearly any surface via natural-forming glue and shape-changing root hairs. On the underside of its stem, ivy produces numerous adventitious roots with root hairs that secret a glue-like substance, allowing the plant to adhere onto surfaces, such as tree bark, rocks or walls. For a permanently secured hold to the substrate, the root hairs apparently take on a spirally cracked shape and interlock themselves within the crevices of the substrate (Melzer et al., 2011). Spirally cracked root hairs were also reported in the climber Syngonium podophyllum (Yang and Deng, 2017), again suggesting a link between these structures and anchorage. Spirally cracked root hairs have also been found in seagrasses P. oceanica (Tomasello et al., 2018). In P. tricuspidata, the attachment pads appear to adapt their surface to the substrate geometry and exude an adhesive fluid that fills any space underneath the pad for adhesion to the substrate (Scherge and Gorb, 2001; Steinbrecher et al., 2011). Finally, Zenone et al. (2020b) found that the root hair tips of seagrasses branch and form a pad-like structure, increasing the contact area with the corrugated rock surface. Additionally, a glue-like substance fills gaps between the pad base and the substrate, which further enhances contact area and increases adhesion. However, further investigations are necessary to validate the functions of the various root hair forms (i.e., branches and spirals): do they also increase nutrients absorption by increasing root hair surface-volume ratio, and do they only enhance root contact to the substrate?

Orchidaceae is one of the largest families of flowering plants (Dressler, 1993), with 75% of all the species in the family being epiphytic, constituting the largest percentage (68%) of all epiphytes (including hemiepiphytes) (Zotz et al., 2021c). Epiphytic orchids produce roots that either remain aerial (i.e., free-hanging and not attached) or attach to a substrate. Several studies noted that attached roots are no longer spherical in shape: roots become hemispherical, with one side flattened to follow the contours of the substrate, with root hairs being restricted to the side in contact with the substrate (e.g., Dycus and Knudson, 1957; Stern and Judd, 1999; Stern, 2014; Ponert et al., 2016; Thangavelu and Ayyasamy, 2017; Balachandar et al., 2019a; Deseo et al., 2020). Root hairs of epiphytic orchids have been reported in older parts of the root as well (Dycus and Knudson, 1957; Almeida et al., 2016), further indicating that the root hairs may have other functions beside nutrient and water uptake. Orchid root hairs also exist in various forms, apart from the usual cylindrical shape: there are branched, spiraled and club-shaped thickened versions of root hairs (Leitgeb, 1865; Balachandar et al., 2019a). Spirally cracked root hairs form mainly via the rupturing of the outer cell wall layer, which subsequently causes the inner wall layer to stretch and break (Bernal et al., 2015). However, the phenomenon may also be an artifact following the forceful detachment of roots from their substrate. Some authors hypothesized that these spiral root hairs aid in capillary water absorption or in improved adherence to the substrate (Bernal et al., 2015; Almeida et al., 2016). The similarities with climbing plants and seagrasses (i.e., root hairs on root surface contact substrate; presence of spiral-shaped root hairs) are good starting points to study the attachment mechanism of epiphytic orchids.

Given the lack of reports demonstrating exactly how orchid roots are attached to their host plant, the present study aimed at filling that knowledge gap and elucidate the attachment functions and mechanism of roots of epiphytic orchid. With the use of histology and a high-resolution cryo-scanning electron microscopy (cryo-SEM) technique combined with freeze fracturing, we directly studied the intimate interface between the root and its substrate. From these images and knowledge from previous publications, we propose a schematic diagram, to summarise our hypothesis of how epiphytic orchid roots (and hence the whole plant) adhere to their substrates.



