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Early kiwifruit decline is a physiological disorder reported for the first time in New Zealand following a cyclone that caused a heavy and prolonged flooding of kiwifruit orchards. Following studies on kiwifruit vine physiology and anatomy demonstrated that this plant has a significant water demand but is also extremely sensible to root waterlogging and soil anoxic conditions. Pathogenic microorganisms were sometimes identified in soil and root samples of declining plants, but they were not considered the primary cause of kiwifruit decline, and their presence in roots was considered a consequence of waterlogging and plant weakening. Agronomic practices have been developed and adopted to deliver water in amounts adequate to plant needs, but avoiding excess and stagnation in the soil, and to improve soil aeration. However, in recent years, early decline has seen worldwide spread, affecting even orchards in which waterlogging is prevented or is only occasionally caused by intense local rainfall. A global overview of the knowledge on botanical, physiological, and ecological traits of kiwifruit, along with the examination of phenomena concomitant to early decline appearance, can help to identify the causes and the possible actions to prevent its occurrence. Some assumptions and possible solution attempts are proposed.
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INTRODUCTION

The kiwifruit, a spontaneous plant native to China whose fruits were widely harvested from the wild, was introduced in New Zealand, Europe, and America at the beginning of twentieth century, and its cultivation rapidly spread through temperate regions in the second half of the century. Nowadays it is a very important fruit crop in several countries beyond China, such as Italy, New Zealand, Chile, and Greece (Ferguson, 2016). At present, nearly 3 million tons of kiwifruits are estimated to be produced annually in the world (Guroo et al., 2017).

Kiwifruits are vines, and they are usually cultivated in canopies. Since the beginning of their cultivation spread, physiological disorder symptoms were observed in orchards, including leaf epinasty, chlorosis, desiccation and abscission, growth stop, and reduced fruit production; these were associated with anomalous root morphology and anatomy, disappearance of fibrous roots, and rotting of structural roots (Savé and Serrano, 1986; Xyloyannis et al., 1986; Smith et al., 1989; Reid et al., 1991). These symptoms usually appeared mid-summer; a progressive worsening was usually observed in following years, which could lead to the complete harvest loss and to plant death. In March 1988, New Zealand, the cyclone Bola caused a heavy and prolonged flooding of kiwifruit orchards after which a widespread early vine decline was reported; reduced performance of the same vines observed in the following season was considered a long-time consequence of the waterlogging event (Reid et al., 1992). Progressively, the seriousness and the diffusion of this disorder in kiwifruit orchards all over the world has attracted more attention and induced people to better take into consideration the physiological traits of the plant for crop management. The effect of flooding, due to either meteoric events or excessive or wrong watering management, was examined in view of the high sensitivity of kiwifruit roots to low oxygen availability (Savé and Serrano, 1986; Smith et al., 1989, 1990; Reid et al., 1991, 1992). The effect of other soil-borne abiotic stress factors (structure and texture, elevation, and transmission properties Reid et al., 1991, nutrient availability, including organic matter, heavy metal content, xenobiotics phytotoxicity, water availability, and temperature (Xyloyannis et al., 1986; Smith et al., 1989), as well as management practices, e.g., overpruning and overcropping (Black et al., 2012), or soil-borne pests (pathogenic microorganisms) (Reid et al., 1991; Tacconi et al., 2014, 2015) on the occurrence of the decline symptoms has also been assessed. It was stated that each of these factors, when examined alone, cannot be considered as the cause of early kiwifruit decline (Sorrenti et al., 2016; Tacconi et al., 2019); moreover, most of them were in turn related to soil anoxia or excess water content (Savé and Serrano, 1986; Wilde and Hughes, 1987; Smith et al., 1989; Reid et al., 1991; Sorrenti et al., 2016). As waterlogging was ascertained to be the most common factor related to the appearance of kiwifruit decline, suitable crop management systems aiming to improve root aeration, such as soil trunking and convexing, soil conditioning with organic fertilizers, and localized watering with specific amounts of water delivered daily on the basis of crop consumption to maintain the soil field capacity constant, were proposed; however, the onset of this disease was not hampered. In 2012 the physiological disorder symptoms appeared in some orchards located in Italian northern regions, mainly in lowland soils (Montanaro et al., 2014; Tacconi et al., 2014; Tosi et al., 2015; Sorrenti et al., 2016; Nari and Vittone, 2017). Also in this case, the practices adopted to improve root aeration through changes in soil chemico-physical properties were not sufficient to prevent the worsening of the symptoms occurring in both young and adult orchards; plants that do not totally collapse within 12 months usually die the year after (Spigaglia et al., 2020). Moreover, early kiwifruit decline rapidly spread across northern and central Italy, in both old and new plantings, and, consequently, a steady trend of reduction of the land area for kiwifruit production followed. In 2018, 12.6% of the Italian kiwifruit orchards were dead and uprooted, but the severity of the damage is greatest in Northern regions, with 70% of orchards uprooted in Veneto and 28% in Piedmont, and this trend is still in progress (Tacconi et al., 2019; Spigaglia et al., 2020).

