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Abstract

:

Trunk injection is a targeted delivery of pesticides, insecticides, nutrients, or other plant protection materials into the stem or trunk of woody plants as an alternative to spraying or soil drenching. Trunk injection has historically been used for disease and pest management of high-value forest tree species or ornamental plants when aerial applications are problematic due to spatial problems and health-related concerns. An interest in using the injection technique for protection of agricultural crops in commercial production systems has emerged more recently, where foliar applications and soil drenches have proven ineffective or pose environmental hazards. This review provides an overview of the basic principles of trunk injection and the plant physiological implications, its current use in commercial agriculture and other plant systems, and associated risks.
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1. Introduction


Trunk injection is a technique for applying plant protection materials that offers an alternative to foliar sprays or soil drenches. Among the main advantages that trunk injection provides over conventional methods are a higher efficiency of product delivery, reduced risk for worker exposure, reduced risk to the environment, reduced harm to non-target organisms, and the possibility for use in populated areas where other methods are not an option [1,2]. Trunk injection techniques have not been optimized for use in commercial crop production; however, there is a long history of using the method in a variety of crop and non-crop species.



According to the dictionary, the term “injection” is the act or process of forcing a liquid medicine or drug into someone or something, usually by using a special needle. In botany, this term is used in a wider sense and includes any introduction of materials into a plant organ by cutting or through holes with or without force. In this sense, the earliest evidence for plant injection is from the 12th century, when Arabic horticulturists applied perfumes, spices, dyes, and other substances through wounds in plants to affect the smell, color, or other attributes of flowers and fruits [3]. The first documented experimentation on trunk injections occurred in the 15th century by Leonardo da Vinci [3], who injected arsenic and other poisonous solutions through bore holes into apple trees to render the fruit poisonous. Other experimentation until the early 1900s included injection of different nutrient solutions such as ferrous sulphate and ferric chloride as remedies for nutritional deficiencies [3]. This was followed by injection of other inorganic substances such as iron pyrophosphate, potassium cyanide, and aluminum sulphate to control insects and plant diseases [3]. In addition to inorganic materials, organic substances including salicylic acid and plant- and microorganism-derived liquids were injected by various methods for the same purpose. An excellent review of these early studies is presented by Roach (1939) [3], the first comprehensive review on plant injection detailing history, injection methods, and physiology of the injection method known at the time.



Modern research on the use of injection to deliver liquid materials for plant protection and different techniques of injection ignited with the devastating spread of Dutch elm disease (DED) in the 1960s [4]. Many of the experiments during this first wave of renewed interest investigated the injection of fungicides and potassium salts for fungal management [5,6,7,8,9]. In 1978, Michigan State University held the first Symposium on Systemic Chemical Treatments in Tree Culture, followed by a second symposium in 1987. From the 1970s through the 1990s, researchers continued to explore the efficacy of different compounds and conducted mechanism-based research on pressurized injection systems [10], patterns of water and dye movement [11,12,13], wounding, compartmentalization and decay of wood [14,15,16,17,18,19], and different wood characteristics [20,21].



More recent mechanism-based experiments explored wounding and decay [22,23], movement of water and other compounds [24,25], and the use of more effective or less injurious injection methods [26,27]. In 2015, the Tree Care Industry Association held a series of symposia on tree injection, and the following year the International Society of Arboriculture published the Tree Injection Best Management Practices Guide.



Between 2016 and 2021, more than 60 research studies were published describing tree injection-based experiments. Most of these studies tested the efficacy of different chemicals against specific pests or diseases, while few focused on the mechanisms and theories behind trunk injection. The latter included a study by Aćimović et al. (2016) [23], who investigated injection port damage and wound closure in apple trees, Dalakouras et al. (2018) [28], who examined the movement of hairpin and small-interfering RNAs in apple and grape, Killiny et al. (2019) [29], who investigated the uptake and translocation of antibiotics after stem infusion, and Kuroda et al. (2018 and 2020) [30,31], who studied the radial movement of trunk-injected minerals.



A recent review by Berger and Laurent (2019) [32] focuses on modern injection technologies, factors influencing their efficacy, and risks. In this review, we expand on these concepts to include trunk injection as a method to deliver protection materials to agricultural crops to manage pests and diseases, while also discussing the underlying physiological principles and concerns associated with this method of delivery.




2. Trunk Injection Methods


The earliest reported studies on trunk injection involved wounding of roots, branches, and trunks followed by application of different solid substances. Throughout the 19th and beginning of the 20th century, applications of liquids through leaves, branches, roots, and stems through wounds and bore holes in combination with syringes, different tubing systems, or other specially designed devices were explored in many countries throughout the world [3].



More advanced technologies are now available that allow the consistent and rapid injection or infusion of plant protection materials of trees, palms, and woody shrubs. Most of these technologies require the drilling of relatively large-sized holes (4.5–9.5 mm) using pressures of 100 psi (689 kPa) or more. High-pressure injection usually occurs through injectors that are attached via tubing to a portable canister filled with compressed gas (air or nitrogen). Fewer technologies are based on low pressure or passive infusion and do not require a compressed air canister or other peripheral features. Berger and Laurent (2019) [32] provided a tabular overview of some of the available technologies, and few other technologies have been introduced since then. Figure 1 summarizes some of the currently available injection systems.