MATERIALS AND METHODS


Plant Materials

Fieldwork was conducted in April 2019 in the Barro Colorado Natural Monument on Lake Gatun, Panama. To collect root samples for microscopy analyses, three adult epiphytic orchids, Epidendrum nocturnum Jacq attached to different Annona glabra tree branches were identified (Figure 1A). A. glabra are restricted to the marshes around the coast and islands, and the trees have a short stature, rarely growing to a height of more than 7 m (Croat, 1978) and have a relatively open crown structure. The trees were accessed with a boat for samples collection, therefore the roots were mainly collected from orchids which were maximum 2 m above the boat. For each plant, one root (with 5 cm measured from the root cap discarded) was collected together with the bark substrate still attached. The remaining roots were about 5 cm long and were further divided into three parts, ca. 1.5 cm each, totaling nine pieces of root segments (Figure 1B). To examine if free hanging orchid roots had any root hair development, roots that were not attached to any substrate were also collected from another three independent E. nocturnum plants. The roots were prepared into nine root segments as stated above. These root segments were preserved in individual Eppendorf tubes with 50% ethanol for export to Germany, where further microscopy analyses were carried out.
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FIGURE 1. (A) Epidendrum nocturnum in its natural habitat in Panama. The green fleshy roots are growing on the surface of the substrate. (B) An example of a root segment that was collected and preserved in 50% ethanol.




Initial Examination of Roots – Freehand Thin Sections

To examine if there were any of root hairs on the orchid roots, both attached and free hanging root segments were examined. Three root segments from each group were randomly selected to perform the freehand cuts. For the root segments with attached substrate, the substrates were carefully removed to better visualize any root hairs that were growing onto the substrate. Freehand cuts were prepared with a disposable razor blade. The cuts were bleached for 30 min in a solution of 2% NaClO to clear cell contents. Next, the cuts were rinsed three times in distilled water and then stained for 1 min with safranin (0.1 g in 100 ml deionized water) to stain lignified/suberized cell walls red. These cuts were further soaked for 2–3 h in 70% ethanol to remove excess stain. Fifteen cuts from each group (free-hanging and attached roots) were randomly selected and were viewed at 2–8× zoom ratio with a stereo microscope Olympus Type SZX16 (objective lens total magnification 2.1–690×, Olympus, Japan). Pictures were taken with a connected digital camera (Olympus UC30, 3.2 megapixel, Olympus, Japan).



Histology – TECHNOVIT®

To examine the root hair-substrate interface and to understand how the root is attached to the substrate, histological examinations of the root hair-substrate cross-sections were carried out. To prepare the samples for histological examinations, another three root segments of E. nocturnum (with attached substrate) were selected and further sliced into 0.2 cm root sections. This was to ensure that the root sections were as small as possible for effective dehydration and infiltration of the resin into the root and bark cells. During the process of cutting the root segments into smaller sections, some bark substrates were separated from the root. Among those roots that were still attached to a piece of bark substrate, 10 pieces were randomly selected for infiltration and embedding in TECHNOVIT® 7100 (Kulzer GmbH, Wehrheim, Germany). TECHNOVIT® is a polymerization system based on 2-hydroxyethyl methacrylate that remains transparent after polymerization. The root segments were already preserved in 50% ethanol, therefore, further dehydration proceeded in an ascending ethanol concentration series as the following: 70, 90, 96, 96, and 99% EtOH, changed every other hour, last step overnight. Then, the samples were pre-infiltrated with a solution made from equal parts of 99% EtOH and TECHNOVIT® 7100, at 4°C overnight. If samples were floating after the change in ethanol/pre-infiltration solution, they were placed in a vacuum desiccator for at least 10 min (or until samples fall to the bottom of the Eppendorf tube), to remove all moisture within the samples. Lastly, samples were infiltrated with a solution made of TECHNOVIT® 7100 and Hardener 1, at 4°C overnight. This step was repeated to ensure that the bark substrate was fully infiltrated. For polymerization, the infiltrated samples were arranged carefully into the Teflon Histoform embedding cavities (Size: S, Kulzer GmbH, Wehrheim, Germany), and filled with 0.7 ml TECHNOVIT® polymerization solution each. Polymerization was completed in 2 h at room temperature. To release the polymerized blocks from the mold, a Histobloc carrier part was glued to the polymerized blocks with TECHNOVIT 3040 (2-component resin based on methyl-methacrylate) (Kulzer GmbH, Wehrheim, Germany).