Since 2010, 2 years before the onset of early kiwifruit decline, the kiwifruit orchards in Italy experienced a dramatic epidemy of a bacterial disease caused by Pseudomonas syringae pv actinidiae (PSA). This pathogen was recorded for the first time in 1994, but it remained unnoticed for more than 15 years; then, it emerged becoming rapidly pandemic and causing severe damages, as a result of which many orchards were uprooted (Scortichini et al., 2012). As a consequence, agronomical techniques and control strategies were reorganized in order to reduce the incidence and severity of the disease and the risk of further spread. The control of the disease has reached in many areas of cultivation worldwide a rather satisfactory level despite the endemic presence of the pathogen in the orchards (Scortichini, 2018). The symptoms induced by PSA are significantly different from those of early vine decline, and PSA cannot be considered a direct cause of early decline; however, as PSA is still almost always present, a sort of coexistence with the disease is evident in kiwifruit orchards (Scortichini, 2018); a resulting general plant weakening can thus be considered a possible predisposition to other diseases.

According to the evidence presented, the early kiwifruit decline is still an unsolved problem. Each of the possible factors examined till now, even if correlated with the decline onset, cannot be considered as the sole cause, and its control does not prevent the decline onset or worsening till plant death. The hypothesis that this disorder can arise following the gathering of multiple factors is currently accepted; however, reliable remedies or preventive measures to overcome its effects are still not available.

Over the last few years, particularly in the Mediterranean area, the weather conditions have shown a general rise in temperature, particularly during summer, and long drought periods interrupted by heavy rainfall, according to global change (JMA, 2019). Taking into consideration the peculiarities of kiwifruit vine anatomy and physiology, a comprehensive examination of the changes that have arisen in both environmental factors and kiwifruit crop management techniques could help in finding solutions to this problem that seriously affects economic sustainability of several rural areas where kiwifruit is an important crop.



KIWIFRUIT: BOTANICAL AND ECOLOGICAL TRAITS

The commercial kiwifruits belong to the genus Actinidia: Actinidia chinensis var. deliciosa (the green-fleshed kiwifruit), Actinidia chinensis var. chinensis (the yellow-fleshed), and the kiwiberry Actinidia arguta. The genus Actinidia has been widely described, and its botanical, physiological, and anatomical traits can be found in exhaustive reviews (Ferguson, 1984, 2016; Lemon and Considine, 1993; Testolin et al., 2016; Akram, 2018). In this work, some aspects helpful to understanding kiwifruit physiological disorders are evidenced.


Kiwifruit Ecology

The natural habitats in which Actinidia species spontaneously grow are hills or mountains of eastern and southern Asia. They are perennial, deciduous plants with large leaves that climb with long weak shoots over trees. Kiwifruits are usually found on the banks of steep gullies, near springs, in dense forests, or in scrub vegetation with high relative humidity maintained throughout the year, while they are rarely found on hill tops or in places where moisture is low; they grow under the tree canopy, shaded from excessive sunlight. In the wild, these plants are exposed to large variations in temperature between day and night and between summer and winter (up to 50°C difference). Dormancy makes vine cold resistant in winter, even when top layers of soil freeze (Ferguson, 1984). In general, A. chinensis var. deliciosa prefers colder climate and higher altitudes, while A. chinensis var. chinensis occurs in warmer lowland areas (Ferguson, 2016).