2.1. High-Pressure Injection


The Arborjet Quik-Jet Air (Arborjet Inc., Woburn, MA, USA), is one example of a high-pressure application device. Arborjet and similar high-pressure systems, such as ENDOplant (ENDOterapia Vegetal, Girona, Spain), use 7.15 mm or larger diameter plastic plugs as injection ports which are inserted into the tree after drilling of a hole. This creates a tight seal for injection, prevents leaking, and protects the wound from pathogens and insects. Injection of the compounds occurs though specialized metal injection tips at pressures of 60–100 psi (413–689 kPa) created using compressed gas. Although the plastic plugs enable the rapid injection of large volumes of material, they can cause more damage to trees than no-plug methods, as they increase the size of the injection hole, increase the probability of injury from bark cracking, and may interfere with full wound closure [23]. Dendrology research has shown that plugging tree core wounds does not provide any benefit and can even interfere with the natural healing capabilities of the tree [33]. Another high-pressure system is the Sidewinder tree injector (The Australian Made, Loganholme, Australia).




2.2. Low-Pressure Injection


An alternative to high-pressure injection are syringe or needle-based methods sold by Chemjet (Kerrville, TX, USA), Mauget (Arcadia, CA, USA), Rainbow Ecoscience (Minnetonka, MN, USA), and other manufacturers, which allow the plug-free injection of materials. Injection using these devices occurs at relatively low pressures (<60 psi) by manual squeezing or use of a spring-loaded syringe system. Most of these systems rely on drilled holes prior to application; however, ArborSystems (Omaha, NE, USA) has developed a low-pressure drill-free system, the Wedgle® Direct-Inject. With this device, a shallow stem core is removed, and liquid is manually pushed into the trunk. The rate of liquid uptake associated with lower-pressure devices is slower than that of higher-pressure systems but eliminates the additional step of placing an injection port prior to injection. This may make these techniques more efficient at the commercial scale and allows injection in smaller trees.




2.3. No-Pressure Injection


No-pressure systems can also be either drill-based or drill-free. Implanted capsules, such as the Acecap (Creative Sales Inc., Fremont, NE, USA) or Mauget capsules (Mauget, Arcadia, CA, USA), are inserted into a drilled hole. Uptake of materials is through the transpiration-driven natural transport of sap in the tree. A similar drill-free system is the EZ Ject Lance (ArborSystems, Omaha, NE, USA), which pushes shells that contain the chemical underneath the bark of trees via a spring-based mechanism, and the chemical is then dissolved into the trunk through the water-soluble cap. However, this system was not designed for tree protection but rather for the targeted delivery of herbicides. A trial using this system to control apple scab did not demonstrate improved efficacy over aerial applications of salicylic acid or Actigard [34].



The BITE Tree Infusion tool (Sorbus, Frome, Somerset UK) creates a narrow lenticular-shaped hole designed to minimize tree damage. The injector is mounted horizontally in the tree using a built-in sliding hammer. Injection occurs through a syringe placed on top of the device, and liquid can be injected with manual pressure or by gravity-based infusion in combination with the natural vascular movement of sap in the tree. One of the expected benefits of this injection system is a faster closure of the narrow lenticular-shaped injection wound than the larger drill-induced wounds inflicted with other technologies [27].



Although external wounding may be minimized, the use of no-pressure injection and gravity-based infusion is likely too slow to be of any practical value in large-scale commercial crop production systems [35]; however, these devices may be practical on a smaller scale. Aćimović et al. (2016) [23] documented wound closure and healing after application of different injection technologies, including the BITE system and the Arborjet Quik-Jet Air (Arborjet Inc., Woburn, MA, USA), in apple trees. Apart from this study, little research has been conducted to study wounding effects associated with trunk injections.





3. Physiological Principles of Trunk Injection


3.1. Tree Anatomy


The movement of crop protection materials after trunk injection varies depending on environmental conditions and the physiological status of the tree. In general, conditions where the vapor pressure deficit is high and trees are metabolically active have a positive effect on the speed by which injected materials are taken up and the maximum injectable volume is achieved [36,37]. In addition, different tree anatomical features, such as the size and arrangement of xylem vessels, tracheids, and vessel parenchyma cells, determine the path and efficiency by which materials are being distributed throughout the tree [38]. Recent research suggests that the radial movement of minerals after injection occurs through a combination of active transport by parenchyma cells and diffusion through cell walls [30].



Hardwood species, which includes most agricultural tree crops, can be classified into diffuse-porous and ring-porous species, although these terms are not absolute. In ring-porous species, the largest pores or xylem vessels are in the earlywood because most cambial growth occurs during the earlier period of the growing season [39]. Smaller pores are found in the latewood formed in the later period of the growing season when cambial activity is reduced [39]. In diffuse-porous wood, xylem vessels are more evenly distributed and more uniform in size, with less distinction in the growth rings typical for ring-porous species. The arrangement and size of the vessels in the trunk determines the patterns of compound uptake and distribution, as well as wound response and compartmentalization. Sinclair and Larsen (1981) [20] created an index for “injectability” by determining the relative frequency and integration of xylem vessels in a cross-section divided by the specific gravity of the wood in that tissue.



Differences in vascular integration and sectoriality among species can be useful in predicting the potential efficacy of injections [40,41,42,43,44]. Highly sectorialized species have a more limited capacity to move liquids laterally across the trunk, preventing their even distribution throughout the tree [45]. In contrast, highly integrated species have a greater capacity to distribute injected materials rapidly and evenly. Some trees show a spiral distribution of liquid materials along the tree trunk [12], but the patterns of spiral movement can vary considerably across species and even between individuals of the same species [12]. Determining the vascular integration of crop species and individual cultivars is therefore necessary for predicting the distribution of injected compounds and developing recommendations on the spacing and number of injection ports required for the most effective application.