The polymerized blocks (total 10 blocks) were clamped in a microtome (Reichert-Jung SUPERCUT 2050, Wetzlar, Germany). Thin sections (5 μm) of the blocks were cut by HISTOBLADES (Kulzer GmbH, Wehrheim, Germany). Firstly, the blocks were sliced at 8 μm to remove any uneven surfaces. Then, thin sections of 5 μm were made. During this process, it was common that thin sections were curling onto themselves and were unusable. Nonetheless, at least 10 undamaged sections of each block were collected in a water bath at 20–25°C. Thin sections were air dried for at least 2 h on microscope slides (VWR®), subsequently stained in 0.05% toluidine blue aq. (toluidine chloride 1272, Merck KGaA, Darmstadt, Germany) for 1 min, washed three times in distilled water for 30 s each, and air dried again overnight. Toluidine blue is a polychromatic dye used to stain carboxylated polysaccharides with pinkish purple; lignin and tannins with greenish blue or bright blue; and nucleic acids with purplish or greenish blue (O’Brien et al., 1964). Lastly, these thin sections were mounted in ENTELLAN® (107961, Merck KGaA, Darmstadt, Germany). Four microtome cuts from each of the 10 undamaged sections made were randomly selected and viewed at 4–25 × magnification (with a 10 × eyepiece magnification) using a light microscope POLYVAR Type 300602 (Reichert-Jung, Wetzlar, Germany). Pictures were taken with a connected camera (Olympus UC30, 3.2 megapixel, Olympus, Japan).



Cryo-Scanning Electron Microscopy

The remaining three root segments of E. nocturnum (with attached substrate) were prepared for cryo-SEM examination. The samples were shock-frozen (−140°C) to study the root-substrate interface in a SEM Hitachi S-4800 (Hitachi High-Technologies Corp., Tokyo, Japan) equipped with a Gatan ALTO 2500 cryo-preparation system (Gatan Inc., Abingdon, United Kingdom). For details of sample preparation and mounting for cryo-SEM, see Gorb and Gorb (2009). Cryo-SEM is useful, where preservation of the natural morphology of cells and tissues is desired. Additionally, it allows visualization of fluids, which might be crucial in the case of root-substrate attachment. Mounted root segments with bits of bark substrate attached were sputter-coated in frozen conditions with gold-palladium (thickness 10 nm) and examined at 3 kV acceleration voltage and temperature of −120°C in the microscope.

To ensure that the results of the cryo-SEM analyses were not artifacts due to the preparative procedures and long storage in ethanol, three 1 cm fresh root samples of another epiphytic orchid, Dendrobium koordersii J.J.Sm, mounted onto Robinia pseudoacacia bark, were collected in January 2021 in the greenhouse in the Botanical Garden Kiel, Germany. All plant names follow The Plant List (2013).



RESULTS

The majority of the freehand cuts of the E. nocturnum roots (with attached substrate) displayed a semi-circular shape, with the underside of the root being flattened out to the substrate surface (Figures 2A,C). This was in comparison to the free-hanging roots that remained spherical in shape, without any flattened sides (Supplementary Figure 1). From the roots with attached substrate, root hairs were clearly present as extensions of the velamen layer, from the part of the root that was attached to the substrate (Figures 2B,D). However, on the free-hanging roots, no root hairs were observed in any of the cuts from the sample (Supplementary Figure 1). Both attached and free-hanging roots did not have a uniform number of velamen layers in the cross-sections (Figures 2A,C and Supplementary Figure 1).
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FIGURE 2. Freehand cuts of roots of Epidendrum nocturnum with most of the substrate removed. (A,C) Non-cylindrical root sections, that were flattened at the underside of the root in contact to the bark substrate (indicated by black arrows). (B,D) Enlarged images corresponding to the boxes in (A,C), respectively. There were extensions of tubular root hairs from the velamen layer. Some of the root hairs tips were probably broken off when the substrate was removed before making the cuts (black arrows in B), and some were still adhering to the substrate (black arrows in D). Ex, exodermis with U-thickened walls; C, cortical parenchyma; V, velamen; VC, vascular cylinder; BS, bark substrate.