It follows that the cultivated kiwifruit requires high humidity and rainfall that is distributed well throughout the growing season, cold winters, long frost-free growing periods, moderate intensity of sunlight, and shelter from wind (Ferguson, 1984).



Kiwifruit Root System

The anatomy and histochemistry of the root system of A. deliciosa var. deliciosa has been extensively described by Lemon and Considine (1993); however, it is crucial to summarize their findings in view of the implications with the kiwifruit early decline.

The greater part of the root system (about 95% of total length) is formed by fibrous roots, which occur as bunches arising from structural roots, and exhibit a small and uniform diameter. Most fibrous roots persist for more than one season, going through cycles of dormancy and suberization of the root tip followed by reactivation or death. Structural roots usually form from the older portion of pioneer roots, but some fibrous roots can also develop into structural roots. New white roots arise from older fibrous roots or from large structural roots. Root hairs were not observed on roots collected from the field, though plants grown in solution culture developed conspicuous root hairs.

The anatomical development of kiwifruit roots is characterized by some peculiar traits that are different from other plants (Figure 1). Structural and fibrous roots retain a cortex, also when roots grow with extensive secondary thickening. The cork is a relatively small component of the structural root and the bulk of the tissue is vascular in origin, as in other plant species. The endodermis is retained and continues to divide periclinally to accommodate the increase in circumference with growth. The pericycle, endodermis, cortex, and cork form a tannin-rich, thin outer protective layer on the root surface. Phelloderm is initiated by hypodermal cells within the cortex and not by the pericycle; this phellogen produces new cells centrifugally only. The periderm development seems to closely resemble stem periderm formation.


[image: Figure 1]
FIGURE 1. Diagrammatic representation of the development of a “typical” woody root compared with kiwifruit root development (Lemon and Considine, 1993; reproduced with the author's permission). (A) Primary structure of a woody root. The cortex is the predominant tissue. (B) Young kiwifruit root exhibiting similarities to the typical woody root. (C) Early secondary growth of the woody root. Development of secondary vascular tissues coincides with cortical breakdown. (D) Early secondary growth of the kiwifruit vine root. Cortical tissues have been retained. (E) Advanced secondary thickening of the woody root. The cortex has been shed and a periderm has formed from the pericycle. (F) Advanced secondary thickening of the kiwifruit vine root. The cortex has been retained while a periderm has arisen subepidermally in the cortex. cort, cortex; end, endodermis; epid, epidermis; pc, pericycle; pd, periderm; 1° phl, primary phloem; 1° xy, primary xylem; 2° phl, secondary phloem; 2° xyl, secondary xylem.


Deposition of suberin forms casparian bands in endodermal cells and lamellae on the inside walls of cork and endodermal cells, while hypodermal casparian bands are not formed: this implies that kiwifruit roots do not possess an exodermis. The retaining of cortex even in thick roots may be due to a symplastic continuity between the cortex and vascular tissue, which suggests that also secondary thickened roots may be capable of absorption.

The root tips of young roots can be suberized but may resume growth by regeneration from their suberized tips. The long life and slower turnover of fibrous roots of kiwifruit in comparison to other species could also be explained by this characteristic. This strategy is similar to that adopted by grapevine to tolerate unfavorable soil conditions avoiding plant desiccation. Lemon and Considine (1993) suggested a three-stage development process for roots in kiwifruit: (a) primary development of white roots; (b) pre-secondary development of fibrous roots through the formation of a xylem cylinder without increase in root diameter; and (c) secondary thickening (structural roots) through the further development of secondary tissues with increase in root diameter, though the cortex and endodermis persist while suberization on periderm is completed. A failure in the activation of the secondary cambium, initiation of a phellogen in the hypodermis, and reactivation of cell division in the endodermis could lead to rootlet death, as occurs in other plant species to control the fine root turnover.