The level of vascular integration also determines the ability of different species to recover after wounding. Highly integrated trees can create transport pathways around blocked or embolized vessels more effectively than less integrated trees; however, these species may also be more likely to introduce decay-causing organisms in new areas of the trunk [46,47].



In addition to differences in vascular anatomy, differences in the site of injection on the tree can affect the rate of uptake and distribution of materials [45]. For example, root injection of dye in elm trees resulted in movement of dye to the xylem vessels of the current year’s growth, while stem injection resulted in the distribution across multiple xylem layers [11]. In contrast, in a study on nine different forest tree species, dyes injected into the lower trunk of the trees moved radially throughout the entire root tissue, while in the stem the dye was confined to the most recent growth [24]. Injections into the root flare caused a significant amount of dye to move downward and across the entire root xylem, while injection into the stem caused most of the dye to move upward, although this response was seasonal. Injection in the fall resulted in more downward movement compared to injection in other seasons [24]. Additional information on the uptake and distribution of compounds as a function of the injection location on the tree is required for individual crop species before recommendations for best injection practices can be developed.




3.2. Cohesion-Tension Theory


A fundamental concept for understanding the mechanisms of trunk injection is the cohesion-tension theory. The theory was first documented by Dixon and Joly (1894) [48], who suggested that sap will rise in a plant due to a suction-like force caused by the transpiration of water on the leaf surface. The resulting tension on the water in the tracheary and/or vessel elements of the xylem continues into the roots as a functionally continuous column. The cohesion of the dipolar water molecules creates the high tensile strength necessary to allow formation of continuous water columns from roots to leaves [49,50].



Since xylem sap is physically in a metastable state [51,52], the introduction of air into the vessels causes cavitation [53]. Cavitation can occur naturally, for example during periods of drought, when the water tension in an individual vessel becomes so high that air is introduced in the water column. This breaks the continuity of the water, and air expands to fill the length or a portion of the column [53], embolizing the xylem vessel and rendering it non-functional. To reduce the risk of rampant cavitation, xylem vessels do not span the length of the tree as one individual column [54]; rather, vessel elements are stacked end-to-end and are separated by a perforated endplate. The perforation plates joining vessel elements do not cause resistance to water movement but act as barriers to contain cavitation when water is in a negative-pressure (high-tension) state. The strong surface tension created by the cohesion of water blocks incoming air and prevents it from nucleating adjoining vessels [55].



Understanding water hydraulics is important for understanding the mechanism of uptake and movement of liquids when using trunk injection to apply crop protection materials. Drilling or boring holes into the trunk for injection causes xylem vessels to embolize, rendering them non-functional. Additional research is necessary to determine the mechanisms by which trunk-injected liquids are taken up and distributed through the tree using high-, medium-, or no-pressure systems, and whether injection-induced embolization will reduce hydraulic functioning over time.




3.3. CODIT


The concept of CODIT Compartmentalization Of Decay In Trees) was developed by Shigo and Marx (1977) [14] and is based on the idea that trees are highly sectorialized organisms able to compartmentalize injuries or wounds after they occur to prevent large-scale damage. Understanding how different crop species compartmentalize wounds is important to assess the feasibility of using trunk injections for systemic delivery of therapeutic materials to manage pests and diseases.



Based on the CODIT concept, after an injury, trees respond by blocking the decay-causing organisms, mostly fungi and bacteria, from moving horizontally or vertically through the formation of four walls. Walls 1–3 comprise the reaction zone, where lignin formation protects against further oxidative degradation [56]. Wall 4 is the barrier zone. The walls are ordered numerically by their order of effectiveness, with wall 1 being the weakest and wall 4 the strongest. Wall 1 prevents the vertical (axial) spread of decay. Axial decay is the most difficult to contain because bacteria and fungi introduced into the vascular system can be transported rapidly along the transpiration stream. After wounding, compounds such as tyloses and gels accumulate in affected vessel elements to limit the spread of vertical decay [57]. The hydrophobic nature of these materials prevents fluid diffusion, forming the upper and lower boundaries (wall 1) of decay [58]. The speed at which vessel elements plug determines the length of the occluded wood. This varies by species and vascular anatomy [59], size and severity of the wound, time of year, position of the wound, and environmental conditions [14].



Wall 2 prevents radial decay (towards the pith). Spread of decay towards the pith is blocked by the suberization of xylem parenchyma cells, occlusion of xylem vessels, and, in ring-porous species, a static barrier formed by the highly lignified cell walls of fibers found at the growth-ring boundary [14,60]. The compounds formed by vessel-associated parenchyma cells to cause occlusion of xylem vessels vary across species but may include suberized tyloses or other fibrillar or amorphous deposits, gum secretions, and phenolic compounds [61,62,63,64]. In ring-porous species, such as most temperate perennial crops, the latewood vessels located along the outer edges of growth rings are both smaller and have thicker walls than earlywood vessels, typically resulting in more effective occlusion and blockage of decay [39,65].



Wall 3 prevents the tangential (left and right) movement of decay and is formed by the ray parenchyma cells that are arranged radially in the tree trunk [60]. The ray parenchyma cells are the first to respond to wounding and thus have the highest capacity to compartmentalize and prevent decay from girdling the tree [66]. In response to wounding, these cells can relatively quickly lignify and suberize to become impervious to microbial penetration [60].