To have a better illustration of how the root hairs interacts with the substrate, histological thin sections were examined. In some cases, the root and bark cells were not well infiltrated with Technovit, hence, those thin sections were not successful and there were incomplete cell structures (not shown). For those thin sections with successful infiltration, the root cells also showed a flattened side on the part that was in contact with the substrate (Figures 3A,B). Root hairs were emerging from the outermost velamen layer facing the substrate (Figures 3A,D,F,G), growing into the crevices of the substrate (Figures 3D,F). On the underside of the root, the outermost velamen layer appeared to behave like a soft foam, closely following the contours of the adhered substrate (Figures 2D, 3G).
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FIGURE 3. Transverse histological sections of root segment of Epidendrum nocturnum in contact with the bark substrate of the tree Annona glabra, with toluidine blue staining. Only the outermost portion of the phellem, is shown. (A,B) Non-cylindrical root segment with root hairs adhering to the bark substrate. (C) Cortex fungus (in association to the mycorrhizae) forming pelotons (arrows). They are mainly found in cells next to the substrate. (D) Root hairs enter crevices in the bark substrate. The root hair, highlighted in red, has a vertical length of 120 μm. (E) Adjacent cells with pelotons communicated by hyphae. (F) Root hair growing onto bark substrate (circle) and a piece of mycorrhizal hyphae extending from the bark substrate into the epidermal cells (arrow). (G) The outermost velamen layer replicated the contours of the substrate layer (highlighted in red). The root got separated from the bark substrate during the slicing procedure with the microtome. Ex, exodermis with U-thickened walls; C, cortical parenchyma; V, velamen; VC, vascular cylinder; BS, bark substrate. Scale bars, 200 μm.


For the cryo-SEM observations, root segments were examined (Figure 4) and a layer of attached substrate was gently removed to reveal the root hairs underneath (Figures 4B,C). Comparing the preserved and fresh samples, the preserved samples had more micro-organisms observed on the root and substrate surfaces. For examples, many diatoms were seen on the E. nocturnum roots (Figure 4B) that came from Panama but not on the D. koordersii samples from the greenhouse in Kiel. Nonetheless, the samples were similar in terms of having root hairs distributed along the length of the root segments and root hairs interacting with the substrate. Root hairs were growing between the layers of the substrate and in the crevices wherever possible (Figures 4C–E and Supplementary Figures 2C–E). Root hair size and length varied: hairs stop growing and flattened out at the tip once contacting the substrate (Figure 4F and Supplementary Figure 2E). A layer of amorphous substance (“glue-like substance”) was observed to be coated on the surface of the root hair (Figures 4F,G and Supplementary Figures 2F,G) and it appeared to be a very thin layer. On top of this glue-like layer, there were pieces of bark substrate that were either adhered directly on the glue or imprinted on the surface (Figure 4G). Root hairs of D. koordersii were also observed to bend and twist to hook onto smaller particles (Supplementary Figures 2D,E).
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FIGURE 4. Cryo-scanning electron microscopy micrographs of a segment of Epidendrum nocturnum root attached to bark substrate of Annona glabra. (A) Transverse section of the root segment. (B–E) View of how root hairs are attached to the bark substrate. (B) Bark substrates are attached to the cuticle of the root. Some diatoms (together with other micro-organisms) can also be observed on the root surface. White arrow points at a diatom. (C,D) Root hairs growing between the crevices of the layers of bark substrate (white arrowheads and arrows). Pockets of hollow spaces are present between the root hairs. (F,G) Enlarged images corresponding to the boxes in (E). (F) The end of a single root hair that is flattened due to the extremely thin cell wall of the root hair, probably appressed to the substrate and molded according to the microstructure of the substrate. (G) A layer of amorphous substance (glue) is adhering to the root hair (white arrow, also labeled in F). Pieces of bark substrates were attached or imprinted (black arrows) to the root hairs. C, cortical parenchyma; VC, vascular cylinder; BS, bark substrate; Cu, cuticle.


The cell wall of the root hairs of E. nocturnum and D. koordersii was very thin ca. 1 μm (Figure 5A and Supplementary Figure 2B). This extremely thin cell wall allowed the root hairs to be flattened against the surface of the substrate and molded to the microstructures of the substrate (Figure 4F and Supplementary Figure 2E). A cracked root hair was observed in E. nocturnum (Figure 4E), and a more obvious spirally cracked root hair was observed in D. koordersii when the root hair was ruptured (Supplementary Figure 3). The ruptured area of the root hairs consisted of several broken layers of cell wall material (Figures 5B,C and Supplementary Figure 3).
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FIGURE 5. Cryo-scanning electron microscopy micrographs of a segment of Epidendrum nocturnum root hairs. (A) A piece of broken root hair; the cell wall of the root hair is very thin (i.e., <0.5 μm). (B) A single root hair that had a flattened tip and was broken with a crack. (C) Enlarged box in (B). Cracked root hair, with broken layers.