Secondary xylem is composed of both tracheids and vessel elements. Secondary phloem is made of sieve tube elements with companion cells, but its main component is parenchyma, with large idioblasts containing mucilage or raphides. Following secondary growth, roots develop radial parenchyma rays through the xylem core and the phloem; phloem fibers with thick secondary walls develop in cell clusters. Cortex and phloem cell walls are cellulosic only; vessel, tracheids, and fiber cell walls are lignified, whilst epidermal and endodermal cells are not. Starch grains accumulate progressively, initially in the cortex, while large starch grains in old roots are mainly located in phloem parenchyma; fewer grains also occur in xylem ray cells.



Root Symptoms and Possible Causes Explored in Kiwifruit Decline

In kiwifruit orchards showing symptoms of decline, the root system appears strongly reduced: in particular, a significant decrease of fibrous roots is observed. Structural roots show a brown discoloration of the stele, fibrous roots show cortical decay, and the cortical tissue loses rigidity and detaches from central stele (Reid et al., 1991; Tosi et al., 2015). Xylematic vessels are reduced in number and diameter and sometimes appear obstructed; the phloematic tissue appear destructured and reduced in thickness (Sorrenti et al., 2016). The soil surrounding the root surface is frequently mucilaginous.

The roots characteristics observed on kiwifruit plants after waterlogging events (Smith et al., 1990; Reid et al., 1991) strongly correspond to symptoms usually observed in roots of plants with symptoms of the early decline. In a comprehensive study on the effect of roots oxygen depletion, due to transient waterlogging, on plant physiology and recovery, Smith et al. (1990) observed that the decreasing concentration of oxygen in the root zone had a rapid and strong effect on the growth of the vine. The waterlogged roots lost dry weight due to physical loss of root tissue as well as lack of growth. The cortex detached from the central stele through the dissolution of an entire layer of cortical cells surrounding the endodermis, which, in the control vines, were filled with starch; the cortical cells were generally distorted with much of the intercellular material missing. No evidence of growth recovery was observed once aeration was restored to the root system, except for the appearance of new roots at the base of the stem of vines that had been waterlogged for <5 days; the quantity of new roots was inversely related to the time of waterlogging. The rate of root death and the associated damage to the leaves was proposed as the cause of limited ability of kiwifruit vines to resume growth once oxygen supply to the roots was restored (Smith et al., 1990). A study on vine performance carried out during the season following flooding and alluvium deposition evidenced great damage to yield and casted doubts on the convenience to save vines showing early decline symptoms following waterlogging events (Reid et al., 1992).

Pathogenic microorganisms (Phytophtora, Pythium, Cylindrocarpon, Fusarium, Pyrenochaeta, and Erwinia) were sometimes identified in soil and root samples of declining plants (Reid et al., 1991). Root diseases caused by Phytophtora spp. are intensified by waterlogging because zoospore formation and dispersal are enhanced, the roots exude more chemical attractors for the zoospores, and the roots themselves are predisposed to infection (Reid et al., 1991). However, these infections were not considered the primary cause of vine decline, nor did they have a significant effect on subsequent vine performance resulting from fungicide applications to either stressed or healthy vines (Reid et al., 1991). Their presence in roots can thus be considered a consequence, rather than a cause, of kiwifruit decline due to oxygen depletion. Similar outcomes were recently the results of new studies that have been conducted following the appearance of early kiwifruit decline in the Mediterranean area on kiwifruit soil and roots, looking for possible pathogenic microorganisms involvement (Montanaro et al., 2014; Tacconi et al., 2015, 2019; Sorrenti et al., 2016).

A recent study pointed to soil bacteria having a possible role in kiwifruit decline; it showed the direct involvement of these bacteria in kiwifruit decline of Clostridia, which are not usually considered phytopathogenic microorganisms; however, also in this case, it was observed that the growth of Clostridia, which are anaerobic bacteria, is possible in kiwifruit roots due to anoxic soil conditions (Spigaglia et al., 2020). This study also evidenced the importance of paying attention to the microbiological quality of water used for irrigation; however, also the microbiological quality of organic fertilizers should be taken into consideration: for example, manure and compost can be important sources of Clostridia (Dharmasena and Jiang, 2018). Moreover, even if organic fertilizers are important to improve soil structure and water availability, if they are too rich in active microbial populations, they can compete with roots for oxygen consumption and worsen the roots anoxic state (Bardi and Malusà, 2012).