Cambium cells surrounding the wounding site are responsible for generating the strongest wall, wall 4, also called the barrier zone, which separates the wood formed before wounding from the new wood formed after wounding [14]. Cambium injury initiates suberization and lignification to prevent decay from spreading into the newly created wound wood [67]. Avoiding injury to the cambium is therefore important for preventing spread of injury and decay. Nevertheless, some injection devices were designed with the specific purpose of delivering liquids just beneath the bark and using the separation zone between bark and wood as a reservoir for the injected liquid [65].



Understanding CODIT and how different tree species respond to wounding is essential for developing trunk injection methods suitable for commercial agricultural systems. This is especially important in systems where treatments may need to be applied at least annually. Most published studies that investigated wounding and compartmentalization, however, were conducted on forest tree species and tree species growing in temperate climates [15,17,19,23,68,69]. When applying injection technologies to agricultural crops, the anatomical and physiological responses of the crop of interest need to be established before application on a commercial scale.





4. Physiological Implications of Trunk Injection


Using large injection ports and/or higher pressure to force liquids into a tree can increase the rate of uptake during injection compared to small ports and lower pressure. Both factors will also influence the physiological effects and damage inflicted on the tree.



4.1. Wound Size: Drilled-Based vs. No-Drill Injection


The principles of CODIT can be applied to predict the possible consequences of different types of injection. A sharp drill will cut perpendicularly through the xylem vessels and remove a core of wood [23], which exposes a relatively large area of the xylem, therefore improving the uptake and distribution of injected materials. Although uptake may be improved with deep, drilled holes, the inflicted damage is more extensive than the damage inflicted by needle- or blade-like injection devices [23]. Deeply drilled wounds will cause more damage to the inner wood, which is metabolically less active, and therefore, compartmentalization of decay is slower than in the outer wood [70]. This results in greater discoloration and more extensive decay towards the center of the tree compared to the periphery [71].



Blade- or “lenticular”-shaped devices are drill-free options that are inserted into the trunk so that their longest edge is oriented axially and parallel to the fibers of the xylem vessels [27]. These injection devices have been developed to take advantage of the strong compartmentalization capacity of ray parenchyma cells [60] and to minimize damage and decay in the tangential direction and reduce the risk of girdling. These devices are inserted shallower into the trunk than drills, which also reduces the extent of radial damage [27].



Needle-based devices are another alternative to drill-based devices which may accelerate wound closure by reducing the extent of physical damage to bark, cambium, and xylem tissue. These devices were designed to deposit the injected liquid at the xylem/bark interface near the cambium for a gradual and controlled uptake [65,72]. However, this methodology can cause the separation of the bark from the xylem, which may promote cambial decay across the separation zone [65]. Most of the drill-based devices that have been developed are specifically designed to reduce the occurrence of bark separation and minimize cambial dieback.



In large forest trees, annual trunk injections through ports less than 25 mm in diameter are unlikely to impact tree growth, and wounds under 12 mm in diameter generally heal over in less than one year [18]. In agricultural tree crops, the risks associated with large drill-induced wounds are considerably greater as they may lead to partial or full girdling of the trunk or branches, especially after multiple applications [4]. Smaller-diameter injection devices are therefore preferable to reduce the risks associated with injection. Although drills cause the most wounding, they have been most widely adopted because liquids can be delivered more rapidly and in larger quantities than when using blades or needles [23].




4.2. Pressure: High-Pressure vs. Low- or No-Pressure Injection


Pressurized devices allow for relatively large quantities of product to be injected into a tree in a short period of time. These devices also distribute products more evenly throughout the tree compared to the non-pressurized devices [73]. However, the extent of the physiological damage inflicted on the tree when forcing liquids through embolized or inactive vessels needs to be established for each crop system.



Implant-based systems are no-pressure devices inserted into a drilled hole and left in place while they slowly release compounds into the tree. Implants reduce the amount of time and labor needed for injection because devices can be left in the tree indefinitely. Potential phytotoxic effects of chemicals delivered with these methods may be more severe because of the extended contact time between plant tissue and the injected chemical, which can lead to an increased likelihood of damage at the injection sites [7].



No-pressure systems increase the risk of phytotoxicity and limit the amount of compound that can be applied, while high-pressure systems increase the risk of cavitation and usually require relatively large injection ports. Technologies that reduce the size of injection ports while still effectively delivering plant therapies may be necessary before trunk injection can be widely adopted in crop production systems. Moreover, the labor and associated costs of injection relative to the potential benefits need to be established for each production system before pursuing its use on a large commercial scale.





5. Trunk Injection to Control Pests and Diseases


Historically, trunk injection has been explored as a curiosity and to establish the physiological principles of sap movement in plants, and later to remedy nutrient deficiencies and manage pests and diseases, including fungal and bacterial pathogens, insects, and nematodes. Modern research has generally followed a path that coincides with outbreaks of catastrophic tree diseases or pests.



5.1. Fungal and Oomycete Diseases


Modern research on trunk injection began in response to the catastrophic spread of Dutch elm disease (DED) [36]. DED is a vascular wilt disease that can affect many species of elm, but native European elms (Ulmus glabra, U. laevis, and U. minor) and American elm (U. americana) are especially susceptible [74]. The disease is caused by fungal species in the genus Ophiostoma, which occupy roots and stems of living elm trees. The spores of the fungus are vectored by beetles that feed on the bark. These spores germinate in the xylem and produce mycelia which spread systemically to the stems and roots tissues [75]. The proliferation of the fungus causes the xylem to clog, rendering it non-functional. Vulnerable trees may die within one year of becoming infested [75]. Injecting fungicides into the trees can be performed as preventative measure to create an environment that is inhospitable for fungal growth, or as a curative measure to stop fungal growth after infestation [8].