DISCUSSION

In a typical ground-rooted terrestrial plant, root hairs are ephemeral and their growth is restricted to the area directly behind the zone of root elongation (Dickison, 2000; Grierson and Schiefelbein, 2002). The growth of root hairs is typically interpreted as an increase in surface area for nutrient uptake, microbe interactions and anchorage in the soil (Jungk, 2001; Grierson and Schiefelbein, 2002). The number and length of root hairs is largely regulated by the supply of mineral nutrients, in particular phosphate and nitrate (Foehse and Jungk, 1983; Bates and Lynch, 1996). In epiphytic orchids, however, root hairs are not restricted to the distal region of the root apex (Bibikova and Gilroy, 2002). Roots in epiphytic orchids are found along the length of the root, even in the older parts of the roots, which yields a large contact area for adhesion to the substrate. Studies found that contact to substrate is necessary for the development of root hairs since the presence of root hairs are only recorded on root surface facing the substrate (Groom, 1893; Chomicki et al., 2014; Thangavelu and Ayyasamy, 2017; Balachandar et al., 2019b). Free-hanging aerial roots remained spherical/cylindrical in shape without any root hair development (Supplementary Figure 1), while those attached to substrate were flattened on the side that was in contact to the substrate (Figures 2, 3). A flattened surface suggests a maximization of contact area for water and nutrient uptake (Thangavelu and Ayyasamy, 2017). Root hairs emerged from the outermost layer of the immature velamen in this flattened area. This is in agreement with other studies, where root hairs were also observed in the regions with direct contact to the substrate (Almeida et al., 2016; Thangavelu and Ayyasamy, 2017). It suggests that root hairs promote the attachment of orchids to its substrate by increasing the contact area of the root to the substrate.

We observed that there was a very tight contact between root and substrate, where the outermost velamen layer acts like a soft foam, molding closely onto the contours of the substrate for effective adhesion (Figures 2D, 3G). Then, there are root hairs, which have very thin cell walls (i.e., ca. 0.5 μm, measured from Figure 5A). Literature data for comparison are very limited. For example, cell wall thickness of young fresh root hairs of Lyginia barbata is similar with 0.5 μm (Shane et al., 2011), but P. oceanica have root hair cell wall thickness of 1.07 ± 0.15 μm (Zenone et al., 2020a). Given the differences in the type of environments and habitats that these plants grow in, the root hairs also serve different purposes. In the case of epiphytic orchid root hairs with the function of adhesion, having a thin cell wall would allow the root hairs to be readily flattened against the substrate or to protrude into voids, crevices and spaces between the layers of substrate (Figure 4D and Supplementary Figures 2D,E). This most likely promotes attachment as a mechanical interlocking mechanism between root and substrate. In the SEM images, an amorphous substance was observed to coat the surface of the root hairs (Figure 4G and Supplementary Figure 2F). This glue-like substance probably helps to hold the root in place. The presence of glue had also been reported in epiphytic ferns (Moran unpublished observation in Zotz et al., 2021a), in climbing figs, root climbers and in seagrasses (Groot et al., 2003; Melzer et al., 2011; Steinbrecher et al., 2011; Huang et al., 2016; Zenone et al., 2020b). Melzer et al. (2009) stated that English Ivy’s root hairs exude a glue-like substance as roundish excretes. Further analysis is needed to confirm if this is also true for orchid roots. Nonetheless, the repeated observation of glues on root hairs of epiphytic and climbing plants suggests that there may be a “universal” mechanism for attachment of non-parasitic plants to a host.

To remain securely attached to their host plants, epiphytic orchids have to withstand gravity and mechanical disturbances, e.g., wind. Principally, on very rough bark with deep fissures, when the whole root can grow into gaps, effective orchid root attachment to the substrate might be possible without root hairs. However, especially on smooth bark, which lacks larger fissures, the growth of many fine root hairs into microscale crevices on the surface provides reinforcement of attachment by mechanical interlocking, which may be critical for a strong and secure attachment. Root hairs were observed along the length of the root, in between the layers of substrates (Figures 3D,F, 4C), and they were present in different sizes and lengths (Figure 4E and Supplementary Figure 2C). Therefore, this further implies that root hairs were growing into voids and crevices, whenever present, to increase the overall contact of the root to the substrate.