A disease similar to early kiwifruit decline was described for jarrah (Eucaliptus marginata) (Davison, 2014). In the 1940s, the sudden death of groups of jarrah trees was described in south-western Australia. It occurred on poorly drained sites following exceptionally heavy rainfall. In the 1960s, these sites were shown to be infested by Phytophthora cinnamomi, and jarrah deaths were attributed to it, even though it was only isolated from 5% of sampled trees. Jarrah trees die from severe water deficiency, indicating problems with water conduction through roots. Jarrah transpires vigorously during summer, accessing water at depth on sites with deep soil but being more dependent on water stored internally in large xylem vessels when root systems are shallower. Following waterlogging, both the conductivity and potential water storage of xylem vessels were reduced; the root systems were altered with vertical roots not being numerous or well-developed, being often short and fanged. As P. cinnamomi is unlikely to cause water deficiency because it causes necrotic lesions in the phloem but not in the sapwood, tree decline was attributed to insufficient internal water reserves for summer survival (Davison, 2014).

The root tissues damage of kiwifruit plants showing the early decline symptoms has been observed even in absence of waterlogging in several orchards in Northern Italy (Tacconi et al., 2019). Therefore, other causes, besides waterlogging, inducing oxygen depletion in soil, and the progressive loss and death of roots should be considered.




DISCUSSION

It is widely accepted that the main cause of early kiwifruit decline is an insufficient oxygen availability to roots. So far, waterlogging has been considered as the main cause of soil hypoxic conditions; however, the crop management techniques planned to improve soil aeration and avoid waterlogging have not been sufficient to prevent vine decline onset. Nevertheless, one factor that could contemporarily reduce oxygen diffusion in soil and kiwifruit root growth has not yet been sufficiently considered: high soil temperature.

The kiwifruit root system is remarkably sensible to high soil temperatures: at above 25°C, root growth decreases (Smith et al., 1989, 1990). The peak of the growth of fibrous roots does not occur until mid-summer, when the relative growth rate of the shoots and fruits have fallen to low levels, because the root is the weakest sink in the competition within the vine for available assimilates (Smith et al., 1989). Therefore, the phenological phase of root growth occurs just when the risk of temperature-induced inhibition is highest. Additionally, oxygen availability in soil is reduced by high temperatures, introducing a further root stress factor (Smith et al., 1989). It follows that the root growth and functionality could be impaired just when, due to high temperature in summer, the transpiration demand from leaves is highest for homeostasis.

A general rise in temperature, particularly during summer, has been recorded in Northern Italy over the last years as an effect of climate change (RAN, 2019). Soil temperatures can reach very high values, especially where the soil is not shaded by canopies (Horton, 1989). The combined effect of high soil temperature and reduced oxygen availability could thus explain the occurrence of the early decline symptoms in new plantations, or in orchards with sandy soils, not having experienced excess water events. The modification of the training system to reduce the woody volume of the plant and enhance the air circulation within the canopy aimed to reduce the risk of PSA development (Scortichini, 2018) could expose the soil to a major risk of temperature increase due to lower shading. High summer temperature also causes a major shift in photosynthate partitioning toward vegetative growth, dramatically reducing fruit carbohydrate accumulation; growth and flowering are also severely reduced in the following season (Richardson et al., 2004).