Although tolerant elm cultivars are now available [76], DED remains a problem, especially in older trees. Different injectable protection materials have been developed that offer some protection [77]. Registered fungicides include propiconazole (e.g., Arborsystems ‘Sheperd’ or Rainbow Treecare ‘Alamo’), thiabendazole hypophosphite (Rainbow Treecare ’Arbotect 20S’), or a biocontrol product from the conidiospores of a nonpathogenic strain of the fungus Verticillium albo-atrum (Dutch Trig®, PJ Apeldoorn, The Netherlands). Protection and application of the latter has shown efficacy at reducing the impact and occurrence of DED [78]. However, most materials will not provide retroactive control if more than 20% of the tree canopy is affected [79].



As seen with DED management, trunk injection for management of diseases is still primarily utilized for forest and ornamental trees. Commercial avocado (Persea americana) production is one example of an agricultural crop production system that has relied on trunk injection to manage fungal diseases for decades [80]. Initially, fungicide injections were conducted to control Phytophthora root rot caused by Phytophthora cinnamoni. Darvas et al. (1984) [6] found that fosetyl-Al injected twice per season significantly reduced the pathogen in the roots and greatly improved tree health, though some phytotoxicity was seen in foliage. There was little improvement of tree health after the first year of injection, but dramatic improvement occurred in years 2 and 3 [6]. More recent experiments in avocado have studied a variety of new products to expand management options for Phytophthora root rot. For example, injection of potassium phosphite in combination with soil-applied fungicides reduced P. cinnamomi severity and improved tree health [81]; in contrast, another study found no effect of potassium silicate injections [82].



Trunk injection has been used in Australia and South Africa for avocado production since the 1980s [64] but was initially not practiced much in the United States. The spread of laurel wilt (LW) across much of the Southeastern USA, however, has generated interest in trunk injection as an alternative management practice [83]. Laurel wilt is caused by the fungus Harringtonia lauricola (basionym: Raffaelea lauricola) [84,85,86] and vectored by a number of ambrosia beetle species, including Xyleborus glabratus and X. bispinatus [87,88,89]. Many species in the Lauraceae family are susceptible, including redbay (P. borbonia) and sassafras (Sassafras albidum), as well as avocado [90,91]. Propiconazole has been used for DED and LW management. Others such as thiabendazole have been used in DED management and registration of tebuconazole for LW management is in progress for H. lauricola [92]. Since 2014, approximately 20% of the commercial avocado acreage in Florida has been injected with propiconazole prophylactically on a 12- to 24-month basis to prevent (suppress) the laurel wilt pathogen [91].



The efficacy of trunk injection for management of a diverse number of fungal pathogens in both crop and non-crop species continues to be investigated. These include: potassium phosphite and micronutrient mixes to treat Chestnut ink disease [93], thiabendazole, prochloraz, allicin, prochloraz + tetraconazole, and abamectin (insecticide) to treat thousand cankers disease in walnut [94], fosetyl-aluminum to treat root rot causing oomycetes and phytophthora in oak [95,96], the fungicide pyraclostrobin to treat the grapevine trunk disease Esca [97], triazoles for protection of grape vines against powdery mildew [98], and phosphonate fungicides and phosphites to treat phytophthora in avocado [99,100]. For management of Verticillium wilt in olives, researchers also investigated the use of fosetyl-aluminum, benomyl, thiophanate methyl, carbendazim, copper sulphate, and dodine, though results were inconsistent between experiments [101,102].




5.2. Insect Pests and Nematodes


The devastating outbreak of the emerald ash borer (EAB), Agrilus planipennis, was one impetus for the advancement of injection technologies to systemically target insect pests in the early 2000s [103,104,105,106]. The EAB affects multiple species of North American ash trees (Fraxinus spp.). The insect is native to parts of Asia and was first discovered in 2002 in North America, where it has rapidly spread across the eastern half of the United States and multiple provinces in Canada (http://www.emeraldashborer.info/documents/MultiState_EABpos.pdf; accessed on 14 June 2022). The insects burrow and feed beneath the bark and cause close to 100% mortality of ash trees when left untreated; however, several insecticide formulations have proven effective at reducing infestation.



Emamectin benzoate (e.g., ‘Tree-age’ by Arborjet, or ‘Mectinite’ by Rainbow Tree care) and imidacloprid (e.g., ‘Pointer’ by Arborsystems, or ‘Imicide’ by Mauget) are two insecticidal products that reduce larval activity of EAB when applied as a foliar spray and have since proven effective when applied through trunk injection [105]. In one trial, imidacloprid injections provided good control of EAB beetles in the first year after injection, but the efficacy of the product decreased in the second year [105]. In contrast, emamectin benzoate showed efficacy against the EAB larva for up to three years [107]. Due to the multi-year efficacy of some insecticidal products, economic analyses have indicated that the costs associated with injections to protect against EAB are ultimately less than the removal of infected trees [108].



In addition to reducing environmental impacts, such as leaching or damage to off-target organisms, one benefit associated with trunk injection over soil drenches or spray applications is the more rapid uptake and distribution of compounds [1]. While soil drenches may require 4–6 weeks for the chemical to be taken up and distributed, trunk-injected compounds can be applied 1–2 weeks before the expected onset of beetle emergence [109]. Like conventional insecticide applications, the timing of trunk injections will significantly impact their efficacy [109]. Protection against EAB using trunk injection has proven to be an effective option for managing both larvae and adult insects. One challenge with managing EAB, however, is that there are hundreds of millions of ash trees growing in forests across the United States and eradicating the insect or protecting a large percentage of ash trees is therefore difficult.