Some studies placed emphasis on the spirally cracked root hairs, stating that the shape change in the root hairs played a role in providing stronger attachment of the plant to their substrate and also facilitating water uptake by capillarity (Melzer et al., 2010; Almeida et al., 2016; Yang and Deng, 2017). However, none of these additional functions has yet been shown experimentally. There is no consensus on how these spirally cracked roots are formed. One possibility is the rupturing of the outer cell wall of the root hair (caused by external force), followed by stretching and breakage of the inner walls (Bernal et al., 2015). Alternatively, it could simply result from the helical arrangement of the cellulose microfibrils in the cell wall, inducing the spiral form when the cells stretch due to growth, by some form of pressure (Frei and Preston, 1961; Lloyd and Chan, 2002; Smyth, 2016), or when root hairs dry out and shrink (Melzer et al., 2010). Yang and Deng (2017) argued that the spiral shaped root hairs in climber plant S. podophyllum have two functions. Firstly, ruptured cell walls of the root hairs release a glue-like substance that eventually helps in the adherence of root and substrate. Secondly, the spirally cracked root hairs act as microsprings for shock absorption when the root is loaded by external forces. For example, when the root is pulled, root hairs extend and crack helically to allow for more flexible elongation of the cell, which helps in dissipating energy to prevent complete detachment of the plant from its substrate. From this study, a cracked root hair was observed in E. nocturnum (Figure 5B) and a slightly spiral shaped root hair was observed in D. koordersii (Supplementary Figure 3). Although none of the observed cracks followed the length of the root hair or were clearly orthogonal to it but the cracks were always angled to the length of the root hair, and this may eventually cause the root hair to have a spiral shape. The spirally cracked root hair seemed to result from the rupturing of several cell layers on different points along the root hair (Supplementary Figure 3A), which may eventually cause the root hair to break completely and twist spirally, as suggested by Bernal et al. (2015). However, the presence of spirally cracked root hairs was only scarcely observed in this study. While the arguments regarding the origin and function of spiral root hairs may also be plausible in the case of epiphytic orchids, a larger sample size and further physiological and ontogenetic studies with orchids are necessary to put these ideas to a rigorous test.



CONCLUSION

This study focused at the root hair-substrate interface, with the combination of freehand cuts, histological sectioning and cryo-SEM techniques, to elucidate the attachment mechanism of epiphytic orchids to the bark substrate of their host plants. This study provides an in-depth, thorough understanding of how epiphytic orchids attach to their hosts via their roots. A glue-like substance is observed on the surface of the root hairs, and that root hairs enter the crevices of the substrate suggesting a mechanical interlocking mechanism between the root and the substrate for a more secure anchorage. Based on the knowledge from previous studies and the new observations from this study, we suggest a schematic diagram that summarizes our current understanding and our hypothesis on how epiphytic orchids attach to their substrate via their roots. This diagram illustrates only the attachment of orchid roots on relatively smooth bark substrates (without deep fissures) with microscale crevices on the surface (Figure 6):


[image: image]

FIGURE 6. Hypothesis on how epiphytic orchids attach to their substrate via their roots as deduced from the observations. (A) The underside of the root, which is in contact to the substrate, produces root hairs from the outer velamen layer. The outermost velamen layer resembles a foam and molds closely to the microstructures of the substrate. A layer of glue-like substance is in between the root and the substrate, which could help the root adhere to the substrate. (B) With continued root growth along the length of the substrate, root hairs persist in the cavities, generating additional long-lasting mechanical interlocking on top of the adherence via glue.



a)The underside of the root, which is in contact to the substrate, produces root hairs from the outer velamen layer. The outermost velamen layer acts like a foam and molds closely to the microstructures of the substrate. In addition, there is a layer of glue-like substance between root and substrate, which could be an additional help for the root to adhere to the substrate.

b)As the root grows along the substrate, root hairs continue to grow into voids and crevices on the substrate, and generate an additional mechanical interlocking mechanism between root and substrate, further reinforcing the attachment of the root (and the whole plant itself), to the host. Meanwhile, old root hairs maintain attachment along the entire length of the root.
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