Metabolism modification of root tissues could also be related to the early kiwifruit decline. Meristems are the tissues most sensitive to oxygen depletion, being characterized by high cell density with high oxygen-demanding metabolic activity and limited oxygen entry. Therefore, the root tips are often the first part of the root system to be damaged (Smith et al., 1990; Bailey-Serres and Voesenek, 2008). This could explain the stunted growth of new fibrous roots, typical symptoms of declining kiwifruit plants, and the lack of reactivation of suberized root tips, which ensures persistence for more than 1 year of fibrous roots particular to kiwifruit plants. Furthermore, the fermentative metabolism induced by lack of oxygen can result in cell death when starch reserves are exhausted (Bailey-Serres and Voesenek, 2008). The depletion of starch, particularly in phloematic tissue, and destruction of cell layers surrounding or covering meristems is observed in the roots of kiwifruit showing decline symptoms (Smith et al., 1990). Moreover, the failure in the activation of secondary cambium, initiation of phellogen, and reactivation of cell division in the endodermis could lead to rootlet death (Lemon and Considine, 1993). Low oxygen could also induce the loss of rigidity of cortical tissue observed in the roots of declining plants due to induced cellulase, pectinase, and xylanase enzyme activity (Smith et al., 1990; Bailey-Serres and Voesenek, 2008). Damaged root tissues can be more easily colonized by soil microorganisms that usually are not pathogenic (Spigaglia et al., 2020).

Soil structure is basic in determining the water and oxygen availability of roots (Vervoort and Cattle, 2003; Chertkov, 2013). Agronomic practices, such as inter-row soil management, different tillage systems, and frequent agricultural vehicle passages, which induce soil compaction, and irrigation systems, such as flooding, that induce runoff, sediment losses, and destruction of soil structure, can have a major role in worsening the root environment (Corti et al., 2011; Destain et al., 2014; Montanaro et al., 2014; Capello et al., 2017). Moreover, reducing conditions in the rhizosphere are changing nutrients availability that can significantly modify the nutritional status of the plant and increase its exposition to phytotoxicity effects of micronutrients (Nilsen and Orcutt, 1996). The addition of organic matter is a common practice recommended to restoring soil structure, but it has been recently demonstrated that the addition of organic matter in soil can influence the soil moisture capacity differently, depending on soil and climate conditions, and that the real available soil water capacity is not significantly increased by soil organic matter (Bonfante et al., 2020). Moreover, the consequent stimulation of soil microbial activities, in particular if temperature is high, could further contribute to create anoxic conditions (Bardi and Malusà, 2012). A long-term crop management strategy that is disrespectful of soil quality could then have irreparable consequences.

All the modifications of soil physico-chemical conditions mentioned above have been associated with a progressive deterioration of soil quality over time under normal management practices applied in kiwifruit orchards. These changes, associated with climatic change observed over recent years and to peculiar physiological and anatomical traits of kiwifruit plants, could have induced the emergence of early kiwifruit decline in vast territories, even where it was never observed before.

In order to prevent the disappearance of kiwifruit from territories where this crop has developed a strong value chain, under a climate change scenario, it is thus necessary to take into account the environmental conditions required by this plant, particularly soil oxygen availability, protection from very high temperatures, shading, and humidity. Overtree microsprinkler irrigation could be a practice with which to facilitate leaf homeostasis, protecting them from excessive temperatures, delivering water and, possibly, nutrients during hot summer days, when the growth of PSA, which could be promoted by this practice, is strongly inhibited by high temperature (Scortichini et al., 2012). Over-head irrigation has also been proposed to protect kiwifruit orchards during frost events that promote an increase in the aggressiveness of PSA; this technique did not incite significant multiplication of PSA, and the risk for the possible subsequent spread of the pathogen within the orchard can be avoided by watering the plant during morning, thus allowing the foliage to dry (Scortichini, 2018). So, the same technique could be used during different seasons for different purposes.

Soil shading and furrow irrigation could help to prevent excessive soil temperatures and favor root development on a wider soil volume. The selection of varieties or rootstocks suited to the local environmental conditions should also be considered to reduce the risk of vine decline occurrence. The role of any crop management practice, including the use of phytoregulators, such as Forchlorfenuron, proposed to reduce PSA disease incidence and severity (Gould et al., 2015; Donati et al., 2019) and to increase kiwifruit size (Patterson et al., 1993), which could alter the optimal root/shoot growth balance, should also be investigated.
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