The pinewood nematode (Bursaphelenchus xylophilus) vectored by the pine sawyer beetle (Monochamus spp.) is the causal agent of the devastating pine wilt disease, which although of global impact, has become a highly destructive pest in many Asian countries [110]. Emamectin benzoate emerged as a potential candidate for management of the disease because it has strong nematocidal activity against B. xylophilus and can also diminish M. gallo-provincialis populations [110,111]. Preventative, though not curative, injections of abamectin, cyhalodiamide, and some naphthoquinones have also been shown to be effective for nematode management [72,112,113].



The successful injection of insecticides for EAB management and of nematicides for pinewood nematode management spurred studies on commercial crop species to investigate the potential for insecticide injection to manage pests and diseases. The efficacy of insecticide injections in reducing a variety of insect pests has been studied most extensively in apple trees [2,23,114]. Like the success of the compounds for EAB management, emamectin benzoate and imidacloprid both controlled the oblique-banded leafroller and potato leafhopper at certain concentrations [2], and other compounds such as dinotefuran and abamectin also showed some efficacy [115]. Limitations to widespread adoption of injection for insect management in commercial crops remain due to the time and labor costs associated with this delivery method.



The efficacy of trunk injection for management of a diverse number of insect pests continues to be investigated. Examples are the woolly adelgid in eastern hemlock [116], the oak borer [117], the leaf gall wasp in Chinese banyan [118], the Asian long-horned beetle in willows [119], lobate lac scale in banyan [120], the nettle caterpillar in sweet olive [121], eriophyid mite in oxhorn bucida [122], horse chestnut leaf miners [123,124], and the shot-hole borer in sycamore [125,126].



Exotic species continue to be introduced to new environments where they face few natural predators and can spread rapidly. The use of trunk injection for preventative or curative management has shown potential for protecting high-value forest, ornamental, and landscape trees from pests and diseases, perhaps justifying its use in crop production systems. Recent research on insecticide injection in tree crops includes emamectin benzoate for shot-hole borers in avocado [127], azadirachtin and abamectin for pear psylla in pear trees [128], abamectin for tiger longicorn beetle in mulberry [129], imidacloprid, oxydemeton-methyl, thiamethoxam, and fertilizers for leopard moth control in Persian walnut [130], abamectin to manage walnut husk fly in walnut trees [131], imidacloprid and spirotetramat for banana thrips [132], emamectin benzoate, imidacloprid, and thiamethoxam to control the red palm weevil in date palms [133,134], and thiamethoxam to manage apple aphids in apple trees [135].




5.3. Bacterial and Phytoplasma Diseases


Bacterial diseases can be especially difficult to control because bacteria reproduce rapidly, can be spread by wind, rain, insects, or other animals, and often reside within plant tissues such as leaves, the inner bark, or the vascular system. Injections of antibiotics to control bacterial and phytoplasma pathogens as an alternative to aerial applications have been attempted [136,137,138] and are preferable as less product is needed for effective management and the risk to human health is diminished [2].



Fire blight is a devastating bacterial disease of apples, pears, and other pome fruits caused by Erwinia amylovora. The bacteria infect blossoms, fruits, or vegetative tissues and spread systemically through the rest of the tree [139], while movement between trees by insects or rain is also possible. The most effective method for management during the blossom phase of the tree is with the use of antibiotics, and spray applications of streptomycin became the most widely used method to protect the flowers [140]. However, the continued use of streptomycin led to a significant increase in resistance of E. amylovora in different orchards in the USA [141,142]. In the 1980s, growers began using oxytetracycline to combat the development of resistance to streptomycin. However, oxytetracycline is bacteriostatic and thus generally less effective compared to the bactericidal streptomycin when used on sensitive strains of E. amylovora [139]. When used as foliar sprays, both streptomycin and oxytetracycline are most effective at preventing the growth of bacterial populations when they are applied prior to a rain event. However, oxytetracycline is very sensitive to degradation by sunlight and can be easily washed off the leaf surfaces during rain events [143]. Due to these limitations, researchers have begun exploring the efficacy of trunk-injected antibiotics for fire blight management [144,145].



Currently, the most widespread use of bactericide delivery by trunk injection is for control of lethal-yellowing-type phytoplasmas in palms [146]. Lethal yellowing (LY), and more recently, lethal bronzing (LB), are two genetically distinct phytoplasmas with detrimental impacts on a variety of palm species. The phytoplasma Candidatus Phytoplasma palmae is a phloem-limited pathogen and is transmitted most extensively by the planthopper Haplaxius crudus [147]. LY was first identified in Florida in the 1970s and the original strain was most devastating for coconut palms, whereas it generally did not affect native species [148]. Oxytetracycline hydrochloride has been used both preventatively and curatively for management of LY in palms and has only shown efficacy when applied through injection as opposed to soil drenches and foliar sprays [149]. The more recently identified phytoplasma causing LB affects a broader range of palm species, including many that are native to the Southeastern USA [146]. Oxytetracycline injections prior to infection have proven effective for LB management, though it is unclear if oxytetracycline is effective against LB once symptoms have developed [146].



Although the use of trunk injections for widespread containment and management of LY-type phytoplasmas in palms can be used as a model for the potential utility of this delivery method, the benefits associated with injection in palms may not be the same for woody trees. Palms are monocotyledonous plants in the Aracaceae family. The structure and arrangement of the xylem and phloem vessels in the trunk of palms are therefore fundamentally different from true tree species, likely affecting the distribution of injected chemicals to reach the target tissue, i.e., the phloem, to effectively manage phytoplasma diseases.



Another phloem-limited disease which gave rise to investigations of trunk injection as a targeted delivery method [150] is huanglongbing (HLB), or citrus greening. HLB is a devastating disease associated with phloem-limited bacteria that has wreaked havoc to citrus industries in the USA and worldwide [151,152,153]. In the USA and most of Asia and South America, the disease is associated with Candidatus Liberibacter asiaticus and is transmitted by the Asian citrus psyllid Diaphorina citri. Studies in the 1970s and 1980s demonstrated the efficacy of using oxytetracycline and other bactericides to alleviate HLB disease symptoms [154,155]. Recent experiments using the bactericides penicillin [156,157,158] and streptomycin [159] have shown mixed results regarding their efficacy and the potential for widescale adoption. The efficacy of oxytetracycline in reducing pathogen levels and improving tree health was demonstrated more recently [136,160,161,162]. However, whether oxytetracycline injections are cost-effective on a commercial scale has not yet been demonstrated. Moreover, antibiotic residue levels in harvested citrus fruits will need to be established before implementation of this methodology to mitigate HLB.



Although injection as a management technique needs evaluation for a large commercial scale, at the experimental level, bactericidal products have been tested for bacterial management in a variety of crop species (Table 1). ‘Tree Tech® OTC’ is an oxytetracycline calcium complex registered for use in crop-bearing peaches and pears for bacterial blast, blossom blight, and fire blight management, and X-disease of peaches; however, there are few other bactericides registered for injection in crop-bearing trees.



Most recently, injection experiments have extended beyond fungicides, insecticides, and bactericides to include other compounds such as plant defense activators [114,161,174], RNA [28,175], plant growth regulators [176], nanoparticles [177,178,179], novel antimicrobial molecules [180], essential oils [181], biofertilizers [182], nutrients [183], nano-carrier treatments [97], and bacteria [157,184,185,186]. However, none are currently used on a commercial basis.





6. Other Considerations


6.1. Location of Injection


There are different recommendations regarding the best placement of injections, which are based on the organism or pathogen being targeted and its location in the tree, the tree species, and the environmental conditions. A finding by Roach (1939) [3] that is still relevant today is that the “uniform permeation of all the branches depends on the proper placing of the hole or holes in relation to the branches”. Early research suggested that injection into the roots allows for a more uniform distribution of injected materials in branches compared to injection into the trunk [187], while others suggested injecting low on trunk ridges (sometimes called flare roots) but not on the roots or depressions between roots [17,188]. The proposed rationale for either of these suggestions is an increased rate of uptake and a quicker wound closure. However, injecting into the root flares may increase the risk for decay caused by soil-borne pathogens [4]. Additional research is necessary in tree crop species to determine where to perform injections to be most effective while preventing injury.




6.2. Xenobiotic Mobility


Xenobiotics, chemical substances found within an organism that are not naturally produced, can be transported through both apoplastic and symplastic routes. Trunk injection relies on the distribution of the chemicals within the vessel elements of the xylem [127,189]; therefore, to be effective, injected compounds will need to be mobile mostly within this tissue. For phloem-limited diseases such as phytoplasmas or Candidatus Liberibacter spp., the mobility of injected compounds in the phloem and between the xylem and phloem also needs to be considered.



Vascular movement and distribution across tissues depend on the chemical properties of the injected chemical [190,191]. Apoplastic transport depends on water solubility, formulation type, and the adsorption coefficient of the compound [36]. Compounds with a high adsorption coefficient are bound to the negative charge of the xylem cell walls and will not move as readily over long distances. Studies by Byrne et al. (2020) [127] suggest that more diluted concentrations of some formulations may improve compound uptake and distribution.



Movement into the phloem is enhanced when compounds have a high dissociation constant (pKa); in contrast, movement within the phloem is enhanced when compounds have a low pKa [192]. This means that compounds are not optimized for both transport into the phloem and movement within the phloem. Compounds that can readily move back and forth across the plasma membrane of sieve tubes will preferentially be transported in the xylem because of the greater flow volume in the xylem compared to the phloem [193].



Understanding the molecular structure and chemical properties of injected materials is critical for predicting the efficacy of injections and developing formulations. In addition to the molecular structure, movement of a xenobiotic depends on various tree physiological characteristics, such as tree height, the radius of the vessel elements, the arrangement of vessels and parenchyma cells, the length of the vessel elements, and the sink strength of roots or other plant organs [194]. Finally, environmental conditions just prior to (e.g., very dry, or high rainfall days) and during (e.g., cloud cover) injection, such as temperature, vapor pressure deficit, and soil moisture, are important factors determining sap flow and therefore efficacy of uptake and distribution of materials within the tree [36]. Understanding these principles is critical for developing effective management methods to protect crops from pests and disease using trunk injection.



Another risk associated with xenobiotics is the potential phytotoxicity of the active ingredient or other components in the injected formulation [7]. The chemicals applied via trunk injection may generate more extensive damage inside the trunk than the damage caused by the physical injury.




6.3. Timing of Injection


The appropriate time (seasonality) for injection has been established for some trees and some products; however, more extensive testing is required for each product and each tree species.



It is expected that the speed of compound uptake and distribution after trunk injection increases in rapidly transpiring trees [36], or rapidly transpiring parts of trees [37,195]. Conditions that lead to increased transpiration are thus recommended for quick uptake and even distribution of materials. For deciduous trees in temperate climates, injections in late spring and summer are most ideal for upward movement, while injections in fall and winter may result in more downward movement [24]. This can be related to the higher rates of transpiration during the active growing seasons. Fully watered trees, warm temperatures, and slightly windy conditions can also enhance transpiration and therefore increase the uptake rate of injected materials. However, timing of injection must also consider the stage of the disease and/or of the pest lifecycle at which management is expected to be most effective [36].



Although seasonality and weather may dictate the rate of uptake and movement of compounds within a tree, regulatory restrictions for compound residues in the fruits may ultimately be the determinant in the timing for injections. Recent studies that have conducted residue analyses have demonstrated variable results depending on the compound and the timing of injections. For example, emamectin benzoate was not detected in the nectar or pollen of apple trees when injected in the fall but was detected in both when injected in the spring [115]. Imidacloprid, on the other hand, was detected in pollen after injection in the fall, but was not detected in either nectar or pollen when injected in the spring [115]. In palms, emamectin benzoate was not detected in fruits 60 days after injection [134], and in avocado, one trial comparing foliar sprays with trunk injection of phosphites found that residues in the fruits after spraying were significantly higher than after injection [100]. Ultimately, compound residues in crops may be the determining factor in the timing and feasibility of injections in commercial orchard systems.




6.4. Environmental and Human Health Concerns


Trunk injection is an effective method for delivering plant protection products into tree trunks, especially compared to foliar sprays or soil drenches. However, despite multiple advantages of this method, such as higher efficacy and less environmental runoff or drift [1], there are some concerns related to its use. For example, when applied via trunk injection, the neonicotinoid insecticide imidacloprid may affect target and non-target species for multiple years due to its persistence in plant tissues [196]. Imidacloprid use has been banned in the European Union since 2018 due to growing evidence of its harmful effects on bees and other beneficial insects.



Another concern is the impact on human health when using antibiotics in plant protection [197,198]. Recently, Taylor and Reeder expressed a growing concern about the use of antibiotics in plant protection due to the potential spread of resistance to medically important bacteria [199]. Moreover, use and regulations differ considerably between different regions around the world and between countries in the same region.





7. Conclusions and Future Perspectives


Trunk injection offers numerous benefits compared to soil drenches or foliar sprays of plant protection compounds [1,2]. Although historically the use of trunk injection has focused on application in large or high-value forest and ornamental species, the technique could be optimized to reduce environmental and human health threats in commercial crop systems. Currently, the cost of manual injection at the orchard scale is not economically feasible for most growers and is a major factor for the limited adoption of the practice in agriculture. Development of techniques and equipment which would allow for more efficient injection are necessary for widespread use.



In addition to the equipment and methods required for injection at the commercial scale, research on best practices for injection in specific species is necessary to develop recommendations. The long-term effects on tree physiology and wounding also need to be examined for each crop system to determine the economic feasibility of trunk injections. Nevertheless, this delivery method has the potential for managing diseases that cannot be managed with traditional methods, and more research is warranted to establish the strengths and limitations for the crop system of interest.
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Figure 1. Some of the currently available trunk injection devices (links accessed 14 June 2022). 
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Table 1. Published studies regarding the efficacy of trunk injections for bacterial and phytoplasma disease management in crop species.
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	Crop Species
	Pest/Disease
	Antibiotic
	Efficacy of Trunk Injection
	Reference





	Almond

(Prunus dulcis)
	Almond leaf scorch

(Xylella fastidiosa)
	Oxytetracycline, penicillin
	Effective
	[137]



	Apple

(Malus domestica)
	Fire blight

(Erwinia amylovora)
	Copper chelate, kasugamycin, oxytetracycline
	Effective
	[144]



	Apple

(Malus domestica)
	Fire blight

(Erwinia amylovora)
	Streptomycin
	Effective
	[145]



	Apricot

(Prunus armeniaca)
	Apricot leaf roll disease
	Oxytetracycline
	Effective for one season
	[163]



	Apricot

(Prunus armeniaca)
	Bacterial spot

(Xanthomonas pruni)
	Oxytetracycline
	Effective
	[164]



	Grapefruit

(Citrus paradisi)
	Huanglongbing

(Ca. Liberibacter asiaticus)
	Penicillin
	Effective
	[138]



	Grapefruit

(Citrus paradisi)
	Huanglongbing

(Ca. Liberibacter asiaticus)
	Ampicillin
	Effective
	[165]



	Palm

(Aracaceae sp.)
	Lethal Bronzing

(Phytoplasma palmae)
	Oxytetracycline
	Effective as preventative measure only
	[166]



	Peach

(Prunus persica)
	Peach X-disease

(Mycoplasma sp.)
	Oxytetracycline
	Effective
	[167,168]



	Pear

(Pyrus calleryana)
	Pear decline
	Oxytetracycline
	Effective
	[169,170,171]



	Plum

(Prunus domestica)
	Bacterial spot

(Xanthomonas campestris)
	Tetracycline
	Effective
	[172]



	Pomelo

(Citrus maxima)
	Huanglongbing

(Ca. Liberibacter asiaticus)
	Streptomycin + penicillin + ampicillin
	Effective
	[173]



	Sweet orange

(Citrus sinensis)
	Huanglongbing

(Ca. Liberibacter asiaticus)
	Oxytetracycline
	Effective
	[136,161]
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